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INTRODUCTION

In the second century, Claudius Galen—certainly one of the fathers of
modern respiratory physiology—defined the nose as a ‘‘respiratory instru-
ment.’’ This pronouncement was made in his work De usu partium (on the
usefulness of the [body] parts). Yet, it is interesting that Galen failed to rec-
ognized the usefulness, or role of respiration. In fact, he went so far as to say
that because the air we inhale is immediately removed and discarded, we have
proof that ‘‘it is not the substance (we breathe) that is needed.’’

On the other hand, Galen clearly indicated that the release of the breath
is tied to the production of the voice. This indeed is not an inconsequential
consideration, as ‘‘one of the first products of the human mind is human
language. In fact, it is the very first of these products, and that the human
brain and the human mind evolved in interaction with language.’’*

However, today the importance of the air we breathe is very well rec-
ognized, and we know that the nose—the uppermost part of the respiratory
tract—serves as an essential filter that protects the lower airways. From this, it
is evident that there is a functional, as well as a structural, interrelationship
between the nose and the lungs. Furthermore, this interrelationship is as
important in health as it is in disease. In disease, it has been the object of many
studies and debates. Critical questions have been raised; for instance, are
rhinitis and asthma related? . . . interdependent?

iii

*Popper KR, and Eccles JC. The Self and its Brain. Springer-Verlag, Berlin-
Heidelberg-New York: Springer-Verlag, 1997.



Ever since its initiation, the series the monographs Lung Biology in
Health and Disease has presented many volumes to its readership in which
allergic disease of the lower airway or of the upper airway (the nose) has been
explored and discussed. However, this new volume is a unique contribution to
the series in the sense that it does not examine only the upper or the lower
airway, but rather, the totality of the respiratory tract.

The editors of this volume, Drs. Jonathan Corren, Alkis Togias, and
Jean Bousquet, as well as the authors they selected, bring years of clinical and
investigative experience, as well as an international dimension.

I am thankful to them for this contribution.

Claude Lenfant, M.D.

Bethesda, Maryland

Introductioniv



PREFACE

Over the past decade, our understanding of allergic airway diseases has
evolved tremendously. In particular, the scientific community has gained a
growing appreciation for the connection between the upper and lower air-
ways. While there are a great number of outstanding books dealing with
allergic rhinitis, sinusitis, and asthma, as well as allergy in general, none has
focused specifically on the interrelationship between the nose and lungs.
Therefore, we sought to create a new textbook that would examine all aspects
of this relationship, including both basic and clinical science.

We have divided the book into four parts. The first deals with struc-
tural relationships between the upper and lower airways, looking specifically
at both the microscopic and gross anatomy of the respiratory tract. The
second part emphasizes functional relationships, utilizing both human and
animal models of disease. In the third portion, we delve into the very impor-
tant connection between allergic rhinitis and sinusitis and asthma, and include
chapters on pathophysiology, epidemiology, diagnosis, and treatment. The
final part reviews systemic diseases characterized by involvement of both the
upper and lower respiratory tracts. Using this comprehensive approach, we
hope our new book will serve the needs of both clinicians and investigators
in the fields of allergy, immunology, pulmonology, otorhinolaryngology, and
physiology.

Most of the chapters can be read as free-standing monographs on that
particular subject. Some of the chapters in this book represent the most up-
to-date and comprehensive reviews of the subject available from any source.
It is our hope that Upper and Lower Airways Disease will act as a valuable
reference for all readers interested in this topic.

v



We were very fortunate to work with a truly outstanding collection of
authors to help us write the book. An international group of experts from
the United States, United Kingdom, France, and Japan—all distinguished
in their respective fields—participated and collaborated in the preparation of
this book. We thank them for their diligent efforts and are especially appre-
ciative of the updating that was required as the project came to fruition.

In addition to our contributors, we are also indebted to a number of
other individuals, without whose help this book would not have been com-
pleted. These include Sandra Beberman and Paige Force of Marcel Dekker,
Inc., whose unflagging support and encouragement were invaluable.

We hope this book will provide physicians and scientists with a new and
unique reference on a topic of great importance.

Jonathan Corren

Alkis Togias

Jean Bousquet

Prefacevi
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Comparative Anatomy of the Nasal and
Tracheal/Bronchial Airways

FUAD M. BAROODY

University of Chicago

Chicago, Illinois, U.S.A.

Introduction

The relationship between the upper and lower airways in man has long
been recognized. This relationship stems, in part, from similarities between
the anatomy and physiology of these airways. This chapter addresses these
components of the upper and lower airways, stressing the similarities and
differences between the two organs and complementing other chapters
that detail the interactions between the upper and lower airways in health
and disease.

I. Gross Anatomy of the Airways

A. Nasal Airways

External Framework

The external bony framework of the nose consists of two oblong, paired
nasal bones located on either side of the midline that merge to form a
pyramid (Fig. 1). Lateral to each nasal bone is the frontal process of the
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maxilla, which contributes to the base of the nasal pyramid. The pyriform
aperture is the bony opening that leads to the external nose.

The cartilaginous framework of the nose consists of the paired upper
lateral, the lower lateral, and the sesamoid cartilages (Fig. 1). The upper
lateral cartilages are attached to the undersurface of the nasal bones and
frontal processes superiorly, and their inferior ends lie under the upper
margin of the lower lateral cartilages. Medially, they blend with the
cartilaginous septum. Each lower lateral cartilage consists of a medial crus
that extends along the free caudal edge of the cartilaginous septum and a
lateral crus that provides the framework of the nasal ala, the entrance to the
nose (Fig. 1). Laterally, between the upper and lower lateral cartilages, are
one or more sesamoid cartilages and fibroadipose tissue.

Nasal Septum

The nasal septum divides the nasal cavity into two sides and is composed of
cartilage and bone. The bone receives contributions from the vomer, the
perpendicular plate of the ethmoid bone, the maxillary crest, the palatine
bone, and the anterior spine of the maxillary bone. The main supporting

Figure 1 External nasal framework. (From Drumheller GW. Anat Rec 1973;176:
321, with permission of Wiley-Liss.)
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framework of the septum is the septal cartilage, which forms the most
anterior part of the septum and articulates posteriorly with the vomer and
the perpendicular plate of the ethmoid bone. Inferiorly, the cartilage rests in
the crest of the maxilla, whereas anteriorly it has a free border when it
approaches the membranous septum. The latter separates the medial crura of
the lower lateral cartilages from the septal cartilage. The perpendicular plate
of the ethmoid bone forms the posterosuperior portion of the septum, and
the vomer contributes to its posteroinferior portion. In a study of cadaveric
specimens, Van Loosen and colleagues showed that the cartilaginous septum
increases rapidly in size during the first years of life, with the total area
remaining constant after the age of 2 years (1). In contrast, endochondral
ossification of the cartilaginous septum resulting in the formation of the
perpendicular plate of the ethmoid bone starts after the first 6 months of life
and continues until the age of 36 years. The continuous, albeit slow, growth
of the nasal septum until the third decade might explain frequently encoun-
tered septal deviations in adults. Other causes for septal deviations may be
spontaneous, or they may result from previous trauma. Deviations can
involve any of the individual components of the nasal septum and can lead
to nasal obstruction because of impairment to airflow within the nasal
cavities. In addition to reduction of nasal airflow, some septal deviations
obstruct the middle meatal areas and can lead to impairment of drainage
from the sinuses, with resultant sinusitis. Severe anterior deviations can also
prevent the introduction of intranasal medications to the rest of the nasal
cavity and therefore interfere with the medical treatment of rhinitis (2). It is
important to examine the nose in a patient with complaints of nasal
congestion to rule out such deviations. It is also important to realize that
not all deviations lead to symptoms and that surgery should be reserved for
deviations that are thought to contribute to the patient’s symptomatology.

Nasal Vestibule

The nasal vestibule, located immediately posterior to the external nasal
opening, is lined with stratified squamous epithelium and numerous hairs
(or vibrissae) that filter out large particulate matter. The vestibule funnels
air toward the nasal valve, which is a slit-shaped passage formed by the
junction of the upper lateral cartilages, the nasal septum, and the inferior
turbinate. The nasal valve accounts for approximately 50% of the total
resistance to respiratory airflow from the anterior nostril to the alveoli. The
surface area of this valve, and consequently resistance to airflow, is modified
by the action of the alar muscles. An increase in the tone of the dilator naris
muscle, innervated by the facial nerve, dilates the nares, increases the cross-
sectional area of the nasal valve, and thus decreases resistance to airflow.
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This occurs in labored breathing, such as during exercise, and is a physio-
logical mechanism to increase nasal airflow. On the other hand, collapse of
the nasal valve and the vestibule depends on the pressure gradient between
ambient and respired air. As negative pressure in the nose increases to in-
crease airflow, the cartilages collapse in spite of the opposing action of the
dilator muscles. An example of these paradoxical actions occurs during
sniffing, when resistance to airflow increases across the vestibule–nasal valve
complex. Aging results in loss of strength of the nasal cartilages, with
secondary weakening of nasal tip support and the nasal valve, with resultant
airflow compromise (2).

Lateral Nasal Wall

The lateral nasal wall commonly has three turbinates, or conchae: inferior,
middle, and superior (Fig. 2). The turbinates are elongated laminae of bone

Figure 2 A sagittal section of the lateral nasal wall showing the three turbinates
or conchae, the frontal and sphenoid sinuses, and the opening of the eustachian
tube in the nasopharynx. (From Cummings CW, Fredrickson JM, Harker LA
et al. Otolaryngology—Head and Neck Surgery. 2nd ed. St. Louis: Mosby-Year

Book, 1993.)
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attached along their superior borders to the lateral nasal wall. Their
unattached inferior portions curve inward toward the lateral nasal wall,
resulting in a convex surface that faces the nasal septum medially. They not
only increase the mucosal surface of the nasal cavity to about 100 to 200
cm2 but regulate airflow by alternating their vascular content, hence thick-
ness, through the state of their capacitance vessels (3). The large surface
area of the turbinates and the nasal septum allows intimate contact between
respired air and the mucosal surfaces, thus facilitating humidification,
filtration, and temperature regulation of inspired air. Under and lateral to
each of the turbinates are horizontal passages or meati. The inferior meatus
receives the opening of the nasolacrimal duct, whereas the middle meatus
receives drainage originating from the frontal, anterior ethmoid, and
maxillary sinuses (Fig. 3). The sphenoid and posterior ethmoid sinuses
drain into the sphenoethmoid recess, located below and posterior to the
superior turbinate.

The middle meatus is an important anatomical area in the pathophysi-
ology of sinus disease. It has a complex anatomy of bones and mucosal
folds, often referred to as the osteomeatal unit, between which drain the
frontal, anterior ethmoid, and maxillary sinuses. Anatomical abnormalities
or inflammatory mucosal changes in the area of the osteomeatal complex

Figure 3 A detailed view of the lateral nasal wall. Parts of the inferior and middle
turbinates have been removed to allow visualization of the various openings into the
inferior, middle, and superior meati. (FromMontgomery WW. Surgery of the Upper

Respiratory System. Philadelphia: Lea Febiger, 1979, with permission.)
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can lead to impaired drainage from these sinuses which can, at least in part,
be responsible for acute and chronic sinus disease. Endoscopic sinus surgery
is targeted at restoring the functionality of this drainage system in patients
with chronic sinus disease that is refractory to medical management.

B. Tracheal/Bronchial Airways

By convention, the larynx marks the boundary between the upper and lower
airways. Comprising an asymmetrical branching structure, the lower air-
ways extend from the trachea to the alveoli. The trachea branches into right
and left mainstem bronchi, which branch 7 to 22 times further in an asym-
metrical pattern in the right and left lungs. Bronchi are defined structurally
as the intrathoracic and primarily intrapulmonary airways lined with
cartilage. Bronchi branch terminally into bronchioles, which lack cartilage,
and ultimately form terminal bronchioli. Bronchioli are the last and thus the
smallest of the conducting airways. Thereafter, one to three orders of
respiratory bronchioles appear with associated alveolar ducts and alveolar
sacs. The terminal bronchioli, respiratory bronchioles, alveolar ducts, and
alveolar sacs comprise the basic respiratory unit or acinus. Gas movement in
the acini occurs by diffusion, not conductance (4,5).

The primary function of the lower airways is to act as a conduit for gas
exchange. The structure of the airways thus serves to facilitate and preserve
lung capacity for gas exchange. Cartilage maintains patency between large
conducting airways. In the trachea and mainstem bronchi, cartilage is
formed into crescent-shaped rings on the ventral surface of the airways. In
subsequent generations of bronchi, cartilage is found circumferentially in
plaquelike structures, becoming progressively less abundant with each sub-
sequent branch. In the extrapulmonary airways, smooth muscle spans the
dorsal wall, attached to the opposing tips of the cartilage rings. Smooth
muscle bundles are arranged circumferentially in the trachea and bronchi,
and when contracted, decrease airway luminal diameter with little or no
airway shortening (owing to a paucity of longitudinally oriented smooth
muscle bundles). Conversely, smooth muscle lining the intrapulmonary
bronchi is arranged in spiraling bands that envelop the bronchial wall
and, when contracted, decreases luminal diameter but also shortens the
bronchi. A comparable spiraling arrangement of the smooth muscle in the
bronchioles is apparent (4,6,7).

Airway smooth muscle forms only a small percentage (ca. 3%) of the
cross-sectional area in the trachea. In subsequent airway generations, airway
smooth muscle assumes a progressively larger proportion of the airway wall,
comprising about 20% of the bronchiolar walls. The comparatively small
amount of smooth muscle along with the cartilage lining the tracheal and
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bronchial wall limits airways narrowing evoked by tracheal and bronchial
smooth muscle contraction, thereby preventing airway closure. By contrast,
the large muscle mass and the absence of cartilage in the bronchioles permits
complete airways closure upon bronchiolar smooth muscle contraction (8,9).

Luminal diameters decrease progressively and predictably from the
trachea to the terminal bronchioli. Concurrently, the number of each
successive airway generation increases exponentially. This marked increase
in airway number renders the cross-sectional area of the peripheral airways
far greater than that in the central conducting airways. Resistance to airflow
in the healthy lung thus resides primarily in the larger conducting bronchi.
In asthma, however, where mucus plugging and excessive constriction of the
musculature lining the peripheral airways occurs, resistance to airflow is
primarily attributable to resistance in the small airways. This manifests
clinically as a fall in vital capacity (5,10).

Smooth muscle contraction and the transpulmonary pressures asso-
ciated with expiration tend to force collapse or closure of the intrapulmo-
nary airways. These forces are opposed by the interdependence of the lung,
whereby the elastic tethering properties associated with adjacent airways
serves to pull open closed adjacent airways during inspiration and resist
closure during expiration (5,9). In both asthma and chronic obstructive
pulmonary disease (COPD), the bronchoprotective effects of deep inspira-
tion are dysfunctional (11,12). Whether this phenomenon in asthma and
COPD is due in part or in whole to the loss of an active dilating process,
the appearance of an aberrant constricting process, or a loss of airway
interdependence has not been firmly established. Pathological studies
indicate that a loss of interdependence is likely in emphysema and a1-
antitrypsin deficiency but far less common or likely in asthma (9,13–15).

Airway closure in the peripheral lung may occur despite the forces of
interdependence. This may create areas of inadequate ventilation. The lung
counteracts this physiologically by diverting blood flow away from hypoxic
alveolar capillary beds (through pulmonary vascular constriction) (5).
Structurally, the lung counteracts airway closure by diverting airflow into
collateral airways between adjacent alveolar sacs (pores of Kohn) or
between bronchioles (communications of Lambert) (16).

II. Histology of the Airways

A. Nasal Airways

Nasal Epithelium

A thin, moderately keratinized, stratified squamous epithelium lines the
vestibular region. The anterior tips of the turbinates provide a transition
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from squamous to transitional and finally to pseudostratified columnar
ciliated epithelium, which lines the remainder of the nasal cavity except for
the roof, which is lined with olfactory epithelium (Fig. 4) (3). All cells of the
pseudostratified columnar ciliated epithelium contact the basement mem-
brane, but not all reach the epithelial surface. The basement membrane
separates the epithelium from the lamina propria, or submucosa. Within
the epithelium, three types of cells are identified: basal, goblet, and
columnar, which are either ciliated or nonciliated.

Basal Cells

Basal cells lie on the basement membrane and do not reach the airway lumen.
They have an electron-dense cytoplasm and bundles of tonofilaments.
Among their morphological specializations are desmosomes, which mediate
adhesion between adjacent cells, and hemidesmosomes, which help anchor

Figure 4 Distribution of types of epitheliumalong the lateral nasalwall. The hatched
region represents the olfactory epithelium. The arrow represents the area of the nasal

valve: (A) Skin. (B) Squamous epithelium without microvilli. (C) Transitional epi-
thelium. (D) Pseudostratified columnar epithelium with few ciliated cells. (E) Pseudo-
stratified columnar epithelium with many ciliated cells. (From Proctor DF, Andersen

IB. The Nose—Upper Airway Physiology and the Atmospheric Environment.
Amsterdam: Elsevier Biomedical Press, 1982.)
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the cells to the basement membrane (17). These cells have long been thought
to be progenitors of the columnar and goblet cells of the airway epithelium,
but experiments in rat bronchial epithelium suggest that the primary progen-
itor cell of airway epithelium might be the nonciliated columnar cell pop-
ulation (18). Currently, basal cells are believed to help in the adhesion of
columnar cells to the basement membrane, and indeed, columnar cells do not
have hemidesmosomes; rather, they attach to the basement membrane only
by cell adhesion molecules (e.g., laminin).

Goblet Cells

The goblet cells are secretory cells that are named based on their unique
profile in cross section. They arrange themselves perpendicular to the
epithelial surface (19). The mucous granules give the mature cell its
characteristic goblet shape, in which only a narrow part of the tapering
basal cytoplasm touches the basement membrane. The nucleus is situated
basally, with the organelles and secretory granules that contain mucin
toward the lumen. The luminal surface, covered by microvilli, has a small
opening, or stoma, through which the granules secrete their content. There
are no goblet cells in the squamous, transitional, or olfactory epithelia of
adults, and they are irregularly distributed but present in all areas of
pseudostratified columnar epithelium (19).

Columnar Cells

The columnar cells are related to neighboring cells by tight junctions
apically and, in the uppermost part, by interdigitations of the cell mem-
brane. The cytoplasm contains numerous mitochondria in the apical part.
Every columnar cell, whether ciliated or nonciliated, is covered by 300 to
400 microvilli, uniformly distributed over the entire apical surface. These are
not precursors of cilia. Rather, they are short and slender fingerlike
cytoplasmic expansions that increase the surface area of the epithelial cells,
thus promoting exchange processes across the epithelium. The microvilli
also prevent drying of the surface by retaining moisture essential for ciliary
function (3). In man, ciliated epithelium lines the majority of the airway
from the nose to the respiratory bronchioles, as well as the paranasal
sinuses, the eustachian tube, and parts of the middle ear.

Inflammatory Cells

Different types of inflammatory cell have been described in the nasal
epithelium obtained from normal, nonallergic subjects. Using immunohis-
tochemical staining, Winther and colleagues identified consistent anti-HLA-
DR staining in the upper portion of the nasal epithelium as well as
occasional lymphocytes interspersed between the epithelial cells (20). There
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appeared to be more T (Leu 4+) than B (Leu 14+) lymphocytes and more T
helper (Leu 3+) than Leu 2+ cells. The detection of HLA-DR antigens on
the epithelium suggests that the airway epithelium may be potentially
participating in antigen recognition and processing. Bradding and col-
leagues observed rare mast cells within the epithelial layer and no activated
eosinophils (21).

The nasal epithelium functions as more than just a barrier, and
epithelial cells have been shown to contribute actively to nasal inflammatory
processes by expressing various adhesion molecules such as intercellular
adhesion molecule 1 (ICAM-1) and secreting various cytokines and chemo-
kines. Many of these functions are upregulated in allergic inflammation.

Ion and Water Transport

An important function of the epithelium is ion and water transport. Water
movement across epithelia, including the epithelium of the submucosal
glands, is thought to follow passively after active ion transport (mainly
Na+ and Cl�) as well as through molecular water channels called aqua-
porins (AQPs). Active ion transport of Na+ occurs via a sodium channel at
the apical surface of the epithelium and by a Na+/K+ ATPase at the
basolateral membrane. Chloride ion transport is primarily regulated by the
cystic fibrosis transmembrane regulator (CFTR) protein, which is impaired
in cystic fibrosis. In recent work, Wioland and colleagues used immunohis-
tochemistry to determine the differential localization of CFTR transmem-
brane protein in respiratory epithelium and glands in samples of surgically
resected inferior turbinates (22). CFTR was detected, though inconsistently,
in ciliated nasal epithelial cells either on the apical surface or with an
intracytoplasmic distribution. In contrast, detection was much more con-
sistent in nasal glands occurring in all serous cells, with intense labeling of
the apical membrane, on the apical surface of ciliated cells and inside the
lumen of collecting ducts. No staining was detected in glandular mucous
cells. As for the AQPs, Kreda and colleagues used in situ hybridization and
immunofluorescence to examine the tissue distribution and cellular local-
ization of AQP3, AQP4, and AQP5 in the nasal mucosa (23). Although
other AQPs have been described, these researchers chose to investigate those
that have been previously detected in lower airways epithelium. Robust
AQP5 mRNA expression was detected in the nasal epithelium and the
glands by means of in situ hybridization. The presence of this protein was
further substantiated by using immunofluorescence, which showed strong
signals at the apical membrane of all columnar cells facing the luminal
surface of the superficial epithelium and also at the apical membranes of
serous cells in all submucosal glandular acini. Strong expression of AQP3
was also detected in the superficial nasal epithelium and was localized to the
plasma membrane of all basal cells. AQP3 was also seen in basal cells of
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some serous gland acini. AQP4 was not detected in nasal epithelia. In the
lower airways, by contrast, all three AQPs have been detected in various
distributions (23).

Basement Membrane

The epithelium of the nasal mucosa rests on a basement membrane that has
not been extensively studied. Agha-Mir-Salim and colleagues, who obtained
biopsy samples from the inferior turbinates of normal controls and of
subjects with turbinate hypertrophy or immotile cilia syndrome, observed
that the basement membrane was relatively thick, measuring 10 to 12 Am by
light microscopy irrespective of disease or patient’s age (24). The basement
membrane that looked homogeneous under light microscopy had a two-
layered arrangement when examined by electron microscopy. The layer
closest to the basal side of the epithelial cells, termed the basal lamina,
consisted of a lamina densa and a lamina rara, which was closest to the
epithelial cell basal membrane. The lamina densa was followed, toward the
connective tissue, by a thick layer that covered, except for the basal lamina,
the entire width of the basement membrane as seen by light microscopy. This
layer contains densely packed, irregularly running, isolated 25 nm collage-
nous fibrils and is often referred to as the lamina reticularis. Contents of the
basal lamina (lamina densa and lamina rara) include collagen type IV,
laminin, nidogen, and heparan sulfate proteoglycan, in the lamina reticularis
were found collagen types I, III, V, and VI. To address the effects of allergy
and asthma on basement membrane thickness, Chanez and colleagues
obtained nasal and bronchial biopsy samples from 6 healthy controls, 15
subjects with untreated asthma and perennial allergic rhinitis, and 6 patients
with severe corticosteroid-dependent asthma and perennial allergic rhinitis
(25). The authors used light microscopy to examine sections stained by
hematoxylin–eosin and measured the thickness of the basement membrane
from the base of the epithelium to the outer limit of the reticular layer. The
thickness of the membrane was not significantly different between the nose
and the bronchi in normal controls, and median thickness was 5 Am in the
nose and 6 Am in the lung. In contrast, the subjects with asthma (both
untreated and corticosteroid dependent) had significantly thicker basement
membranes in the lung than in the nasal mucosa. Of interest to this section of
the chapter is that the basement membrane in the nasal mucosa of the
asthmatics (who also had perennial allergic rhinitis) was significantly thicker
than that of the normal controls. These data suggest that allergic rhinitis, like
asthma, results in an increase in the thickness of the nasal basement
membrane, albeit to a lesser extent than the increase caused by the asthmatic
state in the basement membrane of the bronchial epithelium. In another
study, Sanai and colleagues obtained inferior turbinates from 13 subjects
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with perennial allergic rhinitis and 13 nonallergic controls and examined the
thickness of the basement membrane by light microscopy and the types of
collagen in the membrane by means of immunohistochemical staining (26).
They reported that the subepithelial basement membrane was significantly
thicker in the allergic group (average 17.2 Am) than in the nonallergic
controls (average 8.9 Am). There was strong immunoreactivity in the sub-
epithelial region for types I and III collagen in the allergic turbinates but a
weaker intensity of staining for the same types of collagen in the nonallergic
specimens. Electron microscopy of the specimens suggested that the differ-
ences between the allergic and nonallergic specimens were concentrated in
the region of the lamina reticularis of the basement membrane. Finally,
Shaida and colleagues examined nasal mucosal biopsy samples from control
and allergic subjects for mRNA and protein expression of metalloproteinases
(MMPs) and tissue inhibitors of MMPs (TIMPs) (27). These endopeptidases
and their tissue inhibitors are thought to be important in degrading various
components of the basement membrane and thus might be important in
remodeling of the membrane in health and disease. The investigators found
only small amounts of MMP-1,-2, -3, and -9 mRNA with no significant
differences between the groups. In contrast, TIMP-1 and -2 mRNA were
found in higher levels in the nasal mucosa, and so were protein levels of the
same, but there were also no significant differences between groups. This
study thus demonstrates a potential role for the endopeptidases and their
tissue inhibitors in the nasal mucosa, but research is required to further
elucidate their exact role.

Nasal Submucosa

The nasal submucosa lies beneath the basement membrane and contains a
host of cellular components in addition to nasal glands, nerves, and blood
vessels. The striking difference from the submucosa of the lower airways is
the absence of airway smooth muscle in the nose. In a light microscopy
study of nasal biopsy samples from normal individuals, the predominant
cell in the submucosa was the mononuclear cell, which includes lympho-
cytes and monocytes (28). Much less numerous were neutrophils and
eosinophils (28). Mast cells were also found in appreciable numbers in
the nasal submucosa, as identified by immunohistochemical staining with a
monoclonal antibody against mast cell tryptase (21).

Winther and colleagues evaluated lymhocyte subsets in the nasal
mucosa of normal subjects using immunohistochemistry (20). They found
T (Leu 4+) lymphocytes to be the predominant cell type, with fewer
scattered B (Leu 14+) cells. The ratio of T-helper (Leu 3+) cells to Leu
2+ cells in the lamina propria averaged 3:1 in the subepithelial area and
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2:1 in the deeper vascular stroma, with the overall ratio being 2.5:1,
similar to the average ratio in peripheral blood. Natural killer cells were
very rare, constituting less than 2% of the lymphocytes.

Recent interest in inflammatory cytokines prompted Bradding and
colleagues to investigate cells containing four interleukins (IL-4, IL-5, IL-6,
IL-8) in the nasal mucosa of patients with perennial rhinitis and normal
subjects (21). The normal nasal mucosa was found to contain cells with
positive IL-4 immunoreactivity, with 90% of these cells also staining positive
for mast cell tryptase, suggesting that they were mast cells. Immunoreactivity
for IL-5 and IL-6 was present in 75% of the normal nasal biopsy samples,
and IL-8 positive cells were found in all the normal nasal tissue samples. A
median 50% of IL-5+ cells and 100% of the IL-6+ cells were mast cells. In
contrast to the other cytokines, IL-8 was largely confined to the cytoplasm of
epithelial cells.

From the foregoing studies, it is clear that the normal nasal mucosa
contains a host of inflammatory cells the role of which is unclear. In allergic
rhinitis, most of these inflammatory cells increase in number (29), and eosin-
ophils are also recruited into the nasal mucosa (21). Furthermore, cells pos-
itive for IL-4 increase significantly in patients with allergic rhinitis in
comparison to normal subjects (21).

Nasal Glands

The anterior nasal, seromucous, and intraepithelial nasal glands are located
in the submucosa and epithelium.

Anterior Nasal Glands

The anterior nasal glands are serous glands with ducts (2–20 mm in length)
that open into small crypts located in the nasal vestibule. The ducts are
lined by one layer of cuboidal epithelium. Bojsen-Mueller found 50 to 80
crypts anteriorly on the septum and another 50 to 80 anteriorly on the
lateral nasal wall (30). He suggested that these glands play an important
role in keeping the nose moist by spreading their serous secretions back-
ward, thus moistening the entire mucosa. Tos, however, was able to find
only 20 to 30 anterior nasal glands on the septum and an equal number on
the lateral wall (19). He deduced that the contribution of these glands to
the total production of secretions is minimal and that they represent a
phylogenetic rudiment.

Seromucous Glands

The main duct of the seromucous glands is lined with simple cuboidal
epithelium. It divides into two side ducts that collect secretions from several
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tubules lined either with serous or mucous cells. At the ends of the tubules are
acini, which may similarly be serous or mucous. Submucosal serous glands
predominate over mucinous glands by a ratio of about 8:1. The glands first
laid down during development grow deep into the lamina propria before
dividing and thus develop their mass in the deepest layers of the mucosa with
relatively long ducts. The glands that develop later divide before growing
down into the mucosa and thus form a more superficial mass with short
ducts. Vessels, nerves, and fibers develop in between, giving rise to two
glandular layers: superficial and deep. The mass of the deep glands is larger
than that of the superficial ones, and the total number of these glands is
approximately 90,000.

Intraepithelial Glands

As the name implies, the intraepithelial glands are located in the epithelium
and consist of 20 to 50 mucous cells arranged radially around a small lumen.
Many intraepithelial glands exist in nasal polyps. In comparison to sero-
mucous glands, intraepithelial glands produce only a small amount of
mucus and thus play a minor role in the physiology of nasal secretions.

B. Tracheal/Bronchial Airways

Although the cellular composition of the airways differs in the central and
peripheral conducting airways, the basic structure of the airway wall is well
preserved: its cross section comprises five discrete layers: epithelium, base-
ment membrane, subepithelial layer, submucosa, and adventitia (4).

Epithelium

The epithelium from the trachea through the small bronchi is pseudostra-
tified and columnar. Multiple cell types comprise the epithelium of the
trachea and bronchi (Fig. 5). Ciliated epithelial cells are the most readily
identifiable cells in cross sections through the conducting airway wall. These
structural cells have about 200 cilia each that extend into the liquid phase on
the epithelial surface where they beat approximately 1000 times a minute
and play an essential role in clearance. Goblet cells comprise 20 to 30% of
the epithelial cells in the large airways, becoming progressively rarer in
smaller bronchi and all but absent in bronchioles. Goblet cells secrete
mucus. Goblet cell hyperplasia/metaplasia and enhanced goblet cell secre-
tion may contribute to the mucus plugging associated with asthma and
COPD (31–35). Serous cells and Clara cells are the other secretory cells that
line the epithelium. In most species (including humans), Clara cells are
confined to the peripheral airways, where they are thought to secrete
surfactant but may also play a role in lung defense (4,36). Serous cells
may be precursor epithelial cells able to differentiate into any of several
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epithelial cell types (goblet cells, ciliated cells) during disease or following
immunological or nonimmunological (toxic) insults (4). As in the nasal
mucosa, basal cells were long thought to be epithelial precursor cells. This
role for basal cells has been questioned recently, however, and it is unclear
what if any homeostatic role basal cells play in the normal airway epithelium
(37). It is also unclear what if any role neuroendocrine cells (also known as K
cells) play in lung homeostasis (38). These excitable secretory cells are
prevalent in fetal lungs but are sparse in the airways (both upper and lower)
of adults. Neuroendocrine cells may cluster into groups of 10 to 30 cells to
form neuroepithelial bodies (NEBs). Neuroendocrine cells in NEBs store

Figure 5 Cross section of a small intrapulmonary bronchi of a nonasthmatic

human lung. Epithelium (Ep) is pseudostratified and columnar in structure. Epithelial
cells are attached to the reticular basement membrane (not visible), below which lies
the highly vascularized subepithelium (SE). The epithelium, basement membrane, and

subepithelium comprise the airway mucosa, which as shown here has a characteristic
folding apparent in cross section. Airway smooth muscle (ASM) envelops the
bronchial wall in a spiraling structure. Airway smooth muscle and glands are found in
the submucosa. Plaques of cartilage (C) are found in the adventitia of the airways,

which also contains nerve bundles and vessels. (Slide kindly provided by Dr. Allen C.
Myers, Johns Hopkins Asthma and Allergy Center, Baltimore.)
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and release a number of neurally active substances [serotonin, bombesin,
calcitonin gene-related peptide (CGRP)]. Afferent nerve fibers terminate in
NEBs and it has thus been suggested these structures may subserve a
chemosensing role in the airways.

As mentioned, bronchiolar epithelial cells become nonciliated and cu-
boidal in structure. Clara cells far outnumber goblet cells in bronchioles, while
mucus cells are rare or nonexistent.

Epithelial cells interact and interconnect with one another through
adhering junctions, tight junctions, and gap junctions (4). Gap junctions
facilitate cell–cell communication in the epithelium. The adhering and tight
junctions form the zona occludentes. Although these structures serve to
preserve epithelial barrier function, their behavior is not static. Various
stimuli can initiate epithelial permeability changes through the zona occlu-
dentes (39,40). It is thought that this capacity for regulating permeability
facilitates mucosal defensive responses to irritants and pathogens.

In addition to regulating the composition of mucus lining the airway
lumen, epithelial cells regulate solute and water content of the sol phase
of the airway lining fluid. Epithelial cells accomplish this by moving ions
(primarily Na+ and Cl�) (41–44). Transport of sodium at the apical surface
of the epithelium is regulated by the amiloride-sensitive sodium channel
(ENaC). At the basolateral membranes, Na+/ K+-ATPase regulates
sodium transport. Chloride transport is regulated in large part by CFTR
(cystic fibrosis transmembrane conductance regulator), a cAMP-regulated
ion channel. Water moves either through the epithelium passively in
response to solute gradients or through the water channels, or aquaporins.
Aquaporin 3 (AQP3), AQP4, and AQP5 are expressed by tracheal and
bronchial epithelial cells; bronchiolar epithelial cells and type II alveolar
pneumocytes express only AQP3, while type I alveolar pneumocytes express
only AQP5. Capillaries and fibroblasts of the airways and lungs express only
AQP1. AQP4 and AQP5 are localized to airway glands (45).

The epithelium regulates immune cell trafficking by producing a variety
of proinflammatory mediators, cytokines, and chemokines, either constitu-
tively or upon challenge (46–49). Epithelial cells in the nose and lung also
express a variety of cell adhesion molecules (ICAM-1, catenins, E-cadherins),
which likely coordinate movement of inflammatory cells into the epithelium
and in some instances into the airway lumen (50). Airway epithelial cells also
express a wide variety of integrins, cell surface receptors comprising an a and
a h subunit through which they interact with the basement membrane
proteins (51).

The epithelium lining the lower airways is continually renewing itself
(Fig. 6). This process can be dramatically accelerated following damage sec-
ondary to inflammation, infection or noxious insult (4,34,37,52).
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Basement Membrane

The basement membrane is an acellular, extracellular matrix structure, only
200 nm thick in the healthy lung and thus not visible with conventional light
microscopic techniques (4,9,34,52). Airway epithelial cells attach to the
basement membrane, which, like all basement membranes throughout the
body, is composed of proteins including type IV collagen, fibronectin (both

Figure 6 Electron micrograph showing the structure and cell types found in the
mucosa of nonasthmatic human bronchi. Tracheal/bronchial epithelium is pseudo-

stratified and columnar in structure. Cells typically found in the epithelium of the
lower airways include ciliated epithelial cells (C), mucus-secreting goblet cells (G),
and basal cells (B). Epithelial cells adhere to the matrix proteins of the reticular

basement membrane (RBM). Below the basement membrane, the highly vascularized
(V) subepithelium is the primary site of inflammatory cell recruitment in the airways
and the primary location of mast cells in the airway wall. (Micrograph reproduced

with permission from Ref. 31.)
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soluble and insoluble forms), entactin, nidogen, laminin, proteoglycans, and
tenascin. The basement membrane can be subdivided into three layers,
arranged as follows luminally to serosally: lamina rara (or lamina lucida),
lamina densa (or basal lamina), and lamina reticularis (Fig. 7).

Thickening of the basement membrane is a defining pathological
feature of the asthmatic lung (4,52). This thickening may not be correlated
to asthma severity or duration and is seemingly unaffected by most
currently available therapeutic interventions including steroids. Thickening
occurs primarily in the lamina reticularis and involves deposition of
collagens types I, III, V, and VII, as well as glycoproteins, fibronectin,
and tenascin. The characteristic thickening of the lamina reticularis has
been called subepithelial fibrosis by some investigators (4,34,52,53).

The basement membrane plays an important role in regulating epi-
thelial cell attachment and in regulating migratory cell movements between
subepithelial vessels and the epithelium. The cellular source of the extra-
cellular matrix proteins that make up the basement membrane has not been
firmly established. It has been hypothesized, however, that myofibroblasts
residing on the serosal side of the basement membrane may be the source of
the thickened basement membrane in asthma (4,34,52,53).

The basement membrane undergoes constant remodeling through the
formation of new extracellular matrix proteins and through degradation of

Figure 7 Electron micrographs showing the reticular basement membrane of the

bronchial mucosa of (A) a nonasthmatic and (B) an asthmatic. Thickening of the
basement membrane is a characteristic pathological finding in the airways of
asthmatics but not patients with COPD. (Micrograph reproduced with permission
from Ref. 52.)
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existing proteins by matrix metalloproteinases (MMPs). The actions of
MMPs are inhibited by locally released inhibitors, TIMPs (tissue inhibitors
of matrix metalloproteinases). It has been suggested that thickening of the
basement membrane in asthma is due to an imbalance in the formation of
MMPs and TIMPs (54).

Subepithelium

The subepithelium lies below the basement membrane and can be distin-
guished from the basement membrane by the presence of an extensive
vascular and capillary network. Deposition of fibrillar collagen fibers (type
VII) and elastin fibers also defines the transition from basement membrane
(lamina reticularis) to the subepithelium (4,9).

Inflammatory cells recruited to the airway mucosa (epithelium, base-
ment membrane, and subepithelium) exit the postcapillary venules residing
in the subepithelial compartment of the airway wall. The subepithelium is
also a primary site for plasma exudation (again from postcapillary venules)
and the primary location of resident mast cells in the airway wall.

Subepithelial blood flow is increased in asthma (52,55,56). Airway
edema may also occur in the subepithelium of the airway mucosa. Sinusoid-
like vessels are found in the subepithelium, and direct and indirect evidence
indicates that vascular engorgement of subepithelial vessels may affect
airways resistance to airflow. These vessels may become leaky in response
to mediators (e.g., histamine, LTD4, thromboxanes) derived from mast
cells and during axonal reflex-mediated neurogenic inflammation (mediated
by neuropeptides; see later).

It has been suggested that vascular engorgement and edema in the
subepithelium may be a primary cause of late phase airways obstruction in
experimental allergen-induced asthma and may contribute to chronic air-
ways obstruction (56). Available evidence indicates that such processes are
unlikely to play a major role in the human lower airways (57,58). Thus, late
phase airways obstruction can be rapidly reversed by intravenous h-adre-
nergic agonists (59). Edema is not amenable to such rapid reversal. Like-
wise, if vascular engorgement was mediating late phase airways obstruction,
vasodilators such as h-adrenergic agonists would likely worsen airflow
limitation (Fig. 8) (60).

Submucosa

Smooth Muscle

There has been much debate about the homeostatic role of airway smooth
muscle. It has been argued that smooth muscle serves no role whatsoever in
maintaining homeostasis in the mammalian lung, being merely a vestigial
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feature of the lungs of amphibian species that do not respire passively
through diaphragm contraction but, rather, move air into and out of their
lungs through active, peristaltic smooth muscle contractions. Conversely, it
has been argued that neural regulation of airway smooth muscle tone serves
to optimize the work of breathing and optimizes airway clearance of
particulate matter and secretions during coughing. Whatever its role, it is
clear that the primary function of smooth muscle is to regulate airway
caliber and length, and consequently smooth muscle is a primary structural
determinant of airflow resistance (6,7,61–63).

Smooth muscle cells are not homogeneous. Subpopulations have been
identified based on length, shortening capacity, and contractile protein
expression. The relative proportion of these cell subtypes varies at different
levels of the airway tree and may be altered during inflammation (64). The
amount of smooth muscle in any given airway can also be altered,
particularly in asthma (Fig. 9). With inflammation, smooth muscle hyper-
plasia is often noted. This may be precipitated by the mechanical stress put
on the lung but may also be initiated by stimuli such as epidermal growth
factor, insulin-like growth factor, platelet-derived growth factor, fibroblast
growth factor, thrombin, tryptase, endothelins, neurokinins, and various
eicosanoids (52,65).

Smooth muscle contraction is facilitated in part by electromechanical
coupling of smooth muscle through structures such as gap junctions. The
amount of electrical coupling of smooth muscle is limited, however, and
thus coordination of smooth muscle contraction and relaxation must be

Figure 8 High resolution computed tomographic scan of the bronchi of a patient

before (baseline) and after intravenous infusion of 3 L of normal saline (NS). Note
the marked thickening of the airway wall, attributed to edema formation in the
subepithelium. Also note that airway luminal diameter did not change considerably
despite the pronounced edema. (Scan reproduced with permission from Ref. 60.)
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regulated extracellularly, likely through the coordinated actions of auto-
nomic nerves (64,66).

Glands

Mucus glands of the lower airways are anatomically and physio- logically
similar to the seromucous glands of the upper airways (67). Mucus cells
outnumber serous cells in the glands of the lower airways. Mucus glands are

Figure 9 Electron micrographs of (A) the mucosa of a nonasthmatic and (B) the
mucosa and submucosa of the bronchi from a patient who had died of asthma.
Smooth muscle mass is greatly increased in asthma, and vascular engorgement and

increased blood flow are characteristic of the asthmatic airway. Also note thickening
of the basement membrane and the loss of covering epithelium in fatal asthma. See
text for further details. (Micrographs reproduced with permission from Ref. 52.)
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most prevalent in larger airways, particularly at points of airway branching.
No glands are found in bronchioles. Secretions from mucus glands contain
mucins but may also contain lactoferrin, lysozyme, albumin, and IgA.
Mucus gland secretion is regulated primarily by airway parasympathetic
nerves but may also be initiated by inflammatory mediators derived from
mast cells, basophils, and eosinophils (histamine, cysteinyl-leukotrienes), as
well as elastase derived from neutrophils (4,67–69).

Lymphoid Tissue

Immune cells including mast cells, lymphocytes (both T and B cells),
monocytes, macrophages, and dendritic cells are found throughout the
airways and throughout the airway wall (4,34,52). Immune cells may
aggregate in the airway wall, particularly at branch points in the lower
airways, to form structures known as BALT (bronchus-associated lymphoid
tissue) (70). These structures are not actually associated with the lymph
vessels but are found in the subepithelium with a distinguishing epithelial cell
structure above. Lymph nodes are localized primarily in the submucosa and
adventitia of the extrapulmonary airways. Mast cells are found primarily in
the subepithelium and occasionally in the submucosa. The number of
submucosal mast cells may increase in asthma (71). Dendritic cells, the
primary antigen-presenting cells of the airways, are associated with the
epithelium (72). Monocytes, macrophages, and lymphocytes are found in
the airway wall as well as in the airway spaces. CD8+ T cells predominate in
the normal airways (4,34,52). In asthma, however, TH2-like CD4+ lympho-
cytes are more prominent (73). Plasma cells, thought to be IgA-secreting
cells, can be localized to glands. Eosinophils, neutrophils, and basophils are
found sparingly in the airway wall and in airway spaces of healthy lungs but
may be recruited rapidly and in large numbers to the airway mucosa and
adventitia and to air spaces upon inflammatory challenge (74).

III. Vascular and Lymphatic Supplies

A. Nasal Airways

The nose receives its blood supply from both the internal and external
carotid circulations via the ophthalmic and internal maxillary arteries,
respectively (Fig. 10). The ophthalmic artery gives rise to the anterior and
posterior ethmoid arteries, which supply the anterosuperior portion of the
septum, the lateral nasal walls, the olfactory region, and a small part of the
posterosuperior region. The external carotid artery gives rise to the internal
maxillary artery, which ends as the sphenopalatine artery. This enters the
nasal cavity through the sphenopalatine foramen behind the posterior end
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Figure 10 Nasal blood supply. The top panel represents the supply to the nasal

septum and the bottom panel, that to the lateral nasal wall. (From Cummings CW,
Fredrickson JM, Harker LA et al. Otolaryngology-Head and Neck Surgery. Vol. 1.
St. Louis: CV Mosby, 1986.)
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of the middle turbinate. The sphenopalatine artery gives origin to a number
of posterior lateral and septal nasal branches. The posterolateral branches
proceed to the region of the middle and inferior turbinates and to the floor
of the nasal cavity. The posterior septal branches supply the corresponding
area of the septum, including the nasal floor. Because it supplies the
majority of blood to the nose and is often involved in severe epistaxis, the
sphenopalatine artery has been called the ‘‘rhinologist’s’’ artery. The region
of the vestibule is supplied by the facial artery through lateral and septal
nasal branches. The septal branches of the sphenopalatine artery form
multiple anastomoses with the terminal branches of the anterior ethmoidal
and facial arteries giving rise to Kiesselbach’s area, located at the caudal
aspect of the septum and also known as Little’s area. Most cases of epistaxis
occur in this region (75).

The veins accompanying the branches of the sphenopalatine artery
drain into the pterygoid plexus. The ethmoidal veins join the ophthalmic
plexus in the orbit. Part of the drainage to the ophthalmic plexus proceeds to
the cavernous sinus via the superior ophthalmic veins and the other part to
the pterygoid plexus via the inferior ophthalmic veins. Furthermore, the
nasal veins form numerous anastomoses with the veins of the face, palate,
and pharynx. The nasal venous system is valveless, predisposing to the spread
of infections and constituting a dynamic system reflecting body position.

The subepithelial and glandular zones of the nasal mucosa are
supplied by arteries derived from the periosteal or perichondrial vessels.
Branches from these vessels ascend perpendicularly toward the surface,
anastomosing with the cavernous plexi (venous system) before forming
fenestrated capillary networks next to the respiratory epithelium and around
the glandular tissue (76). The fenestrae always face the respiratory epithe-
lium and are believed to be one of the sources of fluid for humidification
(77). The capillaries of the subepithelial and periglandular network join to
form venules that drain into larger superficial veins. They, in turn, join the
sinuses of the cavernous plexus. The cavernous plexi, or sinusoids, consist of
networks of large, tortuous, valveless, anastomosing veins mostly found
over the inferior and middle turbinates but also in the midlevel of the
septum. They consist of a superficial layer formed by the union of veins that
drain the subepithelial and glandular capillaries and a deeper layer where
the sinuses acquire thicker walls and assume a course parallel to the
periosteum or perichondrium. They receive venous blood from the sub-
epithelial and glandular capillaries and arterial blood from arteriovenous
anastomoses. The arterial segments of the anastomoses are surrounded by a
longitudinal smooth muscle layer that controls their blood flow. When the
muscular layer contracts, the artery occludes; when it relaxes, the anasto-
mosis opens, allowing the sinuses to fill rapidly with blood. Because of this
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function, the sinusoids are physiologically referred to as capacitance vessels.
Only endothelium interposes between the longitudinal muscles and the
bloodstream, making them sensitive to circulating agents. The cavernous
plexi change their blood volume in response to neural, mechanical, thermal,
psychological, or chemical stimulation. They expand and shrink, altering the
caliber of the air passages and, consequently, the speed and volume of
airflow. This alteration of the caliber of the nasal passages results in changes
in airflow resulting in changes in the subjective feeling of nasal congestion,
which is often mirrored by objective changes of nasal patency as measured
by various tools such as nasal peak inspiratory flow, anterior rhinometry,
posterior rhinometry, or acoustic rhinometry.

Lymphatic vessels from the nasal vestibule drain toward the external
nose, whereas the nasal fossa drains posteriorly. The first-order lymph nodes
for posterior drainage are the lateral retropharyngeal nodes, whereas the
subdigastric nodes serve that function for anterior drainage.

B. Tracheal/Bronchial Vasculature

Blood supply to the lower airways and lungs comprises a bronchial and a
pulmonary vasculature (4). The bronchial vessels originate in the aorta and
intercostal arteries and provide blood supply to the airways from the trachea
to the terminal bronchioles. Blood entering the bronchial circulation empties
primarily in postcapillary vessels of the pulmonary vasculature (78). In the
airways, the bronchial vasculature forms an intricate arbor that includes an
extensive subepithelial plexus and an adventitial plexus comprising of larger
arterioles and venules. The vasculature of the subepithelial plexus has an
extensive capillary network and forms sinusoid-like vessels that drain into
venules that connect the subepithelial and adventitial plexus. Blood flow
through the mucosal and adventitial plexus is roughly equal, favoring slightly
(60 vs 40%) the mucosal plexus (79). This may be altered by altering
bronchial vascular pressure. Both sympathetic and parasympathetic nerves
innervate the arterioles of the bronchial circulation (80).

Inflammation and infection can dramatically alter the structure of the
airway vasculature and may alter mucosal blood flow (Fig. 11). The mech-
anisms by which these changes occur in disease are poorly understood (81).

The pulmonary vasculature originates in the right ventricle of the heart,
forming the pulmonary artery. The pulmonary artery branches to provide
venous blood to the right and left lungs. Pulmonary arterioles empty into an
alveolar capillary plexus from which the blood flows into venules and veins.
Pulmonary veins converge to return oxygenated blood to the left atria.

Lymphatics are also found in the lower airways and lungs where they
may play an important role in resolution of airway and pulmonary edema.
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Figure 11 Tracheal vasculature in Mycoplasma pulmonis–infected C57BL/6 and
C3H mice visualized in whole mounts. (A) Mucosal vasculature in trachea of

pathogen-free C57BL/6 mouse, with capillaries crossing a cartilaginous ring, fed
from arterioles (arrows) and drained by venules (arrowheads) in intercartilaginous
regions. (B) Enlarged vessels in trachea of C57BL/6 mouse 2 weeks after infection.

(C) Enlarged vessels and regions with increased numbers of capillaries (arrow) in
trachea of C57BL/6 mouse 4 weeks after infection. (D) Numerous capillary-sized
vessels and enlarged vessels in trachea of C57BL/6 mouse at 8 weeks after infection.

(E) Tracheal vasculature of pathogen-free C3H mouse. (F) Enlarged vessels in
trachea of C3H mouse at 8 weeks after infection. All segments of the vasculature
appear enlarged. Comparable alterations in airway vasculature are thought to occur
in asthma (52). Scale bars: 100 Am. (Reproduced with permission from Ref. 81.)
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Not all airways have a lymphatic vasculature, however, and it is clear that
edema clearance occurs primarily through vascular reabsorption. Lym-
phatic vasculature may, however, be altered with disease and may thus play
a more prominent role during inflammation or infection (82–85).

A rich vascular supply characterizes both the nasal and the lower
airways. The proximity of these vessels to nasal and bronchial end organs
probably contributes to a strong interface between circulating cells and
substances and these respective end organs. This interaction is even more
pronounced in inflammatory states such as allergic rhinitis and asthma during
which upregulation of vascular endothelial adhesion molecules has been
documented in both the nose and the lung. A significant difference between
the upper and the lower airways, however, lies in control of airway lumina.
Whereas changes in the blood volume of the cavernous plexi is a major factor
in controlling the caliber of the nasal airway and affecting nasal congestion,
the same does not apply to the lower airway, where the larger contribution to
the control of bronchial diameter is influenced by smooth muscles.

IV. Neural Supply to the Airways

The nervous system plays an essential role in regulating respiration. Airway
nerves also play an important defensive role in preserving lung capacity for
gas exchange and in facilitating clearance of inhaled pathogens and irritants.
Central terminations of upper and lower airway sensory nerves are localized
to discrete regions in the brain stem. The proximity of these termination
sites to one another facilitates coordination of respiratory reflexes. This
coordination is made possible by many projections between the nuclei
regulating nasal reflexes (e.g., trigeminal nucleus) and those regulating
pulmonary reflexes (e.g., nucleus tractus solitarius). However, these inter-
actions may also facilitate transmission of inappropriate signals between the
upper and lower airways in disease. Autonomic regulation of effector tissues
is essentially identical in the upper and lower airways.

A. Nasal Airways

The nasal neural supply is overwhelmingly sensory and autonomic (sym-
pathetic, parasympathetic, and nonadrenergic noncholinergic) (Fig. 12). The
sensory nasal innervation comes via both the ophthalmic and maxillary
divisions of the trigeminal nerve and supplies the septum, the lateral walls,
the anterior part of the nasal floor, and the inferior meatus. The structure of
afferent nerve endings in the nasal mucosa is poorly described. The para-
sympathetic nasal fibers travel from their origin in the superior salivary
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nucleus of the midbrain via the nervus intermedius of the facial nerve to the
geniculate ganglion, where they join the greater superficial petrosal nerve
which, in turn, joins the deep petrosal nerve to form the vidian nerve. This
nerve travels to the sphenopalatine ganglion where the preganglionic para-
sympathetic fibers synapse and postganglionic fibers supply the nasal
mucosa. The sympathetic input originates as preganglionic fibers in the
thoracolumbar region of the spinal cord, which pass into the vagosympa-
thetic trunk and relay in the superior cervical ganglion. The postganglionic
fibers end as the deep petrosal nerve, which joins the greater superficial nerve
to form the vidian nerve. They traverse the sphenopalatine ganglion without
synapsing and are distributed to the nasal mucosa.

Nasal glands receive direct parasympathetic nerve supply, and elec-
trical stimulation of parasympathetic nerves in animals induces glandular

Figure 12 Sensory, sympathetic, and parasympathetic nasal neural supply: SG,
sphenopalatine ganglion; MN, maxillary nerve; GG, geniculate ganglion; GSPN,

greater superficial petrosal nerve; SCG, superior cervical ganglion. (From Proctor
DF, Andersen IB. The Nose—Upper Airway Physiology and the Atmospheric
Environment. Amsterdam: Elsevier Biomedical Press, 1982.)
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secretions that are blocked by atropine. Furthermore, stimulation of the
human nasal mucosa with methacholine, a cholinomimetic, produces an
atropine-sensitive increase in nasal secretions (86). Parasympathetic nerves
also provide innervation to the nasal vasculature, and stimulation of these
fibers causes vasodilatation. Sympathetic fibers supply the nasal vasculature
but do not establish a close relationship with nasal glands, and their exact
role in the control of nasal secretions is not clear. Stimulation of these fibers
in cats causes vasoconstriction and a decrease in nasal airway resistance.
Adrenergic agonists are commonly used in man, both topically and orally,
to decrease nasal congestion.

The presence of sympathetic and parasympathetic nerves and their
transmitters in the nasal mucosa has been known for decades, but
immunohistochemical studies have also established the presence of addi-
tional neuropeptides. These are secreted by unmyelinated nociceptive C
fibers [tachykinins, calcitonin gene-related peptide (CGRP), neurokinin A
(NKA), gastrin-releasing peptide], parasympathetic nerve endings [vaso-
active intestinal peptide (VIP), peptide histidine methionine), and sym-
pathetic nerve endings (neuropeptide Y). Substance P (SP), a member of
the tachykinin family, is often found as a cotransmitter with NKA and
CGRP and has been found in high density in arterial vessels, and to
some extent in veins, gland acini, and epithelium of the nasal mucosa
(87). SP receptors (NK1 receptors) are located in epithelium, glands, and
vessels (87). CGRP receptors are found in high concentration on small
muscular arteries and arterioles in the nasal mucosa (88). The distribution
of VIP fibers in human airways corresponds closely to that of cholinergic
nerves (89). In the human nasal mucosa, VIP is abundant, and its
receptors are located on arterial vessels, submucosal glands, and epithelial
cells (90).

B. Tracheal/Bronchial Airways

Extrinsic Innervation of the Lower Airways

The lower airways and lungs are innervated bilaterally by the vagus nerves.
The majority of vagal fibers projecting to the airways are afferent (or
sensory). The remaining vagal nerve fibers projecting to the airways are
preganglionic parasympathetic nerve fibers innervating parasympathetic
ganglia, and motor nerve fibers innervating the striated muscle of the larynx
and upper airways (91).

Vagal afferent nerve fibers terminate centrally in integrative centers in
the brain stem, primarily the nucleus tractus solitarius (nTS). The para-
sympathetic nerves and the vagal laryngeal motor nerve fibers arise from
discrete brain stem nuclei, including the dorsal motor nucleus of the vagus
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nerve (dmnX) and the nucleus ambiguus (nA). Although these brain stem
structures have viscerotopic organization, considerable overlap among the
sites of afferent nerve subtype termination and of efferent projection is
apparent. This overlap accounts in part for the clustering of autonomic
reflexes (e.g., effects on heart rate, respiratory pattern, airway caliber)
initiated by selective activation of specific afferent nerve subtypes. More-
over, the convergence of afferent nerves innervating multiple organs in nTS
may facilitate organ–organ interactions, including interactions between the
upper and lower airways (92,93).

Postganglionic sympathetic nerves projecting to the airways arise
bilaterally, primarily from the superior cervical and thoracic sympathetic
ganglia. Although there is evidence for spinal afferent innervation of the
lung, its function is poorly understood. The superior laryngeal nerves,
recurrent laryngeal nerves, and the bronchial branches of the vagus nerves
carry the vagal and spinal nerve fibers projecting to the airways. Both
afferent and efferent vagal nerves project bilaterally, although ipsilateral
innervation is far more extensive (91–93).

Intrinsic Innervation of the Lower Airways

Afferent and efferent nerve fibers occupy multiple nerve plexuses in the
lower airway wall from the larynx to the terminal bronchioles (94). Afferent
nerve fibers surround epithelial cells in an epithelial nerve plexus. Efferent
innervation of the epithelium has also been described. Both afferent and
efferent nerves are found in the plexus below the basement membrane
(subepithelium, submucosa), where most effectors of the airways (airway
smooth muscle, mucus glands, arterioles) are located. Airway parasympa-
thetic ganglia are localized primarily to an adventitial nerve plexus of the
extrapulmonary airways, which merges with the submucosal plexus in the
intrapulmonary airways (Fig. 13). Parasympathetic ganglia containing as
few as one neuron to over 100 neurons are randomly and sparsely dispersed
in the adventitial nerve plexus and are associated primarily with the
extrapulmonary airways.

Except for afferent nerve endings terminating in neuroepithelial bodies
of the epithelium (38), airway afferent nerves form apparently nonspecial-
ized (based on appearance) receptive fields in the epithelium and basement
membrane, and in and around various structures of the airway wall (96).
Swellings associated with airway afferent nerve terminals in the epithelium
contain synaptic vesicles with neurotransmitters that may be released during
axonal reflexes. Afferent nerve fibers may also innervate other effector
tissues in the airway wall, including glands, airway smooth muscle, blood
vessels, and airway parasympathetic ganglia (94).
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Figure 13 Montage revealing the adventitial nerve plexus innervating the trachea,
bronchi, and bronchioles of human fetal lung (week 18 of gestation). Ganglia (inset

shows higher powered magnification of a single ganglion) appear as swelling along the
nerve trunks (stained black), particularly at nerve branches, and are more numerous
in the plexus associated with the larger airways. (Figure reproduced with permission

from Ref. 95.)

Comparative Airway Anatomy 31



Airway ganglia neurons do not simply relay information between the
central nervous system and the effector tissues of the airway wall (Fig. 14).
Rather, airway ganglia neurons play important integrative roles. Synaptic
integration is facilitated by the complex morphology of the ganglia neurons
and by many biophysical properties that facilitate integration of synaptic
input (97,98).

Postganglionic autonomic nerves innervate airway glands, vascula-
ture, smooth muscle, and perhaps airway parasympathetic ganglia (91,94).
Little discernible specializations are apparent on the postganglionic auto-
nomic nerves of the airways or on effector cells innervated by these nerves.
Although little change in nerve fiber densities in the smooth muscle and
vasculature from the trachea to the bronchioles is apparent, the neuro-
chemistry of the nerve fibers may differ considerably in the large and small
airways (91,99,100).

Afferent Nerve Subtypes Innervating the Lower Airways

Airway afferent nerves can be subclassified based on their neurochemistry,
responsiveness to physical and chemical stimuli, myelination, conduction ve-

Figure 14 Parasympathetic ganglion and a parasympathetic ganglion neuron
isolated from the left mainstem bronchus of a human donor. Parasympathetic
ganglia are localized primarily to extrapulmonary bronchi and trachea. (A)

Containing as few as 1 to as many as 100 neurons, ganglia are found primarily in
an adventitial nerve plexus. (B) Nerve cell bodies are grouped tightly in clusters and
receive synaptic input from vagal preganglionic parasympathetic nerves, from

collateral axon branches from afferent nerves, and from adjacent parasympathetic
ganglia. (C) Camera lucida drawing of a neuron impaled on a microelectrode and
filled with neurobiotin for visualization. The complex dendritic arbor of these
neurons suggests their important role in integrating synaptic input, a property

confirmed in electrophysiological studies of these neurons isolated from human
airways. Bars: 100 Am in (A) and 20 Am (B) and (C). (Figure reproduced with
permission from Ref. 98.)
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locity, sites of termination in the central nervous system, and ganglionic or-
igin. Airway mechanoreceptors respond to the dynamic and/or sustained
physical effects of lung inflation. Some mechanoreceptors can also be
activated indirectly by bronchoconstrictors such as histamine, acetylcholine,
and leukotrienes. When activated, airway mechanoreceptors initiate alter-
ations in autonomic nerve activity and cough, and play an essential role in
controlling respiratory rate and tidal volume. Not surprisingly, airway
mechanoreceptors are sporadically active during the respiratory cycle. The
continuous activation of airway mechanoreceptors may be of fundamental
importance to the maintenance of baseline autonomic tone, and respiratory
pattern, and it may influence evoked reflexes (91,101).

Afferent nerves that are similar to the nociceptors of the somatic
nervous system also innervate the airways. Most airway nociceptors are
unmyelinated C fibers and are generally unresponsive to mechanical stimuli
and are thus essentially quiescent during tidal breathing (94,102–104). Air-
way nociceptors are activated by inflammatory mediators such as bradykinin
and 5-HT, but may also be activated by low pH, hypertonic saline, or the
vanilloid capsaicin. Other endogenous activators of airway nociceptors
include 12- and 15-lipoxygenase products and anandamide (105–107). When
activated, airway nociceptors may also initiate alterations in autonomic
nerve activity and cough, perhaps with unique effects on respiratory pattern.

Nociceptive afferent nerves innervating the airway mucosa of most
species including humans express the anatomical attributes of the sensory
nerves mediating axon reflexes described in somatic tissues (92,94,96,103,
108). Many of these afferent nerve endings contain potent, proinflammatory
peptides such as substance P, neurokinin A, and CGRP. When administered
exogenously, these putative neurotransmitters have profound effects in the
airways, initiating bronchospasm, mucus secretion, vasodilatation, plasma
exudation, and inflammatory cell recruitment. These observations led to the
intriguing hypothesis that axonal reflexes contribute to the pathogenesis of
inflammatory airways disease.Many studies provide clear evidence for axonal
reflexes in the lower airways of some animals (rats and guinea pigs) and
compelling albeit circumstantial evidence for axonal reflexes in the human
upper airways. The role of axon reflexes in the lower airways of humans is less
clear (93,94,108).

Autonomic (Efferent) Nerve Subtypes Innervating the Lower Airways

The sympathetic and parasympathetic nervous systems innervate the air-
ways (Fig. 15). Sympathetic nerves primarily innervate the bronchial
vasculature, while airway parasympathetic nerves innervate the vasculature
but also the glands, and of course the airway smooth muscle (80,91). In
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Figure 15 Innervation of airway smooth muscle in fetal human lung (day 58 of
gestation) revealed through immunohistochemistry and confocal microscopy. In
panel a, nerves are stained for the panneuronal marker protein gene product 9.5 (PGP

9.5). Airway smooth muscle is stained in panel b using an antibody to a-actin. Images
in a and b are transposed onto one another in panel c. Parasympathetic ganglia
appear as swellings in the neuronal plexus. Note the location of this nerve plexus in

the adventitia of the intrapulmonary airways. These figures illustrate the complex and
extensive neuronal innervation of the intrapulmonary airways. Postganglionic
autonomic nerves (both sympathetic and parasympathetic), not visible at this low

magnification, project from ganglia to innervate virtually every cell in the submucosa
and many cells in the mucosa of the trachea and bronchi. Panels d–f show optical
sections through a large nerve trunk and adjacent ganglia. Tissues are stained for

Schwann cells and nerves. Schwann cells provide myelination, support, and excess
neurotransmitter uptake to large extrinsic nerve fibers and ganglia. (Figure
reproduced in black and white with permission from Ref. 95.)
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addition to acetylcholine in parasympathetic nerves and norepinephrine in
sympathetic nerves, a wide variety of nonadrenergic, noncholinergic neuro-
transmitters have been localized to autonomic nerve endings innervating the
airways (Table 1). These neurotransmitters have multiple effects on the end
organs in the airways, and their role as bona fide neurotransmitters and/or
neuromodulators has been confirmed in many instances (109).

Postganglionic parasympathetic nerves innervate airway smooth
muscle, mucus glands, and vessels throughout the airway tree. When
activated, airway parasympathetic–cholinergic nerves initiate contractions
of airway smooth muscle, mucus secretion, and vasodilatation. Sympathetic
innervation of human airway smooth muscle is either sparse or nonexistent
(109). Thus, even though human airway smooth muscle expresses abundant
h-adrenoceptors (primarily h2-adrenoceptors), direct functional evidence of
sympathetic (adrenergic) innervation of human airway smooth muscle is
lacking. Hormonal catecholamines are likely the primary endogenous ligand
for the a-adrenoceptors expressed on human airway smooth muscle. Sym-
pathetic nerves appear to play little or no role in regulating mucus secretion,
either. Sympathetic nerves do, however, innervate the airway vasculature,
mediating vasoconstriction.

Table 1 Effects of Various Neurotransmitters Synthesized by Airway Nerves

Neurotransmitters

Airway smooth

muscle Vasculature

Mucus

glands

Leukocyte

adhesion?

Plasma

extravasation?

Acetylcholine Constriction Dilatation Secretion No No
Norepinephrine Dilatation Constriction ? No Inhibition
Substance P Constriction Dilatation Secretion Yes Yes

Neurokinin A Constriction Dilatation Secretion Yes Yes
Neuropeptide Y No effect Constriction ? ? Inhibition
VIPa Dilatation Dilatation Secretion ? ?
Nitric Oxideb Dilatation Dilatation ? Inhibition Yes

CGRPc Dilatation Dilatation ? ? No
Carbon Monoxided Dilatation Dilatation ? ? ?
Neuromodulators

Galanin
Nociceptin
g Aminobutyric acid

Met-enkephalin-Arg6-
Gly7-Leu8

a Vasoactive intestinal peptide and related peptides (e.g., PHI, PHM, PACAP).
b Synthesized from arginine by nitric oxide synthase.
c Calcitonin gene-related peptide.
d Synthesized from heme by heme oxygenase-2.
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Noncholinergic parasympathetic nerves are the only functional relaxant
nerves innervating the human lower airways (109). The neurotransmitters
associated with noncholinergic parasympathetic nerves include the peptides
VIP, PACAP, and PHI (or PHM), as well as the gaseous transmitter nitric
oxide (NO, synthesized from arginine by the neuronal isoform of NO
synthase). Nonadrenergic, noncholinergic parasympathetic relaxations of
airway smooth muscle can be evoked in airways from the trachea to the small
bronchi (99,109). Noncholinergic parasympathetic nerves also likely mediate
mucus secretion and vasodilatation.

Studies in animals provide conclusive evidence that noncholinergic
parasympathetic neurotransmitters are not coreleased with acetylcholine
from postganglionic parasympathetic nerves. Rather, an entirely distinct
parasympathetic pathway regulates noncholinergic nerve activity in the
airways (109). Reflexes also differentially regulate cholinergic and non-
cholinergic parasympathetic responses (110). Circumstantial evidence indi-
cates a similar arrangement of the parasympathetic innervation of human
airways. Recent studies suggest that noncholinergic parasympathetic nerves
may be dysfunctional and/or dysregulated in asthma (109,111–113).

Reflexes initiating alterations in airway sympathetic nerve activity are
poorly described. Adrenoceptors and thus the endogenous catecholamines
do, however, play an important role in regulating airway caliber and airway
responsiveness. It seems likely that in humans the hormonal catecholamines
are more important in regulating airway function than the sparse sympa-
thetic–adrenergic innervation of the airways.

V. Mucociliary Transport

A. Nasal Airways

A layer of mucus 10 to 15 Am deep covers the entire nasal cavity (114). It is
slightly acidic, with a pH between 5.5 and 6.5. The mucous blanket consists
of two layers: a thin, low viscosity, periciliary layer (sol phase) that envelops
the shafts of the cilia, and a thick, more viscous layer (gel phase) riding on
the periciliary layer. The gel phase can also be envisioned as discontinuous
plaques of mucus. The distal tips of the ciliary shafts contact these plaques
when they are fully extended. Insoluble particles caught on the mucous
plaques move with them as a consequence of ciliary beating. Soluble
materials like droplets, formaldehyde, and CO2 dissolve in the periciliary
layer. Thus nasal mucus effectively filters and removes nearly 100% of
particles greater than 4 Am in diameter (115–117). An estimated 1 to 2 L of
nasal mucus, composed of 2.5 to 3% glycoproteins, 1 to 2% salts, and 95%
water, is produced per day. Mucin, one of the glycoproteins, gives mucus its
unique attributes of protection and lubrication of mucosal surfaces.
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The sources of nasal secretions are multiple and include anterior nasal
glands, seromucous submucosal glands, epithelial secretory cells (of both
mucous and serous types), tears, and transudation from blood vessels.
Transudation increases in pathological conditions as a result of the effects
of inflammatory mediators that increase vascular permeability. A good
example is the increased vascular permeability seen in response to allergen
challenge of subjects with allergic rhinitis as measured by increasing levels of
albumin in nasal lavages after provocation (118). In contrast to serum,
immunoglobulins make up the bulk of the protein in mucus; other sub-
stances in nasal secretions include lactoferrin, lysozyme, antitrypsin, trans-
ferrin, lipids, histamine and other mediators, cytokines, antioxidants, ions
(Cl�, Na+, Ca2+, K+), cells, and bacteria.

Mucus functions in mucociliary transport, and substances will not be
cleared from the nose without it, despite adequate ciliary function. Fur-
thermore, mucus provides immune and mechanical mucosal protection, and
its high water content plays a significant role in humidifying inspired air.

Mucociliary transport is unidirectional based on the unique character-
istics of cilia. Cilia in mammals beat in a biphasic, or to-and-fro, manner.
The beat consists of a rapid effective stroke during which the cilium
straightens, bringing it in contact with the gel phase of the mucus, and a
slow recovery phase during which the bent cilium returns in the periciliary
or sol layer of the mucus, thus propelling it in one direction (Fig. 16).

Metachrony is the coordination of the beat of individual cilia, which
prevents collision between cilia in different phases of motion and results in
the unidirectional flow of mucus. Ciliary beating produces a current in the

Figure 16 Schematic diagram of motion of a single cilium during the rapid
forward beat and the slower recovery phase. (From Proctor DF, Andersen IB. The
Nose—Upper Airway Physiology and the Atmospheric Environment. Amsterdam:

Elsevier Biomedical Press, 1982.)
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superficial layer of the periciliary fluid in the direction of the effective stroke.
The mucous plaques move as a result of motion of the periciliary fluid layer
and the movement of the extended tips of the cilia into the plaques. Thus,
the depth of the periciliary fluid is the key factor in mucociliary transport. If
excessive, the extended ciliary tips fail to contact mucous plaques, and the
current of the periciliary fluid provides the only means of movement.

Mucociliary transport moves mucus and its contents toward the
nasopharynx, except for the anterior portion of the inferior turbinates, where
transport is anterior. This anterior current prevents many of the particles
deposited in this area from progressing further into the nasal cavity. The
particles transported posteriorly toward the nasopharynx are periodically
swallowed. Mucociliary transport, however, is not the only mechanism by
which particles and secretions are cleared from the nose. Sniffing and nose
blowing help in moving airway secretions backward and forward, respec-
tively. Sneezing results in a burst of air, accompanied by an increase in watery
nasal secretions that are then cleared by nose blowing and sniffing.

Respiratory cilia beat about 1000 times a minute, which translates to
surface materials being moved at a rate of 3 to 25 mm/min. Both the beat
rate and propelling speed vary. Several substances have been used to
measure nasal mucociliary clearance, and the most utilized are sodium
saccharin, dyes, or tagged particles. The dye and saccharin methods are
similar, consisting of placing a strong dye or saccharin sodium on the nasal
mucosa just behind the internal ostium and recording the time it takes to
reach the pharyngeal cavity; this interval is termed nasal mucociliary
transport time. With saccharin, the time is recorded when the subject
reports a sweet taste, whereas a dye appearance in the pharyngeal cavity
triggers recording. Combining the two methods reduces the disadvantages
of both—namely, variable taste thresholds in different subjects when
saccharin is used and the repeated pharyngeal inspections needed to observe
the dye— and makes them more reliable. The use of tagged particles
involves placement of an anion exchange resin particle about 0.5 mm in
diameter tagged with a 99Tc ion on the anterior nasal mucosa, behind the
area of anterior mucociliary movement, and following its subsequent
clearance with a gamma camera or multicollimated detectors. This last
method permits continuous monitoring of movement.

Studies of several hundred healthy adult subjects by the tagged-particle
or saccharin methods have consistently shown that 80% exhibit clearance
rates of 3 to 25 mm/min (average 6 mm/min), with slower rates in the
remaining 20% (119). The latter subjects have been termed ‘‘slow clearers.’’
The findings of a greater proportion of slow clearers in one group of subjects
living in an extremely cold climate raises the possibility that the differences in
clearance may be related to an effect of inspired air (119). In diseased
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Figure 17 Mucociliary clearance is compromised in COPD patients in (a) central
and (b) peripheral airways. Clearance is measured by monitoring (through whole-

body scanning) retention time of an insoluble radiolabeled marker. Airways were
partitioned into large and small airways, with small airways comprising 70% of the
airway tree. Data are mean from 9 healthy controls (open symbols) and 10 patients

with COPD (solid symbols). Coughing accelerates clearance, while therapeutics that
reduce parasympathetic nerve effects (e.g., ipratroprium bromide) slows clearance
(not shown). (Data modified from Ref. 123.)
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subjects, slow clearance may be due to a variety of factors, including the
immotility of cilia, transient or permanent injury to the mucociliary system
by physical trauma, viral infection, dehydration, or excessively viscid secre-
tions secondary to decreased ions and water in the mucus paired with
increased amounts of DNA from dying cells, as in cystic fibrosis.

B. Tracheal/Bronchial Airways

Mucociliary clearance in the lower airways is regulated in a manner
comparable to that in the upper airways. Lower airway surface liquid
ranges in depth from 5 to 100 Am and includes both a sol and a gel
component. The depth of the sol phase is constant in healthy airways,
whereas the gel phase depth can vary considerably, particularly in disease.
Movement of airway surface liquid out of the lower airways (it is eventually
swallowed or expectorated) varies at different levels of the airway and is
influenced by several factors in addition to mucociliary clearance. These
factors include interstitial pressures in the subepithelium, evaporation in the
larger airways, and secretions (120–123).

As mentioned, disease can alter mucociliary clearance by altering
either the amount of secretions, the secretion composition, or the rate or
effectiveness of clearance (Fig. 17). Inadequate clearance of mucus due to
neuromuscular disease, which decreases the effectiveness of coughing, or
cystic fibrosis, which increases mucus viscosity, increases patient risk for
pulmonary infection.

VI. Specialized Functions of the Nasal Airways

A. Nasal Airflow

The nose provides the main pathway for inhaled air to the lower airways
and offers two areas of resistance to airflow (provided there are no gross
deviations of the nasal septum): the nasal valve and the state of mucosal
swelling of the nasal airway. The cross-sectional area of the nasal airway
decreases dramatically at the nasal valve to reach 30 to 40 mm2. This
narrowed area separates the vestibules from the main airway and accounts
for approximately half of the total resistance to respiratory airflow from
ambient air to the alveoli. After bypassing this narrow area, inspired air
flows in the main nasal airway, which is a broader tube bounded by the
septal surface medially, and by the irregular inferior and middle turbinates
laterally. The caliber of the lumen of this portion of the airway is variable,
being governed by changes in the blood content of the capillaries, capaci-
tance vessels, and arteriovenous shunts of the lining mucosa and constitut-
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ing the second resistive segment that inspired air encounters on its way to
the lungs. Changes in the blood content of these structures occur sponta-
neously and rhythmically, resulting in alternating volume reductions in the
lumina of the two nasal cavities, a phenomenon referred to as the nasal
cycle. This occurs in approximately 80% of normal individuals and the
reciprocity of changes between the two sides of the nasal cavity maintains
total nasal airway resistance unchanged (124). The duration of one cycle
varies between 50 min and 4 h and is interrupted by vasoconstrictive
medications or exercise, leading is turn to a marked reduction of total nasal
airway resistance. Kennedy and colleagues used T2-weighted magnetic
resonance imaging to observe the nasal passages and demonstrated an
alternating increase and decrease in signal intensity and turbinate size over
time in a fashion consistent with the nasal cycle (125). The nasal cycle can be
exacerbated by the increase in nasal airway resistance caused by exposure to
allergic stimuli, and this explains why some allergic individuals complain of
alternating exacerbations of their nasal obstructive symptoms.

Swift and Proctor presented a detailed description of nasal airflow and
its characteristics (Fig. 18) (126). Upon inspiration, air first passes upward
into the vestibules in a vertical direction at a velocity of 2 to 3 m/s, then
converges and changes its direction from vertical to horizontal just prior to
the nasal valve, where, owing to the narrowing of the airway, velocities
reach their highest levels (V12–18 m/s). After passing the nasal valve, the
cross-sectional area increases, and velocity decreases concomitantly to about
2 to 3 m/s. The nature of flow changes from laminar before and at the nasal

Figure 18 Schematic diagram of the direction and velocity of inspired air. The size
of the dots is directly proportional to velocity, and the arrows depict direction of

airflow. (From Proctor DF, Andersen IB. The Nose—Upper Airway Physiology and
the Atmospheric Environment. Amsterdam: Elsevier Biomedical Press, 1982.)
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valve to more turbulent posteriorly. As inspiratory flow increases beyond
resting levels, turbulent characteristics commence at an increasingly anterior
position and, with mild exercise, are found as early as the anterior ends of
the turbinates. The airstream increases in velocity to 3 m/s to 4 m/s in the
nasopharynx, where the direction again changes from horizontal to vertical
as air moves down through the pharynx and larynx to reach the trachea.
Turbulence of nasal airflow minimizes the presence of a boundary layer of
air that would exist with laminar flow and maximizes interaction between
the airstream and the nasal mucosa. This, in turn, allows the nose to
perform its functions of heat and moisture exchange and of cleaning
inspired air of suspended or soluble particles.

B. Olfaction

One of the important sensory functions of the nose is olfaction. The
olfactory airway is 1 to 2 mm wide and lies above the middle turbinate just
inferior to the cribriform plate between the septum and the lateral wall of
the nose. The olfactory mucosa has a surface area of 200 to 400 mm2 and
contains numerous odor receptor cells with thin cilia that project into the
covering mucous layer and increase the surface area of the epithelium (127).
The olfactory mucosa also contains small, tubular, serous Bowman’s glands
situated immediately below the epithelium. Each receptor cell is connected
to the olfactory bulb by a thin nonmyelinated nerve fiber that is slow
conducting but short, making the conduction time as low as 50 m/s. The
impulses from the olfactory bulb are conveyed to the olfactory cortex, which
in man is part of the thalamus, which also receives taste signals.

The area where the olfactory epithelium is located is poorly ventilated
because most of the inhaled air passes through the lower aspect of the nasal
cavity. Therefore, nasal obstruction, as documented by elevations in nasal
airway resistance, leads to an elevation in olfactory thresholds (128). This
may be secondary to several conditions such as septal deviations, nasal
polyposis, nasal deformities, or increased nasal congestion, one of the
characteristic symptoms of allergic rhinitis. Sniffing helps the process of
smell by increasing the flow rate of inhaled air and, consequently, raising
the proportion of air reaching the olfactory epithelium by 5 to 20%. This
results in increasing the number of odorant molecules available to the
olfactory receptors and proportional enhancement of odor sensation. In
addition to crossing the anatomic barriers of the nose, the odorant
molecules must have a dual solubility in lipids and water to be able to
reach the olfactory receptors. To penetrate the mucus covering the olfac-
tory mucosa, they solubilize to a certain extent in water. Lipid solubility, on
the other hand, enhances their interaction with the receptor membrane of
the olfactory epithelial cilia. Finally, it is to be mentioned that olfactory
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sensitivity normally decreases with age, as evidenced by a recent longitu-
dinal study of men and women between the ages of 19 and 95 followed over
a 3-year period (129).

C. Vomeronasal Organ

Many vertebrate species, including many mammals, have a small chemo-
sensory structure in the nose called the vomeronasal organ (VNO), dedicated
to detecting chemical signals that mediate sexual and territorial behaviors. A
similar structure appears to exist in the human nose and is described as two
small sacs about 2 mm deep that open into shallow pits on either side of the
nasal septum. In vertebrates, the pair of small sacs is lined by sensory
neurons, tucked inside the vomer bone where the hard palate and nasal
septum meet. In mice and rats, the VNO is connected to the brain through a
neural pathway that is independent of the olfactory pathway, but it is not
clear whether the human VNO is connected to the brain. There is recent
renewed interest in researching the anatomy and function of this organ in
man, an effort primarily funded by the perfume industry (130).

VII. Conclusion

As detailed in this chapter, the nose is an intricate organ with important
functions that include filtration, humidification, and temperature control of
inspired air in preparation for transit to the lower airways. It is also
important in providing the sense of olfaction. It has an intricate network
of nerves, vessels, glands, and inflammatory cells, all of which help to
modulate its function. Chronic inflammation affects multiple end organs
within the nasal cavity and will lead to diseases such as rhinitis (allergic and
nonallergic) and sinusitis. The lower airways share many of the physiolog-
ical and anatomical attributes of the nasal airways. The overview of the
anatomy and function of the airways provided in this chapter should serve
as a useful prelude to the coming chapters, which discuss different diseases
of the respiratory system in the context of their simultaneous manifestations
in the nose and the bronchi.
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The Impact of Nasal Function and Dysfunction
on the Lower Airways

ALKIS TOGIAS

Johns Hopkins Asthma

and Allergy Center

Baltimore, Maryland, U.S.A.

Introduction

The nasal airways and their closely associated paranasal sinuses are an
integral part of the respiratory tract. This notion was clearly documented by
Galen, the great Greek physician of the second century A.D., who wrote:

The apertures of the nose, how marvelously they come next after the sponge-
like (ethmoid) . . . bone and how the connection was cut through into the
mouth at the palate in order that inspiration may not begin in a straight line

with the trachea and that the air entering it may first be bent and convoluted,
so to speak. For I think this should be doubly advantageous: the parts of the
lung will never be chilled when oftentimes the air surrounding us is very cold,

and the particles of dust . . .will not penetrate as far as the trachea (1).

The most important concept regarding nose–lung integration is not the
common embryological origin of the airways or the anatomical similarities,
particularly with respect to the mucosa, but the functional complementarity
that assigns to the nose the role of the protector of the lungs. This role is
achieved through a variety of functional characteristics of the nose, which
we review in this chapter.
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The significance of nasal function for the lower airways is consistently
and clearly emphasized in any treatise or textbook describing the physiology
of the respiratory system. Yet, this fundamental concept has been absent
from the minds of many clinicians, who regard the nose and the lungs as two
distinct anatomic entities, subjected to distinct pathological conditions. This
distorted view reflects our unfortunate consideration of medicine as a
compartmentalized vocation, a trend that began in the midtwentieth century
and has dominated ever since. Its impact is that physicians who are trained
to treat respiratory diseases do not consider rhinitis or sinusitis as such and
will often fail to diagnose or rule out these conditions. Inversely, physicians
specialized in diseases of the upper airways tend to avoid any involvement in
lower airways disease. The result is, of course, that many patients with
respiratory illnesses, who, as should become evident from this book,
frequently suffer from involvement of their entire respiratory tract, are
not offered appropriate treatment opportunities. The same compartmental-
ization problem is observed in the research arena. With little or no
information from the ‘‘producers of knowledge,’’ the problem becomes
legitimized and is perpetuated.

Despite our knowledge of the capabilities and the physiological roles
of the nasal airways, we still lack an in-depth understanding of the
importance of nasal function on the health of the lower respiratory tract.
This is in part secondary to the failure to develop methodologies for
evaluating nasal function in conjunction with the function of the lower
airways. Yet, various experimental approaches have been used and are
currently being employed in increasing frequency to address these problems.
From these approaches, several speculations have been made about the
mechanisms of the functional interaction between the nasal and the lower
airways. This chapter presents the basis and discusses the validity of these
speculations in some detail.

In attempting to conceptualize how the nasal airways affect the lower
respiratory tract, one can differentiate their physiological functions into
those that originate and manifest in the nose but are relevant to the lower
airways and those that originate in the nose and manifest in the lower
airways. A similar categorization could be also applied for pathological
phenomena that originate in the nasal airways. Examples of local functions
with impact on the lower airways are the air conditioning capacity of the
nose and the elements of innate immunity that the nasal mucosa can
provide. On the other hand, the nasobronchial reflex and the development
of inflammation in the lower airways following an allergic reaction in the
nose represent examples of phenomena that originate in the nose but
manifest in the lower airways. To study the latter phenomena, the method-
ology of nasal provocation accompanied by lower airway assessment has
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been used with success. The data that have derived from such studies are
described in more detail later in this chapter.

I. Conditioning of Inhaled Air

A. Warming and Humidification

Most of the conditioning of inhaled air takes place in the nasal passages (2–
4). By the time inspired air at 20jC reaches the oropharynx, the average
temperature is approximately 31 to 33jC and the air is water saturated (5,6).
At extreme conditions, the capabilities of the nasal passages become even
more evident: when air is inhaled with high (26 L/min), continuous, and
unidirectional flow (inhalation through the nose, exhalation through the
mouth) and temperature near the freezing point, the temperature in the
nasopharynx can reach as high as 30jC in some individuals (7). Cole also
showed that the absolute humidity (water content) of air samples from the
oropharynx consistently reads around 32 mg/L during nasal breathing of
room air at flows ranging from 7 to 42 L/min (8). For the above-mentioned
temperatures, this is fully saturated air. In Ingelstedt’s work, a wet/dry
thermocouple psychrometer introduced in the larynx by puncturing the
cricothyroid membrane showed that the relative humidity of inhaled air
remained around 99%, even when subjects were exposed to a cold chamber
(0 to �4jC) for 12 min (4).

The nasal mucosa constantly provides water and heat to inhaled air.
At inspiration, mucosal surface cooling occurs (9), and theoretically,
transient increases in the osmolarity of the epithelial lining fluid should
take place, but there is no experimental evidence to support this postulate. A
substantial portion of the water and heat supplied to the air by the mucosa
at inspiration passively returns at expiration (4–6). The heat and water
recovered from expiratory air in a temperate environment, at rest, are about
one-third of what was transferred into the air during inspiration. Under
these conditions, the nose of an adult human has a net loss of 300 to 400 mL
of water and 250 to 350 kcal/24 h (6). Based on an estimate that, at any
given time, the volume of the nasal airway surface liquid is approximately
150 AL [nasal surface = 150 cm2, depth of mucus layer = 10 Am (10,11)],
this liquid must be replaced every 1.5 min.

The mechanisms through which the nose humidifies and warms
inhaled air are not clear. The anatomy of the nasal mucosa (reviewed in
detail in Chapter 1) is of major importance. Perhaps one of the most pivotal
structures is the dense, subepithelial capillary network that is equipped with
fenestrae polarized toward the luminal surface (12). Blood flow through this
network probably provides adequate heat for the warming of inhaled air. In
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addition, the fenestrae may facilitate water transportation into the inter-
stitium and, eventually, the surface and the glandular epithelia. The venous
sinusoids, lying below the subepithelial capillary network, are another
important structural component of the nasal lining tissue. Pooling of large
volumes of blood can occur very rapidly because the sinusoids are supplied
by multiple arteriovenous anastomoses with draining vessels (cushion veins)
capable of constricting in response to neural or chemical stimuli (13). When
the sinusoids enlarge, the nasal submucosa engorges, and this results in
increased contact surface with the airstream. This is probably the major
mechanism through which heating (i.e., convective heat transfer from the
mucosal surface to the airstream) takes place. Application of vasoconstric-
tors decreases the temperature of inspired air at the oropharynx (9).
Humidification per se should also improve the heating function of the nasal
mucosa. There is no agreement about which structural element is the
primary contributor to air humidification. The abundance of seromucous
submucosal glands [approximately 45,000 per nasal cavity (14)] and goblet
cells supports the possibility that their secretions provide most of the
required water for air humidification. Ingelstedt has shown that subcuta-
neous injection of 1 mg of atropine decreases (but does not eliminate) the
ability of the nose to humidify air (3). In other studies, however, application
of homatropine or ipratropium bromide to the nasal surface did not impair
air humidification (15,16). In fact, Assanasen and colleagues have indicated
that nasal ipratropium, if anything, increases the humidification capacity of
the nose (17). Cauna believes that the role of humidification belongs to
water from the fenestrated subepithelial capillaries, which diffuses through
the paracellular epithelial space (18). However, Ingelstedt, who injected
fluorescein intravenously in normal humans, was not subsequently able to
detect it in their nasal secretions (19). It is possible that fluorescein is not
able to cross the nasal basement membrane or that its dilution in nasal
secretions is so high that the dye cannot be detected.

These arguments aside, the possible mechanisms through which water
is supplied to the airstream can be summarized as follows: (1) within the
short time frame of an inspiratory phase, during which water is passively
lost into the airstream, a small osmotic drive is generated, moving water
from the intraepithelial spaces into the airway lumen (20), (2) water from
glandular secretions [close to 95% water content (21)] can move into the gas
phase even though the highly charged mucous glycoproteins tend to retain it
(21); and (3) although no osmotic drive for water to reach the lumen is
spontaneously generated by the apical surface of nasal epithelium, which
predominantly absorbs sodium ions under basal conditions (22), this could
occur if the epithelial cells were exposed to hypertonicity or to chloride-
secreting agents. Increased osmolarity of the periciliary fluid may lead to
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reduction of sodium absorption, followed by induction of chloride secretion
(22). Agents that increase cAMP also increase chloride secretion. These
include a2- and h-adrenergic agonists and prostaglandins E2 and F2a.
Inflammatory mediators such as bradykinin, adenosine, eosinophil major
basic protein, substance P, and mast cell products have shown similar effects
(23,24). Methacholine-induced human nasal secretions are somewhat hyper-
osmolar (ca. 340 mosm/kg H2O) (25) and, in vitro, acetylcholine induces a
large secretory flow of both sodium and chloride (22), suggesting that
cholinergic stimulation also results in the generation of an osmotic drive
to provide water to the airway surface. Therefore, neural activation, as well
as allergic or nonallergic inflammatory conditions, can lead to osmotically
driven passive water transfer into the airway lumen. In support of this
hypothesis, Assanasen et al. have recently demonstrated that after an
allergic reaction takes place in the nose, its air-conditioning ability (includ-
ing humidification) is improved (26).

B. Filtering and Mucociliary Clearance

Filtering of inhaled particles and gaseous materials takes place constantly in
the nasal passages. The great majority of inhaled, naturally occurring dusts
are either taken out of the air during inspiratory nasal passage or are
breathed in and out without being deposited at any site in the respiratory
tract. The factors that determine particle trapping are numerous and quite
complicated (27). These include size, gravity, inertia, Brownian movement
(for very small particles), hygroscopicity, and electric charge. For example,
with nasal breathing, most particles having an aerodynamic diameter of 5 to
10 Am are deposited in the nasal mucosa. A significant proportion of even
smaller particles are also deposited in the nose, although many particles
smaller than 2 Am pass into the lower airways (28). Hygroscopic inhaled
particles will absorb water from nasal air, and their aerodynamic diameter
will rapidly increase. This will then precipitate nasal trapping. As expected,
nasal factors will influence trapping, as well. The anatomy of the nasal
passages is characterized by narrow cross sections, resulting in high linear
velocities. In addition, sharp bends and nasal hairs promote particle im-
paction. Hounam and associates have shown a strong relationship between
the percentage of particles trapped in the nose and nasal airway resistance
(29). Similarly, one can deduce that high inspiratory flow rates will increase
linear velocities and will promote turbulent flow, thus increasing the chance
for particle trapping.

Inspired gases can also be removed from air during inspiratory passage
from the nose. Many factors operating on particles apply to gases, as well.
There are two major differences: gas absorption will primarily occur in the
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main nasal passages (as opposed to the anterior entrance segments), and
solubility or reactivity of the involved gas is a strong determinant of ab-
sorption. Assuming that a gas is soluble in water (e.g., SO2), nearly all of it
will be removed by the nasal passages, as long as the amount of epithelial
lining fluid is adequate. An irritant gas may be removed even more efficiently
because, by irritating the mucosa, it could lead to increased secretory rate
and, therefore, to increased rate of absorption.

The fate of trapped particles and chemicals is, to a large extent,
determined by mucociliary clearance, the anatomical basis of which is
described in Chapter 1. In addition to this consititutive function, the nose,
by initiating the powerful sneezing reflex, utilizes its nervous system to expel
materials that have strong irritant effects. Most inhaled particles are
deposited in the anterior region of the nose, and it is in that region that
the mucociliary clearance current moves forward. Thus, owing to this
current, a large part of these particles never gain further access to the body.
The particles that are deposited more posteriorly are moved by the
mucociliary system toward the oropharynx, at which point they are swal-
lowed and further handled by the gastrointestinal tract.

C. Does Nasal Air Conditioning Impact the Lower Airways?

In agreement with Galen (1), we make the assumption that the air-
conditioning functions of the nose are important for the health of the lower
airways. The evidence supporting this concept is based on clinical situations
or experiments that involve bypassing of the nasal passages. Unfortunately,
the value of monitoring nasal function to identify individuals with impair-
ment or to establish pharmacological means of manipulating the air-
conditioning functions of the nose has not been established. However, as
discussed below some data have been generated.

The most dramatic example of the contribution of the upper airways
to the health of the lungs is seen in patients who have undergone laryngec-
tomy and have chronic tracheostomy. In the absence of an upper airway
in series with the lungs, these individuals frequently develop chronic bron-
chitis, squamous metaplasia of the trachea and major bronchi, and grossly
impaired mucociliary clearance of the major airways (30,31). Bacterial
colonization is frequently present and is related to the presence of the
tracheostomy, not to the underlying disease that led to the chronic trache-
ostomized condition (32). Ultrastructural evaluations of the mucosa reveal
the presence of giant cilia, compound cilia, and microplicae (33). The most
impressive finding is the abundance of giant cilia, which seem to be
outgrowths of normal cilia, and it is unlikely that they can produce a
transport function coordinated in direction and time (34). Mucus aspirated
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from tracheostomies contains epithelial glycoprotein that accounts for 25%
of all dialyzable material; this is virtually absent in normal tracheobronchial
mucus (35).

A number of studies have demonstrated significantly increased lower
airway resistance during oral breathing resulting from pathological nasal
obstruction (36–38). Similarly, artificial nasal obstruction produced with
nasal packing for 96 h resulted in increased pulmonary resistance in a group
of five healthy subjects (39). When obstructing nasal pathology was relieved
by means of a nasal vasoconstrictor, surgery, or nasal crust removal, lower
airway resistance diminished (36). Also, nasal obstruction leads to a
decrease in lung compliance and an increase in functional residual capacity
(FRC), while resolution of nasal obstruction results in an increase in
compliance associated with a decrease in FRC. The mechanism of these
phenomena is not understood. One could speculate that poorly conditioned
air reaching the lower airways can generate such functional changes, or that
the lack of airflow through the nose or the increased airflow through the
mouth can alter the state of the lower airways through a neural reflex. An
alternative explanation could be that the nasal passages supply inhaled air
with a product that modifies lower airways caliber and/or the dynamic
properties of the lung. Some investigators have proposed a role for nitric
oxide in this context (see later) (40,41).

The importance of nasal air conditioning is emphasized by exercise
studies of asthmatic children and young adults, which show that nasal
breathing prevents the bronchial obstruction seen with oral or spontaneous
breathing (Fig. 1) (42–44). These observations are in agreement with clinical
experience, which indicates that athletes with asthma benefit from nasal
breathing whenever possible during exercise, to minimize the bypassing of
nasal air conditioning that occurs with mouth breathing. Consistently with
these observations, studies have shown that less airway obstruction occurs
when exercise is conducted under warm and humid air conditions (45,46).

The role of nasal air filtration (contaminating gases dissolving in nasal
secretions or particles being trapped by the mucus layer) on the function of
the lower airways is less studied. Yet, most investigators in the field would
agree that, by bypassing the nose, mouth breathers deposit more particles in
the lungs and may increase the risk of pulmonary damage (47). In the case of
chronic tracheostomy, this is manifested in the observation that the tracheo-
bronchial mucus is highly colonized by various bacteria that are absent in
the normal state (32). In work by Speizer and Frank, human subjects inhaled
sulfur dioxide for 10 min, either through the nose or the mouth, while lower
respiratory function was monitored (48). Pulmonary resistance increased
more during oral than nasal sulfur dioxide administration, suggesting that
nasal filtration of sulfur dioxide reduces lung deposition.
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The matter of filtration of allergens by the nose is complicated. A
simplistic thought would be to expect that allergic asthmatics should protect
themselves by using the nasal passages as a filter to reduce allergen
penetration into the lower airways. However, the only existing evidence in
this regard argues against a protective role of nasal breathing. This evidence
comes from a small group of asthma patients exposed to cat allergen for one
hour, with and without a nose clip (49). In that study, the impact of allergen
on the lower airways was the same with or without the use of the nasal
passages. Since the vast majority of allergic asthmatics suffer from rhinitis
(50,51), when allergenic particles are trapped by the nasal mucosa, one can
expect local allergic reactions to occur. It is possible, as will be discussed
shortly, that these nasal reactions affect the lower airways by causing
bronchoconstriction through some form of nose–lung interaction. If so,
any benefit that may have been obtained by nasal particle trapping and by
reduction of direct deposit of allergen in the lower airways may be canceled
by the detrimental effect of the allergic reaction in the nose.

Figure 1 The effect of nasal breathing on exercise-induced bronchospasm in 12
children with mild to moderate non-steroid-dependent asthma. Three exercise

(treadmill walking with a moderate workload achieving 75–80% of maximal heart
rate) tests were performed in random order, utilizing different routes of breathing:
oropharyngeal (spontaneous) breathing, oral breathing, and nasal breathing. Minute
ventilation and heart rate tracings were not different among the three trials. The

reduction in FEV1 from baseline at the 7 to 12 min period was significantly lower
with nasal breathing than with either spontaneous or oral breathing. (Modified with
permission from Ref. 42.)
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D. Does Impaired Nasal Mucosal Air Conditioning Exist?
How Does it Impact the Lower Airways?

Based on our understanding of nasal physiology and pathology, one would
predict that several nosological entities may be associated with impaired
nasal mucosal air-conditioning function. These entities are diseases that
affect the structure and function of the nasal epithelium, as they pertain to
water transportation and mucus production. Also, illnesses that reduce the
ability of the mucosa to engorge (i.e., conditions impairing vascular
function) would be expected to have similar effects. In theory, such
conditions could include cystic fibrosis, atrophic rhinitis (ozena or excessive
surgery), changes that occur in the nasal mucosa during aging, extensive
squamous metaplasia of the nasal epithelium (perhaps as a result of a long
history of smoking or exposure to high concentrations of industrial dust),
and even Sjögren’s syndrome, in which there is extensive reduction of the
number of nasal submucosal glands (52). Except for some early work
regarding nasal particle trapping in industrial workers, these conditions
have not been investigated with respect to the presence of impaired nasal air
conditioning. Such work needs to be conducted in the future. However,
indirect evidence has started to emerge identifying potential abnormalities in
various other populations.

Impaired Air Filtration

In the early part of the twentieth century, work by Lehman raised the
possibility that impaired nasal clearance was associated with lung disease
(53). Lehman devised a method through which air containing dust particles
was insufflated under various flow rates in the nose of breath-holding
humans. Since no breathing was taking place, the air exited through the
mouth, where it was collected and analyzed for dust content. The difference
in dust content between the air administered into the nose and the air
captured at the oral orifice represented the particle-trapping capability of
the nose and perhaps the nasopharyngeal, oropharyngeal, and oral mucosa.
With these studies, Lehman was impressed by the wide variation in particle
retention that he could observe consistently among healthy humans. He was
further able to associate a disease state with reduced particle-trapping
capability of the upper airway. He performed this test in a large population
(n= 426) of miners, of whom 241 had the diagnosis of silicosis and 185 were
considered healthy. Of the healthy workers, 63% had retention efficiencies
over 40% and 18% of them were below a 30% efficiency limit. In the miners
with established diagnosis of silicosis, only 20% had retention rates exceed-
ing 40% (Fig. 2). These findings raised two possibilities: perhaps low
retention rates were predisposing to silicosis as a result of larger numbers
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of particles reaching the lower airways; alternatively, the development of
silicosis might have been associated with epithelial alterations along the
entire respiratory tract, including the upper airways. Unfortunately, no
prospective trials have been conducted in which workers exposed to high
content of particles in inhaled air would undergo nasal testing before
employment begins and longitudinally, during the time of exposure.

Decreased nasal mucociliary clearance has been observed in approx-
imately 20% of healthy adults (47,54). The factors that determine this
variability are not known. According to Andersen, Proctor, and their
colleagues, who examined monozygotic twins (55), mucociliary clearance
shows little evidence of heritability; these investigators claim that environ-
mental history plays a significant role in this physiological function of the
nasal mucosa. There is also evidence that individuals with chronic nasal
disease suffer from decreased mucociliary clearance. In the work by Stanley

Figure 2 Decreased particle trapping efficiency by the nasal passages of miners
with silicosis, compared with healthy miners. Every vertical line represents a single
individual. The vertical axis represent retention efficiencies. Most healthy miners

(63%) show retention efficiency above 40%; only 18% of this group had retention
efficiency less than 30%. In the miners with silicosis, 21% show retention efficiency
above 40% and 62% below 30%. (Reproduced with permission from Ref. 53.)
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and colleagues (56), all individuals with perennial rhinitis (allergic and
nonallergic) as well as those with ‘‘chronic infected rhinosinusitis’’ had
longer mucociliary clearance times, as assessed by the saccharin test, in
comparison to healthy controls. When subjects with nasal/sinus involvement
but no history of asthma were compared with those with asthma, and mean
values were examined, mucociliary clearances did not differ. However,
grossly prolonged clearance (>60 min) occurred in significantly more
subjects diagnosed with ‘‘chronic infected rhinosinusitis’’ and, even more
so, in those with ‘‘chronic infected rhinosinusitis and bronchiectasis’’ in
comparison to all other tested groups. Microscopic evaluation of nasal cilia
failed to demonstrate an intrinsic ciliary defect; it was concluded that the in
vivo observations were secondary to factors associated with the consistency
of mucus. The question of whether chronic bronchiectasis in these individ-
uals could be a consequence of severe problems of nasal function remains
unanswered. The sinobronchial syndrome (purulent rhinosinusitis and
chronic bronchitis/bronchiectasis) is extensively discussed in Chapter 17.

Nasal Secretory Hyporesponsiveness

Recently, we have come across an interesting observation: individuals with
refractory rhinosinusitis appear to have decreased secretory responsiveness
to nasal histamine stimulation, compared with healthy controls (57). This
finding is impressive because the nasal mucosa of these individuals is also
characterized by a high level of mucosal inflammation. In other inflamma-
tory conditions, such as perennial allergic rhinitis, nasal responsiveness is
increased (58). In the refractory rhinosinusitis group, the degree of hypo-
responsiveness to histamine correlates well with other nasal abnormalities
such as the reduction in olfactory ability, suggesting that hyporesponsive-
ness is related to the severity of this condition. We have observed the same
degree of secretory hyporesponsiveness in elderly individuals (>70 years of
age) who are devoid of chronic nasal or sinus disease (59). In this group, we
also found that the secretory response to nasal methacholine provocation
was diminished. Furthermore, when hyperosmolar mannitol was placed in
the nose of elderly subjects and was allowed to dwell for 10 s, the osmolarity
of the returned solution was reduced to a lesser extent than the reduction
(correction) we observed in the control ‘‘young’’ group. This observation
indicates that the difference between the younger and the older subjects may
lie at the level of the nasal epithelium, the source of water for air
humidification (and, in our case, for diluting the hyperosmolar mannitol).
Since the secretions induced by histamine and methacholine probably derive
from nasal glands, and since glands are made of specialized epithelium,
epithelial function may be implicated in these observations. It is important
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to note that the secretory hyporesponsiveness phenomenon does not involve
the sensory nerves of the nose: the sneezing response to histamine in both
refractory rhinosinusitis and the elderly was not reduced, compared with the
control groups. In contrast, in the hyperresponsive state of the nose asso-
ciated with perennial allergic rhinitis, it is primarily the sensorineural appa-
ratus that appears to be affected (58,60).

Impaired Air Warming and Humidification

Almost two decades ago, we identified a population of otherwise healthy
adults who developed strong nasal reactions (rhinorrhea, congestion, burn-
ing), when inhaling cold, dry air (CDA) (61). The reaction to CDA is not
secondary to nonspecific nasal hyperresponsiveness because the nasal
response to histamine was not different between subjects with CDA
sensitivity and those without (62). By a number of observations, however,
individuals sensitive to nasal CDA could be clearly differentiated from those
who had no nasal complaints upon exposure to the same stimulus. First, a
reaction to CDA was associated with increased inflammatory mediators in
nasal lavage fluids, their pattern identifying mast cells as the most logical
source (61,63,64). Second, the nasal secretions of these individuals, after
exposure to CDA, became hyperosmolar (65). This was in striking contrast
with the CDA nonresponders, in whom no increase in the osmolarity was
observed. Third, when the nasal mucosa of CDA-sensitive subjects was
exposed to another hyperosmolar stimulus (high concentration mannitol
solution), the response observed was stronger than that in the CDA non-
responders (62). Finally, we have recently found that when CDA-sensitive
subjects are exposed to CDA, large numbers of epithelial cells are shed in
nasal secretions, in contrast, again, to the CDA-nonresponder group (66).
Our interpretation of these findings is that individuals who are sensitive
to the effects of CDA have a defect in their ability to condition inhaled air,
when a large amount of water needs to be given up. As a result of the
exposure to CDA, water is lost into inhaled air faster than it can be re-
placed. The surface epithelium reaches a state of desiccation, and cells are
shed. The hyperosmolar environment triggers sensory nerves, as well as
mast cells, leading to the generation of a compensatory glandular response,
expressed with the excessive rhinorrhea that eventually develops. Although
this hypothesis is based on circumstantial evidence, it raises a good
possibility that the phenomenon of nasal CDA reactivity is a manifestation
of impairment in nasal air conditioning.

Recently, a methodology to assess the air-conditioning ability of the
human nasal mucosa has been developed (67). A nasopharyngeal probe
carrying sensors for temperature and for relative humidity is inserted
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through one nostril and positioned in the posterior nasopharynx in a
manner that exposes the sensors to the airstream, but does not permit them
to contact the airway mucosa. Air at different temperatures, flow rates, and
relative humidities is passed through the nose, and measurements of its
condition are made in the nasopharynx, at steady state. Knowing the
temperature and the relative humidity of the air prior to its entry in the
nasal passage and at the nasopharynx allows for calculation of the absolute
water gradient along the nasal airways and, therefore, of the amount of
water and heat given up by the nasal passages. Attempts to develop similar
systems to assess the nasal air-conditioning capacity have been made in the
past (3,4,6,8), but the new methodology appears to be the most promising
from the perspective of standardization, thus allowing for physiological or
pharmacological manipulation (17,68).

The investigators who developed the probe methodology have re-
ported several interesting observations. First, patients with seasonal allergic
rhinitis, when asymptomatic, have diminished ability to humidify and warm
inhaled air (67). Second, this diminished ability is corrected after a nasal
allergen challenge; also, it is absent in patients with active, perennial allergic
rhinitis (26,69). These data raise the possibility that the allergic state is
associated with impairment of the nasal air-conditioning capacity, but the
development or presence of allergic inflammation corrects this problem,
perhaps because of increased ease of plasma transudation into the lumina of
the airways. Alternatively, mucosal inflammation may upregulate Cl� ion
fluxes from the epithelium into the lumina of the airways, thus facilitating
water transportation and increasing the air-conditioning capacity of the
nose (23,24). The most interesting observation that has been generated by
these investigators is that the nasal mucosa of asthmatic subjects has
reduced ability to condition inhaled air (Fig. 3) (69). The impairment in
asthmatics was positively associated with the severity status of their airways
disease, whether this was assessed through the Aas score or the guidelines of
the National Heart, Lung, and Blood Institute–National Asthma Education
Program (NHLBI/NAEP). Unfortunately, the work presented so far has
not elucidated whether the detected problem in asthmatics is independent of
the degree of nasal mucosal inflammation. Therefore, it is impossible to
assess whether these data support the possibility that impaired nasal
mucosal function (specifically with respect to air conditioning) is associated
with rhinitis and asthma in a stepwise progressive fashion. However, in
relation to this hypothesis, it is worth pointing out two additional, perhaps
circumstantial, findings: (1) in an epidemiological study, Annesi and co-
workers showed that subjects reporting nasal sensitivity to cold, dry air had
a more rapid decline in forced expiratory volume in one second (FEV1) over
5 years than did those without such sensitivity (70), and (2) in our hands,
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nasal provocation with CDA produces a stronger symptomatic response in
individuals with allergic rhinitis and asthma than in those with allergic
rhinitis alone (71).

Theoretical Considerations on the Impact of Nasal Dysfunction on the
Lower Airways

In individuals with healthy lungs at resting breathing conditions, the impact
of impaired or even absent nasal function is not known. In a comprehensive
review of nasal physiology and its impact on the lower airways, Proctor

Figure 3 Differences (gradient) in the water content of air between the entrance of
the nostril and the nasopharynx, determined by a nasopharyngeal probe equipped
with temperature and relative humidity sensors. Cold, dry air at various flows
(horizontal axis) is administered in four groups of volunteers: healthy individuals

(Normal, n= 15), subjects with seasonal allergic rhinitis tested out of their respective
pollen season (SAR, n = 15), subjects with perennial allergic rhinitis (PAR, n = 15),
and individuals with asthma (n = 15). At flows of 10 and 20 L/min, the SAR and the

asthma groups show lower water gradients than the normal subjects. This indicates
that the amount of water delivered to the inhaled air by the nasal mucosa of the SAR
and asthma subjects was reduced. (Reproduced with permission from Ref. 69.)
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posed the following question: ‘‘Might only a relative failure of nasal
function over a period of years lead either to an increased susceptibility to
disease or to a gradual deleterious change in the pulmonary airways?’’ (47).
The same question should be asked for individuals who already suffer from
a lower airways ailment. In the absence of direct evidence, which will require
prospective evaluations, these questions cannot be answered. Yet, one can
envision the impact on the lower airways of failed nasal function, especially
in individuals who may be chronically exposed to extreme environmental
conditions such as cold, dry climates. The large airways beyond those of the
nose are not adequately equipped to compensate for defective nasal air
conditioning. Their diameter is large, the air moves relatively rapidly
through them and their mucosa does not have the vascular apparatus that
can rapidly adjust to thermal/water demands. On the other hand, the small
airways, which are characterized by a huge surface area, and in which the air
moves at much lower speed, seem ideal for completion of the air-condition-
ing task. However, small airways lack mucus-secreting cells, have sparse
cilia, and are covered by thin, serous epithelial lining fluid. Even small water
losses may lead to desiccation and cellular damage. Also, chronic deposition
of unwanted particles may lead to increased numbers of goblet cells,
producing thicker secretions. The ciliary apparatus may not be able to
handle increased mucus production, and clearance may come to a halt,
leading to obstruction. Such a theory, if proven correct, could explain the
increasing evidence that the earliest changes in a variety of airway con-
ditions, including asthma, occur in the small airways (72,73).

II. Neural Responses of the Nose

The nasal mucosa has an abundance of sensory nerve endings, all of which
have simple arborizations and appear to belong to the slow-conducting, C-
fiber group. These fibers act as nociceptors; that is, they respond to
environmental irritants. The molecular basis of these responses is not
understood. The nasal sensory fibers travel through the trigeminal nerve
to the central nervous system, and the efferent pathways include para-
sympathetic and sympathetic fibers (see Chapter 1 for detailed discussion of
nasal airway innervation).

Sensory nerves generate defensive responses that are of importance for
the respiratory tract. These responses are primarily of central reflex nature
and can result in typical rhinitis symptoms such as sneezing, glandular
activation, and nasal congestion, which aim at expelling unwanted materials
that enter the respiratory tree. From this perspective, the neural function of
the nose can be quite important for the health of the lower airways. These
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responses are exaggerated in the presence of chronic allergic inflammation. In
individuals with perennial allergic rhinitis, the sneezing response to histamine
is about four to five times more potent than that of healthy subjects (74).
Also, an induced allergic reaction in the nose results in a significant increase
in the sneezing responsiveness to histamine, a phenomenon that is fully
inhibitable by glucocorticosteroid treatment (75). The secretory responses to
neural stimuli are also upregulated in chronic allergic inflammatory states.
Capsaicin, for example, when delivered onto the nasal mucosa in only one
nostril, generates secretory responses in both nostrils, ipsilateral and con-
tralateral to its application site (74). Both the ipsilateral and the contralateral
responses to capsaicin are approximately 100-fold stronger in subjects with
perennial allergic rhinitis, than in healthy controls. Similarly, unilateral
application of a hyperosmolar stimulus can induce bilateral secretory
responses that are stronger in subjects with active allergic rhinitis than in
controls (58). Analogous data with bradykinin have been published by
Riccio and colleagues (76). In our hands, secretory hyperresponsiveness to
methacholine, a direct stimulus to the nasal glands, is not present (58),
supporting the notion that the hyperresponsiveness to capsaicin and to
hyperosmolarity is secondary to neural and not glandular upregulation.
Other investigators have reported conflicting data in this respect (77,78).

In addition, nasal sensory nerves may play an effector role through
which they may generate even more mucosal secretions than through a
central reflex and may induce local inflammation. This function manifests
itself through the phenomenon of antidromic stimulation or axon reflex.
Axon reflexes are produced when the action potentials generated at a nerve
ending by a stimulus travel antidromically, through a collateral sensory
nerve arborization, and activate other nerve endings to release inflammatory
neuropeptides prestored in small granules (79–81). The human nasal mucosa
has an abundance of such neuropeptides, including the tachykinins sub-
stance P and neurokinin A, as well as calcitonin gene-related peptide
(CGRP), gastrin-releasing peptide (GRP) and others (82–85). It is presumed
that most of these peptides are carried by C fibers. Neuropeptides can cause
glandular secretion, plasma extravasation, and leukocyte recruitment (86–
88). Neuropeptides can be also released by direct activation of the vanilloid
receptor by capsaicin or its analogues (89,90). Stimulation of the human
nose by capsaicin causes pain and nasal secretions. At higher concentra-
tions, acute plasma extravasation and a late (peaking at 4 h) influx of
leukocytes can be observed (91–93), supporting the notion that neuro-
peptides are released by the sensorineural endings. Although the release of
neuropeptides has not been demonstrated in humans with nasal capsaicin
challenge, these substances have been detected in human nasal secretions
after allergen and after hyperosmolar nasal stimulation (94,95).
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Neural reflexes generated at the level of the nasal mucosa may also
affect the lower airways. In general, such a phenomenon manifests itself with
transient bronchoconstriction resulting from irritant stimulation of nasal
afferent nerves and has been termed ‘‘nasobronchial reflex.’’ Significant
debate still exists as to the existence of such a reflex in humans. This matter
is examined in detail in Chapter 3, and some aspects are also discussed in the
next section of this chapter. Teleologically, the existence of nasobronchial
reflexes makes a lot of sense. Since the nasal mucosa is the first part of the
respiratory tract to come in contact with an irritant, it should not only
generate a local response to block this irritant’s penetration into the
remaining airways, but should ‘‘prepare’’ the lower airways to defend
themselves, as well. The observed pattern of a transient bronchoconstrictive
response fits such a function.

III. The Nose and Nitric Oxide

In 1994 Lundberg and colleagues reported that the levels of nitric oxide
(NO) in nasally exhaled air are higher than the levels in orally exhaled air,
indicating that the upper airways are a significant source of NO production
(96). This work was supported by later studies from other groups (97).
Most importantly, Lundberg demonstrated that the levels of NO in the
human paranasal sinuses are very high (98) and argued that most NO in
nasally exhaled air derives from the sinuses (40). In 1999 Haight et al.
argued that 88% of nasal NO was derived from the nose itself, but this
study was performed on only one individual, in whom the paranasal sinus
ostia had been endoscopically obstructed (99). Even more recently, Weitz-
berg and Lundberg demonstrated that compared with quiet breathing,
humming results in 15-fold elevated concentrations of NO in nasally
exhaled air. In contrast, phonation during oral exhalation does not affect
the levels of NO in orally exhaled air (100). This finding argues that air
oscillations generated in the nasal cavities can increase the exchange of air
between the sinuses and the nasal cavity and can enrich nasal air with high
concentrations of NO.

Immunohistochemistry and in situ hybridization have demonstrated
that inducible NO synthase (iNOS or NOS2) is constitutively expressed and
produced by the apical portion of paranasal sinus epithelium, in the absence
of an inflammatory condition; it was also shown that the NO synthase
(NOS) activity in sinus epithelium is calcium independent, another charac-
teristic of NOS2, but resistant to glucocorticosteroids, uncharacteristic of
NOS2 (98,101). In other words, there is evidence to suggest that the
production of NO by the paranasal sinuses is under the control of a unique
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enzymatic activity that has many, but not all, characteristics of NOS2. This
could be interpreted as a sign that paranasal sinus NO has a distinct
physiological role. In the nasal mucosa, almost all constitutive NOS activity
appears to be calcium dependent (102).

The role of NO produced in the upper airways is not understood.
Yet, there is enough evidence to raise the hypothesis that it plays a pro-
tective role for the entire respiratory tree. This is not only because upper
airway NO may regulate aspects of upper airway function (e.g., nasal vas-
cular tone) but because it may be continuously inhaled into the lower
airways to exert various beneficial effects (103,104). Several researchers
have shown that NO has antiviral and bacteriostatic activity, which would
make it a prime candidate of innate immunity in the respiratory tract (105–
109). It is also worth mentioning the study by Lundberg and colleagues in
which air was collected from the nasal passages of intubated adults and
injected back into the endotracheal tube, with immediate improvement in
blood oxygenation (41).

Högman et al. have shown that NO introduced into the ventilatory
circuit of intubated rabbits has a bronchodilatory effect against methacho-
line (110). In humans, the same authors showed a slight bronchodilatory
effect, evident only in the course of bronchoprovocation with methacholine
(111). Kacmarek et al. demonstrated that inhaled NO leads to bronchodi-
lation in subjects with asthma and mild airways hyperresponsiveness to
methacholine (112). Individuals with severe hyperresponsiveness (PC20 <1
mg/mL) did not show improvement in lung function with NO. In both
animals and humans, inhibition of NO synthesis results in increased airways
responsiveness against a variety of stimuli (113–116). In the case of
bradykinin-induced airway obstruction, for example, not only does NO
synthesis inhibition increase airways responsiveness in humans (116), but
after inhibition of NO synthesis, an allergen provocation cannot further
increase airways responsiveness (117). This indicates that allergen-induced
increases in airways responsiveness are also mediated by inhibition of
protective NO pathways.

It is not clear whether the source of NO plays a role in the apparent
protective effect of this molecule. However, since most NO in exhaled air
probably derives from the upper airways, it is reasonable to hypothesize that
NO generated from the paranasal sinuses and the nose is important. As an
example, it is worth reporting an observation we have made in examining
the bronchoprotective effects of deep inspiration, the loss of which appears
to be crucial in the development of bronchial hyperresponsiveness (118,119).
Deep inspirations have better bronchoprotective effect in healthy subjects
when they are taken through the nose, with mouth closed, than through the
mouth, with the nose clip in place.
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Several chronic inflammatory conditions of the nose and sinuses have
been associated with reduced or absent NO production. These include cystic
fibrosis (120–123), diffuse panbronchiolitis (sinobronchial syndrome) (124),
Kartagener’s syndrome (96), and chronic sinusitis with or without polyposis
(125,126).Most of these conditions are associated with lower airways disease.

IV. Impact of Nasal Stimulation on the Lower
Airways

The coexistence of asthma and rhinitis [the vast majority of patients with
asthma also have rhinitis (50,51)], most frequently with the rhinitis predating
asthma, raises the hypothesis that nasal abnormalities initiate and perpetuate
lower airway disease. This hypothesis was first put forward by Sluder, who,
in 1919, suggested that nasal reflexes can initiate asthma (127). The overall
concept that nasal abnormalities may impact on the lower airways is very
logical, given our understanding of nasal airway physiology and the potential
impact this may have on the function of the lungs (see earlier). While the
epidemiological data are provocative, it is only through controlled labora-
tory experimentation that a true cause-and-effect relationship can be estab-
lished. A rational approach to test the hypothesis of a nose–lung interaction
is to stimulate or inflame the nose using an in vivo laboratory challenge
procedure while monitoring the lower airways.

A. Irritant Nasal Challenge

Application of irritants in the nasal mucosa of animals consistently produ-
ces increases in tracheobronchial airway resistance. Human studies have
used silica particles (128,129), white pepper powder (130,131), histamine
(132–134), and methacholine (135) to stimulate the nasal mucosa and
monitor the lower airways. Unlike the work in animals, these human studies
have not consistently demonstrated the presence of nose–lung interactions.

In the work of Kaufman, all 10 healthy subjects undergoing a blinded
nasal challenge with aerosolized crystalline silica experienced within 10 min
a significant elevation of lower airway resistance measured by body ple-
thysmography (128). Pretreatment with subcutaneous atropine blocked the
increase in resistance, presumably by inhibiting a vagal efferent pathway. A
follow-up study by this group used subjects who were status post–unilateral
interruption of the second division of the trigeminal nerve as models of
afferent impulse blockade (129). Exposure of the denervated side with
aerosolized silica had no effect on pulmonary resistance. On the other hand,
silica challenge of the neurologically intact side resulted in significant
elevation of resistance in all subjects.
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Sato dusted white pepper powder into both nasal cavities of healthy
subjects, causing a significant increase in lower airway resistance (130). In a
group of laryngectomized subjects, the same stimulation resulted in dimin-
ished lung resistance, raising the possibility that the findings in healthy
subjects may have been secondary to inadvertent passing of pepper powder
through to the larynx, causing laryngeal constriction. Yet, Konno and
colleagues, in a subsequent study, demonstrated a statistically significant
increase in pulmonary resistance after applying pepper powder in the nose
of laryngectomized subjects (131).

Yan and Salome published the results of an uncontrolled study in
which histamine nasal challenge led to a greater than 15% fall in FEV1 in 7
of 12 subjects with asthma (132). More recent work by other investigators
did not reproduce these findings (133,134). The positive study by Yan and
Salome, although not incorporating a sham challenge, used subjects with
perennial rather than seasonal rhinitis studied out of season. This feature of
the study design may have taken advantage of the ongoing inflammation of
the nasal mucosa. Littell et al. (135) challenged their subjects with intranasal
methacholine and found an increase in lower airway resistance. The
increased resistance was associated with flushing and salivation, suggestive
of systemic absorption of the cholinergic stimulus. In fact, the pulmonary
response was blocked by a nasal vasoconstrictor given prior to the nasal
methacholine challenge.

B. Physical Stimulation of the Upper Airway

In 1973 Rodriguez-Martinez and colleagues demonstrated that nasal pre-
treatment with 4% lidocaine prevented the fall in FEV1 provoked by
environmental exposure to cold air in children with asthma (136). In 1983
Nolte and Berger reported that cold air in the nose resulted in immediate
bronchoconstriction in 25 of 27 asthmatics, but none of 7 healthy subjects
(137). Nolte and Berger also detected bronchoconstriction in laryngecto-
mized asthmatics, consistent with the notion of a neural reflex mechanism
initiated in the nose. In agreement with the foregoing studies, Fontanari and
colleagues used a model in which bursts of cold, dry air or dry air alone were
insufflated through the nose, eliciting significant increases in lower airways
resistance (138,139). Local anesthesia to the nose or inhaled atropine
blocked the nasal cold air stimulation effect on the lower airways, support-
ing the concept of a central reflex mediated through the trigeminal (afferent
arm) and the vagus (efferent arm) nerves. These investigators could not
differentiate asthmatics from healthy subjects with respect to the response to
nasal cold air irritation (139). Koskela and colleagues have suggested that
the lower airways responses to nasal cold air inhalation originate from
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sensory nerves of the facial skin, not the nasal mucosa (140). The possibility
that oropharyngeal stimulation with cold air can initiate lower airways
responses has been tested and has not been supported by most studies
(43,138,141).

C. Allergen Nasal Challenge

Seasonal increases in bronchial responsiveness have been reported in
patients with allergic rhinitis (142,143). Experimental models using allergen
nasal provocation in asthmatics with seasonal allergic rhinitis have looked
at changes in both airway caliber and lung responsiveness. From the start,
such studies had to devise a way of ensuring that allergen is deposited only
in the nasal passages, without passing into the lower airways. The method-
ology that Corren and his colleagues employed in their study was validated
with the use of radioisotope tracings, which demonstrated lack of deposition
into the lower airways (144).

Initial studies failed to show changes in pulmonary function despite
profound upper airway stimulation with allergen (133,145,146). Subse-
quently, subjects with asthma and perennial rhinitis, rather than seasonal
rhinitis, were evaluated on the assumption that nasal priming or simply
more chronic nasal inflammation in these individuals would predispose
them to a nose–lung interaction effect (147). Fifteen subjects were chal-
lenged with intranasally insufflated allergen. Pulmonary function tests were
performed 30 min after nasal challenge. Although there was no overall
group effect, 4 subjects had a fall in FEV1 or FEF25–75 exceeding 15%. In
another study performed by our group, a statistically significant reduction in
both FEV1 and forced vital capacity (FVC) was observed in a group of 12
asthmatics, 6 h after nasal allergen provocation. In some subjects, the nasal
allergen–induced reduction in lung function was very impressive (Fig. 4). In
that study, spirometry that was performed every 15 min for the first hour
after the challenge showed no evidence of lower airway obstruction (148).

Investigators have also examined whether nasal allergen provocation
has any effects on bronchial responsiveness. The original work in this area
was performed by Corren and colleagues (144). Subjects in this study were
required to have a history of worsening asthma symptoms during seasonal
exacerbations of their rhinitis. The group of 10 asthmatics who participated
in this study experienced a diurnal increase in methacholine PC20 over the
course of the day following placebo nasal challenge. After nasal antigen
challenge, no change in methacholine PC20 was observed. The conclusion
was that nasal antigen challenge negatively affected bronchial responsive-
ness by eliminating the diurnal improvement in methacholine reactivity.
Other groups also demonstrated increases in bronchial reactivity after nasal
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antigen challenge (149,150). We have also attempted to assess the effects of
nasal antigen challenge on lower airways responsiveness: in an unscreened
population of 15 mild asthmatics with concomitant allergic rhinitis, we
performed methacholine bronchoprovocation 2 h before antigen challenge,
as well as at 1, 5, and 22 h after the nasal challenge (151). We found no effect
of nasal allergen challenge on methacholine reactivity. However, the same
subjects did not show changes in airways reactivity even with a whole-lung
inhaled allergen provocation. When we selected asthmatics who had pre-
viously, on two consecutive occasions, demonstrated significant increases in
airways responsiveness to methacholine 24 h after inhaled allergen provo-
cation, we found that lower airways reactivity in these subjects could also be
increased by a nasal allergen challenge.

The mechanisms through which the induction of allergic inflammation
in the nasal passages may affect the lower airways within a few hours are not
known. Some of the mechanisms through which the function of the nose

Figure 4 Nasal allergen provocation can cause substantial reductions in lung
function that occur in the form of a late phase reaction, several hours after the
provocation, as demonstrated by these FEV1 data from a single individual with mild

intermittent asthma and rhinitis. During the first hour after the nasal allergen
provocation, no changes in lung function were observed. At 5 and 22 hs, lung
function was markedly decreased. No fluctuations in FEV1 were observed when a
nasal provocation with the diluent was performed. No more than 30% of allergic

asthmatics with rhinitis generate such responses after nasal allergen challenge.
(Reproduced with permission from Ref. 155.)
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may affect the function of the lower airways, as discussed in the early parts
of this chapter, should be considered. These mechanisms include the loss of
nasal air conditioning as a result of oral breathing or the generation of
neural impulses initiated in the nasal passages with their efferent arm
affecting the lower airway smooth muscle. In addition, one should not
dismiss the possibility that inflammatory material secreted by the nasal
mucosa drains into the lower airways, perhaps as a result of aspiration,
primarily during nighttime (152). In humans, the aspiration hypothesis has
been challenged (153).

Over the past few years, much interest has been generated around the
hypothesis that allergic inflammation propagates from the upper to the
lower airways via the systemic circulation. There is no question that various
changes in peripheral blood can be documented following nasal allergen
provocation. The changes include increases in peripheral blood eosinophilia
(154,155). Recently, we have been able to demonstrate increased sponta-
neous expression of tumor necrosis factor a (TNF-a) mRNA, in basophil-
depleted, peripheral blood leukocyte preparations, as well as increased
spontaneous release of interleukin 13 in basophil-enriched preparations,
between 3 and 24 h after three consecutive-day nasal allergen provocations,
in subjects with seasonal allergic rhinitis, challenged out of the pollen season
(156). Whole-lung allergen provocation also results in several peripheral

Figure 5 Nasal allergen provocation results in increased expression of vascular
adhesion molecules in bronchial mucosa. Double immunohistochemistry for
adhesion molecules and CD31 (endothelial marker) on bronchial biopsy samples

obtained at baseline and 24 h after nasal allergen challenge in nine subjects with
allergic rhinitis and in nine healthy, nonallergic controls. Bars represent median
values, and asterisks indicate statistical significance over baseline. (Created from data

presented in table form in Ref. 154.)

Impact of Nasal Function on Lower Airways 75



blood changes and, importantly, in changes that can be detected in the
subjects’ bone marrow (157,158). Studies of bone marrow aspirates follow-
ing nasal allergen provocation have not been reported.

The most convincing evidence for systemic propagation of allergic
inflammation, from the nose to the lung, derives from the work of
Braunstahl and colleagues (154). In an elegant study, these investigators
performed a nasal allergen provocation on subjects with allergic rhinitis and
obtained both nasal and bronchial biopsy tissue prior to and 24 h after the
allergen exposure. Their primary finding was that after the nasal provoca-
tion, the number of eosinophils was increased in the bronchial mucosa,
concomitantly with an increase in the expression of various vascular
adhesion molecules (Fig. 5). In another protocol, the same investigators
demonstrated that if the allergen is to be directly placed in the lower airways
through the wedged bronchoscope approach, eosinophil infiltration and
other inflammatory changes will be detected not only in the bronchi, but in
the nose, as well (159,160). These findings implicate the systemic route as a
means through which allergic reactions can affect remote sites in a non-
anaphylactic manner.
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Introduction

The use of the terms ‘‘upper airways’’ and ‘‘lower airways’’ (to indicate
regions above and below the larynx) is arbitrary because the airway acts as a
single unified conduit. The functions of this airway may be broken down
into sections, with the nasal passages acting as both chemosensor and air
conditioner, the pharynx acting as a crossroads between the digestive and
respiratory systems, the larynx acting as a sensitive protective valve, and the
lungs acting as the gas exchange area. The sensory nerve supply to the upper
airway has the capacity to detect potentially damaging gases, particulate
matter, and the presence of food and fluid. Stimulation of upper airway
sensory nerves can initiate reflex responses that either expel the source of the
stimulus by sneeze or cough or close off the airway and inhibit breathing.

There is evidence from animal experiments, and from clinical obser-
vations in diseases such as nasal allergy and asthma, that there may be a
reflex link between the upper and lower airways. Stimulation of the upper
airway or disease processes in the upper airway may influence the activity of
the lower airway. This proposed reflex is often termed a ‘‘nasobronchial’’ or
‘‘nasopulmonary’’ reflex. The existence and significance of this reflex are
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controversial, and hence the need for some discussion of this topic in the
present book. In this chapter I shall describe the innervation of the upper
airway, as well as the reflexes that can be initiated from the upper airway,
and look at the possible nervous mechanisms that may link the upper and
lower airways.

I. Sensory Nerve Supply to the Upper Airways

The term ‘‘upper airways’’ is not a strict anatomical designation but is used
more in a functional way, to include the nasal passages, paranasal sinuses,
eustachian tube and middle ear air space, pharynx (nasopharynx, orophar-
ynx, laryngopharynx), larynx and the extra thoracic portion of the trachea
(Fig. 1) (1). The pharynx can be divided into three areas: the oropharynx
(from the open lips through the mouth to the posterior border of the
tongue), the nasopharynx (extending from the posterior termination of the

Figure 1 Nomenclature of the upper airway, which can be divided into ‘‘nasal
passages’’ from the entrance of the nostril to the arch of the posterior end of the

nasal septum, ‘‘paranasal sinuses,’’ ‘‘eustachian tube and middle ear,’’ ‘‘pharynx’’
(divided into three areas of ‘‘nasopharynx,’’ from the arch of the septum to the tip of
the soft palate, ‘‘oropharynx,’’ from the lips back between the tongue to the tip of the

palate, and ‘‘laryngopharynx,’’ the pyriform sinuses on either side of the larynx
through which food and fluids alone pass), ‘‘larynx (with its entrance at the epiglottis
and arytenoids), and the ‘‘extrathoracic trachea.’’
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nasal turbinates and the arch of the nasal septum to the inferior border of
the soft palate), and the laryngopharynx (the pyriform sinuses on either side
of the larynx through which food and fluids pass).

The sensory nerve supply to the upper airways is provided by the first,
fifth, seventh, ninth, and tenth cranial nerves (I, olfactory; V, trigeminal;
VII, facial; IX glossopharyngeal; X vagus) (Fig. 2) (2,3). The olfactory nerve
enters the nasal cavity through the cribriform plate and forms a distinct
olfactory area in the roof of the nasal cavity. The facial nerve supplies
gustatory fibers to the tongue. The maxillary and ophthalmic divisions of
the trigeminal nerve supply the nasal passages, paranasal sinuses, and
anterior parts of the nasopharynx and oropharynx. The glossopharyngeal
nerve supplies sensory fibers to the posterior areas of the nasopharynx and
oropharynx, supplying the tympanic cavity, eustachian tube, fauces, tonsils,
uvula, inferior surface of the soft palate, and posterior third of the tongue.
The vagus nerve supplies the larynx and trachea with sensory fibers, and via

Figure 2 Distribution of the cranial nerves to the upper airway. The olfactory
nerve (I) enters the nasal cavity through the cribriform plate and forms a distinct
olfactory area in the roof of the nasal cavity. The maxillary and ophthalmic divisions
of the trigeminal nerve (V) supply the nasal passages, the paranasal sinuses, and the

anterior part of the nasopharynx and oropharynx. The facial nerve (VII) supplies
gustatory fibers to the tongue. The glossopharyngeal nerve (IX) supplies the
posterior area of the nasopharynx and oropharynx. The vagus nerve (X) supplies the

larynx and trachea.
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a small auricular branch, also supplies sensory fibers to the external acoustic
meatus and tympanic membrane.

Apart from the specialized sensory receptors of the olfactory and
gustatory areas, it appears that all the remaining sensory supply to the lining
of the upper airway consists of bare nerve endings without any specialized
form of terminal receptor. Despite this lack of specialized structure, the bare
nerve endings serve as transducers for a wide range of stimuli such as
physical and chemical stimulation, changes in temperature and pressure,
and stimuli that cause tissue damage.

II. Sensory Receptors and Modalities of Sensation

A. Nasal Passages and Paranasal Sinuses

The nasal passages receive their sensory nerve supply from the olfactory and
trigeminal nerves (2). The olfactory nerves are responsible for our sense of
smell and play an important role in the regulation of food intake and
reproductive behavior. The olfactory mucosa is situated in the roof of the
nasal cavity and covers an area of 200 to 400 mm (2–4). The olfactory
mucosa consists of specialized olfactory receptor cells that are connected to
the olfactory bulb by thin myelinated nerve fibers. A discussion of the
physiology of olfaction is beyond the scope of this chapter, but since
olfactory stimuli can initiate autonomic and endocrine responses that may
influence the lower airways, it is important to consider this sensory pathway
when one is discussing possible interactions between the upper and lower
airways. Nasal and paranasal sinus disease often has a profound effect on
the sense of smell, and patients often complain of a loss of sense of smell and
taste associated with infectious and allergic rhinitis (5). The loss of the sense
of smell may cause autonomic and endocrine effects that could influence the
reactivity of the bronchial airways, although there is no clinical evidence at
present to support such a relationship.

The trigeminal nerves supplying the nasal passages mediate all the
other nasal sensations (apart from olfaction), such as those to pain, temper-
ature, touch, itch, pressure, and also respond to a variety of chemical
stimuli. There is much overlap between trigeminal chemoreception and
olfaction, and many chemicals stimulate both the sense of smell and
trigeminal sensations of irritation (6). The classical view of the nonolfactory
sensory innervation of the nasal passages is that trigeminal sensory nerve
fibers terminate peripherally as free nerve endings within the nasal epithe-
lium (7). The nasal trigeminal unmyelinated nerve fibers are widely dis-
tributed between the nasal epithelial cells, with branches penetrating right to
the surface of the nasal respiratory epithelium.
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One of the major functions of the trigeminal sensory nerve supply to
the nose is to sense the characteristics of the inspired air and protect the
airway from inspiration of noxious substances by initiating respiratory
reflexes such as sneezing and apnea (3,8) The nasal trigeminal sensory
nerves are also responsible for the major sensation of breathing, which is
related to a cool sensation in the nose on inspiration (9–11). The stimulation
of nasal cold receptors during inspiratory nasal airflow has an inhibitory
action on respiratory drive and may influence the rhythm of breathing,
especially during sleep (12,13).

B. Oropharynx, Nasopharynx, Laryngopharynx

Compared with the nasal passages and larynx, there is relatively little
information available about the sensory nerve supply to the pharyngeal
areas. As already discussed, the three areas of the pharynx are innervated
by the trigeminal, glossopharyngeal, and vagus nerves, with some overlap
of sensory fields. This, together with the complex overlap of nerves sup-
plying the various sensory nuclei in the brain stem, makes it very difficult
to define sensations in the pharynx. In general the sensations from the
pharynx, except for gustation, are mediated by undifferentiated bare nerve
endings that act as nociceptors and also mediate the sensations of touch
and temperature.

The oropharynx is the entrance to the digestive tract, and the sensory
nerve supply to this area is mainly related to gustation and sensing the
physical and chemical properties of ingested material. Physical and chemical
stimuli in the mouth cause reflex salivation and may also initiate vagal
reflexes associated with the activity of the digestive tract (e.g., stimulation of
gastric acid secretion in response to food in the mouth) (14). In this respect
there is a clear reflex link between the upper and lower regions of the
digestive tract.

The oropharynx acts as an airway when one is breathing through the
mouth, and the cool sensation from the oral cavity on inspiration is
mediated via cold receptors similar to those found in the nasal passages
(10,15,16). Since the oropharynx conducts food and fluid as well as air, the
temperature receptors may also be involved in the regulation of food and
water intake (11).

The human nasopharynx is mainly derived from the primitive phar-
ynx. It is divided into an anterior ‘‘nasal’’ and a posterior ‘‘pharyngeal’’
component by a junctional zone at the level of the oropharyngeal tubal
orifices, where the first and third pharyngeal arches meet (17). The portion
of the nasopharynx proximal to the tubal orifice is innervated by the
maxillary division of the trigeminal nerve, and that posterior to the tubal
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orifice by the glossopharyngeal nerve. The glossopharyngeal nerve supplies
motor fibers to the levator veli palatini muscles and may also supply
sensory fibers to the soft palate, which forms the floor of the nasopharynx.
Sensory information, from the trigeminal, glossopharyngeal, and vagus
nerves is processed in the various nuclei situated in the brain stem region.
There is much overlap between the nuclei situated in the reticular network
of cells, and this overlap of sensory fields for the trigeminal and glosso-
pharyngeal nerves, together with central processing of sensory information
in the same nucleus, may explain why nasopharyngeal inflammation
associated with acute upper respiratory tract infection is interpreted as a
‘‘sore throat’’ (18). The sensations apparent from the nasopharynx are
mainly related to the presence of viscous mucus or particulate matter that
triggers the sniff-like aspiration reflex.

C. Larynx

The motor and sensory innervation of the larynx and the extrathoracic
portion of the trachea is provided by branches of the vagus nerve. The
sensory fibers reach the larynx and trachea via the superior laryngeal nerve,
which supplies mainly the cranial portion of the larynx, while the recurrent
laryngeal nerve supplies the subglottal portion of the larynx and trachea
(19). Most of the cell bodies of laryngeal afferents are located in the nodose
ganglion (20). The central projections of these afferents synapse with cells of
the nucleus of the solitary tract. The activity recorded from the whole
internal branch of the superior laryngeal nerve in animals of different
species shows a prominent respiratory modulation that is mainly related
to the negative transmural pressure and cooling of the laryngeal epithelium
during inspiration (19).

Receptors with an inspiratory discharge uniquely related to the cool-
ing effect of inspired air have been located on the rim of the vocal folds, and
application of local anesthetics blocks this activity, whereas application of
1-menthol activates the receptors in the absence of airflow and enhances the
response to airflow (21). Cooling of the larynx causes a depression of
ventilation, mostly owing to an increase in expiratory time that is especially
pronounced in the newborn (22–24).

Sensory receptors that respond to mechanical and chemical irritant
stimuli (e.g., cigarette smoke, distilled water, CO2) have been found in the
laryngeal mucosa (25). Mechanical or chemical irritation of the larynx
initiates a range of protective reflexes such as cough, apnea, expiration,
swallowing, bronchoconstriction, and mucus secretion (26).

The activity of most laryngeal receptors is modified by changes in
osmolarity and/or ionic composition of the mucosal surface liquid. The
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response of laryngeal receptors to water has been studied extensively in the
newborn and adult of several species (19,20). Application of water and
aqueous solutions to the larynx elicits strong cardiorespiratory reflex
responses (26), and inhalation of nebulized distilled water is a useful
stimulus to initiate cough in human volunteers (27).

The larynx, like the rest of the upper airway, is subjected to fluc-
tuations in airway pressure during inspiration and expiration. Large nega-
tive transmural pressures are developed during inspiratory efforts against
an occluded upper airway, and this stimulus may initiate several reflexes
that help to maintain the patency of the upper airway. Pressure-responsive
laryngeal receptors have been described that are particularly sensitive
to upper airway occlusion and initiate reflex activation of upper airway
muscles (26,28).

III. Upper Airway Reflexes

The upper airway is the gateway to the respiratory system, and most of the
upper airway reflexes are involved in preventing inhalation of noxious
particulate matter and gases, or in preventing inhalation of food and fluid.
As well as the protective reflexes initiated by noxious or potentially noxious
stimuli, there are also reflexes that can be initiated by the airflow through
the upper airways in relation to the cooling action of airflow or pressure
changes associated with airflow.

The physiology of upper airways reflexes was extensively reviewed by
Korpas and Tomori in 1979 (29) and was later reviewed by Widdicombe
(3,25,30) and other authors (2,31). Much of the research on upper airway
reflexes involves work on anesthetized animals. To simplify the interpre-
tation of the results, the experiments often involve quite specific stimuli to
localized areas of the upper airway. The results of these experiments help
us to break down the reflexes into their various components, but the
models are far removed from the situation in conscious man, where, for
example, inhalation of a noxious gas or substance may provide a stimulus
that varies in intensity simultaneously along the whole of the upper
airway. To help simplify the understanding of the various reflexes, I have
divided them into protective reflexes (sneeze, aspiration, apnea, expiration,
cough) and reflexes associated with airflow (involving airway cooling or
pressure changes).

A. Protective Reflexes

As noted earlier, the upper airway is the entrance to the respiratory tract,
and the sensory innervation of the upper airway senses the physical and
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chemical properties of the inspired air. The sensory receptors have the
capability of detecting any noxious or potentially noxious properties of the
inspired air and, depending on the intensity of the stimulus, the airway
reflexes may vary from a sneeze or cough up to apnea.

The oropharynx acts both as an airway and as a passage for food
and fluid, and the presence of food and fluids in the oral cavity can trig-
ger the swallowing reflex, which ensures that food and fluids are moved
toward the esophagus rather than the larynx. The regions of the upper
airway from which the various reflexes may be initiated are clearly defined
(Fig. 3). The various sensations and reflexes from the upper airway may be
mediated by separate and distinct pathways. One or more pathways may
trigger several different reflexes according to the intensity of the stimulus.
For example, mild mechanical stimulation of the nasal epithelium may be
detected as a simple sensation of touch or tickle that may eventually cause
sneezing and nasal secretions, but an increase in the intensity of the stimulus
could cause pain associated with apnea, laryngospasm, and pronounced
cardiovascular reflexes.

Figure 3 Reflexes arising form the upper airway. Stimulation of the nasal

epithelium results in a sneeze or apnea, depending on the intensity of the stimulus.
The presence of mucus in the nasaopharynx causes the sniff or aspiration reflex.
Food and fluids in the oropharynx trigger swallowing, and mechanical stimulation

causes the gag reflex. Mechanical stimulation of the vocal cords causes a reflex
expiration. Mechanical or chemical stimulation of the laryngeal mucosa causes
cough or apnea, depending on the intensity of the stimulus.
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Sneeze

The sneeze is one of the most common respiratory reflexes and is associated
with inhalation of dust and with the nasal inflammatory response associated
with upper airway infection and allergy. Sneezing is part of a generalized
response to chemical or physical stimulation of the nasal epithelium, and the
response includes twitching of the nose and face, blinking, tearing, and a
watery nasal secretion, often accompanied by a transient engorgement of the
nasal blood vessels (32–34). Sneezing may be initiated by a number of
factors such as mechanical stimulation of the nasal epithelium, cooling of
the skin, bright light in the eyes, irritation of the scalp near the frontal
hairline, and challenge with allergen extract, as well as by psychological
causes (2). In experiments on the anesthetized cat, puffs of air have been
used as a stimulus to initiate sneezing (35). The act of sneezing usually
involves several brief inspirations via the mouth followed by an explosive
exhalation with most of the airflow escaping via the mouth. The expiratory
airflow via the mouth and nose, together with the watery nasal secretions,
clears the airway of any source of irritation such as inhaled particulate
matter. The sneeze reflex appears to be mediated solely by the trigeminal
nerve supply to the upper airway and is mainly related to stimulation of the
nasal epithelium, and possibly the anterior region of the nasopharynx.

Apnea

Apnea can be induced by physical or chemical stimulation of all parts of the
upper airway, and this reflex appears to be a protective response to prevent
inhalation of noxious gases, fluid, or particulate matter. The ‘‘diving
response’’ is the reaction to water or cold stimuli applied to the face or
into the nose. It was first described by Kratschmer in 1870 (36) and was
reviewed in the late twentieth century by Elsner and Gooden (37).

The distinction between the diving reflex and apnea initiated by stimuli
other than water or cold is not very clear, and the reflexes may share a com-
mon pathway (25). Apnea is usually accompanied by complete laryngeal
closure, bradycardia, and pronounced vasoconstriction in the vascular beds
of the skin, alimentary canal, kidney, and skeletal muscle, with a subsequent
rise in arterial blood pressure. By moving blood flow from the peripheral
circulation toward the heart and brain, the reflex prevents inhalation of
water or noxious material, and protects the heart and brain from hypoxia.

Sniff, Aspiration Reflex

Unmyelinated nerve endings derived from the trigeminal and glossopha-
ryngeal nerves, and found under the epithelium of the nasopharynx, are
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thought to be the sensory nerves that mediate the sniff-like aspiration reflex.
Sniffing and aspiration may be elicited by mechanical deformation of the
nasopharyngeal mucosa, and also occasionally by irritant gases (29). The
rapidly adapting response of these nerve endings to a maintained mechani-
cal deformation fits very well with the abrupt onset and short duration of
the aspiration reflex (19). The aspiration reflex helps to clear the nasophar-
ynx and prevents obstruction of the airway with mucus or foreign matter.

Swallow and Gag Reflexes

Swallowing and breathing are closely coordinated to prevent the accidental
aspiration of food and fluid into the lungs. Swallowing is initiated volun-
tarily on presentation of food or fluid to the posterior area of the oro-
pharynx, an event that triggers the reflex phase of swallowing, accompanied
by inhibition of breathing and closure of the larynx. The reflex is associated
with a complex pattern of muscular activity that propels food and fluid
toward the esophagus and closes off the nasopharynx and larynx. Mechan-
ical stimulation of the soft palate and fauces, via the mouth, causes the gag
reflex, with palatal elevation, pharyngeal wall contraction, withdrawal of the
head, coughing, retching, and eye watering (38). Surprisingly, the gag reflex
is poorly described or absent in most reviews on the upper airway reflexes
(25). The reflex may be exaggerated during periods of upper respiratory
tract infection, especially with epiglottitis, when manipulation of the upper
airway to inspect the inflamed epiglottis may be sufficient to trigger a fatal
airway obstruction (39). In normal circumstances, the reflex may act to pro-
tect the airway from accidental inhalation of large food items in the mouth.

Cough

Cough is a purely vagal reflex and can be triggered by chemical irritation of
the larynx and trachea or by the presence of mucus in the bronchi. The
physiology of cough has been extensively reviewed by Widdicombe
(30,40,41). Cough related to the upper airways is most commonly associated
with acute upper respiratory tract infection or aspiration of ingested
materials. The cough reflex is triggered by mechanical or chemical stimu-
lation of laryngeal and tracheal sensory receptors (26). Cough can be
initiated by inhalation of nebulized distilled water (27), and this appears
to be a protective reflex similar to the nasal response to inhalation of water,
since both responses prevent the entry of water into the lungs.

Cough prevents the entry of foods and fluid into the lungs, and
the larynx acts as a sensitive valve at the entry to the lower respiratory
tract. The laryngeal epithelium is extremely sensitive to mechanical and
chemical stimuli. Inflammation of the laryngeal epithelium associated
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with upper respiratory tract infection, by creating a condition of hyper-
reactivity, may be responsible for the dry irritating cough often associated
with common cold.

Expiration Reflex

Mechanical stimulation of the vocal cords does not cause cough but initiates
a transient expiratory effort called the expiration reflex. The function of this
reflex may be to prevent the entry of foreign bodies into the lower
respiratory tract (3,29).

B. Reflexes Associated with Airflow

Tidal airflow through the upper airway causes cooling of the airway and
exposes the airway to oscillations in air pressure. The changes in temper-
ature and pressure associated with breathing are detected by sensory nerves
distributed along the upper airway.

The nasal passages are exposed to the greatest cooling action of the
inspired air, for by the time the air reaches the larynx, it has been warmed
and humidified by the nose. The sensation of airflow is mainly related to the
cool sensation perceived from the nose, rather than from pressure sensations
or sensations from chest muscles and proprioceptors. The cool sensation
of nasal airflow is mediated by trigeminal nerve endings, which act as
cold receptors in the skin lining the nasal vestibule and the epithelium of the
nasal passages (9,42).

As well as providing a cool sensation of airflow, the cold stimulus
inhibits breathing and the activity of upper airway accessory muscles
(12,22). Administration of menthol causes the same cold sensation and
inhibition of breathing without any change in airway temperature, and
menthol is believed to stimulate and sensitize airway cold receptors by
influencing calcium conductance in the sensory nerve endings (10,23,24).

The cooling of the upper airway associated with normal tidal airflow
can be separated from cold air challenge, where cold air is circulated
through the nasal passages or the inspired air is very cold and dry. Cold
air challenge may result in nasal irritation, which leads to nasal congestion
(43) and bronchoconstriction (44). The nasal irritation may be related to
neurogenic inflammation caused by the release of tachykinins from trigem-
inal sensory nerve endings (45). The bronchoconstrictor response to nasal
cold air challenge appears to be well established in the literature, but
whether it is cooling of the facial skin or nasal epithelium that triggers the
response is a matter of some dispute (46).

Receptors sensitive to pressure change have been described in the
laryngeal epithelium, and they constitute the main element of respiratory-
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modulated activity of the sensory nerves to the larynx (19). Since the most
compliant region of the upper airways, and the region most susceptible to
inspiratory collapse, lies above the larynx, the larynx is well situated to act
as pressure sensor to initiate reflex activation of upper airway muscles that
stabilize and splint the airway. Stimulation of the laryngeal pressure
receptors by occlusion of the upper airway has been shown to cause a
reflex activation of upper airway dilating muscles, and inhibition of breath-
ing, and both these responses limit the upper airway collapsing action of
inspiratory efforts (19).

The upper airway reflexes associated with the cooling and pressure
changes brought about by airflow are important in respiratory control
because they influence the pattern of breathing and protect the airway
from inspiratory collapse. These reflexes may be particularly important
during sleep (47–49).

IV. Interactions Between the Upper and Lower Airways

Stimulation of the upper airways has been shown to induce changes in the
bronchial airway in animal experiments (3,25). The animal experiments have
involved applying various mechanical and chemical stimuli to the nose and
larynx and monitoring changes in the lower airways. Both bronchodilator
and bronchoconstrictor responses can be initiated, and the type of response
depends on the intensity of the stimulus and the part of the airway to which
the stimulus is applied. In healthy animals, the majority of studies indicate
that nasal irritation causes bronchodilation mediated by the vagus nerve
(3,25). Figure 4 illustrates two nervous mechanisms that may link the upper
and lower airways. The smooth muscle of the lower airway is innervated by
parasympathetic nerves derived from the vagus nerve. Stimulation of this
pathway causes release of acetylcholine and bronchoconstriction. There is a
continuous level of activity in the vagus nerves (vagal tone), and a reduction
in vagal tone causes bronchodilation. A reduction in vagal tone leading to
bronchocodilation is proposed as the mechanism for the bronchodilation
often produced on stimulation of the upper airway (3,25). The smooth
muscle of the lower airway is also innervated by sympathetic nerve fibers
from the thoracolumbar region of the spinal cord, and stimulation of this
pathway causes both release of norepinephrine and bronchodilation. The
sympathetic response may also involve release of epinephrine from the
adrenal medulla, and this will cause bronchodilation by relaxation of
bronchial smooth muscle.

Stimuli applied to the upper airway invariably have some effects on
respiration and usually slow respiratory rate or induce apnea. Inhibition of
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respiration and apnea will cause hypoxia and hypercapnia, which will have
direct and indirect effects on bronchial smooth muscle tone via changes in
blood gases (50) and by reflex activation of sympathetic pathways (25).
Activation of a generalized sympathetic cardiorespiratory response is likely
to be a response to noxious stimuli applied to the upper airway, and if this is
superimposed on top of a vagally mediated bronchoconstrictor response,
together with apnea, which itself could alter blood gases and influence the
bronchial tone, the complexity of the situation is increased appreciably. The
simultaneous activation of several reflex pathways could explain why it is
possible to elicit either bronchoconstriction or bronchodilation in response
to nasal irritation and why both these responses are reported in the literature
on animal experiments (3,51).

Unlike the nose, where chemical and mechanical irritation causes either
reflex bronchoconstriction or bronchodilation, the bronchomotor response
from laryngeal irritation is bronchoconstriction, and there are indications
that this may be a reflex pathway separate from that initiating cough (3).

Figure 4 Nervous pathways between the upper and lower airways. Upper airway
stimulation of cranial afferent nerves causes activation of parasympathetic and

sympathetic reflexes. Parasympathetic vagal efferent nerves cause bronchoconstric-
tion (a reduction in vagal tone may cause bronchodilation). Sympathetic efferent
nerves cause bronchodilation.
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V. Conclusions

The upper airway acts as an air conditioner and sensor to protect the lower
airway from any damaging effects of the inspired air. The sensory nerves
supplying the upper airway can elicit a variety of protective reflexes,
including sneeze, cough, and apnea, which prevent the entry to the lower
airway of food, fluids, noxious gases, and particulate matter. Nasal and
laryngeal irritation in animal experiments has been shown to cause changes
in bronchomotor tone, and this provides some evidence for a link between
the upper and lower airways. The most likely neuronal connection between
the upper and lower airways involves the sensory inputs from the cranial
nerves supplying the upper airway, which in turn serves to activate a vagal
efferent pathway to cause a reduction in vagal tone and bronchodilation.
The upper airway reflexes can be accompanied by cardiovascular and
respiratory changes that may directly or indirectly affect the lower airways,
leading to bronchodilation or bronchoconstriction.
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Introduction

Although neither the actual size of the relationship nor the nature of the
underlying mechanisms is fully known, there is convincing evidence that
upper and lower airway diseases are related. In particular, few data on
causation are presently available. This is partly due to the lack of sufficient
appropriate investigations. Although connected, upper and lower airways
are noticeably different because of differences in the target organs. There
are no smooth muscles in the upper airways such as those around the
bronchi and, similarly, there are no sinuslike cavities in the lower airways.
Mechanisms involved in the occurrence of diseases are also dissimilar, as
in the case of vasodilatation, which largely accounts for nasal blockage in
rhinitis but is of little significance in pathophysiological processes of the
lower airways (1).

A substantial amount of the available information on the relation-
ship between upper and lower airway diseases has been provided by epide-
miological studies in which measurements were taken from subjects and
inferences made about relevant characteristics of wider populations. Over-
all, the epidemiological research into upper airways has been behind
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schedule in comparison to that into lower airways. Furthermore, support-
ing evidence from such studies has not been unequivocal. Carefully
conducted longitudinal studies in which both upper and lower airway
diseases have been accurately monitored have been rare and have con-
cerned only certain aspects of the association (e.g., the association between
hay fever and asthma). This is all the more detrimental inasmuch as
correctly designed longitudinal studies are the only methods available for
assessing true relationships and demonstrating causation. Nevertheless,
cross–sectional studies, which have been the most frequent, can be useful
because they have provided good evidence for some relationships and at
the same time yield hypotheses to be addressed in further studies.
Advances in the understanding of the relationship between upper and
lower airway disease have also been hampered by the lack, up to now, of
accurate measurements of upper airway disease. Most studies measuring
whether relationships exist between upper and lower airway disease have
been based on self–reports and recall of past experiences without using
standardized questionnaires and, moreover, nasal patency has rarely been
assessed objectively through nasal function testing (e.g., rhinomanometry
or peak nasal inspiratory flow).

Evidence for the relationship between upper and lower airway disease
produced by epidemiological studies is either direct or indirect. Direct
evidence comprises available facts and circumstances connecting ‘‘straight-
forward’’ upper and lower airway diseases and consists of reporting
numbers of individuals suffering from both. Indirect evidence provides
information on relationships in which both upper and lower airway diseases
are related either to another health condition or to a common factor.

This chapter summarizes the present state of knowledge on direct and
indirect relationships between upper and lower airways diseases and exam-
ines the problems encountered in the investigation of such relationships.
Population–based data were used.

I. Direct Evidence

Upper airway diseases constitute a heterogeneous entity for which unan-
imous classifications and definitions do not exist. For clinical purposes,
symptoms of rhinitis—namely, sneezing, nasal obstruction, and rhinor-
rhea—have been classified as infectious, allergic, and vasomotor, respectively
(2). Allergic rhinitis, clinically defined as a symptomatic disorder of the nose
induced by an IgE–mediated inflammation after allergen exposure of the
membranes lining the nose (3), has been classified as seasonal or perennial.
Nonallergic rhinitis with eosinophilia is a heteregeneous syndrome consist-
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ing of at least two groups: nonallergic rhinitis with eosinophilia (NARES)
and aspirin intolerance. Nasal polyps may have either an infectious (neu-
trophil subgroup) or allergic (eosinophil subgroup) etiology. Sinusitis is a
broad term covering a condition that affects the paranasal sinuses and results
from inadequate drainage usually secondary to physical obstruction, infec-
tion, or allergy. Sinusitis is discussed here in so far as it is connected with
nasal disorders. These definitions and classifications have been accepted in
epidemiology, which has focused its attention mainly on hay fever so far.

A. Relationships Between Self-Reported Diseases

Epidemiologic Definitions and Distribution

Standardized questionnaires in the field of respiratory medicine designed to
ascertain the prevalence and severity of chronic obstructive pulmonary
disease (COPD) (4–6) were the first instruments used to assess diseases of
the upper airways. They entailed symptoms as well as diagnostic labels of
allergic rhinitis (hay fever overall) and sometimes triggers factors for it
(Table 1). Only recently, following the evaluation of the sensitivity and
specificity of particular questions on nasal allergies with high clinical
relevance, have more specific instruments to assess allergic rhinitis been
developed (7–10). The best evaluated question for detecting noninfectious
rhinitis among members of the general population is this: Have subjects had
‘‘a problem with sneezing or a runny or blocked nose’’ when they ‘‘did not
have a cold or the flu’’. The positive predictive value of this question is high
in detecting subjects found to have rhinitis on in-depth interviewing incor-
porating skin prick test assessment (7). It has been suggested that to detect
allergy among those with rhinitis, questions on concomitant eye symptoms
and allergen exposure, as a trigger factor, should be included. (11). The
reliability of a label or reported doctor’s diagnosis of allergic rhinitis is also
satisfactory (12), but underestimation is common in the case of mild disease
and atypical presentation. These questions were employed in isolation in
various population–based studies and more recently together to implement
the Score for Allergic Rhinitis (10). It has been shown, indeed, that
quantitative scores are more informative than dichotomous variables in
the characterization of a disease.

Large population–based studies having the potential of dealing with
the comorbidity between rhinitis and asthma are as follows:

The European Community Respiratory Healthy Study (ECRHS) in
young adults (20–44 years)

The International Study of Asthma and Allergies in Childhood
(ISAAC) in children (6–7 years) and adolescents (13–14 years)
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The National Health and Nutritional Examination (NHANES) in the
United States

The Swiss Study on Air Pollution and Lung Disease in Adults
(SAPALDIA)

The Swiss Study on Childhood Allergy and Respiratory Symptoms
with Respect to Air Pollution, Climate, and Pollen (SCARPOL)

Presently, the WHO initiative on Allergic Rhinitis and Its Impact on
Asthma (ARIA) (3) is investigating this comorbidity; owing to the multi-
disciplinarity of the chosen approach, these studies are exhaustive.

Very few questionnaires have addressed upper airway symptoms and
diseases other than allergies (9,13,14). The questionnaire persists as the
unique method of assessing sinusitis in epidemiological studies because other
instruments such as x–ray views, ultrasound, and sinus puncture cannot be
used in these studies, nor can bacteriology and endoscopy. Similarly, a

Table 1 Standardized Questionnaires for the Assessment of Upper and Lower Airway
Diseases in Epidemiological Studies

Outcome investigated

Questionnairea Upper airways Lower airways

BMRC 1960 Usual stuffy nose or catarrh in
the summer

COPD

ESCC-MRC 1962 (4) Runny nose in spring COPD

ESCC-MRC 1967 Hay fever COPD
ATS (1978) (5) Hay fever confirmed by a doctor COPD
South London

Community Survey (7)

Rhinitis in the absence of cold

or flu

Asthma

ECRHS (6) Nasal allergies including hay
fever in adults

Asthma in adults

ISAAC (59) Allergic as well nonallergic
rhinitis in the absence of cold
or flu in children

Asthma in children

Jessen (14) Nonallergic rhinitis -

Annesi (9) Allergic as well nonallergic
rhinitis

COPD (as in the BMRC-
ESCC) and asthma

Score for Allergic

Rhinitis (10)

Allergic as well as nonallergic

rhinitis

Asthma and familial

resemblance of asthma

a BMRC, British Medical Research Council; COPD, chronic obstructive pulmonary disease; ESCC-MRC,

European Steel and Coal Community–Medical Research Council; ECRHS, European Community

Respiratory Health Study; ISAAC, International Study of Asthma and Allergies in Childhood; ATS,

American Thoracic Society.
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reported diagnosis has mostly been used in epidemiological surveys in the
case of nasal polyposis for which the diagnosis is obtained either by rhinos-
copy or by more invasive procedures (x–ray, endoscopy). Reliance of
questions used to assess sinusitis or nasal polyps has scarcely been evaluated.
In 835 children enrolled at birth in the Tucson Children’s Respiratory Study,
who were studied at a mean age of 8.6 years, the report of physician–
diagnosed sinusitis was considered as satisfactory (15). In a study of 335
nonselected outpatients undergoing endoscopy in six hospitals in France,
polyposis was confirmed in 87% of the 101 individuals having reported it on
the questionnaire, which corresponded to a sensitivity of 0.88, specificity of
0.94, positive predictive value of 0.87, negative predictive value of 0.94
(Bruno Deslandes, Stéphanie Garcia–Acosta, and Isabella Annesi–Maesano,
unpublished data).

Little is known about the distribution of upper airway diseases other
than allergic rhinitis. According to the epidemiological literature, allergic
rhinitis is a frequent disease, with cumulative prevalence ranging from 5 to
40% in the case of seasonal rhinitis and 10% or less in the case of peren-
nial rhinitis. The incidence per year is under 1% for both. Up to 21% of
people in the general population might suffer more or less regularly from
nonallergic rhinitis (14). The frequency of nasal polyps was found to be
about 4%. The true incidence of polyps is difficult to determine but can be
inferred from the incidence of intrinsic asthma because the two conditions
are related. Sinusitis prevalence has been evaluated at 10 to 30% but such
figures need to be confirmed. The prevalence of active asthma is at its
highest during childhood. It varies between 5 and 30% in childhood and
from 2 to 11% in adulthood (16). The incidence of asthma varies with age,
being highest in children, when it is about 1% per annum. Globally, it
ranges between 0.3 to 0.4% per year. Overall, large geographical variations
have been observed in the prevalence of all upper and lower conditions.

Allergic Rhinitis and Extrinsic Asthma

Classically, allergic rhinitis has been compared to extrinsic asthma and
nonallergic rhinitis to intrinsic asthma beginning in adulthood and for
which there is no provable atopy (17). The relationship between extrinsic
asthma and allergic rhinitis is well established (18–21). Hay fever and asthma
occur together more often than expected by chance alone (22,23). It has been
observed that the probability that an asthmatic will have allergic rhinitis is
higher than the probability that an individual with allergic rhinitis will have
asthma, and the possibility that this is due to the natural history of the two
conditions cannot be excluded (24–28). According to the literature, the
prevalence figures for hay fever fluctuate between 28 and 50% among
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asthmatics, compared with a prevalence of 10 to 20% among nonasthmatics.
Conversely, the prevalence of asthma among hay fever subjects is 13 to 38%,
compared with a prevalence of 5 to 10% among non–hay fever subjects (29).
A strong association between hay fever and asthma was confirmed among
12,391 adolescents aged between 11 and 18 years who answered a standard-
ized questionnaire as a part of a nationwide health survey conducted in
France in 1994 (30). Among them, the prevalences observed for asthma and
hay fever were 11 and 41% respectively, whereas 5% of subjects reported
asthma alone, 34% reported hay fever alone, and 7% reported both.
Furthermore, 57% of those with asthma reported hay fever and 16% of
those with hay fever reported asthma. Various studies reported that asthma
prevalence was higher in subjects with allergic rhinitic confirmed by skin
prick testing to common aeroallergens than in those with nonallergic rhinitis.
In the southwest London study, 21% of 208 subjects with allergic rhinitis
were found to have asthma, compared with only 7% of 119 with nonallergic
rhinitis (12). Similarly, a study conducted in the United States among 142
individuals showed the prevalence of asthma to be 58% in individuals with
seasonal allergic rhinitis, 10% in those with perennial allergic rhinitis, and
13% in those with vasomotor rhinitis (31). Data from 34 centers participat-
ing in the ECRHS showed that individuals with perennial rhinitis (n= 1412)
were more likely than control subjects (n = 5198) to have current asthma,
after adjustment for sex, age, smoking habit, family history of asthma,
geographical area, and season at the time of examination [odds ratio (OR)
= 8.1; 95% confidence interval (CI): 5.4–12.1 in those whose atopic status
had been confirmed with skin prick test positivity] (32).

It has been hypothesized that the relationship between allergic rhinitis
and extrinsic asthma depends on age, being stronger in childhood than later
(12,33). In the 12,391 adolescents of the nationwide health survey conducted
in France in 1994 (30), odds ratios of the associations between hay fever and
asthma did not vary significantly according to age but were higher in
individuals with parental asthma (Table 2). Type of onset may play a role,
as assessed by data from NHANES II in which late–onset asthmatic subjects
reported more allergic rhinitis than early–onset asthma: OR = 3.79 (CI:
1.53,9.41), 3.06 (1.33, 7.07) and 2.71 (1.18, 6.22) respectively. in the three
groups defined) (34). It has also been suggested that the relationship
between allergic rhinitis and extrinsic asthma might depend on the severity
of asthma. Subjects with long–term (continuing) asthma attacks might be
more likely to suffer from hay fever than subjects who suffered of asthma for
only a short period of time. In our population–based sample of 12,391
adolescents, we found that the association was significantly stronger in the
case of long–term asthma (OR of long–term asthma was 2.70, vs 1.89 in the
other type of asthma).
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Findings from a large British national cohort of 7225 children who
were studied from birth to 16 years of age provide evidence in support of the
foregoing hypothesis, since individuals with short–duration asthma reported
significantly less hay fever than did those with long–standing asthma (35).
Alternatively, allergic rhinitis might exacerbate asthma, as was recently
suggested by data from the Asthma Outcomes Registry (36). Among 607
asthmatic subjects, 79% of whom reported seasonal or perennial rhinitis,
asthma symptoms were more severe in individuals with asthma and allergic
rhinitis than in those with asthma alone. The reason why some individuals
with allergic rhinitis are much more prone to asthma than others has yet to
be elucidated (37). Likely, genetic studies will contribute to the under-
standing of underlying mechanisms. With regard to the order of onset of the
two diseases, various patterns have been proposed. Cross–sectional studies
conducted among adult patients have showed that asthma and allergic
rhinitis occur almost simultaneously (23,26,38).

Population data, however, have suggested that different timings can
be expected for the two conditions. Among 3941 teenagers drawn from the
general population who were interviewed with the ISAAC questionnaire in
West Marne (France), 242 reported both asthma and hay fever. Supple-
mentary questions on asthma and allergic rhinitis showed that 15%
reported to have had asthma prior to hay fever, 12% hay fever prior to
asthma, and 17% could not establish any temporal order. This could be due
to recall bias in the case of mild conditions. The types of response did not
depend on age. Childhood hay fever has also been considered to be a risk
factor for asthma (39–42). This has been confirmed by longitudinal studies
(Table 3). In the 1958 British cohort study followed up longitudinally, prior

Table 2 Sex-Adjusted Odds Ratio and 95% Confidence Intervals [in brackets]
Between Asthma and Hay Fever According to Age and Family History of Asthma in

12,349 Adolescents Living in France

Subjects All
No family history

of asthma
Family history

of asthma

<13 years 1.88 1.98 2.08

(n = 2369) [1.46,2.41] [1.47,2.66] [1.25,3.48]
13–14 years 1.79 1.92 1.54
(n = 3395) [1.45,2.19] [1.54,2?40] [0.99,2.39]
15–16 years 2.55 2.52 2.87

(n = 3169) [2.04,3.18] [1.95,3.25] [1.91,4.32]
z16 years 2.40 2.16 2.80
(n = 3431) [1.93,2.97] [1.71,2.74] [1.86,4.22]

Source: Ref. (30).
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hay fever was associated with an increased risk of subsequent asthma or
wheezing illness in childhood or adolescence, and current hay fever was
even more associated with asthma (43). Similarly, the risk of a history of
asthma was higher if the child had a previous history of hay fever among
770 U. S. children ages 5 to 9 years (44) or 8585 Tasmanian children born in
1961 (99% of the eligible population) who were followed up prospectively
(40). This was confirmed by a 23-year follow-up, which included skin prick
testing, of 1021 U.S. college freshmen. In the 738 subjects who had been
skin tested when they entered the study, allergic rhinitis and positive allergy
skin tests were significant risk factors for developing new asthma (41).
Concomitant occurrence of asthma and allergic rhinitis favors a common
etiology. The onset of the two diseases in the same individual might indicate
that both are manifestations of the same, simultaneously elicited reaction of
the airways. The two conditions might share an underlying predisposing
factor (probably atopy) which, when active, enhances the likelihood that
both will be expressed. But other factors might also contribute to the
concomitance of asthma and allergic rhinitis: age, genetic and immunolog-
ical factors, nutrition, infections, seasonal variations, and air pollution, as
well as active and passive smoking.

Table 3 Rhinitis as a Predictor of Asthma in Follow-Up Population-Based Studies

Population Outcomes

Measure of the

associationa Ref

7225 (U.K.) Allergic rhinitis,
asthma at 7 years

OR = 7.1 [5.1,9.9] 43

770 (U.S.A.) Allergic rhinitis,

asthma at 5–9 years

OR = 2.9 [0.9,9.4] 39

8585 (Australia) Allergic rhinitis,
asthma at 7

OR = 3.9 [3.1,4.8] 40

1021 (U.S.A.) Allergic rhinitis,

asthma in life

RR = 3.0 41

173 cases, 2177
controls (U.S.A.)

Both allergic and
nonallergic rhinitis;

incident physician-
confirmed asthma

Rhinitis increased the risk
of development of

asthma about threefold,
among both atopic and
nonatopic individuals

and more than fivefold
among patients in the
highest IgE tertile

45

a OR, odds ratio; 95% confidence intervals in brackets; RR, relative risk.
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Nasal Symptoms and Intrinsic Asthma

The relationship between nasal symptoms and intrinsic asthma is less well
documented. Recent data showed a strong association between rhinitis and
asthma in nonatopic subjects with normal IgE levels, which is consistent
with the epidemiological hypothesis that the association between rhinitis
and asthma can not be exclusively attributed to a common allergic back-
ground. In the ECRHS data elicited from young adults, the relationship of
perennial rhinitis to asthma remained very strong when the analysis was
restricted to nonatopic subjects [OR = 11.6 (CI: 6.2–21.9)] as well as to
those with IgE levels of 80 kIU/L or less [OR = 13.3 (6.7–26.5)] (32).
Similarly, in the longitudinal cohort of the Tucson Epidemiologic Study of
Obstructive Lung Diseases (n = 173 incident patients with physician–
confirmed asthma and 2177 nonasthmatic controls), rhinitis was a signifi-
cant risk factor for asthma [adjusted OR = 3.21 (CI: 2.2–4.7)] after
adjustment for atopic status and the presence of chronic obstructive
pulmonary disease (45) (Table 3). Thus, the nature of the association
between rhinitis and asthma is open to interpretation.

Unexpectedly, asthma is uncommon in individuals with NARES, but
there are no population–based data. Nasal polyps, whose formation is often
preceded by vasomotor rhinitis, often develop in subjects with a history of
asthma, particularly of the intrinsic type. Between 3 and 72% of subjects
with polyps report coexisting asthma (46). The link between asthma and
nasal polyps is confirmed by the fact that men have nasal polyps twice as
often as women, but women have asthma with nasal polyps as often as men.
In 345 unselected middle–aged policemen followed up three times between
1980 and 1990 in Paris, the presence of nasal polyps at rhinoscopy (4%) was
significantly associated with asthma (20% of asthmatics among those
with nasal polyps vs 6% of asthmatics among those without; p = 0.04).
Furthermore, the diagnosis of asthma was a good predictor of nasal polyps
seen at the endoscopy among the 335 outpatients who underwent endoscopy
in six French hospitals. The probability of suffering from nasal polyposis
increased significantly among asthmatics with aspirin intolerance and was
modulated by trouble in smelling and by nasal treatments (Table 4) (Bruno
Deslandes, Stéphanie Garcia-Acosta, and Isabella Annesi-Maesano, un-
published data). No epidemiological investigations have been conducted
on the role played by nasal polyps in lower airway disease in children. In
childhood, nasal polyps are associated with cystic fibrosis or primary ciliary
dyskinesia. Nasal polyps occur in 8% of cases with cystic fibrosis, and they
are associated with the respiratory rather than the gastrointestinal manifes-
tations of the disease. It has been suggested that chronic hypertrophic sinus
and nasal membrane disease with polyp formation are the nasal equivalent
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of asthma. The kind of inflammation seen in nasal polyp tissue is similar to
the response in other allergic respiratory disease and to bronchial inflam-
mation of intrinsic asthma. This is why nasal polyposis has been proposed as
a model for chronic inflammation of airways (47).

A more detailed description of the links between rhinitis and asthma is
provided in the frame of the WHO initiative on Allergic Rhinitis and Its
Impact on Asthma (ARIA) (3).

Relationships Among Other Disorders

It is redundant to show in detail that upper respiratory infections (URIs)
of the ears, nose, and throat are related to asthma, for this relationship has
been known for a long time. URIs are more frequent in asthmatics (48,49).
Asthmatic children also have been reported to have an increased number
of URIs compared with their nonasthmatic siblings (50). Furthermore,
evidence has been presented suggesting that URIs, frequently precipitate
asthma attacks in children (51), for they constitute the single most common
precipitating factors in this age group (52). In adults, the association
between asthma and URIs has been reported to be less striking (53,54).
However, URIs have been implicated in the acute exacerbation of infections
in patients with chronic bronchitis. Recently the relationships of colds to
lower airway diseases such as chronic cough, chronic phlegm, persistent
wheezing, and asthma were studied in a random population of 718 children
in East Boston, aged 4 to 11 years (55). After adjustment for maternal
smoking, age, and sex, frequent colds were significant predictors of lower

Table 4 Probability (%) of Suffering from Nasal Polyposis According to Asthmatic Status,
Problems in Smelling, Nasal Treatment, and Aspirin Intolerance for 335 Outpatients Who

Underwent Nasal Endoscopy in 6 French Hospitals

Outpatients without problems in smelling Outpatients with problems in smelling

Without

nasal

treatment

With

irregular

nasal

treatment

With

regular

nasal

treatment

Without

nasal

treatment

With

irregular

nasal

treatment

With

regular

nasal

treatment

No asthma 5 12 26 20 38 63
Asthma without

aspirin intoler-

ance

14 29 53 44 66 84

Asthma with

aspirin intoler-

ance

35 57 79 72 86 95
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respiratory tract symptoms [OR=2.88 CI: 1.88,4.42)]. Results persisted in
being significant after allowance for active smoking, a known risk factor for
airway infections. It is possible that an immunological or mucosal defect
common to the whole respiratory tract may explain the association between
nasal disease and lower respiratory symptoms such as asthma (54).

Several studies have investigated the association between sinusitis and
asthma (56,57). Studies that have considered x–ray assessment have found
sinusitis in 30 to 70% of asthmatics, depending on criteria chosen for the
evaluation of the radiological changes (58). But these investigations were
uncontrolled, and only selected patients were studied. In epidemiological
studies, after adjusting for potential confounders, sinusitis was not found to
be related to asthma. Adjustment for bronchitis, hay fever, and parental
asthma dispelled the idea that there might be a relationship between sinusitis
and asthma in the population of 770 U.S. children aged 5 to 9 years (44). Sim-
ilarly, the relationships of sinus troubles to lower airway diseases in the chil-
dren of East Boston obtained after adjustment for maternal smoking, age,
and sex [OR=4.95 (CI: 1.83,13.39)] disappeared after allowance for active
smoking [OR=2.30 (CI: 0.69, 7.94)] (55). More recently in the Tucson chil-
dren, although a diagnosis of sinusitis was strongly associated with a diagno-
sis of asthma, this association was not independent of that between sinusitis
and allergic rhinitis (15), so that a common mechanism, like postnasal drip
or mouth breathing, may be present in both sinusitis and allergic rhinitis.

Problems Encountered

Information gaps in reports of asthma and rhinitis consist of lack of stand-
ardization, shortage of general population studies, and biases such as recall
bias and misclassification. Lack of standardized definitions of upper airway
disorders as well as of intrinsic asthma in large population–based samples
constitutes a major problem in the study of relationships between upper and
lower airway diseases because it prevents comparison and generalization of
the results obtained. However, recent studies (ISAAC, ECRHS, NHANES)
have the potential to deal with this matter. The longitudinal approach has
major advantages in examining the relationship between hay fever and
extrinsic asthma because it avoids the recall bias inherent in any cross-
sectional approach. The ECRHS should provide useful information in this
respect at the end of the follow-up period. However, it cannot be excluded
that knowledge of prior atopic status might bias the way in which upper and
lower airway diseases are interpreted, labeled, and reported. In any event,
longitudinal approaches do not eliminate self–reporting bias except in the
case of standardized tools. Adjustment for potential confounders is also
needed to interpret findings reliably. Problems encountered in the study of
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the relationship of sinusitis to asthma include definition of sinusitis and
lack of adjustment for potential confounders. There is no gold standard in
making a diagnosis of sinusitis. An attempt has been made to define sinusitis
by means of clinical criteria (59), but these are difficult to apply in an epi-
demiological context and are relatively nonspecific. The studies conducted in
large population samples did not assess the validity of the diagnosis. Since
the other conditions, such as vasomotor rhinitis and nasal polyps, have been
minimally examined, findings are not easily interpretable.

In conclusion, there is undoubtedly a clinical relationship between
various upper and lower airway diseases, using epidemiological data from
questionnaires. However, the geographical distribution and epidemiological
associations either differ in an important respect, as in ISAAC (60), or have
not yet been assessed, as in the case of nonallergic diseases.

B. Relationships Between Objective Measurements of Nasal
and Lung Function

Nasal function testing is a useful investigative modality, which can provide
information unavailable by other means. Two methods have been used in
epidemiology to obtain objective measurements of nasal patency: anterior
rhinomanometry and peak nasal inspiratory flow (PNIF). The former is well
established as a useful clinical method of assessing nasal patency, but several
expressions of nasal obstruction have been reported, and universal stand-
ardization has not yet been achieved (61). Posterior rhinomanometry is not
used in epidemiology because pharyngeal pressure, needed to estimate nasal
airway resistance, is sensed directly by a tube in the pharynx, which is badly
tolerated by subjects (51). As a consequence, satisfactory recordings are not
obtained in 40 to 50% of subjects. PNIF is a cheap, easily performed, and
quick method suitable for the static assessment of nasal airway patency in
population studies (62), but its reproducibility has not yet been sufficiently
documented (63,64). However, comparisons between the two methods have
shown a significant correlation (65–67). Spirometry is a standardized method
of testing that is simple, inexpensive, and extremely sensitive to the physio-
logical abnormalities that develop in upper and lower airway diseases. In
comparison with many other tests of lung function, spirometric measure-
ments have less variability, particularly the relation of forced expiratory
volume in one second (FEV1) to forced vital capacity (FVC). So far, very few
comparisons have used objective assessments in population studies.

Upper Airway Disease and Lung Function

Reduction of lung function in patients with the common cold or allergic
rhinitis has been extensively documented (68,69). Among the 345 policemen
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we surveyed, lowered FEV1 was related also to usual and chronic rhinitis,
independent of smoking, a major potential confounding factor (9). Sim-
ilalry, 5-year FEV1 decline between 1985 and 1990 was significantly related
among ever smokers to allergic rhinitis and rhinitis induced by cold air
independent of asthma and baseline FEV1 level (70). Such findings are
isolated and need to be renewed.

Lower Airway Disease and Nasal Function

As part of the ECRHS, 226 subjects aged 20 to 44 years, selected randomly
among the inhabitants of the 18th district of Paris, performed anterior
rhinomanometry tests with a pressure of 150 Pa. Nasal airway resistance
(NAR), expressing the relationship between airflow and the associated
pressure drop across the nasal airway, was available for 119 individuals,
4% of whom were asthmatics. The remaining 107 individuals had various
problems at the test: technical failure (n = 4), only right nostril measurable
(n = 41), only left nostril measurable (n = 21), small nostrils (n = 7), and
nasal obstruction or cold (n= 32), or refusal (n= 4). A posteriori, it cannot
be excluded that problems were partly due to the high level of pressure
chosen. Data showed that average NAR was significantly higher in indi-
vidual with current asthma than in others (2.94 cmH2O/L/s vs 2.03 cmH2O/
L/s, respectively: p<0.001) (71) and personal communication). Only border-
line significance was observed in the case of wheezing in the past year.

The relationships among lower airway symptoms, lung function, and
PNIF level also were investigated among the policemen: 345 of them
performed three maneuvers with a Youlten PNIF Meter, sniffing forcibly
after a full expiration, and the best value was taken for the analysis. PNIF
level was normally distributed [mean (F SD) value = 155(F 54) L/min].
Around 40 (12%) of the men had a PNIF level as low as 100 L/min, which
has been defined as a threshold value in clinical trials. Unexpectedly, PNIF
was unrelated to age (r = �0.02) and to morphological characteristics such
as height (r = �0.01), weight (r = �0.06), body mass index = weight/
(height)2 (r = �0.07). PNIF level was significantly diminished in men
complaining of usual morning cough, day cough, and phlegm as well as
shortness of breath at rest (Table 5). PNIF was also slightly diminished in
men reporting asthma. Findings persisted after adjustment for smoking
habit, a potential confounder (see later).

Nasal and Lung Functions

In clinical studies, rhinomanometry and lung functions have been used to
evaluate the effects of exposure or treatment rather than to compare nasal
and lung functions in order to raise new hypotheses on underlying mech-
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anisms. Two different studies have indicated that mechanisms regulating the
response of the nose to exercise are different from those involved in the
response of the bronchial tree (72,73). Epidemiological data relating other
markers of nasal patency to lung function are rare. Among 300 children
attending a public elementary school in Vienna who underwent anterior
rhinomanometry and spirometry, the nasal airflow values did not show any
significant correlation with lung function, namely FVC (% pred), FEV1 (%
pred) and the ratios of FEV1 to FVC and mean maximal expiratory flow
(MEF50) to FVC (74). Conversely, there are no published epidemiological
data relating PNIF to lung function. In our population of 345 policemen,
we find a significant association between PNIF and FEV1 values among
current smokers: the higher the FEV1 score level, the higher the PNIF level
(h = 15 F 4 L/min, p = 0.001, in current smokers vs 6 F 6 L/min in
nonsmokers and �3 F 5 L/min in former smokers). Further analysis taking

Table 5 Relationships Between Peak Nasal Inspiratory Flow (PNIF) Level and
Lower Respiratory symptoms for 345 middle-aged Parisian Policemen

PNIF level (L/min)

Symptom NON YES

Cough
Morning (n = 31) 155.9 F 54.0 135.8 F 47.0*
Day (n = 15) 154.4 F 53.5 129.3 F 44.8 (p = 0.07)

Chronic (n = 10) 154.4 F 54.0 143.0 F 41.4
Phlegm

Morning (n = 25) 154.8 F 54.4 137.6 F 42.9

Day (n = 11) 154.6 F 53.3 122.7 F 44.7*
Chronic (n = 5) 154.4 F 53.6 128.0 F 48.7
First degree (n = 8) 140.3 F 49.5 132.5 F 39.6

Wheezing
In the presence of cold (n = 24) 154.3 F 52.8 144.2 F 62.8
In the absence of cold (n = 22) 154.8 F 53.2 143.2 F 59.5
Frequent (n = 7) 153.8 F 52.2 164.3 F 105.6

Past year (n = 26) 154.2 F 52.4 151.5 F 67.5
Shortness of breath

At rest (n = 10) 154.1 F 53.1 118.0 F 53.5*

At night (n = 5) 154.3 F 53.5 138.0 F 66.1
Reactor status (n = 25) 156.2 F 53.3 161.6 F 46.0
Asthma (n = 25) 156.1 F 53.4 135.6 F 57.0 (p = 0.07)

*p > 0.05.

Source: Ref. 9.
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quartiles of FEV1 score into account showed that all nonsmokers had
higher PNIF level values than former and current smokers (Fig. 1). In
current smokers PNIF level ranged between 129 (F9) L/min in individuals
with low FEV1 (first quartile) and 170 (F11) L/min in individuals with high
FEV1 (last quartile). The most elevated PNIF value was found in the last
quartile of FEV1, suggesting the intervention of the ‘‘healthy smoker effect,’’
describing the condition of smokers who continue smoking and yet are
particularly healthy. Former smokers were in an intermediate position
except those with the highest FEV1 value, who had a PNIF of only 130

Figure 1 FEV1 and PNIF level according to smoking habits among 345 middle-

aged Parisian policemen: squares, nonsmokers; diamonds, former smokers; circles,
smokers. FEV1: Forced Expiratory Volume in 1 second; PNIF: Peak Nasal
Inspiratory Flow. FEV1 was standardized for age and height, by using a linear

regression on age and height in the whole sample. FEV1 values were then normalized
(FEV1 score) as the observed FEV1 �(a + b + c) /

ffip
s2, where a and b are the age

and height regression coefficients, c the intercept, and s2 the residual variance.
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(F 10) L/min. Whether PNIF level, which can be easily ascertained in
epidemiological studies, allows the reliable study of the relationship between
upper and lower airway diseases remains to be confirmed.

Problems Encountered

Joint data on nasal function and lower airway disease or lung function are
scanty, and other investigations are urged to advance our comprehension of
the relationships. Prior to that, the assessment of nasal patency in epide-
miological settings should be implemented. Major problems identified in this
respect concern nasal function choice and lack of standardized assessments.
The choice of nasal function depends on the selected population and the
circumstances encountered in the study.

Anterior rhinometry is reproducible but cannot be performed in
individuals presenting nasal obstruction, thus biasing final results. PNIF
seems to be more appropriate in epidemiological studies because easier to
determine. However, PNIF could be problematic in some subjects because
of an individual’s participation in the maneuver. Reproducibility of both
PNIF and rhinomanometry must be further assessed in children and elderly
individuals. Measurements must be standardized in terms of either techni-
ques or expression of the results. In the absence of common criteria, results
from different studies are not comparable.

In conclusion, very few epidemiological data relate objective assess-
ments of upper and lower airway diseases (Table 6).

II. Indirect Evidence

A. Associations with Other Conditions

The following conditions have been associated with both upper and
lower airway diseases: airway hyperreactivity, immediate hypersensitivity,
and allergy.

Airway Hyperresponsiveness

Human bronchial responsiveness has been analyzed as a dichotomous or a
continuous variable: ‘‘reactor status’’ and ‘‘dose–response slope,’’ respec-
tively. The former considers whether the individual exhibits a postchallenge
decline (PD) in lung function, (usually FEV1 decline of 20%, expressed as
PD20FEV1), and the latter uses an estimate of the overall slope of the dose–
response relationship to better describe the phenomenon.

URIs (especially croup and bronchiolitis) in early childhood may play
a role in the development of airways hyperreactivity the major characteristic
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of asthma (75). In adults, there is substantial evidence of an increase in
bronchial hyperreactivity lasting for several weeks following URIs even in
normal subjects (76). However, this has not been confirmed in epidemio-
logical studies (9,77). The most commonly postulated explanations (78)
include inflammation caused by respiratory infections in the larger airway,
metabolites produced by infected cells, which interfere with the h–adrener-
gic tone in the airways of asthmatics, and release of mediators that sensitize
lower airways.

Nonspecific bronchial hyperresponsiveness, a constant feature of
asthma, is a common feature in individuals with allergic rhinitis (9,79–80,
81) and is also found in those without prior asthmatic symptoms (82,83). In
the ECRHS data, bronchial hyperresponsiveness was more frequent in
subjects with rhinitis without asthma than in those without rhinitis and
asthma (OR = 1.7; CI: 1.2–2.6 in nonatopic subjects with IgE levels of 80
kIU/L or less) (32). Furthermore, it has been suggested that nonspecific
bronchial hyperresponsiveness might be a predictor of asthma among
individuals with allergic rhinitis (84–86) but data showing this were not all
prospective (78,87).

To find whether airway hyperresponsiveness was associated with a
greater risk of asthma in subjects with allergic rhinitis, 66 nonasthmatic
patients with allergic rhinitis who had undergone inhalation challenge with
methacholine were followed up for almost 2 years. Among them, the risk of
developing asthma during the follow––up period was not related to bron-
chial hyperresponsiveness (88).

Few studies have considered factors able to modify the relationship
between bronchial hyperresponsiveness and allergic rhinitis exemplified by
smoking (9,89,90), immunotherapy (91,92), and allergenic exposure (93–95).
In comparison to individuals with seasonal rhinitis, those with perennial
rhinitis might have a higher risk of developing bronchial hyperresponsiveness
(86,93). These data are isolated and entail small samples. Among the 300
Austrian children described earlier, the nasal airflow values showed a
significant correlation with bronchial hyperresponsiveness (74). The consec-
utive decongestion test showed a marked increase in flow rates at each level,
which was found to be significantly higher in children with bronchial hyper-
responsiveness ( p <0.01). There was no sex–dependent difference in nasal
dysfunction. Similarly, in the Parisian ECRHS sample, the mean dose–
response slope was more elevated in the high NAR group than in the low
NAR group (12.1%/Amol vs 2.4%/Amol; p = 0.08) (69). Subjects with nasal
obstruction who could not perform rhinomanometry were not included in the
analysis. However, PNIF level was not related to bronchial hyperresponsive-
ness in our sample of 345 policemen (Table 5). Bronchial hyperresponsiveness
response was found to be significantly heightened also in nonallergic chronic
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rhinitis (9), but further confirmation is needed in this resepct. No epidemio-
logical data exist on bronchial hyperresponsiveness in NARES syndrome.
However, NARES patients have higher nonspecific bronchial hyperrespon-
siveness than others. The PD20FEV1 was related to chronic (lasting 3 months
per year) rhinitis that was not associated with skin prick test positivity in our
sample of policemen (9). The association between FEV1 and bronchial
hyperresponsiveness and nonallergic usual and chronic rhinitis supports the
interplay between lung impairment and nonallergic upper airways disorders.

Other nasal conditions have been less well investigated. It has been
shown that patients with nasal polyps often have increased airway respon-
siveness to methacholine (46,96). This was confirmed in the policemen, in
whom the dose–response slope to methacholine was higher in those with
polyps than in others (20.1 vs 95.5%/Amol decline in FEV1; p = 0.07).

To sum up, studies suggest that bronchial hyperresponsiveness might
be associated with nasal disorders independently of allergy. No epidemio-
logical data using objective nasal hyperresponsiveness exist.

Immediate Hypersensitivity and Allergy

A relationship that is undisputed is that between immediate hypersensitivity
and both asthma and allergic rhinitis, at least in childhood. Asthmatic
children exhibit both raised total IgE level and increased skin prick test
positivity (98). The relationship is less evident among adults. After adjustment
for potential confounders, various population data have shown that total IgE
level was heightened in individuals drawn from the general population with
asthma, whereas skin prick test positivity was strongly associated with hay
fever (99–101). These data support the concept that asthma and hay fever are
related to different immunological host factors as reflected by expression of
atopy phenotypes. Epidemiological differences between mechanisms may be
useful pointers to the separate influences of genetic and environmental
factors. A major influence on the prevalence of asthma and rhinitis may be
the amount and nature of allergens in different environments. Among 5427
French subjects aged 18 to 65 years living in two areas with contrasted pollen
exposure, high exposure to pollen was a risk factor for developing hay fever
but not asthma after adjustment for age, sex, smoking, region, and reactivity
to other allergens (102). There is information for at least two main genetic
mechanisms involved in the atopic status: the specific immune response
associated with the histocompatibility complex located within a chromoso-
mal region on the short arm of chromosome 6 and the genetic control
concerning the regulation of the IgE serum levels (high and low ‘‘respond-
ers’’). Such mechanisms might explain the different responses observed in
asthma and allergic rhinitis, respectively. Atopic dermatitis (eczema) is
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another condition clearly associated with asthma and allergic rhinitis in
epidemiological studies. Furthermore, there is a tendency of IgE to reach
higher levels in eczema with more severe respiratory allergy (103). Finally,
blood eosinophil count and serum eosinophil cationic protein (S–ECP) levels,
markers of both active asthma and bronchial hyperresponsiveness, were
found to be closely related also to allergic rhinitis, including hay fever among
subjects participating in the ECRHS in Sweden (104).

In conclusion, various allergic markers are involved in the develop-
ment of extrinsic asthma and allergic rhinitis. Connections of such markers
to other upper and lower airway diseases have not been examined.

B. Associations with Common Risk Factors

Various factors are potentially common to upper and lower diseases (Table 7).
They can be classified as etiological agents, environmental factors, and host
susceptibility. However, only a few have been considered in epidemiological
studies. Most data were provided on heredity and smoking.

Heredity

Allergic disorders like asthma and allergic rhinitis are reported to be
clustered in families. In a general population of rural Iowans, among the
195 asthmatics, 24% had close relatives with nasal symptoms only. Of 208
subjects with hay fever, only 28% had close relatives with allergic rhinitis
only (20,29). Well–conducted analyses in 3808 pairs of Australian twins
showed that genetic factors are implicated in both hay fever and asthma
(correlation in genetic liability to the traits of 0.52 for men and 0.65 for
women) and that some of these genetic factors are common (at least among
a subgroup of individuals) to both traits (105,106). The aggregation of
comorbidity between allergic rhinitis and asthma was significantly more
frequent among siblings than between parents and offspring in an Italian
population–based sample (107). Furthermore, the prevalence of asthma and
hay fever was significantly higher among relatives of extrinsic (atopic) than
among relatives of intrinsic asthmatics in a sample of the Brompton
Hospital and the Doncaster Royal Infirmary (108). And the prevalence of
these traits tended to be higher among siblings of extrinsic probands with
one or both parents affected than among siblings of probands with neither
parent affected. No data exist on family resemblance between upper and
lower diseases other than allergic.

Smoking

The role of active and passive tobacco smoking has been well established in
lower airway disease, including asthma (109), but very little data are
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available on the effects of tobacco smoking on upper airway disease. ‘‘Nasal
catarrh’’ as assessed in the original British Medical Research Council
questionnaire, was significantly more common in active smokers than in
nonsmokers (110). Similarly, there was a close relationship between chronic
nasal symptomatology and smoking habits among 27,604 French conscripts
(111): 33% had a regular nasal obstruction, 14% repeated sneezing fits, and
only 5% nasal manifestations related to an allergy to Graminaceae pollens.
Smokers reported all upper and lower respiratory conditions more often
than nonsmokers, except for allergic rhinitis only (without asthma), which
was reported less often by smokers, in the NHANES II population of 11,260
white and 1482 black individuals aged 12 to 74 years (112). In the sample of
policemen, we also observed that active smoking was positively related to
usual and chronic rhinitis but not to allergic rhinitis (79). Individuals with
allergic rhinitis were more often former smokers than were individuals
without. This might be due to self–selection process by so–called healthy
smokers (113). However, it cannot be excluded that individuals quit smok-
ing because of their asthma or allergic rhinitis. However, the role of active
cigarette smoking as a potential risk factor, a selection factor (‘‘healthy
smoker’’ effect), or a modifier (with respect to severity) of asthma and allied
diseases is still discussed (109). Various studies but not all those having
examined the relationship have suggested that active cigarette smoking
could be a risk factor for asthma overall among adolescents. In the West

Table 8 Adjusteda Odds Ratios and 95% Confidence Intervals [in brackets]
for Asthma and Hay Fever in Relation to Active and Passive Smoking for 3941
Teenagers of the West Marne ISAAC

Disease

Condition

Asthma

n = 419

Hay fever

n = 669

Both

n = 242

Active smoking
Nob 1.00 1.00 1.00
Yes 1.39 [1.02,1.87] 1.46 [1.14,1.88] 1.61 [1.02,2.55]

p = 0.03 p = 0.003 p = 0.04
Passive smoking

No 1.00 1.00 1.00

Yes 1.06 [0.83,1.34] 1.26 [1.03,1.53] 1.12 [0.77,1.64]
NS p = 0.02 NS

a Adjustment made for age and sex with the logistic regression model.
b Referent category.
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Marne ISAAC conducted among 3941 teenagers, smoking was significantly
more common in individuals with asthma, hay fever, or both (Table 8). That
tobacco smoking may affect also the upper airways was supported by the
fact that among the policemen we observed an inverse relationship between
smoking habit and PNIF level (Fig. 2). Current smokers exhibited signifi-
cantly lower PNIF level values than nonsmokers. Whether tobacco smoking
is responsible for upper airway impairment assessed by PNIF needs to be
confirmed.

Some subjects report rhinitis symptoms after exposure to environ-
mental tobacco smoke (ETS), but objective assessments of this response in
population–based samples have been lacking. Strong evidence comes from
experimental data. Exposure to sidestream tobacco smoke increased sig-
nificantly chest discomfort or tightness and cough as well as nasal con-
gestion and rhinorrhea symptoms in 10 ETS–sensitive subjects compared

Figure 2 Peak nasal inspiratory flow level and smoking habits among 345 middle-
aged Parisian policemen.
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with 11 ETS–nonsensitive subjects (114). Results from population data are
controversial. In the West Marne ISAAC, passive smoking was slightly
related to hay fever [OR = 1.20 (CI: 1.01,1.52)] but not to asthma after
allowance for age and sex (Table 8). Night cough and nasal symptoms
assessed through the ISAAC questionnaire were more common in 2752
children ages 13 to 14 years exposed to smoking in New Zealand than in
others (115). Inversely, among 9651 adults of the SAPALDIA study, passive
smoking exposure was associated with several lower airway disorders but
not with any increased risk of allergic rhinitis including hayfever, after
adjustment for age, sex, body mass index, study area, atopy, and parental
and sibling history (116).

In conclusion, although various factors seem to be involved in
comorbidities between upper and lower airway diseases, only few have been
examined so far in epidemiological settings. Preliminary data suggest that
among other factors, smoking may have an influence in upper airways
similar to that observed in lower airways. In any event, the associations
might be masked among allergic individuals.

III. Conclusions

Although relevant data from population studies are available only for the
relationship between allergic rhinitis and asthma, other upper and lower
airway diseases also seem to have connections, as shown by sparse epide-
miological data. In particular, associations between nasal and lung function
and bronchial hyperresponsiveness might exist independently of allergic
status, so supporting the hypothesis that similar processes might affect
upper and lower airways. The epidemiology of such connections seems to
depend on various factors, and comprehension of them might be useful in
elucidating the main pathophysiological mechanisms underlying the con-
ditions. However, other confirmations are needed.

On the basis of existing results, various patterns can be proposed to
explain the association between upper and lower airway diseases (Fig. 3).
Upper airway disease may be regarded as (1) a stage of lung impairment,
upper airways abnormalities being the first manifestation of a pathological
status that becomes prominent in larger airways over the years; (2) a risk
factor for lower airway disease; (3) a marker of individual susceptibility to
develop lower airway disease or more generally airway disease; and (4)
another disease, completely separate from lower airway disease, caused by
the same risk factors. Factors that are responsible for both upper and
lower airway diseases are individual susceptibility, infections, environ-
mental exposure (to, e.g., active and passive smoking, allergens, and
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pollution), and some occupational factors. The present state of knowledge
does not allow us to explain the nature of the connections observed
between upper and lower airway diseases. In this respect, it is unfortunate
that many respiratory epidemiological studies have been conducted with-
out a precise underlying hypothesis with regard to the relationship between
upper and lower airway diseases (23). The results have been that many
conditions have been discarded, associations of interest have been poorly
described, and furthermore confounders have rarely been considered.
Future respiratory epidemiological research must reflect awareness of the
relevance of designing ad hoc studies to investigate simultaneously upper
and lower airway disease.

Investigating associations between upper and lower disease outcomes
and their putative risk factors must involve measuring longitudinally the
relevant variables with standardized methodology in representative popu-
lations and taking into account all the factors able to modify their clinical
presentation. To this extent, standardization projects on upper airway disease
assessment including both questionnaires and objective measurements must
be advocated. Research into the epidemiology of upper airway disease would
benefit from comparisons of data from different surveys obtained by using the
same standardized instruments for identifying the various conditions. Such

Figure 3 Patterns (Hp1–Hp4) proposed for the relationship between upper and
lower airway diseases (UAD and LAD).
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comparison have already started in multicentric studies like ISAAC and
ECRHS and in the WHO initiative on allergic rhinitis and Its impact on
Asthma (ARIA) (3).

To progress in comprehension of the relationship between upper and
lower airway diseases, epidemiological research must address the needs to
(1) estimate the risk for developing asthma among individuals with rhinitis
associated with various phenotypes (e.g., severity of the conditions, total IgE
level, skin prick test positivity, and bronchial hyperresponsiveness) and risk
factors; (2) collect standardized information on nonallergic upper airway
disease and correlate it to lower airway disease; (3) investigate the role of
nasal and lung function testing in both upper and lower diseases; and (4)
evaluate the influence of potential risk factors, including those that have been
less well studied (Table 7). It will be worthwhile relating such factors to nasal
function. Conversely, the determination of whether upper airway disease is a
marker of the individual’s susceptibility to develop lower airway disease is
matter of genetic studies with precise identification of host markers.

Paradoxically, the fact that both upper and lower diseases constitute
two wholes so heterogeneous that several pathophysiological mechanisms
are involved is advantageous to the progress of the research. Maintaining
the separation among the various diseases and defining new entities will
contribute new evidence on the relationship between upper and lower
airways disease through case–control studies and the contribution of multi-
disciplinary research.
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Introduction

Rhinitis and asthma have steadily increased in prevalence in the last 50
years. Also consultations and admissions for these diseases have continued
to rise. These increases are in contrast to the availability of effective
medications for both asthma and rhinitis and to the number of preventive
factors known today. The upper and lower airways have a common
respiratory epithelium and are more likely to share a common mucosal
susceptibility to disease. Thus, it is not uncommon to see the occurrence of
both asthma and rhinitis in the same patient. It is estimated that around 50
to 80% of asthmatics have concurrent rhinitis (1), although this figure varies
depending on the diagnostic criteria, the population studied, the sample size,
and other environmental factors (2). It is therefore important to understand
the comparative pathogenesis of these two conditions, and this chapter
focuses on the most common forms, atopic asthma and rhinitis.

Although it is often stated that because the nose is an integral part of
the airways, the findings in the nose mirror those in the bronchi, there are
important differences between the two sites in terms of both anatomy and
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inflammatory cell responses. The anatomical and physiological differences
between the two airways are discussed in detail in Chapter 2. In brief,
the nose and bronchi share a common pseudostratified columnar epithe-
lium, with submucosal glands present in abundance in the upper airways.
There are similarities between the nose and lower airways in response to
nonspecific irritants. Inhalation of an irritant substance induces itching,
sneezing, and rhinorrhea in the nose. On the other hand, cough, bron-
choconstriction, and mucus hypersecretion occur in the lower airways in
response to the inhalation of an irritant. Another important difference is
seen in the mucosal circulation of the upper and lower airways. The nasal
submucosa is richly vascularized and has a complex vascular structure with
arterioles beneath the basement membrane feeding subepithelial and glan-
dular capillary networks, which empty via cavernous sinusoids into the
draining venules. There are also arteriovenous anastomoses diverting blood
directly from the arterial to the venous system. The superficial capillaries are
fenestrated and can allow rapid exudation of protein-rich fluid into the nasal
cavity, thereby contributing to nasal secretions. The cavernous sinuses,
which comprise plexi of venous capacitance vessels, are at their densest
concentration in the mucosa of the inferior and middle turbinates. Their
capacitance volume is under neural regulation, with an intrinsic neural tone
limiting the sinusoidal capacity. The venous drainage of the trachea drains
into the systemic veins and that for the bronchi mainly into the pulmonary
vasculature. There is no smooth muscle within the upper airways, since
changes in the venous capacitance volume affect turbinate size and thus alter
the nasal airflow and nasal airways resistance, whereas smooth muscle
constriction is an important determinant of lower airway narrowing.

I. Role of Atopy, IgE, and Its Receptors

Atopy, defined as positive skin tests and radioallergosorbent tests (RAST)
to common aeroallergens, is a significant risk factor for the development of
asthma and rhinitis (3,4). In addition, long-term follow-up studies show that
allergic rhinitis, both seasonal and nonseasonal, is a significant risk factor
for developing new asthma (3,4). Further population studies link total
serum IgE concentrations with the incidence of asthma symptoms and
bronchial hyperresponsiveness (5,6). In contrast, the allergen-specific IgE
(RAST) rather than total IgE relates best to the symptoms of allergic
rhinitis. On the other hand, bronchial biopsy studies show that atopy per
se is a risk factor for developing mucosal inflammation (7). Despite the
presence of convincing evidence for the association of atopy, asthma, and
rhinitis, a significant number of patients with asthma and rhinitis demon-
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strate no evidence of atopy to common aeroallergens. Although it is
plausible that this group of patients may have allergy to unidentified
allergens, the pathogenesis of this ‘‘nonatopic’’ asthma and rhinitis may
still be mediated by IgE, but not driven by allergen exposure.

An important characteristic of IgE is its ability to bind to mast cells
and basophils with high affinity through its Fc portion to the IgE receptor
(FcqRI). In sensitized individuals, the interaction of FcqRI-bound IgE with
the relevant antigen elicits an immediate reaction characterized by mast cell
degranulation and release of preformed mediators and cytokines. Apart
from mediating the immediate response, the allergen-induced late phase skin
reaction has also been shown to be IgE dependent (8,9). In support of this, a
recent study has demonstrated upregulation of FcqRI receptors in the nasal
submucosa at 6 h following allergen challenge in seasonal rhinitics, although
the baseline expression is not different from that of normal controls (10). On
the other hand, a somewhat earlier study in stable, mild asthmatics has
demonstrated elevated numbers of FcqRIa+ cells in the bronchial submu-
cosa (11). In both studies, the majority of FcqRI+ cells were mast cells,
followed by macrophages and a small contribution from eosinophils and
dendritic cells. Evidence from studies of nasal mucosal biopsy samples
suggests that IgE may be produced locally by B cells in the mucosa during
late responses (12,13) and during natural exposure (14). This local IgE
synthesis can be inhibited by topical steroids (14). There is also evidence that
IgE may be expressed locally in the bronchial mucosa at both the message
(15) and the protein (16) level. These studies add further support for IgE and
its high affinity receptor FcqRI in mediating late phase responses and
ongoing inflammation in atopic asthma and rhinitis.

II. Early and Late Phase Responses to Allergen

The interaction of allergen with appropriately sensitized mucosa results in
the release of inflammatory mediators that interact with nerves, blood
vessels, and glands to produce symptoms of mucosal allergy. Following
allergen provocation, early asthmatic and nasal responses begin within 10
mins, peak between 10 and 30 mins, and resolve between 1 and 3 h. The
spontaneous recurrence of a reaction without further provocation, termed
late phase response (LPR), first reported by Blackley in 1873 (17), has
gained increasing attention. At least three patterns of airway responses are
possible following allergen provocation: isolated early response (ER), early
followed by late (dual) response, and isolated late responses (18). Late nasal
and asthmatic responses usually begin between 3 and 4 h of provocation,
peak during the next few hours, and clear within approximately 24 h
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depending on the severity (18–20). Late asthmatic responses occur in about
50% of patients following allergen inhalation tests (20) and are usually
detectable by monitoring the forced expiratory volume in one second
(FEV1). The existence of nasal LPR after allergen challenge has been
examined in very few studies (21–23). The prevalence of nasal LPR differs
between 5 and 50% among the studies. LPRs in the nose are more difficult
to quantify and usually manifest by nasal obstruction and late increase in
some proinflammatory mediators in nasal lavage (24,25). It is not clear why
LPR occurs in some subjects but not in others, and the significance of this
phenomenon in naturally occurring disease is not clearly known. The
human LPR provides a suitable in vivo model for exploring the mechanisms
underlying the pathogenesis of asthma and rhinitis. The immediate response
of the airways to allergen conforms to a type I hypersensitivity reaction
(26,27), occurring through the interaction of IgE bound to mast cells and
basophils with relevant allergen. This results in release of several mediators
producing local and systemic reactions (22). Although the exact pathophysi-
ology of the LPR is still unknown, present evidence suggests that it is an
IgE-dependent process associated with the cellular phase of the inflamma-
tory reaction in the airways (18,20). In keeping with this, LPRs in the upper
and lower airways are inhibited by anti-inflammatory drugs and are
associated with prolonged increases in airway responsiveness to inhaled
histamine or methacholine.

Factors predicting late phase responses in the nose and airways are
not entirely clear. Although there are no relevant studies in the nose, studies
in asthmatics support the view that LPR is dependent on allergen dose
(28,29). A series of studies, conducted mostly in the bronchi, has addressed
the question of quantitative and/or qualitative differences between dual and
early-only reactors. Boulet et al. (30) reported that dual asthmatic respond-
ers had higher levels of antigen-specific IgE levels without a difference in
the size of the cutaneous ER between the groups. Further studies related
the development of an LPR after bronchial allergen provocation to the
presence of specific serum IgG1 and IgG4 antibodies (31,32). The magni-
tude of the early response in asthmatics is largely predictable on the basis of
the level of airway responsiveness to nonspecific stimuli such as histamine
and skin sensitivity to allergen (33). On the other hand, no such simple
relationship exists for the LPR, which may occur independently of an early
response and at a lower allergen dose. A subsequent study in the nose
demonstrated no significant relationship between the total amount of
mediators released in nasal fluid and symptoms generated during the early
phase between early-only and dual responders, suggesting equivalent
degrees of mast cell activation (34). Furthermore, neither the amount of
mediators generated during LPR nor the symptomatic response was
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predicted by skin sensitivity or serum IgE levels. On the other hand,
following nasal allergen challenge, a significant correlation was observed
between the amount of mediators released in nasal lavage and symptoms
generated during the early response and the corresponding amount during
LPR (34). This finding was in agreement with studies of late phase skin
reactivity in which the intensity of the early response reflects the LPR (35).
Despite this, to date, no single factor distinguishes early-only responders
from dual responders to antigen provocation.

III. Bronchial and Nasal Hyperresponsiveness

Bronchial hyperresponsiveness (BHR) has been recognized as a key patho-
physiological feature of bronchial asthma (36). Another clinical manifes-
tation of this condition is the exaggerated diurnal variation in airway caliber
resulting in the characteristic symptoms of nocturnal wheeze and early
morning chest tightness (37). BHR was originally described in asthmatics 24
h after allergen challenge (38). This effect was later shown to occur
predominantly in patients who had demonstrated LPR after allergen
inhalation challenge (39). Further studies demonstrated that LPR in asth-
matics was associated with an increase in BHR as early as 3 h after allergen
inhalation (i.e., before the onset of LPR) (40,41). This early BHR correlated
with the magnitude of the subsequent LPR (40) and the accompanying
reduction in peripheral eosinophil count (42). On the other hand, it is not
known whether nasal reactivity to histamine or other agonists occurs ear-
lier following allergen challenge before the development of nasal LPR. The
findings in the lower airways, however, support the view that tissue events
that underlie the LPR may occur before the LPR is clinically evident.

The degree of airways responsiveness in asthma is usually measured as
the provocative concentration or dose of a bronchoconstrictor substance
causing a 20% fall in FEV1 (PC20 or PD20). Substances such as histamine
and methacholine are the agents commonly used to measure bronchial
reactivity with good reproducibility. The extent of histamine or methacho-
line reactivity correlates well with different indices of asthma severity such as
treatment requirements, symptoms of bronchial irritability, and the diurnal
variation in peak expiratory flow (32), and the test may be useful in moni-
toring the response to antiasthma therapy.

In contrast to the lower airways, attempts to discriminate between
patients and healthy subjects using nasal hyperresponsiveness have led to
conflicting results (43–47). Because these investigations differ from each
other in the provocation technique, in the way of assessing the symp-
toms and in the selection of the patient population, comparisons of
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studies are almost impossible, and at present a standard way of assessing
nasal hyperresponsiveness after provocation is not available. If all these
studies are taken together, there appears to be considerable overlap between
rhinitic and normal subjects.

IV. The Role of Inflammatory Cells in Asthma
and Rhinitis

Historically, the mast cell has been linked to asthma and rhinitis through the
capacity of this cell to be activated by an IgE-dependent mechanism to
release an array of inflammatory mediators. Recently, more evidence has
been found to support important roles for other cells, especially lympho-
cytes, eosinophils, monocytes, macrophages, platelets, epithelial cells, and
dendritic cells (Fig. 1). It is probably unhelpful to argue that one particular
inflammatory cell is important in the pathogenesis of allergic inflammation,

Figure 1 Immunohistology of nasal mucosa in allergic rhinitis. Sections (6 Am)

have been immunostained with specific monoclonal antibodies to demonstrate (a)
eosinophils (MBP�200), (b) Il-5 mRNA positive cells (predominantly T lympho-
cytes), (c) Tryptase-only and tryptase and chymase positive mast cells (�1000), and
(d) a dendritic (Langerhans) cell (CD1a �1000).
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since mast cells, lymphocytes, and eosinophils are probably all important,
although their exact place in the sequence of events remains to be estab-
lished (Fig. 2).

A. Mast Cells

Mast cells have been associated with type I allergic reactions mediated via
surface-bound IgE. The numbers of mast cells in the bronchial and nasal
submucosa of both asthmatics and rhinitics are not different from those of
nonatopic controls (7,48). In patients with seasonal allergic rhinitis, epithe-
lial accumulation of mast cells occurs about a week after exposure to pollen
(49,50). On the other hand, earlier studies in stable asthma showed no
significant difference in epithelial mast cell numbers between asthmatic and
healthy controls (7,48,51). In contrast, as in rhinitis, two recently published
studies have demonstrated the presence of increased numbers of epithelial
mast cells in asthma (52,53). Similarly, mast cell numbers in bronchoalveo-
lar lavage (BAL) have also been shown in some but not all studies to be
elevated in asthma (54,55). The varying findings seen in the limited number
of studies performed so far may reflect differing states of disease activity.

Figure 2 Schematic diagram of involvement of inflammatory cells and their

products following provocation with allergen.
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Also, different methods used to identify and quantitate the mast cells may
partly explain disparities in the results.

On the other hand, the foregoing studies have clearly demonstrated
evidence of varying degrees of mast cell degranulation indicating secretory
activity by electron microscopy, and this is considered to be a characteristic
feature of both asthmatic and rhinitic mast cells, distinguishing them clearly
from those of normal control subjects (7,48,50,51). Almost all the mast cells
in the bronchial mucosa of normal airways contain secretory granules in
which tryptase is the predominant neutral protease, compatible with their
classification as MCT cells, which outnumber tryptase and chymase+ mast
cells (MCTC) by a ratio of 8:1 (56). On the other hand, both MCT and MCTC

subtypes of mast cells are present in comparable numbers within the nasal
mucosa of atopic rhinitics (57). Following nasal allergen challenge, there is a
trend for a decrease in mucosal MCT mast cells in rhinitics consistent with
the occurrence of degranulation (57).

In vitro and in vivo studies have provided convincing evidence that
IgE-triggered mediator release from mast cells is largely responsible for
immediate nasal and bronchial responses provoked by allergen (58,59). In
keeping with this, raised levels of histamine can be detected in BAL of atopic
asthmatics even in stable disease, and this correlates with bronchial respon-
siveness (60). In contrast, there is no significant difference in baseline nasal
lavage histamine level between rhinitics and normal controls, and no
increase is demonstrable during pollen season (50,61). This finding is mainly
attributable to the presence of high levels of histamine in nasal lavage in the
absence of disease. One potential source of the histamine is believed to be
the resident bacterial organisms in the nose (62). To demonstrate mast cell
activation in the nose the basal values of lavage histamine levels are lowered
by washing prior to allergen challenge (25,63).

Experimental allergen challenge provides a suitable in vivo human
model for exploring the mechanisms underlying the pathogenesis of asthma
and rhinitis. In atopic rhinitis, allergen challenge results in an early response
during which release of mediators such as histamine, tryptase, kinins,
prostaglandin (PG) D2, leukotriene (LT) C4, and LTB4 has been demon-
strated in nasal lavage fluid (64–66). Similarly in atopic asthmatics, endo-
bronchial allergen challenge also results in release of an array of prostanoids,
histamine, and tryptase in BAL (67,68). The concurrent finding of PGD2,
histamine, and tryptase in both nasal and bronchoalveolar lavages points
toward mast cells as the major source of these mediators during the
immediate response to allergen.

The LPR to nasal allergen challenge is accompanied by a second
increase in the concentrations of histamine and TAME (N-a-p-tosyl-L-
arginine methyl ester hydrochloride)-esterase but differs from the early re-
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sponse in the lack of PGD2 production and in the amount of kinin pro-
duction (25). Since basophils do not produce PGD2, this study suggests an
important role for basophils as the late source of histamine during nasal
LPR. Similarly, in the lower airways, a second increase of mediators is de-
monstrable after allergen challenge (67). These studies therefore support a
role for mast cells in the LPR of asthma and rhinitis.

The identification of histamine in nasal lavage following allergen
challenge and the known efficacy of oral antihistamines confirms a primary
role for histamine in allergic rhinitis. Histamine has direct and indirect nasal
effects, inducing itching, sneezing, rhinorrhea, and transient nasal blockage
following nasal insufflation. Like histamine, mediators such as bradykinin,
PGD2, and LTC4 are also known to cause symptoms and signs of rhinitis
(69–71). The involvement of nonhistamine mediators is strengthened by the
incomplete therapeutic effect of antihistamines on nasal blockage in natu-
rally occurring disease (72).

In the airways, although inhalation of histamine induces broncho-
spasm, oral antihistamines offer little protection against bronchospasm in
asthma. These findings indicate that mechanisms other than the direct ac-
tion of histamine contribute to the pathogenesis of asthma. Recent evidence
indicates that the activation of mast cells, induced by the cross-linking of
cell-surface-bound IgE following allergen exposure in a sensitized individ-
ual not only releases the classical granule-associated preformed mediators
but also results in the local release of cytokines. Consistent with this, there
is direct evidence for immunological release of interleukin 4 (IL-4) from
purified human mast cells in vitro (73) and indirect evidence for release of
tumor necrosis factor a (TNF-a) from nasal mast cells (74). Furthermore,
within both the upper and lower airways, immunohistochemical staining
has identified the presence of interleukins (IL-4, IL-5, IL-6) and TNFa co
localized to tissue mast cells (75,76). These studies also provide evidence,
obtained by using one specific monoclonal antibody (3H4), for enhanced
expression of IL-4 in atopic asthma and rhinitis. Furthermore, TNF-a ex-
pression in mast cells is found to be increased by sevenfold in asthmatics.
These findings support an important role for mast cells in maintaining the
chronicity of allergic inflammation seen in asthma and rhinitis.

B. Eosinophils

For over 100 years eosinophils have been associated with allergic disease.
Increasing evidence demonstrates that eosinophils are pathologically asso-
ciated with inflammation, and eosinophilia is considered to be a cardinal
feature of both asthma and rhinitis. Asthma is associated with blood, tissue,
BAL, and sputum eosinophilia, and the degree of eosinophilia correlates
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with bronchial hyperresponsiveness (56,77,78). Similarly, nasal tissue and
lavage eosinophilia are demonstrable in both seasonal and perennial allergic
rhinitis (57,79,80). Yet, tissue eosinophilia occurs to a lesser extent in
perennial allergic rhinitis than in seasonal disease. Unlike what is observed
in asthma, no clear association is demonstrable between tissue or nasal
lavage eosinophilia and nasal hyperresponsiveness (81,82). Mild to moder-
ate bronchial eosinophilia occurs without symptoms of asthma in rhinitic
subjects who are sensitive to house dust mites (7), and these eosinophils
show ultrastructural features of degranulation. On the other hand, nasal
tissue eosinophilia does not occur in seasonal atopic rhinitics out of season
(57). Therefore, the presence or absence of asthmatic symptoms in atopic
rhinitics may be related to quantitative differences in airway responsiveness
to allergens (83).

Both pulmonary segmental allergen challenge in asthmatics and nasal
allergen challenge in rhinitics result not only in the recruitment of eosino-
phils but also in the release of eosinophil granule proteins. Tissue eosino-
philia following allergen provocation occurs within hours. Eosinophils
recovered from patients with asthma possess an increased propensity to
degranulate as a consequence of ‘‘priming’’ (84,85). Degranulation of
activated eosinophils results in the release of toxic cationic proteins, lipid
mediators such as LTC4, LTD4, and platelet-activating factor (PAF), and
oxygen metabolites (86–88). The eosinophil granule proteins, major basic
protein (MBP), eosinophil-derived neurotoxin (EDN), eosinophil peroxi-
dase (EPO), and eosinophil cationic protein (ECP), all damage respiratory
epithelium and pneumatocytes (89). Despite prominent tissue infiltration by
eosinophils and the possible toxic effects of eosinophil granule proteins,
epithelial integrity remains normal in allergic rhinitis (90). In contrast, in
asthma the bronchial epithelium is disrupted and damaged (51,90). There is
no obvious explanation for this dichotomy seen in asthma and rhinitis.
However the nose is a ‘‘dirty’’ organ and constantly exposed to irritants,
whereas the lower airways are protected and sterile. One explanation may be
a more rapid turnover of the epithelium within the nose in response to
irritant exposure. This is speculation, however, since there is no evidence.
The toxic effect of ECP is said to be less than other granule proteins (89).
MBP is found in increased amounts in BAL and nasal lavage following
allergen challenge (91,92).

Autopsy studies in fatal asthma demonstrate the presence of large
number of eosinophils and striking MBP deposition in bronchial mucosa
(93,94). In particular, the effects of MBP on respiratory epithelium mimic
the pathology of asthma (91). Furthermore, the amount of MBP in BAL
correlates with the number of desquamated epithelial cells and the degree of
BHR (91). There is no clear understanding of the mechanism(s) by which
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eosinophil granule protein cause BHR and other changes. In primates both
MBP and EPO have been shown to directly stimulate the respiratory
epithelium, thereby causing smooth muscle contraction and increased
sensitivity of the muscle to methacholine. A recent study suggests that
BHR in asthma may be due to the ability of MBP to selectively block M2
cholinergic receptors (97) or due to the generation of bradykinin, a potent
bronchoconstrictor in asthmatics (98). In addition to its toxic properties,
MBP activates platelets, neutrophils, mast cells, and basophils (89).

In addition to the secretion of cationic proteins, eosinophils can
synthesize a variety of cytokines, chemokines, and neuropeptides (89). These
in turn amplify and regulate local immune responses. Furthermore, eosino-
phils may express major histocompatibility complex (MHC) class II proteins
and are capable of presenting antigen to stimulate MHC-restricted T-
lymphocyte responses (78,99). Yet, the interaction of eosinophils with other
cells involved in the immune response is poorly understood.

C. Lymphocytes

Since T lymphocytes are the only cells that recognize antigenic material,
they have a central role to play in both allergic rhinitis and asthma. Recent
studies demonstrate that both asthma and rhinitis are associated with
activation of a distinct subset of T cell called TH2-type cells. Both CD4
and CD8 are the most numerous cells present in the nasal and bronchial
mucosa in both normal and atopic subjects. Although the total numbers of
these cells do not differ between normal and disease states, activated T
lymphocytes (CD25+) are present in increased amounts in bronchial biopsy
specimens and in the BAL of asthmatics (56,100). Changes in T-cell
populations in BAL occur as early as 10 min after allergen challenge
(101), suggesting that activation of T lymphocytes may be an early event
in the development of airway inflammation. Consistent with T-cell popula-
tions in other mucosal tissues, most T cells in the airways bear the CD45RO
surface marker associated with memory T cells (48,102). Flow cytometric
analysis of BAL from asthmatics also reveals increased expression of CD25
(identifying IL-2R) by CD4+ cells. Furthermore, the degree of activation of
CD4+ lymphocytes correlates with the number of eosinophils on BAL fluid,
as well as the severity of asthma symptoms and the degree of BHR (103),
implying a role for T cells in the eosinophilic infiltrate in asthma. This link is
strengthened by the demonstration, by in situ hybridization, of mRNA for
IL-5 in biopsy samples from asthmatics that correlated with the number of
CD25+, EG2+ cells, and total eosinophils (104).

Relatively very few studies of biopsies of the nasal mucosa in allergic
rhinitis have addressed the role of T cells and their activation status in the
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mucosa. Unlike results obtained with asthmatics, these studies do not show
evidence of out-of-season activation of T cells in seasonal rhinitics (57,105).
Nasal allergen challenge in seasonal rhinitic subjects results in a small but
significant increases in CD4+ and CD25+ cells and unlike asthma, there is
no correlation between the degree of T-cell activation and nasal symptoms
(57). Increases in T-cell numbers and in macrophages and TH2-type
cytokines such as IL-4 and IL-5 are observed in both atopic and aspirin-
sensitive perennial rhinitis (106,107).

Activation of peripheral blood T cells occurs in mild asthmatics, and
this correlates with the degree of peripheral blood eosinophilia (108).
Furthermore, CD4 lymphocytes in peripheral blood from patients with
severe asthma demonstrate increased expression of activation markers, and
these changes resolve with improvement in lung function (109). Unlike in
asthmatics, no significant changes in CD4+, and CD25 cells in peripheral
blood are demonstrable in allergic rhinitis (57). These studies indicate that
activated lymphocytes tend to compartmentalize in the tissue in allergic
rhinitis, whereas in asthma, lymphocyte activation is evident in both
bronchial mucosa and peripheral blood.

Studies of T-cell clones from both rhinitics and asthmatics support the
hypothesis that there is selective activation of a subgroup of helper cells. T
lymphocytes in BAL and bronchial biopsy samples from atopic asthmatics
demonstrate evidence of activation of gene clusters for IL-3, IL-4, and IL-5
and granulocyte–macrophage colony-stimulating factor, (GM-CSF), a pat-
tern compatible with predominant activation of the TH2-like T-cell pop-
ulation (103,110,111). Similarly in patients with atopic perennial rhinitis, in
situ hybridization studies in the nasal mucosa have confirmed preferential
increases in cytokine mRNA cells positive for IL-3, IL-4, IL-5, and GM-
CSF (112). Furthermore, TH2-type cytokines have also been detected in
nasal lavage following allergen challenge (113). These cytokines enhance
allergic response by activating mast cells and eosinophils. IL-4 is responsible
for B-cell isotype switching in favor of IgE production (114) and may also
play a role in eosinophil recruitment (115). IL-5 promotes differentiation of
eosinophils, activates mature eosinophils, and selectively enhances eosino-
phil degranulation and adhesion to vascular endothelium (116). Recent
studies have confirmed that T cells harvested from BAL during late asth-
matic responses produce 10-fold more TH2 cytokines (IL-5) than equivalent
numbers of T cells in peripheral blood collected at the same time (117).
Moreover these T cells remain susceptible to the effects of inhibitory cy-
tokines such as IL-12 and interferon-g (118), which may have indications for
local (topical) anticytokine therapy, although preliminary results have been
disappointing (119,120).
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Taken together, these observations are consistent with the view that T-
lymphocyte activation and expression of TH2 cytokines may contribute to
tissue eosinophilia and local IgE-dependent events in asthma and rhinitis.

D. Other Cells

Alveolar macrophages are the most numerous cells in BAL in normal lungs
and in those of asthmatics. These macrophages are phenotypically and
functionally distinct from those of normal subjects. These cells are known to
release increased amounts of reactive oxygen species and IL-1 (121).
Following allergen challenge, human alveolar macrophages obtained from
asthmatics vigorously release superoxide anion (122). Furthermore,
increases in tissue macrophages have commonly been reported (53,102) in
asthmatics. Expression of HLA-DR (marker of cell activation) is also
increased in asthmatics (102). These data suggest that alveolar macrophages
from asthmatics are activated and that, following antigen challenge, there
are changes in the macrophage cell population that facilitate the develop-
ment of airway inflammation. Macrophages are also found in the human
nasal mucosa (105,123). Furthermore, increases in the number of macro-
phages has been reported in the nasal mucosa in a nasal allergen challenge
model and in seasonal allergic rhinitis (124).

The role of neutrophils in promoting allergic inflammation is less
clear. Although most studies report no significant increase in the proportion
or number of neutrophils in BAL fluids from asthmatics (67,124), another
study reported increases in BAL neutrophils in symptomatic asthmatics
(125). Moreover, BAL neutrophilia is commonly seen within a few hours of
antigen challenge in asthmatics subjects (62) and is known to present as late
as 48 h following segmental allergen challenge (126).

Neutrophils are also found in nasal mucosa. The number of neutro-
phils on the mucosal surface increases some hours after allergen challenge
(92,105). As a marker of neutrophil activation, the level of myeloperoxidase
(MPO) increases in nasal lavage fluid during seasonal exposure to allergen
(127). Although in primate models there is a close association between
airway neutrophilia and inflammation, which results in the physiological
changes of airway hyperresponsiveness and airflow limitation, there are no
data that directly address this issue in human airways disease. On the
contrary, topical corticosteroid therapy in rhinitics, which inhibits allergen-
induced late responses, results in a corresponding increase in nasal mucosal
neutrophils, in contrast to the observed decrease in eosinophils (128). This
result might call into question earlier thinking about the role of neutrophils
in the development of LPR.
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E. Nasobronchial Interactions

In a recent series of elegant studies from Rotterdam, the influence of
allergen provocation to the nose on cellular infiltration, adhesion molecule
expression, and cytokine provocation was investigated in biopsy samples
of both the nasal and bronchial mucosa at 24 h after challenge (129).
Nasal challenge resulted in significant increases in tissue IL-5 and eosino-
phils in both the upper and lower airway. Similarly, nasal challenge
resulted in increases in expression of the vascular cell and intercellular
adhesion molecules VCAM-1 and ICAM-1 in both nose and lung. Con-
versely, segmental provocation of the lower airways via the fiberoptic
bronchoscope resulted in inflammatory changes in both lower and upper
airways (130). Taken together, these data provide evidence for the ‘‘united
airways’’ hypothesis and suggest a causal link between allergen-induced
inflammation in rhinitis and asthma, the implication being that treatment
of allergic rhinitis may have a beneficial effect in allergic asthma (131).

V. Role of Epithelium in Asthma and Rhinitis

Recent evidence suggests that the airway epithelium, which has traditionally
been regarded as a physical barrier preventing the entry of inhaled foreign
particles into the submucosa, may play a much more important role as a
physicochemical barrier that influences both the pathogenesis and the
etiology of allergic rhinitis and asthma. In comparison to controls, subjects
suffering from both atopic asthma and perennial rhinitis demonstrate
greater reticular basement membrane thickness in both nasal and bronchial
epithelium (132). This feature was still maintained for those patients treated
with topical corticosteroids. Moreover, this change is more pronounced in
bronchial than in nasal biopsies (132). The nasal epithelium in patients with
perennial rhinitis is significantly thickened, in comparison to that in the
tissue of either normal subjects or seasonal allergic rhinitics during or out of
pollen season (133). It is possible that the difference in the thickness between
the epithelium of seasonal allergic and perennial rhinitic subjects may be a
result of the difference in the duration of exposure to allergen. On the other
hand, extensive damage to the epithelium may be present even in the mildest
asthmatic subjects (134–136). Although these findings suggest that upper
and lower airway inflammation is associated with an increased thickness of
the reticular membrane, factors like mesenchymal cells (e.g., fibroblasts,
myofibroblasts) and protease–antiprotease balance may operate in the lower
airways, accounting for the enhanced basement membrane thickness seen in
the bronchi. Patients with both asthma and rhinitis also show enhanced
bronchial epithelial shedding when compared with control subjects. Epi-
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thelial shedding is a prominent histopathological feature of airway inflam-
mation in asthma, and it correlates to the severity of the disease (136,137).
Treatment with inhaled corticosteroids improves bronchial epithelial shed-
ding in asthmatics, and repair of the damaged airway epithelium is seen to
occur as an exacerbation of asthma resolves (138). On the other hand, nasal
epithelial shedding is not seen in allergic rhinitis (132). Although the reason
for this dichotomy is not known, nasal and bronchial mucosa clearly seem
to behave differently in terms of epithelial shedding and thickness of
reticular membrane.

Development of the inflammatory response in the nasal and bronchial
mucosa may be due to the ability of the epithelial cells to generate and
release specific inflammatory mediators like leukotrienes, prostaglandins
(139,140), and cytokines, as well as to express specific ‘‘inflammatory’’ cell
adhesion molecules and MHC class II antigens (141–143). In addition to
interactions with antigens and secretion of arachidonate mediators, the
epithelium produces cytokine mediators, which may both upregulate and
perpetuate the inflammatory state in asthma (144–146). Other evidence
suggests that airway epithelial cells and cell lines are capable of synthesiz-
ing GM-CSF, IL-1, and TNF-a (147,148). Studies suggest that human air-
way epithelial cells are capable of expressing messenger ribonucleic acid
(mRNA) for IL-1, IL-3, IL-5, TNF-a, and GM-CSF in vitro (148–150). Imu-
nocytochemical evaluation demonstrated that these cytokines were mostly
produced by nonciliated epithelial cells in the lavage (151). Furthermore,
ICAM-1 has been shown to be expressed on several human airway epithelial
cell types (141,152).

Nitric oxide (NO) has been recognized as an important signaling
molecule and may play a key role in host defense and in the pathophysiology
of airway diseases. There is a close analogy between the nose and the lungs in
terms of NO levels in asthma and rhinitis. Levels of nasal and exhaled NO are
elevated in patients with allergic rhinitis and asthma, respectively (153–157).
The functional significance of increased production of NO in both asthma
and allergic rhinitis is not clearly understood. However, treatment with
topical nasal and inhaled corticosteroids results in reduction of NO levels in
both groups of patients (153,158,159). The source of increased NO in both
nose and lungs in these patients may be derived from the high level of
inducible NO synthase (iNOS) expressed in nasal and airway epithelial cells
(160,161). Proinflammatory cytokines are known to induce iNOS expression
in cultured human airway epithelial cell in vitro as a result of increased
transcription of the iNOS gene (162,163). The mechanism of increased iNOS
expression in asthma and rhinitis may be similar, in as much as similar
proinflammatory cytokine profiles are detected in both nasal and bronchial
lavages, in patients with both rhinitis and asthma (73–81).
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Although both nasal and bronchial epithelial cells have been cultured
in vitro by several groups, a major difficulty experienced by many workers in
the field has been to consistently grow these cells to confluency, such that
large numbers can be harvested for further study. Epithelial cells harvested
from asthmatic subjects secrete more GM-CSF than epithelial cells har-
vested from nonasthmatic volunteers (164).

Taken together, these studies suggest that the damage to the epithe-
lium, as seen in asthma, may be the direct result of the mediators secreted by
several inflammatory cells. It is also probable that the epithelial cells play an
important role in the growth, differentiation, maintenance, migration, and
activation of cell types in nasal and bronchial mucosa.

VI. Mechanisms of Cellular Infiltration

The development of inflammation involves a highly complex series of
events, at both the tissue and the cellular level, in response to a diverse
variety of stimuli. It is now recognized that adhesion between leukocytes,
vascular endothelium, and target cells is critical to the inflammatory
response process. Initially, the circulating inflammatory cells bind to the
endothelium of mucosal vessels by interaction between complementary
adhesion molecules on the inflammatory cell and endothelial cell surfaces.
This is followed by cell migration through the endothelial gaps involving
interaction between the cell and matrix proteins and additional complex
interaction with chemokines. Unlike in animal models, distribution and
intensity of expression of ICAM-1 and endothelial leukocyte adhesion
molecule 1 (ELAM-1) in bronchial biopsy specimens are comparable
between asthmatics and healthy volunteers (165), while increased baseline
expression of ICAM-1 and VCAM-1 in nasal biopsy specimens is demon-
strable in perennial allergic rhinitis (166). This observed difference between
rhinitic and asthmatic airways may be explained in terms of the severity of
the inflammation and allergen exposure. On the other hand, segmental aller-
gen challenge in asthmatics results in increased expression of ICAM-1 and
E-selectin at 6 h (167). Furthermore, there is also an upregulation for leuko-
cyte-function-associated antigen 1 (LFA-1), the ligand for ICAM-1. These
studies point to adhesion mechanisms as being important to the patho-
genesis of asthma and rhinitis. In support of this, pretreatment with anti-
ICAM antibodies attenuates allergen-induced LPR and eosinophilia in
primates (168). Further assessment of the role of adhesion mechanisms in
allergic airway diseases, however, must await studies in which anti-ICAM
antibodies are used in humans.

Cellular recruitment and persistence at allergic sites also depends on
chemotaxis in response to a distinct group of agents referred to as chemo-
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kines. These chemokines are basic, heparin-binding polypeptides, which are
subdivided into two subfamilies, CXC and CC, depending on the position
of two cysteine residues near the N-terminus. The CC branch includes
RANTES, I-309, monocyte chemotactic proteins 1, 2, and 3 (MCP-1, -2, -3),
macrophage inflammatory proteins 1a and 1h (MIP-1a) and (MIP-1h),
and eotaxin (101,169,170). Most of these cytokines are not normally
expressed in unstimulated cells and have attracted considerable interest
for a putative role in allergic inflammation. RANTES, MCP-1, the recently
described MCP-4, and eotaxin all induce potent chemotactic responses for
eosinophils both in vivo and in vitro. Eotaxin, in particular, is considered
to be eosinophil specific (105,170–172). The presence of a specific receptor
for these chemokines on eosinophils (e.g., CCR3) (169) represents a specific
therapeutic target, since antagonism is likely to inhibit many eosinophil–
chemokine interactions, which require this receptor. Recently, the CC
chemokine receptors CCR4 and CCR8, as well as CCR3, have been
demonstrated on human peripheral blood (173), nasal (174), and bronchial
(175–177) T lymphocytes. At present, it is not clear whether these recep-
tors are specific for TH2 (as opposed to TH1) T cells (173) and/or whether
they may represent tissue-specific homing receptors for T cells during
allergic inflammation.

VII. Microvascular Leakage and Plasma
Protein Exudation

Plasma exudation has long been known to be a cardinal factor in inflam-
mation. A role for exuded plasma proteins and peptides in rhinitis is
supported by a substantial accumulation of data, and plasma exudation
may be a better correlate of the disease state than the presence of several
mediators (178). Inflammatory mucosal provocations in the nose and air-
ways produce exudative responses without disrupting the epithelial lining
and without increasing the airway tissue penetration of luminal material
whereby a largely nonsieved plasma enters the lumen (179–181). Therefore
such provocations are being proposed as a primary mucosal defense
mechanism. This process allows immunoglobulins, kinins, coagulation
peptides, complement, and other peptides to operate on the mucosal surface
of the airway. If exaggerated, plasma exudation may become pathogenic in
atopic diseases of the airways.

The permeability of venules in the nasal mucosa can be increased by
irritants acting via sensory neurones (182). This effect may be produced either
through a central neural reflex, associated with efferent parasympathetic
cholinergic neurotransmission, or via antidromic release of neuropeptides

Comparative Pathology of Allergic Disease 155



from sensory neurones. This axonal pathway has not been clearly demon-
strated in humans. The role of sensory nerves in causing plasma exudation has
been clearly documented in several animal studies. In rats, nasal challenge
with capsaicin, an extract of red hot pepper, induces plasma exudation
mediated via nonmyelinated ‘‘C’’ nerve fibers (183). This effect is believed
to be due to the release of sensory neuropeptides such as substance P,
neurokinins, and calcitonin gene-related peptide (CGRP). In an animal
model, nasal challenge with substance P induced plasma leakage, which
was inhibited by pretreatment with capsaicin or substance P antagonist
(184). Consistent with this, studies undertaken in humans have demonstrated
the presence of receptors for substance P, neurokinin A, and CGRP in the
nasal mucosa (185). Furthermore, substance P has been found in increased
amounts in nasal lavage fluid following nasal allergen challenge (186). Despite
this, nasal challenge with capsaicin in humans does not induce plasma
exudation (187). Therefore the role of neural pathways in causing plasma
leakage in allergic rhinitis remains unclear.

Like histamine, other inflammatory mediators such as bradykinin,
platelet-activating factor (PAF), and leukotrienes can also increase the
microvascular permeability to macromolecules in the nose. In animals,
mediator antagonists have been shown to inhibit antigen-induced airway
microvascular leakage. The specific 5-lipoxygenase inhibitor A-63162 has
been shown to inhibit airway microvascular leakage to a greater extent
than airflow obstruction following inhalation of ovalbumin in sensitized
guinea pigs (188). However, mediator antagonists other than antihis-
tamines have not been shown to be effective in inhibiting plasma leakage
in allergic rhinitis.

Microvascular leakage is also thought to play an important role in
asthma. The underlying mechanisms of this phenomenon are similar to that
of rhinitis. The observed wall thickness of the airways in asthma is probably
due to a combination of mucosal thickening and liquid filling of intra-
luminal spaces (189). Furthermore, mathematical models suggest that
smooth muscle constriction alone produces only relatively modest increases
in small-airway resistance, whereas when the same degree of constriction is
coupled with airway wall thickening dramatic increases in resistance may
take place (190). BHR is known to occur in congestive cardiac failure, and
the underlying mechanism is thought to be due to mucosal thickening, since
this is improved by prior treatment with a-adrenergic agonists (191). This
study supports a role for mucosal edema in the pathogenesis of BHR.
However, adrenaline, a known effective agent against microvascular leak-
age, has not been shown to more effective than inhaled salbutamol in acute
asthma (192). Therefore the role of microvascular leakage in human asthma
is still under investigation.
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VIII. Comparative Effects of Therapeutic Agents

The understanding of the mechanisms of both asthma and rhinitis has
enabled us to rationalize treatment for these conditions. However, the
implications of the comparative pathology of asthma and rhinitis to the
response to treatment are unclear. Patients with infrequent symptoms of
asthma may require only bronchodilator therapy. Similarly, patients with
occasional symptoms of rhinitis may require only symptomatic use of oral
antihistamines. Use of both antihistamines and bronchodilator represents
the ‘‘drug for relief’’ approach. In patients with persistent symptoms,
topical corticosteroids are the mainstay of treatment, and their use repre-
sents the ‘‘drug for prevention’’ approach. Antihistamines are effective in
relieving many of the symptoms of rhinitis, including rhinorrhea and
itching. Similarly, drugs with mast-cell-stabilizing properties such as cro-
moglycate are also effective in mild allergic rhinitis. These finding would
suggest that mild upper airways allergic disease is a process driven pre-
dominantly by mast cells. However, antihistamines offer only limited relief
in nasal blockage, indicating the contribution of other important mecha-
nisms in allergic rhinitis. Antihistamines have very mild bronchodilating
properties and are not very effective in asthma. In contrast, h2-adrenergic
agonists have a strong bronchodilator property in asthma but no effect in
rhinitis, since the upper airways lack smooth muscle. In both asthma and
rhinitis, mucosal inflammation responds well to treatment with topical
steroids, and this correlates with improvement in symptoms. Treatment
with topical steroids inhibits T-lymphocyte activation and eosinophil
recruitment and activation. Furthermore, topical steroids also inhibit
allergen-induced increases in TH2-type cytokines, particularly IL-4 (193),
and seasonal increases in expression of TH2-type cytokines during pollen
season (194,195).

Although T-cell activation is demonstrated in both rhinitis and asthma,
as discussed earlier, it is not a predominant finding in allergic rhinitis, at least
in terms of IL-2R expression (57). On the other hand, activation of T lym-
phocytes in the bronchial mucosa is a feature of increasingly severe disease
and probably accounts for the need to treat this condition with cortico-
steroids. In contrast, cytokine production (IL-4, IL-5) is comparable in both
rhinitis and asthma, the principal cell source in both sites being the T cells (at
mRNA level), with lesser contributions from mast cells and eosinophils
(196). However, persistent T-cell activation can be demonstrated in severe
asthma despite the use of high doses of steroids (197). A recent study
indicates that there is selective dysregulation of gene expression of TH2-type
cytokines in steroid-resistant asthma (198). Whether similar patterns account
for severe forms of rhinitis remains to be determined.
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Immunotherapy is highly effective in the treatment of selected patients
with seasonal allergic rhinitis and may confer benefit for at least 1 to 3 years
following discontinuation (199). Two position papers, one by the European
Academy of Allergology and Clinical Immunology (200) and the other by
the World Health Oranization (201), add valuable evidence for the role of
immunotheraphy in the treatment of atopic rhinitis. Recent studies suggest
that immunotherapy may act by promoting TH1 response with production
of interferon-g (202–204). On the other hand, the benefit of immunotherapy
in the treatment of atopic asthma is variable, with two recent studies
demonstrating either modest (205) or no significant benefit (206) in compar-
ison to placebo treatment. However, a well-conducted meta-analysis of
randomized controlled trials (207) demonstrated a role for immunotherapy
in asthma. Earlier studies supported a role for leukotriene antagonists in the
treatment of both asthma and rhinitis (208,209). Since then, an abundance
of studies have become available supporting a definite role for leukotriene
receptor antagonists (LTRAs) in the treatment of asthma (210,211). On the
other hand, only a handful of studies have investigated these substances in
the treatment of allergic rhinitis. The evidence favoring the use of LTRAs in
allergic rhinitis amounts to a few studies showing only a modest benefit
(212). Long-term studies are, therefore, needed to investigate the role of
LTRAs in the treatment of allergic rhinitis.

IX. Conclusions

Studies of the pathology of asthma and rhinitis demonstrate some important
similarities but also differences between the two clinical conditions.
Although it is recognized that asthma and rhinitis occur commonly in the
same patient, the relationship between them is not clearly understood.

Many of the inflammatory mechanisms, including IgE-dependent mast
cell activation, tissue eosinophilia, and recruitment of CD4+ T cells that
express TH2-type cytokines, are virtually identical, although they may differ
in intensity, presumably owing to differences in disease intensity or method-
ology. The striking difference between the two is the different anatomy and
differing effector organ responses to these inflammatory mechanisms,
especially the predominance of the vasculature and submucosal glands in
the nose and, in contrast, the presence of bronchial smooth muscle as a
principal effector tissue in the large airways. Both asthma and rhinitis
respond well to topical corticosteroid treatment. The factor or factors
determining whether atopic disease is expressed in the upper or lower
airways or indeed, as often the case, in both parts of the airways, are not
known and further research should focus on the differences between these
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two conditions, especially differences in cellular activity, end organ re-
sponses, and the influence of treatments.
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Introduction

Asthma and allergies including rhinoconjunctivitis and atopic dermatitis are
common throughout the world, with resultant morbidity and cost. The nasal
and bronchial mucosa present similarities, and most patients with asthma
also have rhinitis (1–3), suggesting the concept of ‘‘one airway, one disease.’’
On the other hand, not all patients with rhinitis present asthma, and there
are some differences between rhinitis and asthma.

I. Rhinitis and Nonspecific Bronchial Hyperreactivity

Many patients with allergic rhinitis have unique physiological behavior
separating them from patients with asthma and from normal subjects: they
have increased bronchial sensitivity to methacholine or histamine (5,6),
especially during and slightly after the pollen season (7,8). There are large
differences in the magnitude of airway reactivity between asthmatics and
rhinitics, however, which are not explained by the allergen type or degree of
reactivity (9,10).

175



II. Common Causative Agents in Rhinitis and Asthma

Among the causative agents inducing asthma and rhinitis, some [e.g.,
allergens and aspirin (11)] are well known to affect both the nose and the
bronchi. Most inhaled allergens are associated with nasal (4) and bronchial
symptoms, but in epidemiological studies differences have been observed.
Although there are some recent concerns (12), the prevalence of IgE
sensitization to indoor allergens (house dust mites and cat allergens) is
positively correlated with both the frequency of asthma and its severity
(13,14). Alternaria (15,16) and insect dusts (17) have also been found to be
linked with asthma, but pollen sensitivity has not been found to be
associated with asthma in epidemiological studies (18,19). On the other
hand, pollen sensitivity is always associated with rhinitis (4).

Occupational diseases represent an interesting model to study the
relationships between rhinitis and asthma. Subjects with occupational
asthma may often report symptoms of rhinoconjunctivitis. Rhinitis is less
pronounced than asthma with low molecular weight agents. On the other
hand, rhinitis more often appears before asthma in the case of high
molecular weight agents such as small mammals (20–22), raw green beans
(23), flour (24,25) and latex (26,27). In many patients nasal symptoms occur
before bronchial ones, making it possible to prevent the development of
asthma. In addition, rhinitis caused by some low molecular weight agents is
associated with or develops into occupational asthma (28–31), highlighting
the importance of cessation of allergen exposure in occupational allergic
rhinitis to prevent asthma.

III. Nasal Inflammation in Patients with Asthma

In normal subjects, the structure of the airways mucosa presents similarities
between the nose and the bronchi. Both nasal and bronchial mucosa are
characterized by a pseudostratified epithelium with columnar, ciliated cells
resting on a basement membrane. Underneath the epithelium, in the sub-
mucosa, vessels and mucous glands are present with structural cells (fibro-
blasts), some inflammatory cells (essentially monocytic cells, lymphocytes,
and mast cells) (32,33) and nerves.

There are also differences between the nose and the bronchi. In the
nose, there is a large supply of subepithelial capillary and arterial system and
venous cavernous sinusoids. The high degree of vascularization is a key
feature of the nasal mucosa, and changes in the vasculature may lead to
severe nasal obstruction (34). On the other hand, smooth muscle is present
from the trachea to the bronchioles, explaining bronchoconstriction in
asthma (35).
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Recent progress achieved in the cellular and molecular biology of
airways diseases has yielded clear documentation of the critical role of
inflammation in the pathogenesis of asthma and rhinitis. The same inflam-
matory cells appear to be present in the nasal and bronchial mucosa (36). A
growing number of studies show that the inflammation of nasal and
bronchial mucosa is sustained by a similar inflammatory infiltrate, which is
represented by eosinophils, mast cells, T lymphocytes, and cells of the
monocytic lineage (36–39). The same proinflammatory mediators (histamine,
CysLT), TH2 cytokines (interleukins 4, 5, and 13; granulocyte–macrophage
colony-stimulating factor) (36,40–42), chemokines (RANTES and eotaxin)
(43) and adhesion molecules (44–46) appear to be involved in nasal and
bronchial inflammation of patients with rhinitis and asthma.

However there are major differences between the sites. Although the
nasal and bronchial mucosa are exposed to the same noxious environment
(and the nose even more so), epithelial shedding is more pronounced in
the bronchi than in the nose of the same patients suffering from asthma and
rhinitis (47). The magnitude of inflammation may not be identical. In patients
with moderate to severe asthma, eosinophilic inflammation is more pro-
nounced in the bronchi than in the nose (47), whereas in patients with mild
asthma, inflammation appears to be similar in both sites. Moreover, eosi-
nophilic inflammation of the nose exists in asthmatics with or without nasal
symptoms (48). On the other hand, features of airways remodeling appear to
be less extensive in the nasal mucosa than in the bronchial mucosa.

To determine whether nasal inflammation in asthma was related to
asthma or was found commonly in other bronchial diseases, nasal inflam-
mation and sinus involvement were studied in patients with chronic obstruc-
tive pulmonary disease (COPD). Less than 10% of patients with COPD have
nasal symptoms. Nasal inflammation assessed by means of mucosal biopsy
samples is usually not detectable in these patients (50). CT images show few
abnormalities in COPD. Thus, nasal and sinusal inflammation seen in asth-
matics is related to asthma and is not a feature of all bronchial diseases (49).

IV. Bronchial Inflammation and Asthma in Patients
with Rhinitis

A. Bronchial Biopsies in Patients with Rhinitis

Some studies have examined the bronchial mucosa in atopic nonasthmatic
patients or in patients with allergic rhinitis. They all combined to indicate
that there was a slight increase of the basement membrane size (51) and a
moderate eosinophilic inflammation (52).

Natural exposure to pollen during season provokes an increase in
airway responsiveness in nonasthmatic subjects with seasonal allergic
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rhinitis and also induces inflammatory cell recruitment and expression of
interleukin 5 (IL-5), leading to bronchial inflammation (53).

B. Bronchial Allergen Challenge in Patients with Rhinitis

Endobronchial allergen challenge was carried out in patients with seasonal
rhinitis who had never presented asthma before. These patients developed a
bronchoconstriction, and lavage carried out serially after challenge demon-
strated the occurrence of proinflammatory mediators and cytokines as well
as the recruitment of inflammatory cells (54,55).

Pulmonary inflammation after segmental ragweed challenge was
examined in allergic asthmatic and nonasthmatic subjects (56). A total of
46 ragweed-allergic subjects took part in these studies. Subjects had normal
or nearly normal pulmonary function, were on no chronic medication, and
were characterized with respect to their skin sensitivity to intradermal
ragweed injection, their nonspecific responsiveness to methacholine, and
the presence (or absence) of a late asthmatic response after whole-lung
antigen challenge. In both groups, a marked inflammatory response mea-
sured in fluid from bronchoalveolar lavage (BAL) (total cells, macrophages,
lymphocytes, eosinophils, and neutrophils per milliliter, total protein,
albumin, urea, or eosinophil cationic protein) 24 h after challenge was seen
only in the subgroup of subjects who demonstrated a late airway reaction
after whole-lung antigen challenge, regardless of disease classification.

C. ‘‘‘‘‘‘‘‘‘‘‘‘Thunderstorm-Induced Asthma’’’’’’’’’’’’

The foregoing studies combine to indicate that although patients with nasal
symptoms can only react if the allergen is properly administered into the
airways, it may be argued, however, that the doses of allergen inducing these
bronchial reactions are far greater than those naturally occurring during
allergen exposure. This situation seems to exist in thunderstorm-induced
asthma (57–60), which has been associated with grass pollen allergy (57,61,
62). The aerodynamic size of pollen grains is from 10 to 100 Am, and since
only a fraction can be deposited into the bronchi, most patients present only
rhinitis, without asthma. However, when exposed to water, pollen allergens
are released in submicrometer-sized particles, the starch granules, which can
reach the lower airways and induce asthma (63).

V. ‘‘‘‘‘‘‘‘‘‘‘‘Bidirectional’’’’’’’’’’’’ Relationship Between Nasal
and Bronchial Inflammation

Subjects with occupational asthma often report nasal symptoms. Fifteen
subjects with occupational asthma (8 due to high -molecular -weight agents
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such as flour and guar gum, and 7 due to isocyanates) underwent inhalation
challenges by means of closed-circuit devices on two occasions, 2 to 4 weeks
apart, in random fashion. On one occasion, they inhaled through the nose
and, on another, through the mouth (64). Inhalation of occupational agents
through the mouth or nose resulted in similar asthmatic responses, caused a
significant nasal response in terms of symptoms, and produced an increase
in nasal resistance as well inducing significant changes in nasal inflammatory
cells and mediators.

To analyze further the aspects of nasobronchial cross-talk, inflamma-
tion and the expression of adhesion molecules were studied in nasal and
bronchial mucosa after allergen provocation. In a first study, endobronchial
allergen challenge induced nasal and bronchial symptoms as well as
reductions in pulmonary and nasal function (65). In this study, the number
of eosinophils increased in the challenged bronchial mucosa, in the blood,
and in the nasal mucosa 24 h after bronchial challenge. Moreover, eotaxin-
positive cells in the nasal lamina propria and enhanced expression of IL-5 in
the nasal epithelium were found 24 h after bronchial challenge.

In a second study, bronchial and nasal biopsy specimens were taken
before and 24 h after nasal provocation (66). At 24 h, an influx of eosino-
phils was detected in nasal epithelium and lamina propria, as well as in
bronchial epithelium and lamina propria. Increased expression of intercel-
lular adhesion molecule (ICAM-1) and increased percentages of ICAM-1+,
VCAM-1+, and E-selectin+ vessels were seen in nasal and bronchial tissue
of patients with allergic rhinitis (AR). The number of mucosal eosinophils
correlated with the local expression of ICAM-1, E-selectin, and VCAM-1 in
patients with AR.

These studies show that nasal or bronchial allergen provocation results
in generalized airway inflammation (66).

VI. Systematic Nature of Allergic Inflammation

Two major mechanisms contribute to the increased number of eosinophils in
the inflamed airways of allergic subjects: recruitment and persistence of
inflammatory cells into the airways and the presence of bone marrow
progenitors in the inflamed airway tissues.

A. Bone Marrow Involvement

In patients with allergic diseases, allergen provocation can activate a
systemic response that provokes inflammatory cell production by the bone
marrow (67). There is considerable evidence in animal models and humans
that the bone marrow plays an integral role in allergic inflammation (68). In
response to allergen exposure in the airway, bone marrow (white blood cell)
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progenitors proliferate and differentiate, which leads to persistent increases
in eosinophil numbers. Signaling between the lung and bone marrow after
allergen exposure provides further support for the proposition that allergy is
a systemic disease. Although the nature of the signal-mediating activation of
bone marrow after airway allergen exposure is unknown, several pathways
have been implicated, including allergen-induced hemopoietic growth fac-
tors, cell trafficking, and stimulation of resident bone marrow cells. A
common thread in all these pathways is the importance of IL-5.

After release and differentiation of progenitor cells, eosinophils,
basophils, and mast cells are typically recruited to tissues in atopic individ-
uals. An understanding at the molecular level of the signaling process that
leads to these systemic responses between the target organ, especially the
airways, and the bone marrow may open up new avenues of therapy for
allergic inflammatory disease (69,70).

Studies that support the critical involvement of the bone marrow in
the development of eosinophilic inflammation of the airways point out the
systemic nature of these conditions.

B. In Situ Hemopoiesis

The second important mechanism, termed ‘‘in situ hemopoiesis’’ (71),
depends on the production of hemopoietic cytokines by inflamed tissues
from patients with allergic rhinitis (72–74) and nasal polyposis (75), which,
generating a particular local ‘‘microenvironment,’’ promote the differ-
entiation and maturation of eosinophil progenitors that populate the nasal
or the bronchial mucosa (76,77). It is therefore likely that a truly ‘‘systemic’’
response to the application of inflammatory stimuli to the nasal mucosa
should be associated with an activation of the aforementioned mechanisms.

VII. Rhinitis and Asthma: A Continuum of Disease?

There are similarities and differences between the nasal and bronchial
mucosa in rhinitis and asthma. It appears that most asthmatics present
rhinitis, whereas only a fraction of rhinitis patients present clinically demon-
strable asthma even though a greater number of patients have nonspecific
bronchial hyperreactivity. It seems that the epithelial–mesenchymal trophic
unit exists from the nose to the bronchiolar–alveolar junction and that the
same inflammatory cells are present throughout the airways, suggesting a
continuum of disease.

However, there are differences in terms of exposure to allergens and
noxious agents, the nose being more exposed than the lower airways. There
are also major structural differences between the nasal and the bronchial
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mucosa, since in the former there is a large vascular supply whereas in the
latter there is smooth muscle. Airway smooth muscle is of paramount
importance in asthma owing to its contractile properties; in addition,
however, it may contribute to the pathogenesis of the disease by increased
proliferation (78), as well as by the expression and secretion of proinflam-
matory mediators and cytokines (79).

It is therefore possible that the difference between rhinitis and
asthma is that in the former there is an epithelial–mesenchymal trophic
unit (80), whereas in the latter there is an epithelial–mesenchymal–mus-
cular trophic unit.
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Introduction

The common respiratory viruses are a diverse group of viruses that
encompass RNA, DNA, enveloped, and nonenveloped viruses. These
viruses cause symptoms associated with the ‘‘common cold’’: cough, nasal
stuffiness, sneezing, coryza, pharyngitis, throat irritation, and mild fever.

Rhinovirus and coronavirus, the main etiological agents of the com-
mon cold, initially were thought to be relatively benign infectious agents.
More recent studies have shown that respiratory viral infections, the
majority of which are rhinovirus (RV) and coronavirus, are the commonest
cause of asthma exacerbations in both children (1) and adults (2). The better
known respiratory viruses, influenza virus, parainfluenza virus (PIV), res-
piratory syncytial virus (RSV), and adenovirus, are all well known to cause
diseases with a significant lower respiratory tract (LRT) component, such as
bronchiolitis (3), croup, and pneumonia (3–5). Each of these latter viruses
has been shown to infect the lower airway mucosa, but regarding the most
common respiratory viruses, this has been controversial for rhinoviruses,
and there is no evidence available for coronaviruses.
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Each of the common respiratory viruses is associated with upper
respiratory tract infections (URTI) throughout life, with frequency and
severity depending on many factors such as virus type or subtype, season,
age, and both individual and community levels of immunity. Each of the
common respiratory viruses may also be able to cause significant infection
of the lower airways in any individual, but whether the predominant
infection/illness affects the URT or the LRT may be determined by a
balance of several factors, including the following:

Virus dose
Levels of host immunity (both innate and specific) in upper and lower

airway
Cellular tropism of the virus in question
Route of inoculation
Particle size of droplets (i.e., > 5 Am leads to URTI, < 5 Am leads

to LRTI)

Virus infection of the URT may result in pathological or physiological
change in the LRT either as a result of direct infection of the LRT with virus
or as a result of LRT consequences of URTI that are not related to infection
of the LRT with virus but are consequent upon neural reflexes or circulatory
responses to the URTI. This chapter reviews the similarities and differences
between viral infections of the URT and LRT, addresses the question of
whether LRT responses during URTI (such as asthma exacerbations) are
consequent upon LRTI, and considers differences and similarities in relation
to these questions among the different respiratory viruses.

One of the major difficulties in considering these questions in rela-
tion to rhinovirus infection has been diagnosing infection in the first place.
The limitations in methodology also lead to difficulties in demonstrat-
ing infection in lower respiratory tract samples, while permitting confi-
dence that the sample was not contaminated with virus from the URT
during sampling.

I. Identification of Respiratory Viruses in Samples

To answer the question of whether infection of the lower respiratory tract
is necessary to alter lower respiratory tract function, methodology is
required that can accurately identify respiratory viruses in upper and lower
airway samples.

One of the difficulties in establishing the cause of an infection of the
respiratory tract is isolating the organism. Techniques such as cell culture of
the virus are complex, and many of the viruses have differing cell culture
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requirements and can be very fastidious. For example, neither rhinoviruses
nor coronaviruses, which account for approximately 60 and 10 to 15% of
URTIs, respectively, will grow well in the standard cell cultures in use in
most diagnostic laboratories.

In addition, the rapid transfer of samples from infected subject to cell
culture is important, since delay in transfer can lead to a significant reduc-
tion in the yield of the organisms (6). Community studies, which theoreti-
cally have the benefit of prompt reporting of symptoms, can show reduced
virus isolation rates if there is a delay between reporting and sampling (6).
All these difficulties complicate virus diagnosis and mean that negative
results are frequently false negatives due to technical limitations.

The use of serology is not straightforward for respiratory viruses
either: rhinoviruses alone have over 100 different serotypes that can cause
clinical symptoms, making diagnosis by rising antibody titers completely
impractical. Furthermore, serology is not capable of indicating the timing of
infection or whether infection is present in the URT, the LRT, or both.

New methodologies, such as the use of the polymerase chain reaction
(PCR), have provided a major advance in the detection of respiratory viruses
and have contributed to demonstrating their significance in the pathogenesis
of exacerbations of asthma (1). But although, the use of this technique gives
an indication of the presence of the viral genome in the samples, it does not
indicate whether there is live virus present or whether viral replication is
taking place. PCR is also very sensitive, and positive results in samples taken
from the lower airway may therefore be positive because of contamination
with virus from the upper airways, which may very easily have occurred
during the sampling procedure (7).

II. Viral Infection and the Upper Airways

All the viruses being discussed have tropism for the respiratory mucosa.
Most of the cell types that are infected have not been fully delineated, but
the nasal epithelium is infected by all these organisms. Infection of the
nasal mucosa causes classical coryzal symptoms, an increase in nasal dis-
charge, congestion/blockage, and sneezing, and it may lead to otitis media
or pharyngitis.

The site of subsequent spread of the virus infection may depend on the
site of the original inoculum. Nasal inoculation may lead to secondary otitis
media, while oral inoculation may lead to pharyngitis. RSV infection has
been shown to be associated with exudative otitis media, with virus isolated
in the exudate (8). Studies that have tried to establish an association between
URTI and otitis media have given variable rates of viral infection, most
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likely because of variability in the sampling and virus detection methods.
Originally RSV was thought to be the most common etiological agent. With
the availability of improved techniques, however, rhinovirus has been shown
to be of increasing importance (9,10). Most recent studies find respiratory
viruses associated with approximately a third of all cases of secretory otitis
media, and the majority of these are concurrent with or subsequent to an
episode of URTI (11,12).

In the past, poor sampling methods and inadequate virological de-
tection methods used to study otitis media made it difficult to draw firm
conclusions from the literature regarding which viruses are the most com-
mon etiological agent, of this condition. With the use of PCR and better
sampling techniques, it is now apparent that most cases of culture-negative
otitis media are of respiratory virus etiology (see Table 1). RSV and para-
influenza and influenza viruses have all been shown to infect the middle
ear (13) during upper respiratory tract infection. Rhinovirus is the com-
monest etiological cause for upper respiratory tract infections, has been
linked with up to 35% of the cases of acute otitis media (14), and is also
associated with a higher risk of development of a middle ear effusion (15).

III. Studies Investigating Immune Responses to
Respiratory Virus Infection of the Upper Airway

Studies of immune responses to respiratory virus infections can be broken
down into studies that investigate infection in vitro or in vivo. The in vitro
studies can be further subdivided into those that used primary epithelial cells
and those that used cell lines established from the airway. The in vivo studies
can be divided into studies of natural infection in a defined population or of
experimental infection of a population. The studies highlighted support the
notion that responses seen with in vitro infection are similar to those seen
with in vivo infection (where it has been possible to study this), and
therefore that in vitro studies do represent a satisfactory model for in vivo
infections. Table 2 presents a summary of all studies.

A. Upper Respiratory Tract: In Vitro Infection

In vitro infection studies comparing different organisms have tended to give
broadly similar results across different virus types. For studies of the nasal
epithelium, cell lines or primary nasal epithelium have been used.

Recent studies have investigated the regulation of intercellular adhe-
sion molecule 1 (ICAM-1), the major receptor for 90% of RV serotypes, and
have shown that expression can be increased with respiratory virus infection
(16). ICAM-1 is one of the cellular adhesion molecules that is critical in
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causing inflammatory cell adhesion to vascular endothelium and extrava-
sation from the bloodstream. The nasal mucosa has low level expression of
ICAM-1, though on culture primary nasal epithelium does increase its ex-
pression of ICAM-1 (17). Certain eosinophil products, such as major basic
protein (MBP) and eosinophil cationic protein (ECP) can also upregulate
the expression of ICAM-1 on nasal epithelium (17).

B. Upper Respiratory Tract: Mediator Release

Infection of the respiratory epithelium leads to the initiation of a cascade of
events that will lead to acute inflammation with vascular leakage and mucus
secretion induced by kinins, histamine, prostaglandins, and leukotrienes. In
addition, there is recruitment of inflammatory cells to the site of infection,
and further pathological changes follow this. In recent years the role of
cytokines and chemokines (chemotactic cytokines) as effectors in this system
has been realized. The respiratory epithelium is a potent source of many of
these peptides and as such is now thought of as an initiator of the
inflammatory response, not just an inert barrier. There have been several
studies investigating both in vitro and in vivo infection and cytokine
responses with a variety of viral infections.

The cytokine responses of the respiratory epithelium have been most
extensively studied in RSV infection. The results from these experiments can
serve as an indication of the response to other viral infections.

Results from in vitro experimentation on upper airway cell lines, or
from the use of primary nasal tissue, are shown in Table 3. These show that
RSV infection can lead to the production of interleukin 8 (IL-8) (18),
RANTES (18–20), and tumor necrosis factor a (TNF-a) (18). The first
two cytokines are both important as neutrophil and eosinophil chemo-
attractants, respectively. Constitutive production by nasal explant tissue of
the neutrophil attractant growth-related protein a (GRO a) and the
lymphocyte attractant monocyte chemotactic protein 1 (MCP-1) has also
been reported, but this was effect not increased with RSV infection (21).

C. Upper Respiratory Tract: In Vivo Infection

Infection of the upper respiratory tract leads to epithelial shedding of
infected cells in some viral infections. Infection by adenovirus, influenza
virus, and RSV leads in each case to cytopathic effect. Infection of the nasal
mucosa is often patchy (22), with different areas affected during the illness,
perhaps accounting for the variable results shown by studies that have taken
biopsy samples from individuals experimentally infected with rhinovirus.
Some studies have shown that in the early stages of infection, there is a
neutrophil infiltrate into the nasal mucosa, often occurring before symptoms
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(22,23). Studies that have shown similar findings have used other techniques
such as flow cytometry to identify the leukocyte subpopulations that are
present during infection (24,25). In one study of asthmatic children with
proven viral infection, increased levels of myeloperoxidase (MPO) and IL-8
were found in nasal aspirates and both correlated with symptom severity
(26). These findings have also been reported in a study where experimental
rhinovirus infection has been induced in an older nonasthmatic population
(27). Other studies have not been able to demonstrate an inflammatory
infiltrate associated with experimental infection (28).

The results from the in vivo studies of children infected with RSV
show findings broadly similar to those of in vitro studies. There are in-
creased nasal lavage levels of IL-1h, IL-6, and IL-8 (29), and mRNA tran-
scripts for these cytokines were shown to be increased on biopsy samples
that were taken at the same time (29). The foregoing results were repli-
cated in a study of middle ear effusions, where increased levels of IL-1h,
IL-6, and also TNF-a were observed (30). RANTES levels are increased
in lavage specimens from children with RSV URTI (20), as are the levels
of the proinflammatory cytokines IL-6 and TNF-a (31). Experimental
infection of adults with RSV has confirmed nasal lavage fluid levels of
IL-8 and RANTES but has also demonstrated an increase in levels of
macrophage inflammatory protein 1a (MIP-1a) and MCP-1 in nasal
lavage fluid (32).

There is firm evidence of neutrophil recruitment and activation in the
upper airways associated with both rhinovirus and RSV infection; there is
also a nonspecific response in the upper airways, with production of IL-6
and TNF-a. The findings are similar for both viruses and suggest that the
initial response would be observed in other respiratory viruses as well. More
importantly, the local production of RANTES by RSV (20) and other virus
infections including rhinovirus (33), shows that the upper airway response
also includes the recruitment of lymphocytes and eosinophils to the site of
infection. These cells are likely to be critical to the development of airway
changes and further cytokine production, as well as to the development of
mucosal damage.

IV. Studies Investigating Immune Responses to
Respiratory Virus Infection of the Lower Airway

The immune responses to lower respiratory tract infection have been in-
tensively explored in vitro mainly using established cell lines. In vivo studies
have not been as extensive as the in vivo upper respiratory tract studies,
since more invasive procedures are required to sample the lower airways.
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A. Lower Respiratory Tract: In Vitro Infection

Most studies investigating lower airway responses to viral infection have
studied cell lines. The cell lines have either been the type II alveolar cell
carcinoma cell line A549, or an SV40-transformed bronchial epithelial cell
line, either the 16HBE cell line or the BEAS-2B cell line. Viral infection of
primary cells has also been studied for the respiratory viruses RV (34,35),
RSV (19), and influenza (36).

ICAM-1 is constitutively expressed on A549 cells, but respiratory
virus infection further upregulates its expression. Rhinovirus infection
can lead to an upregulation of both ICAM-1 and vascular cell adhesion
molecule 1 (VCAM-1) (34), as can RSV (37) and adenovirus infection (38).
ICAM-1 expression can also be increased on A549 cells through other
pathways, such as local release of interferon gamma (IFN-g), or TNF-a
(39). Thus respiratory virus infection may cause both a direct increase in
adhesion molecules, such as ICAM-1 in URT and LRT epithelial sites, and
also an indirect increase via other factors that are also produced by
the infection.

B. Lower Respiratory Tract: Mediator Release

In this section we use RSV infection as a representative model of cytokine
production by the respiratory epithelium. The results from in vitro studies of
lower respiratory cell lines that have been infected with RSV are similar to
the upper airway results. Results from studies that have used the alveolar
cell line A549 have shown that IL-1a, IL-1h, IL-6, IL-8 (40),and IL-11 (41),
as well as TNF-a (40) and the chemokines RANTES (20) and MIP-1a and
MCP-1 (42), can all be induced by RSV infection. Results for the bronchial
BEAS-2B cell line show an almost identical pattern (where the same
cytokines have been studied), with increases in IL-6, IL-8 (43), and
RANTES (20). These results do suggest that the response to RSV infection
of the lower and upper airway epithelium in terms of cytokines released are
very similar. Recently, Zhang et al. used cDNA microarrays to demonstrate
the broad cytokine response that occurs following RSV infection of
epithelial cells, with increases seen in exodus-1, TARC, MDC, MIP-1h,
GRO-a/h/g, ENA-78, I-TAC, and fractalkine (44).

As a comparison, the results for infection with influenza virus show
that with infection of both nasal primary cells and primary bronchial tissue
there is RANTES production (36). Infection of established bronchial
epithelial cell lines with the same virus type leads to the upregulation of
mRNA and subsequent protein production of IL-6, IL-8, RANTES (36),
and eotaxin (45). Similar results have recently been observed with in vitro
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infection of primary bronchial epithelial cells with rhinovirus, with the
induction of IL-6, IL-8, RANTES, and IL-16 being observed (46). Rhino-
virus infection of epithelial cell lines produces the foregoing cytokines, as
well as granulocyte colony-stimulating factor (G-CSF) (47), granulocyte–
macrophage colony-stimulating factor (GM-CSF) (48,49), growth protein
a (GRO-a), epithelial neutropil-activating protein 78 GRO-a (ENA-78),
MIP-1a (47), eotaxin, and eotaxin-2 (50).

C. Lower Respiratory Tract: In Vivo Infection

There are no reported studies investigating cytokine production from
experimental human RSV lower airway infection. Indeed, there have been
no studies of experimental RSV infection for a number of years. A few
studies have looked at the cytokine response in children with bronchiolitis.
Smith et al. (51) reported a fall in mRNA levels (corrected for house-
keeping gene expression) of a variety of inflammatory cytokines from
tracheal epithelial cells in response to RSV infection. The cytokines that
showed this response were IL-1h, IL-6, IL-8, TNF-a, IFN-g, and GM-
CSF. The main reason for this finding is likely to be that since epithelial
cells collected by aspiration are shed, their mRNA is likely to be degrad-
ing, and this may have accounted for the lower mRNA levels in children
with RSV bronchiolitis (51). One other study has shown that the naso-
pharyngeal aspirate cytokine levels are closely correlated to the levels
obtained by endotracheal aspiration, though not as extensive a profile was
studied (52). Sheeran et al. (53), who studied cytokine levels in children
intubated with RSV bronchiolitis, compared nasal washes with tracheal
aspirates and demonstrated a broad inflammatory response, with IL-6,
IL-8, IL-10, MIP-1a, and RANTES all being elevated in both samples.
This has been confirmed for IL-8, RANTES, and MIP-1a by Harrison
et al. (54), investigating the tracheal aspirates of children with RSV bron-
chiolitis only. More recent studies have confirmed these results and also
demonstrated an increase in IL-4 and IL-5 (55) and MCP-1 (56), as well as
TNF-a (57) in the nasal aspirates of children with RSV bronchiolitis.

Experimental infection of 12 volunteers with influenza A showed
that increased levels of IL-4 (nonsignificant) and IL-6 were produced (58).
More recent studies have demonstrated the production of both neutro-
phil- and eosinophil-attracting chemokines, IL-8, MCP-1, and MIP-1a/h
(59,60). Experimental rhinovirus infection has also shown an increase
in IL-6 production, as well as IL-8 production, within 2 days of virus
challenge (61,62). Natural virus infection has been shown to induce IL-8
production; in this study the predominant infecting virus was influenza
virus (63).
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D. Upper and Lower Respiratory Tract: In Vivo Infection

A study that compared infants who had had RSV infection with signifi-
cant LRT involvement with those with predominantly URT involvement
showed evidence of immune activation in both groups. The production of
soluble ICAM-1 and CD25 (IL-2 receptor) in the serum of infected children
was studied. There were no significant differences between the two groups,
though the study may not have been sensitive enough and was looking
at relatively broad measures, which would not have reflected the changes
at the epithelial level (64). Cytokine levels were not assayed in this study.

One recent study has shown some changes between children with
proven RSV upper respiratory tract symptoms without bronchiolitis and
those with proven RSV bronchiolitis (taken as a marker of lower respira-
tory tract infection). The mononuclear cell cytokine response in the first 2
days of infection showed that significantly higher levels of IFN-g and IL-18
were produced by the mononuclear cells of children with an upper
respiratory tract infection than of children with bronchiolitis. This pattern
was reversed for the mononuclear cell IL-4 levels (65).

No studies have investigated the cellular responses in URT and LRT
infections simultaneously; some studies have shown similar events taking
place, though samples were not temporarily related. In URTI due to
rhinovirus, there is evidence of neutrophil influx and activation, with
increased levels of MPO and IL-8, which correlated to disease severity
and symptoms (26). Rhinovirus LRTI also shows increased levels of
neutrophil attractants following rhinovirus infection (61).

Similar findings were observed when eosinophil activation and degra-
nulation were investigated. Rhinovirus URT infection is associated with
increased levels of MBP (major basic protein) in children (33). Eosinophil
activation is seen in RSV URTI and also LRTI, with increased levels of
RSV-specific IgE as well as eosinophil degradation products (66,67).

E. Upper and Lower Infection: Conclusion

Most viral infections cause increased production of a variety of different cy-
tokines, as highlighted in this section. Each of the different cytokines pro-
duced plays a part in epithelial cellular immune responses to viral infection,
causing neutrophil, eosinophil, and lymphocyte recruitment and activation.

These results confirm the earlier statements: first, that the use of cell
lines (or primary cells) is a valid technique for investigating the respiratory
mucosal responses to virus infection, and second that the responses of
the upper and lower respiratory mucosa to respiratory virus infection
are similar.
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V. Physiological Response of the Upper Respiratory
Tract to Infection

The upper airway response to virus infection is due to the release of a variety
of inflammatory mediators secondary to infection of the epithelium by the
virus. These mediators may also be implicated in linking the upper and
lower airways.

Kinins, such as bradykinin, are known to produce several of the
symptoms that are associated with viral URTI including rhinorrhea, nasal
obstruction, and sore throat and are elevated in both natural (68) and ex-
perimental infections (69). The first two symptoms are due to an increase
in vascular permeability and vasodilatation. Histamine has an effect on
causing rhinorrhea as well, but its major effect is to cause sneezing. In-
creased levels of histamine have not been observed during experimental
rhinovirus infection (24), except in atopic subjects (70). Symptoms such as
sneezing and coughing can be reproduced by the administration of prosta-
glandins D2 and F2a (71), with partial blocking of these symptoms accom-
plished by the administration of nonsteroidal anti-inflammatory drugs
(NSAIDs). Cholinergic reflexes cause early nasal discharge through their
innervation of the submucosal glands, which can be blocked by intranasal
administration of the anticholinergic agent ipratropium bromide (72). Mucus
hypersecretion and nasal blockage may also be caused by increased leu-
kotriene production (73), though the effect of leukotriene antagonists has
not been investigated in connection with efforts to reduce the symptoms
associated with respiratory viral infections.

Although the relative contributions of individual mediators are not
clear from current data, the physiological symptom complex associated with
virus infection is likely to be due to the release of several mediators that act
in concert to cause nasal blockage, sneezing, cough, and rhinorrhea.

VI. Physiological Response of the Lower Respiratory
Tract to Infection

Few data are available on the release of mediators in the lower airways
following viral infection. One study has shown an increase in allergen-
induced histamine release in bronchalveolar lavage (BAL) specimens fol-
lowing rhinovirus infection (74), establishing a response similar to that seen
in the upper airway.

A. Natural Infection

Empey et al. (75) showed that though there was no change in resting airway
resistance (RAW) following rhinovirus infection, and no change in bronchial
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hyperresponsiveness (BHR) to saline, there was increased responsiveness
to histamine. In this study 9 of 16 normal subjects developed BHR to
histamine, which lasted up to 4 weeks. By the termination of the study,
all the subjects’ BHR had returned to baseline.

Little et al. (76) showed similar findings during an epidemic out-
break of influenza A in 44 subjects. As with the Empey study, an increase
in airway reactivity was seen in subjects who developed a URTI without
LRTI symptoms.

B. Experimental Infection

Early experimental rhinovirus infection studies may not have administered a
large enough dose of virus (77–79), with only 30 to 50% of subjects
developing clinical illness following challenge. The low infectivity rate
may have accounted for the lack of significant changes between challenged
and unchallenged groups. When clinically symptomatic upper airway
rhinovirus infection was established, there were significantly increased
responses to nasal administered histamine (80).

Studies that have investigated alterations in lower airway BHR have
also been hampered by the poor induction of clinically symptomatic infec-
tion if low viral dose or inadequate virus administration method was used.
Summers (81) and Skoner (82) and their colleagues were unable to show
statistically significant changes in BHR following infection, though Cheung
et al. (83), who used triple administration of virus, reported significant
changes not only in BHR, but also in maximal airway narrowing.

The late asthmatic response (LAR) for inhaled allergen is not seen in
all asthmatic subjects and is thought to be due to the recruitment of
inflammatory cells (lymphocytes and eosinophils) to the small-airway sub-
mucosa (84). This response is thought to be a good model for the patho-
genesis of chronic inflammation in asthma. Two studies have shown the
development of LAR responses following viral URTI; both used the double
administration method for the virus challenge. The study by Lemanske et al.
(85) showed an increase in LAR from 1 of 10 to 8 of 10 subjects following
rhinovirus infection, while Calhoun et al. (86) showed an increase from 1 of
8 to 5 of 8. A subsequent study by Calhoun’s group (74) showed that the
levels of BAL histamine recovered following antigen challenge rose post-
infection, as did levels of TNF-a and eosinophils.

VII. Virus Infection of the Upper Airways: Lower Airway
Functional Changes

The preceding section highlighted the similarities in the immune
responses of the epithelia of the upper and lower airways. Studies that
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have investigated the functional airway changes in response to respiratory
virus infection can also be divided into two broad categories: studies that
have investigated normal subjects and those that have investigated
asthmatic/atopic subjects. The results with normal and asthmatic indi-
viduals give both different and similar results, indicating that the changes
in the lower respiratory tract are greater in asthmatics but can be
observed in both populations.

A. Natural Infections

Normal Subjects

Many of the early studies that investigated the response of static lung
function tests, such as forced expiratory volume in one second (FEV1), peak
expiratory flow (PEF), and airway resistance (RAW), failed to demonstrate
changes in respiratory function following respiratory virus infection
(75,87,88). The results of these studies suggest that normal subjects do not
develop changes in resting airway tone following infection. In a more recent
observational study, of normal nonatopic subjects monitored closely, with
twice daily peak flow recordings during naturally occurring viral infections,
falls in peak expiratory flow rate of around 9.5% were observed during viral
URTI (89), significantly lower than the fall observed in atopic asthmatic
individuals with URTI (14.1%, p = 0.03).

Atopic/Asthmatic Subjects

Similarly, early studies of asthmatic populations were not able to demon-
strate changes in either static or dynamic pulmonary lung function tests
associated with virus infections (90,91). More recent population studies of
adult and pediatric populations of asthmatic subjects have shown a fall in
PEF associated with URTI in both populations. Initial information was
obtained from a study by Morris (5). More recent studies by Nicholson (2),
and Johnston (1) and their collegues support the first study for adult and
pediatric populations, respectively. The latter study was able to show that
viral URTI is implicated in the vast majority of childhood asthma exacer-
bations. Not unexpectedly, static lung function tests do change in asthmatic
individuals: a median fall in PEF of 35% was reported (1). Other studies
have confirmed the change in static pulmonary function tests associated
with viral infection (92,93).

Investigators using more rigorous techniques have been able to show
the extent of alterations in pulmonary function during virus infections.
Earlier studies may not have been able to show significant changes because
they were unable to confirm all virus infections. These data suggest that the
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asthmatic response seems to be quantitatively increased in comparison to
the normal response.

B. Experimental Infection

Functional Changes

The experimental infection and study of volunteers allows the pathophysi-
ology of the acute infection to be studied closely in a controlled way,
with measurements being accurately timed with respect to the onset of
infection. Nevertheless, there is great variability in the reported results.
There are several key protocol differences between experimental infection
studies, and some of these may account for some of the variation. Spe-
cifically, the study populations are variable; there are differences in the
virus serotypes used (though most human rhinovirus infection studies
have used RV-16 and RV-39); and there are several different methods and
doses of virus inoculation.

Administration methods vary, with three main types. The simplest is
droplet administration of virus directly into the nose. This can be combined
with nasal inhalation via an atomizer, which may lead to pharyngitis and
possibly LRTI as well. The final method is the use of the first two, with the
addition of nebulized virus administered over 2 days. The last method has
the highest chance of active administration of virus into the lower airways
and increases the chances of the subject developing an LRTI.

The infective dose of the virus is often expressed as the TCID50; this
is defined as the dose needed to cause infection of 50% of tissue cultures.
The infecting dose of the virus varies from 100 TCID50 (77) through to
3 � 104 TCID50 (83). The 300-fold differences in viral dose adminis-
tered in these studies could be enough to account for the differences in
results reported.

Study populations have varied from normal subjects to stable
asthmatic subjects. Some studies have used atopic rather than asthmatic
individuals, presumably to investigate subjects that are safer to infect.
The reported experimental rhinovirus infection studies are summarized in
Table 2.

A study that used triple inoculation has demonstrated that experi-
mental RV infection does significantly reduce airway calibre (94), a finding
that had not been shown before 1999. Other recent studies have demon-
strated changes in lung function after experimental rhinovirus infection.
Bardin et al. have been able to demonstrate a fall in PEF in following RV-16
inoculation: the changes were seen in 6 out of 16 subjects, who included 2
normal subjects, and atopic and 3 atopic asthmatic subjects (95). The
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subjects in whom a fall in PEF is seen also demonstrate an increase in
airway responsiveness as measured by histamine challenge. Grunberg et al.
demonstrated a fall in serial FEV1 following RV-16 infection in atopic
asthmatics; this was maximal on day 2 after challenge and was associated
with an increase in airway hyperresponsiveness (94).

Experimental infection and subsequent study of asthmatic hyper-
responsiveness to bradykinin showed that repeated bradykinin challenge
over several days led to tachyphylaxis, but RV-16 infection abolished this
tachyphylaxis (61). This suggests that there is an increased sensitivity to
bradykinin following RV-16 infection, though this effect is not seen in
all studies (81).

The foregoing studies show that experimental virus infection can lead
to a fall in PEF and FEV1, an increase in BHR to both histamine and
methacholine, and the development of the LAR in atopic individuals. The
development of these changes does seem to require that the virus be ad-
ministered in large enough doses to cause clinically symptomatic infection.

Histological Changes

Rhinovirus infection is associated with an accumulation of inflammatory
cells in the lower airways in both normal and asthmatic subjects (84). There
were also increases in airway reactivity to histamine in the asthmatic
subjects. A separate study that investigated the response of rhinovirus
infection on nasal lavage contents showed increased levels of IL-6, IL-8
and ECP. This was associated with increased bronchial hyperreactivity (96),
though measures of lower respiratory tract cellular recruitment were not
studied. A study by Seymour et al. has demonstrated, by immunohisto-
chemistry of bronchial biopsy samples taken from nonatopic subjects
infected with HRV-16, that there is an increase in macrophages positive
for 5-lipoxygenase (LO) and eosinophils and an increase in macrophages,
positive for cyclooxygenase 2 (COX-2), eosinophils, and mast cells. There
was also an increase in the BAL fluid cysteinyl leukotrienes, which may
contribute to the lower airway inflammation reportedly associated with
rhinovirus infection (97).

There is evidence that rhinovirus infection is associated with cellular
changes in the lower airway and that this is associated with airway reactivity
changes seen in the experimental infection studies. What is not clear from
these studies is whether the functional, physiological, and immunological
changes observed in the lower airway during rhinovirus URTI are a result of
direct LRT infection or occur via indirect mechanisms. For this reason,
several studies have attempted to investigate the capacity of rhinovirus to
infect the lower respiratory tract.
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VIII. Methodology for Eliminating URT Contamination

A variety of methods have been tried to try to obtain LRT samples with-
out URT contamination. Originally methods such as tracheal aspiration
(98) and lung puncture (99) were tried, but these techniques are associated
with appreciable discomfort and morbidity. Postmortem studies have
succeeded in bypassing the upper airways by obtaining samples directly
from lung tissue, but these have limited application! Double-lumen
catheters have been introduced via bronchoscopy, protected from the
upper airway by a polyethylene glycol (PEG). However, when bacterial
cultures were taken by this method, Halperin et al. showed that there was
73% oropharyngeal contamination on subsequent culture of the lavage
specimens (7).

Even if LRT sampling could be performed without URT contami-
nation, viral diagnostic procedures have been so limited with respect to the
most common respiratory tract viruses, rhinoviruses, and coronaviruses that
no useful data have been available until the recent development of more
sensitive techniques, such as PCR.

In one study bronchoalveolar lavage was used to sample and PCR to
detect respiratory viruses. After the BAL samples had been processed and
cells separated from the fluid, the cells were washed to reduce the viral
particle contamination of the samples that may have occurred during the
passage of the bronchoscope through the upper airways (100). In this study
eight allergic volunteers were experimentally challenged with rhinovirus.
Reverse transcriptose-PCR and Southern blotting served to identify rhino-
virus in all subjects 2 and 4 days after challenge, while all prechallenge
samples were negative. However, despite the precautions taken, URT
contamination could not be excluded, in as much as washing cells in in vitro
studies is known not to remove virus that is already attached.

To try to eliminate the confounding influence of URT contamination
in the diagnosis of LRTI, a recent rhinovirus experimental infection study
obtained mucosal biopsy samples at bronchoscopy and used in situ hybrid-
ization (ISH), a technique that detects viral RNA or DNA tissues. Viral
gene products demonstrated in tissue by this means would provide clear
evidence of viral replication in the LRT.

Nasal mucosal studies of experimental rhinovirus infection have used
of in situ hybridization (ISH) to demonstrate rhinovirus within epithelial
cells (101) and rhinoviral replication (102). ISH techniques have been
applied to lower airway samples to confirm rhinovirus localization and
replication in the lower airways (103). Figure 1 shows lower respiratory tract
biopsy specimens, taken before and during experimental RV colds, that
were probed for rhinovirus by means of ISH techniques.
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There is now also evidence that rhinovirus can infect airway smooth
muscle in vitro, via binding to ICAM-1. This leads to an increase in the
constrictor response to acetylcholine and an attenuated relaxation response
to isoproterenol (104). Thus rhinovirus can directly act on airway smooth
muscle and alter its tone, suggesting that direct local effects at the level of the
lower airway may be important.

Figure 1 In situ hybridization for rhinovirus RV-16 in sections of human bronchial
biopsy samples. Negative bronchial biopsy samples were taken before infection from

three subjects: – (A), (C), and (E) are compared with RV-16-positive biopsy samples
from the respective subjects obtained during experimental RV-16 infection (B), (D),
and (F). The hybridization signal for RV-16 is visible as black color in the cells and is

localized mainly on epithelium. Magnification, � 400. (From Ref. 46.)
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Thus, there are methods that can be used for sampling the lower
airways with minimal risk of contamination from the upper airways and
confounding of the results. If these methods are used, the identification of
viral genome can reliably be ascribed to lower respiratory tract infection.

IX. Linking of the Upper and Lower Airways

Although there is now good evidence of rhinovirus replication in the lower
respiratory tract, the cellular and functional changes observed in the lower
respiratory tract that are associated with a rhinoviral or any other viral
URTI may also be linked by indirect means. Several different mechanisms
may be involved in this possible linkage, such as the production of circu-
lating factors, neurogenic links between the upper and lower airways, and
factors produced in the upper airways that are transferred by inhalation to
the lower airways.

A. Circulating Factors

Histamine and bradykinin are found in the circulation and may be involved
in the remote linkage of the upper and lower airways. An ex vivo study of
basophils from subjects infected with rhinovirus showed increased histamine
release, suggesting that this may be a possible mechanism for increased
hyperresponsiveness (105,106).

Busse (107) has shown in an ex vivo study that there is alteration of the
sensitivity of h-adrenoreceptors present on mononuclear cells following
rhinovirus infection, indicating that rhinovirus infection can lead to a down-
regulation of the sensitivity of h-adrenoreceptors. There is no evidence
that rhinovirus can alter the h-adrenoreceptor sensitivity in vivo, although
the foregoing findings suggest that such change may occur and could lead
to an alteration in the resting tone airways during viral infections and
narrower airways.

B. Indirect Links: Cytokines

The principal mediators of inflammation, the cytokines, which tend to be
short-lived, and often strongly bound to albumin, are elevated in bacterial
pulmonary infections. They are biologically active at very low concentra-
tions, and increased levels of plasma IL-1 and TNF-a are likely to be
involved in the febrile and arthralgic responses to viral upper respiratory
infections. It is therefore quite possible that increased circulating levels of
cytokines resulting from URT infection may result in biological changes in
the lower airway. Few studies have studied serum cytokine levels during
viral URTI or LRTI. One study of experimental influenza A infection
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reported an increase in serum TNF-a and IL-6 levels; the maximal rise was 2
to 3 days postchallenge (108). However there is insufficient evidence to
support or refute the hypothesis that circulating cytokines are present at
levels sufficient to lead to remote inflammatory cell activation.

C. Neurogenic Links

The nervous innervation of the lungs has been difficult to study directly in
humans, and much of the available information has been derived from
animal models. If there were indirect neurogenic links, then local infection
of the respiratory epithelium could lead to local changes in the upper airway
that would cause alterations in lower airway reactivity and airway function
via neural pathways, rather than by local infection of the LRT.

There is evidence that disruption of the local nerve innervation can
cause local effects in the lungs. This would support virus infection in the
lower respiratory tract, leading to local changes in the lower airways. There
may be an alteration in the parasympathetic supply to the lungs, either a
reduction in presynaptic M2 receptor functioning or an alteration in M2

innervation. This is thought to be a result of MBP (major basic protein)
release by eosinophils (109). The nonadrenergic noncholinergic (NANC)
nervous system may also be affected by local viral infection. Substance P
and neurokinin A are the major mediators of the sensory C fibers. With the
loss of epithelium, the major source of neutral endopeptidase, which
degrades substance P and neurokinin A, their levels can increase, leading
to an increase in the constrictor tone of the NANC system.

If neuronal links exist between the upper and lower airways, URTI
may indirectly lead to alterations in lower airway functions. For many years
neuronal links between the upper and lower airways have been suggested. In
fact, asthma was postulated as being a nasal response (110). Several studies
have shown that the lower airways do react to changes in the nasal
environment (111,112) and that changes can occur in response to exercise,
cold air (111), or histamine challenge (113). Yan et al. (114) showed that the
nasal administration of histamine led to a fall in FEV1. This study and one
by Fontanari et al. (115) showed that this response was present in normal
individuals as well as asthmatic individuals, though the response in asth-
matic individuals was greater, with the largest response seen in asthmatic
individuals with rhinitic symptoms. The work of Yan and Fontanari and
their colleagues showed a correlation between nasal cold-air-induced bron-
choconstriction and airway hyperresponsiveness. Others, however, have
shown these effects without demonstrating a clear correlation (116). Nasal
cold air is a vagally mediated response and is used in the in vivo studies of
M2 receptor function (109). Recent studies by Braunstahl et al. (117,118)
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have demonstrated in nonasthmatic subjects with allergic rhinitis that
segmental bronchial provocation (SBP) with allergen (117) induces nasal
inflammation, with an increase in circulating eosinophils, as well as a local
increase in eosinophils in nonchallenged bronchial mucosa and nasal lamina
propria. The opposite is also seen: with nasal allergen challenge in subjects
with nonasthmatic allergic rhinitis, there was an increase in ICAM-1 and
VCAM-1 expression both in nasal and bronchial mucosa, and there was an
increase in mucosal eosinophils in both nasal and bronchial epithelia (118).
These changes in the lower and upper airway could not be demonstrated in
control sham-challenged subjects (117,118).

There is a great deal of evidence that viral infections may be causing an
alteration in the local nervous system network in the lung, and that they
may be exerting an influence over a greater distance. Much work still needs
to be undertaken to fully dissect the interaction between the effects of the
virus locally and remotely. Most evidence points to local viral effects causing
the lower airway response directly, though there is evidence that indirect
effect may play a role as well.

X. Timing of Symptoms in Upper Airway Infection

Can the timing of the development of symptoms help in establishing
whether upper airway infections are linked to lower airway infections? Most
studies rely on symptom reporting to classify an infection as either a URTI
or as a an LRTI. One of the most commonly reported symptoms that is
reported, cough, often classified as a an LRT symptom, was reported in
70% of URTIs (1). Lower airway symptoms are thought to follow upper
airway symptoms, though there are few data to support the anecdotal
evidence of this timing. Johnston’s study (1) shows that of 269 reported
episodes of URT or LRT symptoms associated with viral infections, 184
were combined URTI and LRTI (70%), while only 16 of 269 (6%) were
only LRTI and 69 of 269 (24%) were URTI only. This suggests that often
there is infection of both upper and lower airways, though to have isolated
LRTI is also possible.

Using data from Johnston’s study (1), allows us to study relationships
between the timing of upper airway symptoms and a fall in peak flow (seen
in 141 of 269 episodes) in the asthmatic subjects, (Fig. 2a). There is a median
one-day delay between the reporting of symptoms and the fall in peak flow,
suggesting that in most cases URT infection precedes LRTI. However, falls
in peak flow preceded URT symptoms in 14% of cases, perhaps suggesting
that LRT infection preceded URT infection in these cases. LRT symptom
reporting had the same temporal relationship with falls in PEF as did
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Figure 2 (a) Number of days by which upper respiratory symptoms preceded a fall
in PEF. (b) Number of days by which lower respiratory symptoms preceded a fall in
PEF. (c) Number of days by which upper respiratory symptoms preceded lower.
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reporting of URT symptoms (Fig. 2b), and the median reporting time of
lower respiratory tract symptoms and upper respiratory tract symptoms is
indeed usually simultaneous (Fig. 2c). However, once again LRT symptoms
preceded URT symptoms in a significant (38%) percentage. We believe that
the relative timing illustrated for PEF drops and URT symptoms is more
likely to reflect the true sequence of events than that illustrated for LRT
symptoms and URT symptoms, since, when triggered by an overall load of
symptoms, children recording diary cards may start to record symptoms
irrespective of their source, rather than accurately assessing upper and lower
respiratory symptoms separately on a daily basis, as instructed. It is likely
that the objective PEF recordings do not suffer from this triggering effect. It
is interesting to note that these data combined demonstrate that in a
significant percentage of cases, LRT symptoms or a fall in PEF precede
URT symptoms. Whether the mechanisms involved are direct or indirect,
however, is not clear.

XI. Conclusion

There is a large body of evidence to support direct infection of the lower
respiratory tract by most respiratory viruses including rhinoviruses. In-
fection of lower respiratory tract cells leads to inflammatory responses
similar to those observed in upper respiratory tract cells both in vitro and
in vivo. There are many local pathophysiological responses that can cause
symptoms. There is increasing evidence that levels of inflammatory media-
tors released by local tissue infection correlate with the symptoms reported
by individuals.

Though most investigations have focused on the direct effect of vi-
rus infections on the pathology and physiology of the lower airway, in-
direct effects of upper airway infection may play a significant role on the
lower airway as well. Some evidence exist for indirect effects, but more
research needs to be conducted to clarify their role in airway response to
virus infections.
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Introduction

Sinusitis and rhinitis are significant health care issues. Yet so little is known
about the mechanisms that cause these inflammatory disorders or even how
to best treat these entities. To increase our understanding of this important
disease, in vivo animal models or systems are often pivotal advancement of
knowledge and developing new approaches to therapy.

Animal experiments can be the crucial ‘‘proof of concept’’ needed to
prove or disprove mechanistic hypotheses (1–3). In this regard, animal
systems have been invaluable in establishing cause-and-effect relationships,
inasmuch as clinical studies rarely go beyond descriptive or correlative
findings. In fact, the exponential increase in medical knowledge is, in part,
credited to the use of animals in research (4). For instance, of the 82 Nobel
Prizes in medicine or physiology awarded between 1901 and 1982, animal
experiments contributed to 71% of the research. As a final, but very per-
tinent example, it was largely through the use of animal systems that
inflammation and inflammatory mediators took center stage to explain
asthma pathogenesis (2,3) and led directly to similar experiments in humans
that showed the importance of inflammation in asthma.
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Animal models serve many key purposes. First, they allow for a
further refinement of hypotheses on mechanisms that are responsible for
biological or pathological phenomena. Second, animal studies allow us to
address questions or issues that are impossible or, at the least, extremely
difficult to obtain from clinical studies or trials. Third, animal models allow
us to obtain data critical to the development of new and unproven ther-
apeutic interventions. So while an animal model has certain real limitations,
the insight gained often leads to important advances in mechanistic knowl-
edge. Such was clearly the case for the role of inflammation in asthma
pathogenesis, and such will likely be the case in unraveling the mechanisms
important in causing or maintaining rhinitis and sinusitis.

Asthma is a reasonably well described disease entity that exhibits
certain pathological or pathophysiological features. To be useful, a relevant
animal model needs only to exhibit some of the features of the disease (1). It
is probably totally unreasonable to expect that an animal model will be
exactly identical to the human condition; hence, referring to an animal as
‘‘having’’ asthma or sinusitis except in the broadest of terms is incorrect.
For sinusitis and rhinitis, unlike asthma, there is absent a clear consensus
about the features that would specifically characterize these disorders. Yet,
using the same notions that have been used for animal models of asthma, a
relevant process to study rhinitis/sinusitis in the nose and sinus of an
experimental animal needs cause only

1. Acute inflammation, consisting of swelling and diapedisis of
inflammmatory cells (type unspecified)

2. Chronic, persistent inflammation
3. Airflow obstruction associated to either acute or chronic

inflammation

At first glance these requirements seem rudimentary, but because so
little is known, this is all that is currently needed. With these caveats in
mind, we will turn to the purpose of this chapter, which is to use findings
derived from experiments in laboratory animals to explore the relationship
and mechanisms of sinus–lower airways interaction.

I. Creating a Relevant Model: The Problems

It must be clearly understood from the onset that animals do not have the
well-developed sinuses of humans (5); however, it is thought that the nasal
passages of animals serve similar functions. In addition, the nasal passages
in animals perform important temperature-regulating functions. The anat-
omy of the nasal/upper respiratory passages of animals shows marked
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interspecies differences (5). There are also significant age-dependent changes
in structure. Since the majority of the current and future work will most
likely be in smaller laboratory animals, the discussion is confined to rabbits,
rats, and mice. The majority of the information detailing the structure of the
nose and sinuses has been derived from dissection and measurements of the
gross structures. Precise anatomical descriptions for various animal species
can be found in standard texts and references (6–11); beyond this little more
is known, however, since the anatomy of the nose and sinuses has not been
as extensively explored.

A. Epithelium: Structure and Function

Rabbit

The nasal epithelium of the rabbit, like the mouse, has a predominance of
Clara cells, which make up significant parts of the epithelium of the nose.
Like the rat and mouse, rabbits have few submucosal glands.

Rat

Rats have been widely used for inhalation toxicology investigations, and as
a result there is considerable information for this species (12). The rat nasal
passages, like those of rabbits, exhibit somewhat more structural complexity
than those of the mouse. Unlike the rabbit, the rat has predominance of
serous cells, but like the mouse and rabbit, has few submucosal glands (13).

Mouse

Because of the reagents, antibodies, and transgenic techniques available,
mice have been and will become increasingly used for studies (13). Anatomy
and cellular structure of the murine nasal passages are less well described,
however, than those of other laboratory animal species. Based on body size,
the nasal cavity of the mouse is proportionately larger (7:1) than that of the
rat (5:1). The functional reason for this difference is unknown, but the
mouse breathes very rapidly (5–6 Hz), and a large nasal passage would
provide more efficient gas humidification. It has been reported that about
40% of the nasal passage of mouse is olfactory epithelium (14). While 3.5%
of the nasal cavity of the rat is squamous epithelium, the mouse has about
20%; therefore, the mouse has more respiratory epithelium available for air
filtration. The epithelium of the nasal passages of the mouse also has a
predominance of Clara cells and few submucosal glands.

It has been speculated that the significant amount of nonciliated
cuboidal epithelium in rodents provides protection against xenobiotics
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owing to high amounts of cytochrome P450-dependent monooxygenase (13)
present in these cells. This is in sharp contrast to primate species. There are
also considerable differences in the cell types, cellular composition, and
gross and subgross morphology of the nasal passages between mice and rats
and mice and primates.

B. Nerves

Neural innervation of the sensory type originates from the trigeminal nerves
via both the ophthalmic and maxillary branches. Nonmylineated nerve fibers
are frequently found within the epithelium and are responsible for a myriad
of reflexes. Autonomic neural innervation can include parasympathetic,
sympathetic, nonadrenergic inhibition, and noncholinergic excitation. In ge-
neral, very little is known about the function of these nerves beyond some of
the stimuli that activate autonomic reflexes. The sole exception is the rabbit,
where investigations by J. H. Widdicombe beginning in the 1960s provided
some information (15–17). Of interest in mice, the presence of neural peptides
appears to be especially complicated (18,19), but the function of such a
complicated network of peptides in this species is again unknown.

II. Asthma and Sinusitis

Elsewhere we have outlined the factors indicating that upper respiratory
tract disease processes in humans are linked largely through circumstantial
evidence (20) that provides indisputable evidence that sinusitis and rhinitis
and other disorders of the upper respiratory tract are strongly associated
with asthma. Yet, there is little definitive information linking upper respi-
ratory tract inflammation directly to asthma. Even if sinusitis does play a
causal role in asthma, the exact mechanisms remain uncertain (20,21).

Numerous anecdotal and epidemiological studies have reported a
high coincidence of asthma with either rhinitis or sinusitis. Bullen (22),
Gottlieb (23), and Weille (24) reported that 26 to 70% of asthmatic adults
had coexistent sinusitis, and more recent studies corroborate these findings
(25–27). Despite this clear association between sinusitis or rhinitis and
asthma, there continues to be a poor appreciation and, indeed many doubt,
that upper airways disease is a cause of asthma (20,21). The strongest
evidence in favor of such a relationship comes from an array of clinical
investigations indicating that specific treatment of the nasal/sinus passages
helps patients with asthma (28–34). In refractory cases, surgical intervention
can often effect a remission of asthma (28,34,35). These studies provide
more convincing evidence for a causal link between sinusitis and asthma but
still lack the definitive proof one would like.
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Another point of view is that significant upper respiratory tract disease
is merely another manifestation of global airways disease (21,36). Lower
airways hyperresponsiveness can be demonstrated in about 15 to 56% of
individuals who have only allergic rhinitis (37–39). On the other hand,
several investigators have shown no alteration in lower airways function in
patients with allergic rhinitis and asthma (40–42). Thus, the actual causal
role of the upper respiratory tract in precipitating or enhancing disease in
the lungs still remains controversial.

III. Rabbit Model of Asthma and Sinusitis

A. Asthma

A model of the late asthmatic response was initially developed in the
rabbit to investigate the immunopathogenesis of the response to the
airways to antigen (43–45). Animals can be rendered immune by injections
of adjuvant and antigen (Alternaria or ragweed) and then subjected to an
inhalation challenge of the same antigen. The physiological and patho-
logical findings following antigen challenge were qualitatively similar to
the responses that occur in atopic asthmatics after bronchial challenge
with antigen. As in man, the rabbit develops a delayed airflow limitation
or late asthmatic response (LAR) that usually is greater than the airflow
limitation observed during the initial time points or immediate asthmatic
response (IAR) (45). That the mechanisms involved might be similar to
those involved in man is suggested by the reaction of this model to
common antiasthma drugs. Cromolyn sodium blocked the IAR and
LAR, while corticosteroids inhibit only the LAR, and h-adrenergic agents
are ineffective in reversing the airflow limitation once the LAR has
occurred (43,45).

Histopathologically, this model also parallels the physiological events
in man, since granulocytes have been be recovered from bronchoalveolar
lavage (BAL) or observed within the large and small airways (46,47), where
within the bronchioles, 80% of the granulocytes were eosinophils. Thus, in
this animal model, the LAR has been associated with significant increases in
granulocytes within both bronchi and bronchioles, as well as a heightened
airways responsiveness to an inhaled agonist. Rabbits, when made neutro-
penic with the administration of nitrogen mustard, exhibited an IAR but no
LAR or increase in responsiveness (48). Moreover, neutrophil-rich popula-
tions of white cells appearing at the time of ragweed exposure were trans-
ferred into control (non-ragweed-immune) rabbits, which had neither
asthmatic responses nor changes in airways responsiveness after exposure,
or into ragweed-immune rabbits, which now had early and late decreases
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in lung function, as well as a marked increase in airways responsiveness.
It would appear that in this rabbit model, both the late response and the
subsequent increase in airways responsiveness is absolutely dependent on
the presence of inflammatory granulocytes.

Immunization and antigen challenge represents a realistic approach to
the study of asthma pathogenesis (1–3,49), but the approach is not without
problems. The most important of these are the time, costs, and energy
required to manipulate such models. Accordingly, researchers have
employed any number of other inflammatory stimuli. Ozone exposures
cause both inflammation and hyperresponsiveness in dogs (49–51), guinea
pigs (52), and rats (53). Toluene diisocyanate (TDI) will cause inflammation
and airways hyperresponsiveness in quinea pigs (49,54), but whether these
effects are granulocyte dependent is unclear (55). Endotoxin produces air-
ways hyperresponsiveness in sheep (56,57) and in certain inbred strains of
rats (58), a result that has been associated with increased airways responses
to inhaled agonists.

We have also investigated the ability of a modified complement
fragment, C5a des Arg, to induce inflammation and subsequent airways
dysfunction (59) in the rabbit. C5a des Arg is the fifth component of com-
plement, which has had the terminal arginine removed. C5a des Arg is also
a potent phlogistic factor but, unlike C5a does not have a direct spas-
mogenic effect on smooth muscle. When administered to rabbit airways,
this molecule caused an inflammatory lesion of the airways, bronchospasm,
and an increased responsiveness to inhaled histamine (59). Granulocyte
depletion abrogated the effects of C5a des Arg. Yet, the presence of
inflammatory cells airways does not always automatically translate to
physiological dysfunction, as we showed in the sham-treated animals,
which also developed airways inflammation but without an increase in
airways responsiveness.

Our current operational scheme (Fig. 1) shows a much more involved
process. Aside from the importance of cellular activation, some of the
additional features include the following:

1. Granulocyte activation probably involves both a process of
‘‘priming’’ and then ‘‘triggering.’’

2. The exact spectrum of mediators involved is dependent on acti-
vation and probably is critical to the specificity of the reponse.

3. These mediators probably target structures other than the smooth
muscle.

4. In all likelihood, the mechanisms that control the occurence of
airway narrowing are quite different from the mechanisms that
determine heightened airways responsiveness, two events that can
be dissociated.
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B. Sinusitis

Our purpose in developing an animal model of sinusitis (60,61) was twofold:
first, to develop a model in which sinusitis and airways hyperresponsiveness
could be associated and, second, to investigate some of the postulated
mechanisms that might explain this association (Fig. 2).

Rabbits underwent pulmonary function testing (46,48,59), and a
histamine dose–response relationship was determined to establish a baseline.
Animals were then assigned randomly to the various treatment groups.

Figure 1 A current working hypothesis of the relationship between inflammatory
cells and mediator release in affecting increased airways responsiveness. Cells likely
pass through a two-step process where first ‘‘priming’’ occurs by exposure to the
primary stimulus. The secondary then ‘‘triggers’’ the release (or greater amounts) of

a spectrum of mediators. This spectrum of mediators targets a variety of tissues,
which may include the generation of secondary messengers.
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As a control, the maxillary sinus on each side was injected with a
sterile saline (Fig. 3) and then the animal was positioned prone and the
head elevated. Sixteen hours post treatment, animals were reanesthetized
and retested. Rabbits that received sinus injections of the saline–protein
diluent demonstrated no change in airway responsiveness (Fig. 4A). The
baseline EC50 (mean F SEM) for specific pulmonary conductance (SGL)
was 2.39 F 0.5 compared with postsaline, 2.39 F 0.6 mg/mL (NS).

In another group of rabbits, the maxillary sinus was injected with
human recombinant C5a des Arg. Rabbits that received C5a Arg, posi-

Figure 2 Unanswered questions concerning the mechanistic link between upper
airways inflammation and lower airways responsivesness are (1) What is released

from the inflammatory process within the nose and sinuses that increases
responsiveness? and (2) How do those products increase responsiveness?
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tioned head up, showed a marked increase in airways responsiveness [EC50

SGL pretreatment was 5.35 F 1.0 vs posttreatment 1.44 F 0.5 mg/mL ( p=
0.005)] (Fig. 4B). The sinus lavage fluid showed a predominance of poly-
morphonuclear cells. However, sinus lavage following saline injection was
similar to that of normal, unmanipulated rabbits: that is, no evidence of
granulocyte inflammation.

C. Mechanisms Linking Sinusitis to Lower Airways
Dysfunction

Several mechanisms might account for our observation that an inflam-
matory process in the upper airways was associated with hyperresponsive-
ness of the lower airways. Astutely, many of these mechanisms were first
proposed by Gottlieb in 1925 (23). Based on his simple clinical observa-
tions as a physician in private practice, he had postulated several mech-
anisms that might link upper airways processes to lower airways symptoms
(Table 1). Of the mechanisms postulated by Gottlieb, we thought the most
likely were reabsorption of inflammatory products and subsequent delivery
via the circulation to the lower airways, elicitation of a nasobronchial

Figure 3 Radiographs of a rabbit head. (A) Needle is passed into the paranasal
sinus. (B) Radiocontrast has been injected; Note passage of material to the
contralateral side.
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Figure 4 Following the injection of saline (NaCl sham) or 30 Ag of human C5a des
Arg into each paranasal sinus, the animals have airways responsiveness to inhaled
histamine determined prior to treatment (dashed lines). (A) Following injection of

saline, there is no shift in the dose response curves. (B) Following C5a des Arg, the
dose–responsive curve shifts left and the change is significant. Open symbols and
bars are prechallenge and closed symbols and bars are postchallenge. Data points are

mean F SEM. In both experiments the animals were positioned head-up for in-
duction SGL. (Adapted from Ref. 60.)
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Figure 5 C5a des Arg (30 Ag each sinus) was injected into both knee bursae (A) or

sinuses (B, C), and determinations of the histamine dose–response characteristics
were made 16 h later. Airway responsiveness (Log EC50-SGL) was not increased
following induction of bursitis, suggesting that the responsible factors are not ab-

sorbed and conveyed to the lung by the circulations. Further, responsiveness was not
increased if the animal was positioned head down (B) or positioned head up and
intubated prior to C5a des Arg injection (C). Prevention with either method (B or C)

of passage of materials from the nose and sinuses appears to prevent airways hyper-
responsiveness. (Adapted from Ref. 60.)
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reflex, and passage of cells and/or mediators of the inflammatory reaction
to the lower airways (‘‘post nasal drip’’). The experiments we later con-
ducted in this model were designed to clarify which of these mechanisms
were operational.

Reabsorption of Inflammatory Products

Since mediators generated during anaphylactic reactions (62,63) or bron-
choprovocation (64) appear in the circulation, pulmonary effects could
occur after blood-borne delivery from sites of inflammation. To address
this possibility of blood-borne delivery of inflammatory mediators, we
performed the following experiment. Rabbits received injections of C5a
des Arg in each suprapatellar bursa (65), where an intense joint inflamma-
tion was observed as the mean white blood cell count was elevated when the
knee joint were lavaged (mean FSEM WBC � 106 cells/mL/joint: 3.27 F
1.6 vs 0.02 F 0.009 in untreated controls, p = 0.05). However, airways
responsiveness to histamine was unchanged (EC50 pre 3.70 F 0.9 vs post
3.95 F 1.0 mg/mL p = NS) (Fig. 5A).

A failure to show an increase in airways responsiveness provides
circumstantial evidence that reabsorption of inflammatory mediators may
not be an important mechanism in this model. However, this negative
finding could have been due either to the small quantities of inflammatory
mediators present, or alternatively, to inadequate amount of mediators,
which might have been reabsorbed and rapidly metabolized in the vascular
space. Of interest, we did observe in the occasional animal a marked
increase in responsiveness (49). Thus, although this mechanism may be
operative in some forms of lower airways obstruction, data to support its

Table 1 Mechanisms Suggested by Gottlieb in 1925 That Link Nasal Disease to
Asthma

1. Postnasal drip of mucus, mediators, or chemotactic factors into the lower airways
which either directly alters airways reactivity or causes airways inflammation.

2. Hyperresponsiveness of the airways due to reabsorption of mediators or
chemotactic factors from inflammatory processes in the nose sinuses.

3. Mouth breathing, due to nasal obstruction, of cold and/or dry air that elicits
asthma by increaseing the heat and water loss in the lower airways.

4. Activation of nasopharyngeal–bronchial reflexes due to stimulation of the nose,

sinuses, or pharynx.
5. Diminished h-adrenergic responsiveness.

Source: Ref. 23.
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contribution in the setting of upper respiratory tract inflammation in the
current model could not be demonstrated.

Nasobronchial Reflexes

Activation of a nasobronchial reflex is suggested as the second mechanism
that might potentially explain how an inflammatory process in the upper
airways would lead to a change in lower airways function. Sluder in 1919
(66) first proposed such a reflex arc, comprising a sensory limb consisting
of receptors in the nose, sinuses, and pharynx that project afferent signals
through the trigeminal, facial, and glossopharyngeal nerves to the
medulla. From there, connections are made to the vagal nucleus, from
which efferent impulses project to the lower airways via the vagus nerve,
resulting in bronchoconstriction (67). Following nasal provocation with
irritant agents, such reflexes have been clearly demonstrated in both
animals (68–70) and humans (71–73). Further, a nasobronchial reflex
has been shown to be operative in an animal model of viral upper
respiratory tract infection (74) or antigen challenge (75). In man, such
reflexes could not be demonstrated under conditions of allergen-induced
nasal inflammation (40–42). We performed the following experiment in
the rabbit system, to indirectly address the postulate that neural reflexes
originating in the upper airways caused the observed increase in lower
airways responsiveness.

Rabbits underwent injections of C5a des Arg in each maxillary sinus
while positioned head down for 40 mins. When positioned in this way for
the induction period, these animals failed to show airways hyperresponsive-
ness even though there was similar sinusitis present.

We must conclude that in this model of experimental sinusitis,
there was no evidence for either bronchoconstriction or nonspecific airways
hyperresponsiveness due to the sinus inflammation alone, which argues
against either a reflex or an absorption of mediators from the sinuses, even
though nasobronchial reflexes are known to exist in this species (16,17).

‘‘Postnasal Drip’’

Passage (‘‘postnasal drip’’) of the chemotactic factors, inflammatory cells, or
their products into the lower airways was the third mechanism investigated
to explain the association between sinusitis and airways hyperresponsiveness
observed in this model.

An endotracheal tube was placed prior to sinus injections of C5a des
Arg to physically block the passage of cells or mediators from the nose to
the lower airways. These intubated animals demonstrated a degree of
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sinusitis nearly identical to that of a group of animals that were positioned
head up, but unintubated. Yet these animals were not hyperresponsive
(Fig. 5C). Animals which were placed head down also failed to increase
airways responsiveness (Fig. 5B), which makes it unlikely that either the
reabsorption of mediators from the sinuses or activation of a nasobronchial
reflex is a significant operational mechanism.

Multiple secretagogues, including potent bronchoconstrictors, are
generated within the nose following nasal allergen challenge (76,77). Despite
this, several studies showed no change in pulmonary function after nasal
allergen or histamine provocation in patients with hay fever or asthma
(40,42). Several explanations for the negative results of these clinical studies
are suggested by the findings of the rabbit model. One is the possibility that
insufficient time was allowed for the development of lower airways dysfunc-
tion. In the rabbit, alterations in lung function were observed at 16 h, but
not earlier, at 4 h (data not presented). Second, as we have shown in human
studies (78), a significant result would have been detected in these studies if
the correct outcome variable used in these clinical studies had been measures
of airways responsiveness.

What Is Conveyed from the Nose to the Lungs?

Passage of some signal from the inflammatory process into the lower
airways best explained the results of these animal studies. Silent pulmonary
aspiration of nasopharyngeal secretions occurs frequently in normal
humans during sleep (79) or depressed consciousness (80). Postnasal drip
is often implicated as a principal cause of chronic cough (81).

Since we had previously demonstrated that increased lower airways
responsiveness can be induced in rabbits following direct pulmonary
inhalation of aerosolized complement fragments (59), the results of our
study may be due merely to passage of the chemotactic factor to the lower
airways. We addressed this concern with two different approaches. The first
evidence that chemotactic factors were not involved was that recovery of
significant numbers of inflammatory cells from the lower airways, with
lavage, could not be demonstrated in any of the groups. Enumeration of
BAL cellularity shows no significant differences in total numbers of white
blood cells (polymorphonuclear cells PMN), mononuclear cells, or eosino-
phils compared with controls (i.e., unmanipulated, untreated rabbits).
Second, examination of the lungs immediately after sacrifice showed no
gross evidence of inflammation.

We conclude that first, the increase in lower airways responsiveness
is not due to the mere dripping of the chemotactic signal into the lower
airways. If that had been the case, we should have found a significant pa-
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thological lesion in the airways and recovered significant numbers of
granulocytes with lavage, but we did not. Second, a failure to show
inflammation in the lower airways when coupled with the known adhesive-
ness of stimulated inflammatory cells (57,62) suggests that the increase in
lower airways responsiveness is also not due to the passage of inflammatory
cells from the sinuses to the lung. There is also the clear indication that
airways dysfunction can be caused by a mechanism that is associated with a
distal site of inflammation. In the conditions of these experiments, sinus/
nasal inflammation, a signal that is not chemotactic, is physically transpor-
ted to the lower airways, where a significant effect is observed. These
findings are important because they show a situation of lungs that are dys-
functional but not inflamed. If this occurs in humans, then lavage or biopsy
results of the lower airways may be less definitive than they appear.

IV. Rat Model of Asthma and Sinusitis

In a series of studies (75,82–85) the laboratory of J. G. Martin has devel-
oped a well-characterized animal model of both lower airways dysfunction
(asthma) and upper airways dysfunction (sinusitis). The major impetus
for the development of such a model was to investigate the contribution
of the upper airways to the total respiratory system response to various
bronchomotor agonist and antigens. Moreover, it is known that laryngeal
narrowing and responses within the nose and sinuses are important to
the asthmatic response in humans (86–88), and so these studies on rats may
be relevant.

Selective challenge of the upper and lower airways was accomplished
by an ingenious exposure system in which the rat’s muzzle was inserted into
an exposure box. The pressure drop between the box and trachea defined the
upper airways response, whereas the pressure drop from the tracheal can-
nula to an esophageal catheter detects changes in the lower airways. By
rearranging the exposure from the nose to the tracheal cannula, a differ-
ential exposure to the nose or lungs could be accomplished (75,82).

Several interesting observations were made prior to any specific
challenges. The upper airways resistance of the rat accounts for about
80% of the total respiratory system resistance, in comparison to 45% in
guinea pigs, 50% in cats, and 70% in humans (82). Upper airways resistance
was also dependent on the phase of respiration; for upper airways resistance,
expiratory was much greater than inspiratory resistance, and the former ex-
hibited a linear pressure–flow relationship. These findings have not been com-
pletely explained. As in humans, a component of upper airways resistance
was shown to be glottic closure (82,83).
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The response of upper airways resistance to challenge was demon-
strated to be large for all models of challenge, but there were marked
differences between types of challenge agent. Following challenge with
methacholine (82), the upper airways resistance was much larger than the
lower airways resistance (Fig. 6). While the expiratory resistance response
was larger, this was not uniformly observed in all animals. Unlike metha-
choline, antigen challenge (75) in sensitized animals was due to changes in
the inspiratory phase of respiratory and highly correlated to the response in
the lower airways (r = 0.94; p < 0.001). The antigen response is also
characterized by a late phase reaction that was consistently observed but
highly variable in time of onset, magnitude, and duration (83). The response
in the lower airways was delayed by half an hour, was shorter, and did not
correlate in magnitude to the upper airways response. This latter finding
suggests that different mechanisms are operational in the nose and in the
lower airways.

The mechanism of this upper airways response in the rat is unclear.
While the response to methacholine might be nasal secretions, which were

Figure 6 Comparison of the response of positioned resistance in the rat to metha-
choline (MCH) challenge. Upper airways partitioned into resistance (Ru) and lower

airway resistance (Rlo) was measured following methacholine challenge selectively
administered to the nose and upper airways. Note the increase in lower airways
resistance even though these airways were not directly challenged. (Data fromRef. 82.)
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indeed observed following methacholine challenge (75), the major site of
airway narrowing was felt to be the larynx. Treatment with atropine prior to
antigen exposure (75) diminished the lower airways response and the
expiratory upper airway response, but not the upper airway inspiratory
response (Fig. 7). These results clearly show that each aspect of the upper
airway response is differentially regulated. It is clear that reflexes are oper-
ational in the nose of the rat as expiratory upper airways resistance increased
following methacholine challenge to the lower airway, (Fig. 8). Most intrigu-
ing was the loss of correlation between upper and lower airways responses
upon treatment with atropine (r=0.94 vs 0.07), suggesting that reflexes arise
from the nose and project to the lung and coordinate the upper and lower
airways responses. Again, the exact purpose of such an integrated response
is unclear.

The data clearly illustrate several points. First, that the response in the
nose is very significant in this species. Second, that even in this species of
rodent, the mechanical resistance of the nose is very complex and is controlled
by several mechanisms that are at best unclear. A third point these studies
make is that the response of the upper airways shows both strain and

Figure 7 The change in resistance of the lower airways (Rlo) or upper airways,
both inspiratory (Ru, insp) and expiratory (Ru, exp), in rats challenged with antigen
(OVA) as a control (open bars). If the rats were premedicated with atropine (solid

bars), the response in the nose was not blocked by altering the response in the lower
airways even though the response in the lower airways was decreased. Asterisk is p<
0.05. (Data from Ref. 75.)
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challenge stimuli specificity. Much remains to be done, however, to better
characterize these responses and the mechanisms that control them.

V. Mouse Models of Asthma/Sinusitis

As already described, much has been done and will be done in the future
using mouse models of asthma (3). The attraction of the mouse lies in the
availability of transgenic animals, reagents (e.g., antibodies), and possibilities
for genetic manipulation. By using various schemes of antigen sensitization
and aerosol exposure, a constant and significant response to antigen can be
observed (89–92). Others have shown the antigen response in mouse airways
conforms to the TH1/TH2 parenchyma (3,93). Much has been learned and
much will be learned with mouse systems concerning lower airways res-
ponse (3,93).

Figure 8 Time course of the changes in resistance of the upper airway, both

inspiratory (Ru, insp) and expiratory (Ru, exp), as well as the lower airways (Rlo) as
divided by a tracheostomy. These are data from a representative rat. (A) The lower
airway is challenged with antigen (OVA). (B) The challenge is of the upper airway.
Note marked increase in upper as well as lower airways resistance when either airway

is challenged. (From Ref. 75.)
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Very little is known about the response of the nose and sinus to antigen
or challenges in the mouse. It is common practice in some laboratories to
instill antigen into the nose rather than into the lung (94,95). In addition,
several recent publications show the feasibility of using bacterial inoculations
in the mouse sinuses to develop a rhinosinusitis model (96,97). Renz and
colleagues (89) have shown that following 20 days of antigen exposure, while
the airways are relatively free of inflammation or structural changes (Fig. 9),
the nose showsmarked alterations of structure and, in particular, a thickening
of the epithelium (Fig. 10). Clearly, this demonstrates the impact of antigen
exposure on nasal structure. Since the data are reminiscent of those from the
rabbit model in that there is lower airway dysfunction without local inflam-
mation, it is tempting to speculate that the changes in lower airway function in
this system may also be due to a similar ‘‘postnasal drip’’ mechanism.

In a recent study (91), we evaluated the use of a noninvasive approach
to assess lung function in the mouse. Since the antigen exposures were
whole-body exposures, we presume that a major site of deposition would be
the nasal passages (98). We showed that there is a very significant response

Figure 9 Photomicrographs of longitudinal sections of lobar airways taken from
mice challenged 20 days with antigen (OVA) (B), or unsensitized (A), sections stained
with hematoxylin and eosin. Magnification 400�. (From Ref. 89.)
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in breathing pattern as the flow and timing of the breathing slows with
airways challenge (91). When we bypassed the upper airways by intubating
the trachea, we still were able to show a lower airways response. However,
the lower airways response is diminished (Fig. 11B) relative to the total
respiratory system response (Fig. 11A), suggesting that a major (50%)
portion of the response may reside in the nose. It is, therefore, important
to note that using such noninvasive approaches may also allow us to
measure responses due to events in the nose and upper airways only—not
in the lower airways. Accordingly, considerable caution is advised in
interpretation of such data and the dubious end point of Penh (99).

VI. Conclusions

While sinusitis and other inflammatory diseases of the upper respiratory
tract have long been associated with asthma, there is little direct evidence
that links these processes mechanistically (21,20).

Figure 10 Photomicrographs of nasal passage sections taken from mice that were
unsensitized and unchallenged with antigen (A) challenged with antigen (OVA) for
20 days (B). Hematoxylin–eosin stain 400� magnification. Arrows indicate
submucosal gland proliferation. (From Ref. 89.)
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Clear, valid reasons for employing animal models to study human
disease processes exist. Yet, limitations exist for any animal model of a
human disease, and the models described here are not exceptions. Further-
more, it must be recalled that important species differences exist which limit
strict application of results to the human condition. In reality, there is not
one best model; each model has merit, since relevant questions can be
addressed and important conclusions can be derived. Indeed, it should be
remembered that the current recognition that asthma is largely an inflam-
matory process came from animal experiments. Studies in animal systems
show evidence for a plausible mechanism involved in the response the
association of sinusitis and asthma. Whether these findings explain the
common clinical association in humans of upper airways disease to lower
airways dysfunction in sinusitis and asthma remains to be determined.

It is perhaps appropriate to speculate at this point about the anecdo-
tal, but dramatic, improvement in the asthma of patients with sinusitis who

Figure 11 The response of a breathing parameter, the enhanced pause (Penh) to
inhaled methacholine. Mice were sensitized and challenged with antigen (OVA). (A)

Mice were not tracheotomized when challenged with antigen: N, control untreated;
IP (intraperitoneal antigen) sensitized to antigen only; Neb, aerosol challenge of
antigen only; IP Neb, sensitized and challenged with antigen. (B) IP-TS (TS,

tracheostomy) indicates mice that were sensitized but not challenged, whereas IP
Neb-TS mice were challenged with antigen. These mice were tracheotomized for the
measurements of responsiveness to methacholine. Note that when IP Neb-TS is
compared with IP Neb, bypassing the upper airways diminishes the response. This

suggests that a significant proportion of the response in the intact animal is due to an
upper airway response. (Data from Ref. 91.)
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are treated surgically or mechanically. The current results would cause us to
suggest that this success is due to the removal of the source of inflammatory
products that drip into the lung.
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Diagnostic Evaluation of Sinusitis in Patients
with Asthma

SHELDON SPECTOR
and MICHAEL DIAMENT

University of California
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I. Symptoms and Signs of Sinusitis

The symptoms of sinusitis will vary somewhat, depending on age of the
patient and chronicity of the disease. Cough is a common symptom, as well
as nasal congestion, headache, pain in the facial area that is made worse
with bending over, and tooth pain. Fatigue and malaise can be prominent,
especially when the symptoms are persistent. In this respect, a common
presentation is a ‘‘cold that won’t go away.’’ Upper respiratory infections
should last, typically, about 5 days. So, if symptoms persist past this period
of time, suspect sinusitis.

Common signs of sinusitis include a purulent nasal discharge, and/or
purulent pharyngeal discharge. Indeed, drainage can occur mainly toward
the posterior pharynx, rather than anteriorly. Occasionally an unhappy
spouse suggests the diagnosis is due to ‘‘fetorosis’’ (foul breath) apparent
with close contact.

Williams et al. described five independent predictors of sinusitis:
maxillary toothache (odds ratio 2:9), transillumination (odds ratio 2:7), poor
response to nasal decongestants or antihistamines (odds ratio 2:4), colored
nasal discharge reported by the patient (odds ratio 2:2), and mucopurulence
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seen during examination (odds ratio 2:9). The overall clinical impression was
more accurate than any single finding (1).

Shapiro andRachelefsky usedmajor criteria in proposing a definition of
sinusitis based on various symptoms and signs (2). The presence of two major
criteria or one major and two or more minor criteria constitute the diagnosis.
The major criteria include purulent nasal discharge, purulent pharyngeal
drainage, and cough. The minor criteria include periorbital edema, headache,
facial pain, toothache, earache, soreness of the throat, foul breath, increased
wheeze, and fever. Some of the minor criteria point out the effect of sinusitis
on associated organs such as the ear and the lung. There is an important
relationship between asthma and sinusitis in which treatment of the latter
improves the former (3).

II. Nasal Cytology

Nasal cytology reflects both nasal and sinus pathology and, thereby has
limited ability to characterize sinus disease per se. It is most often employed
to differentiate an allergic process from an infectious one and serves as a
simple screening tool in comparison to more sensitive and costly diagnostic
procedures such as sinus radiographs and computed tomography (CT).

There are several methods of collecting nasal secretions. The patient
can blow into wax paper or Saran Wrap, the sample can be collected by
swab or brush, or the sample can be collected by nasal lavage or with a
Rhinoprobe (Synbiotics Corporation, San Diego, CA). Less cellular mate-
rial is collected from blowing (4).

Once the sample has been collected, it must be stained. Following
cytofixation or heat fixation, a Hansel stain is used to identify eosinophils.
Other commonly used stains, such as hematoxylin–eosin, acidified toluidine
blue, or Nay–Grunwald–Giemsa stain, can be used to identify other ele-
ments, including mast cells, basophils, neutrophils, goblet cells, epithelial
cells, and Charcot–Leyden crystals. Certain medications such as topical
corticosteroids may affect the findings, a factor that should be considered
when one is interpreting the results or nasal cytology.

Nasal cytology helps to define the presence and type of sinusitis (5).
These include allergic rhinitis and/or sinusitis, nonallergic rhinitis with
eosinophilia (NARES syndrome), and bacterial sinusitis. There are semi-
quantitative and subjective methods for quantitating the nasal cytology (6–8).

Studies defining the sensitivity and specificity of nasal cytology for
various diseases are limited. Establishing a gold standard in allergic rhinitis
requires a global assessment of clinical history and evaluation of allergen-
specific IgE. Once this has been done, the sensitivity of finding eosinophils in
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the nasal secretions is high, but the sensitivity may be low, depending on
recent exposure to allergens. In one study, nasal eosinophilia (> 20% of all
cells recovered) was found in 43% of patients with allergic rhinitis, but 0% of
controls with nonallergic rhinitis (8). In a similar cytological study, numerous
eosinophils, both isolated and in clusters, were found in the allergic rhinitis
patients. In poorly defined diseases with negative specific IgE studies, the
presence of eosinophils leads to the diagnosis of the NARES syndrome by
default. Although the successful use of topical corticosteroids for this disease
helps in its confirmation, failure to respond to this therapy does not rule out
the diagnosis. Correlation of nasal cytology with mucociliary clearance has
been examined in one study in which the presence of eosinophilia was
significantly associated with decreased saccharin clearance (9). It was once
thought that the eosinophilia found in nasal smears of infants would confuse
the interpretation of their nasal smears. A recent study (10) suggests that
eosinophilia is not a common occurrence in infants, so when sinusitis is being
investigated in younger children, nasal cytology is useful.

Comparison studies of nasal cytology with global and radiographic
assessments of sinusitis are also limited. Wilson and coworkers (11) used a
Rhinoprobe curette in evaluating 55 adult and pediatric asthma and allergy
patients. They reported a specificity of 90% when positive cytology [> 6
polymorphonucleophils per high power field (PMN/HPF) and bacteria] was
compared with a positive x-ray (asymmetry, mucoperiosteal thickening,
opacification, or air–fluid levels). However, 33% of patients with under
6PMN/HPF had a positive x-ray (sensitivity of 67%). Gill and Neilburger
(12) examined 300 allergy patients (2–69 years old) and found that 5 or more
PMN per high power field was associated with a higher incidence of positive
radiographs with a sensitivity of 86%, but specificity was only 40%.
Cytology was done by collecting nasal secretions on wax paper or by cotton
swab. Jong and coworkers, in their search for a screening test in children with
chronic sinusitis, used a wax paper blow with a Rhinoprobe to compare
quantitative nasal cytology. They found that more than 5 PMN/HPF on
Rhinoprobe cytology significantly correlated with radiographic sinusitis (13).
While it is generally possible to discriminate among upper respiratory
infections for allergy on clinical grounds, these data must be balanced against
the observation that acute viral infections can lead to neutrophilic nasal
secretions and transiently abnormal imaging studies (14). Further, it is
certainly possible for patients to have concurrent allergy and bacterial si-
nusitis. If the clinical picture persuasively favors the diagnosis of bacterial
sinusitis, a predominance of eosinophils present on the nasal smear should
not deter the physician from treating with antimicrobial therapy. In some
cases fungi on the smear may be informative about the rare cases of allergic
fungal disease being the etiology of sinusitis.
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One of the greatest applications of nasal cytology is in the clinical
studies of therapeutic agents. In such studies there have been variable
changes noted in comparison to other subjective and objective criteria (see
e.g., Refs. 6 and 15). Such studies are most useful when a patient is pretreated
with a drug and then challenged with an allergen (16). The acuteness of this
process leads to a better interpretation of changes in nasal cytology and their
implications for nasal obstruction.

Limitations of the procedures include lack of data regarding reproduc-
ibility of the sample and variability on the two sides of the nose. Future
studies should assess comparisons between nasal cytology and CT scans,
endoscopy, or bilateral cultures.

In summary, nasal cytology is most useful in the evaluation of sinus-
itis, especially when it contains predominantly eosinophils or neutrophils. If
the clinical data support the histological findings, the presence of eosinophils
suggests a diagnosis of allergic rhinosinusitis or NARES, while the presence
of neutrophils supports the diagnosis of bacterial rhinosinusitis. Quantita-
tion of cells requires good sample collection and an experienced observer.
While further studies are desirable to establish the optimal collection
methods and more standardized quantitation methods with concurrent
radiographic studies of the sinuses, it is likely that the complex interrelation-
ship of allergy, anatomy, immunity, and infectious disease will limit nasal
cytology to a supportive role in clinical diagnosis.

III. Sinus Ultrasound

A-mode ultrasonography is based on the principle that reflection of ultra-
sound waves occurs at the boundary of two media with differing acoustic
impedances. Acoustic impedance depends on the velocity of the sound in the
medium, and on the density of the medium. Air acts as a total reflector; thus,
all structures behind an air-filled cavity are not accessible to ultrasound
examination. A fluid-filled sinus cavity transmits most of the ultrasound
waves through to the back wall of the sinus, where they are reflected by the
bone. There is a correlation between the interval separating the initial echo
and the reflected echo, and the distance of the reflecting boundary from the
skin surface. In this way, A-mode ultrasound elicits a one-dimensional scan,
allowing the axis of the transducer that is displayed on an oscilloscope. A-
mode ultrasound has been compared in various studies to the gold standard
of the time. Thus, Rohr and co-workers correlated A-mode ultrasound with
radiography in the diagnosis of maxillary sinusitis and concluded that the
ultrasound was primarily useful in the detection of secretions within the
sinus, and not mucosal thickening (17). Depending on the device employed,
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the specificities were over 90%, but the overall sensitivities varied from 30 to
60%. The maxillary sinus was usually assessed in these authors’ study, since
the number of patients with frontal sinusitis was minimal.

In a more recent study, Pfister and coworkers compared A-mode
ultrasound and standard radiography with the present gold standard,
computed tomography (18). In their study of 19 patients, CT showed at
least some minimal mucosal thickening in the paranasal sinuses in 74% and,
of the maxillary sinuses in 61% of the patients. Compared with the results of
computed tomography, plain view radiography gave a specificity of 86.7%
for the maxillary sinuses. Although all cases of severe mucosal thickening
were detected, sensitivity for minimal mucosal hyperplasia was low (52.2%).
By contrast, A-mode ultrasonography demonstrated a sensitivity of 70%,
but a specificity of only 22%. The authors suggest that the primary usefulness
of A-mode ultrasonography is as a follow-up in selected patients who have
known anatomical characteristics, rather than as an initial scan for patients
whom there would be insufficient evaluation of mucosal hyperplasia.

Thus, in both of the studies (17,18), it is suggested that A-mode ultra-
sound is most useful as a follow-up procedure or alternative when x-ray or ST

Figure 1 A normal coronal section from a CT scan in a 37-year-old female
demonstrating a patent air passage (arrow) through the right osteomeatal unit. Note

mild deviation of the mid septum to the left in this patient, who has no evidence of
sinus disease.
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scan is undesirable, such as with a pregnant patient. Other investigators
believe that A-mode ultrasound has value as a screening procedure (19) but
do not consider it to be an adequate substitute for radiography (20,21).

Most of the generalizations concerning ultrasound have involved the
maxillary sinuses, since the incidence of involvement in these sinuses is
greater than in the others. In one study preoperative ultrasonography of the
frontal sinus was compared with the surgical findings in 27 frontal sinuses.
These Dutch investigators found ultrasonography to be a reliable method
for the demonstration or exclusion of mucosal swelling and accumulated
fluid (sensitivity 92%, specificity 93) (22).

In summary, ultrasound of the paranasal sinuses can provide useful
information such as the presence of an air–fluid level (Fig. 1). Examples of
its applicability include determination of the presence of sinus disease in a
pregnant patient for whom a radiograph would be contraindicated and
suspected persistence of sinus disease in a patient for whom other diagnostic
procedures might be undesirable. Sinusitis in such a patient could safely be
followed sequentially.

IV. Radiographic Imaging of the Paranasal Sinuses

A. Overview of Sinus Imaging

Along with the changes in medical and surgical management of sinus
disease, there has been a major shift in its diagnostic imaging (23). Cross-
sectional techniques, primarily x-ray computed tomography, have become
the primary modalities (24–26). Plain film x-ray diagnosis, once the stand-
ard, now has very limited indications (27–30). Plain film polytomography is
only of historical interest. Magnetic resonance imaging (MRI) is less
commonly utilized but has an important role in the evaluation of neoplasms
and complex infections (26,31–35).

B. Plain Film Imaging

The main difficulty with plain film imaging is that even with meticulous
technique, its sensitivity and specificity are poor in comparison to cross-
sectional imaging techniques (27,30). With the increasing availability of high
speed CT scanners and attention to dose reduction techniques, the indica-
tions for plain film imaging are extremely limited. The use of a single Waters
view of the sinuses to identify patients without sinus disease is now a ques-
tionable practice (Fig. 2). The technique has limited sensitivity and specific-
ity and is unable to identify isolated disease in the ethmoid and sphenoid
sinuses (Fig. 3)—which is increasingly recognized with cross-sectional
techniques (36). Selection of patients for imaging should be based on the
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Figure 2 A 25-year-old male with fever and facial pain. A Waters view (a) was
interpreted as normal although the inferior maxillary recesses are obscured by the
overlying temporal bones. An axial CT section (b) clearly demonstrates an air–fluid
level (arrow) in the left maxillary antrum.
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presence and severity of symptoms and signs, supplemented by appropriate
laboratory tests and possibly nasal endoscopy (37).

C. Sinus CT Imaging

Initially, CT technique was an extension of the protocols used for exami-
nation of the brain with contiguous sections in the axial plane, usually of 5
mm thickness (24,38–40). This approach was able to assess the presence and
severity of sinus disease without the problems of confusing overlapping
densities that plague plain film diagnosis. As endoscopic surgery came into
wider use, direct coronal sections (Figs. 1 and 4) were utilized to provide
anatomical details for presurgical planning which are much better appre-
ciated in this plane (25,41–43).

Figure 3 A 40-year-old female referred for nonspecific headache. An axial T2-
weighted MRI section shows opacification of the sphenoid sinus (S) and irregular
mucosal thickening in the right maxillary antrum. Culture of the surgical specimen

was positive for aspergillus. The patient had no underlying medical condition.

Spector et al.258



Many patients are referred for evaluation of sinus disease because of
incidental opacification noted on CT or MRI studies of the brain. In many
cases, the clinical significance of these abnormalities, especially if there is
only minor mucosal thickening, is doubtful (44–50). Some degree of sinus
opacification is a common finding, especially in children (44,46). Sinus
opacification can also accompany uncomplicated upper respiratory tract
infections, including the common cold (51,52).

The significance of CT as a presurgical planning technique is not lim-
ited to the diagnosis of sinus opacification and fluid. Its primary importance
is to determine the presence of structural abnormalities that may impede
sinus drainage and the presence of anatomical variants, which are relatively
common, that might influence surgical planning and technique. Presurgical
or ‘‘complete’’ sinus CT examination should be performed only after
maximal medical therapy. This allows for the resolution of inflammatory

Figure 4 A coronal CT section showing opacification of the left maxillary antrum

in a 6-year-old male who presented with low grade fever and left lid swelling. There is
destruction of the medial and superior (arrow) bony margins of the sinus, with
extension of the disease process into the orbit. A neoplasm was suspected, but the
surgical specimens demonstrated pyogenic sinusitis with osteomyelitis.
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changes and makes it more likely that persistent soft tissue abnormalities are
structural changes, such as polyps, which would be resistant to even in-
tensive and long-term medical treatment.

Many centers now offer so-called screening or limited CT of the sinuses
(53–55), which is meant to serve as an initial examination for diagnosis of
suspected sinusitis or for follow-up of medical and surgical therapy. These
studies usually consisted of a limited number of direct axial or coronal scans,
which can be done at a cost and radiation dose comparable to plain film
studies (55,56). If low cost screening CT is available, there is little justification
for use of conventional plain film studies. Younger children who require
sedation may be a special case, but even they can usually restrained
adequately so that high speed scanning can be performed without the need
for medication. While such limited scans do not provide the full anatomical
assessment required for presurgical planning, these examinations are gen-
erally adequate for determining the presence of sinusitis and assessing its
response to treatment. In nonemergent situations, presurgical CT imaging
should be performed after the patient has had the benefit of maximal medical
therapy (42,57). This allows for distinction between fluid and mucus and
structural abnormalities such as polyps.

Performing noncontiguous scans (i.e., with skip areas between images)
was widely utilized to reduce both imaging time and radiation dose. How-
ever, with the advent of spiral CT, which scans the patient continuously as he
or she moves through the scanner, this practice has been largely abandoned.
Since modern spiral CT scanners can usually image the sinuses in 5 to 30 s,
there is little advantage to performing noncontiguous imaging—except to
reduce radiation dose. Radiation, which is a serious concern in patients who
require repeated studies, can be minimized by selection of proper x-ray
technique (41,58–64). In general, sinus imaging can be done with much lower
dose settings than are used for CT of the brain.

Modern ‘‘multislice’’ spiral CT scanners can also perform so-called
isotropic scans, which utilize sections less than one millimeter thick to allow
reconstruction of scans in arbitrary planes without significant loss of spatial
resolution (65). However, this technique should not be used routinely, since
it does require a higher radiation dose (66). Most scanning for infectious
disease can be done without intravenous contrast enhancement (41). Con-
trast is only used when extension beyond the sinuses, as commonly occurs
with fungal infections or neoplasm, is suspected.

D. MRI Imaging

MRI is capable of providing images in any plane without the need to flex or
extend the patient’s neck, which may be uncomfortable or impossible for
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patients who are combative or have cervical abnormalities. However, until
recently the spatial resolution possible with this technique was inadequate
for evaluation of small bony structures (26,31,32,35,67,68), a critical factor
in presurgical planning. Newer work (69) suggests that MRI may be able to
have a primary role in screening and presurgical evaluation of patients with
sinusitis, but issues of cost, access, and longer imaging times are still likely to
limit its use to selected cases. In comparison to CT, MRI does provide
superior assessment of soft tissue disease when inflammation or neoplasm
extends beyond the sinuses (Fig. 5)—especially into the intracranial space
(31,32,68,70–73). MRI may also be able to characterize sinus secretion,
differentiating between fluid, soft tissue, and mucus, and between desiccated
chronic collections (33,74,75).

E. Radiologic Classification of Severity

Classification schemes have been developed to give a semiquantitative as-
sessment of the severity of sinus involvement (44,76,77). These generally
are based on the percentage of the volume of the pneumatized sinuses
that are filled with soft tissue and fluid or on the depth of mucosal
thickening within the maxillary antra. Such schemes are primarily used in
research studies. In clinical practice, the radiologist should describe the
extent and character of opacification of the individual sinuses and any
anatomical abnormalities and variants that may predispose to persistent
or recurrent disease. The nasopharyngeal airway should be evaluated for
polyps, severe septal deviation, or other abnormalities that may obstruct
sinus drainage—especially in the area of the ostiomeatal units, which
form the common drainage pathway for the antra and anterior ethmoids
(41,78–80). However, many anatomical variants of the sinuses and nasal
airway may not be clinically significant: there are conflicting reports
about their prevalence in control populations who have chronic sinusitis
(45,81–83).

F. Stereotactic CT Imaging

Stereotactic CT of the sinuses, a specialized surgical planning technique, is a
recent development. Patients who are scheduled for endoscopic surgery
undergo a spiral CT scan in the axial plane with a custom frame placed on
their head (84–86). The same frame is placed on the patient’s head during
surgery and the CT data are transferred to a computer in the operating
room to provide a ‘‘virtual’’ image of the endoscope’s position. This allows
the surgeon to know the position of the tip of the endoscope even when it is
not in view and, more importantly, the relative location of the scope and
adjacent vital structures such as the orbits and skull base.
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G. Summary

The evolution of imaging techniques for sinus disease is similar to that for
intracranial abnormalities. Conventional plain film studies have almost been
completely replaced by cross-sectional imaging techniques. For almost all
uncomplicated infectious and allergic sinus disease, the study of choice is CT
without contrast enhancement. The details of section thickness and imaging
plane largely depend on clinical presentation, available technology, and pa-
tient characteristics. Contrast-enhanced CT studies and MRI play a valu-
able role when extension beyond the confines of the paranasal sinuses is
known or suspected.

V. Endoscopy of the Nose and Sinuses

A. Background

Historically, physical examination of the nasal airway and the paranasal
sinuses has proven challenging. The use of a handheld speculum and head
lamp allows for examination of the anterior nasal passage but does not
generally provide good visualization of the upper recesses of the nose or the
sinus ostia. In the early 1980s, the Hopkins rod endoscope, previously used
to examine the larynx, was modified into a size and variety of angles that
made the instrument suitable for examining the nasal passages. This new
development represented a major breakthrough in the diagnosis and treat-
ment of nasal and sinus disorders. Table 1 lists the equipment used in nasal
endoscopy today.

B. Purpose of Endoscopy

While endoscopy of the nose and sinuses is an invaluable aid for inspecting
potential inflammatory or neoplastic disorders, a second function of the
endoscope is as an operative tool. With the advent of the rigid endoscope,
many procedures can be done through a transnasal approach which, in the
past, would have required a more aggressive open approach or a transnasal
approach with limited visibility.

Figure 5 A 16-year-old female who presented with fever, nuchal rigidity, and
seizures 3 days after dental extractions: T1-weighted, contrast-enhanced coronal (a)
and parasagittal (b) MRI sections demonstrate opacification of the left antrum and
pathological enhancement of the left maxillary (double white arrowheads) and

ethmoid (white arrowhead) mucosa. There is a left frontal lobe brain abscess (arrow)
and abnormal enhancement of the meninges (black arrowhead).
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C. Features of Endoscopes

Rigid endoscopes are made by a wide variety of manufacturers and are all of
a very high quality. Most importantly to office diagnosis is that they are
available in a variety of diameters and optical angles. For office use, smaller
endoscopes (2.7 mm diameter) are most useful. The optical angles may vary
from 0 to 120j. Most useful to the outpatient clinic are the 0j and either 5 or
30j scope angles, depending on the manufacturer. The systematic use of
these endoscopes will allow the physician to thoroughly examine the nasal
cavity and sinus outflow areas.

Flexible endoscopes were primarily designed for examination of the
larynx and hypopharynx; however, they can also be used to examine the
nasal airway. With practice, their articulating end can be used to thoroughly
examine the nasal cavity and lateral nasal wall. However, it is difficult to
rotate a flexible scope into the average middle meatus. In addition, since it
takes two hands to operate a flexible scope, it is not possible to perform
other procedures (e.g., suctioning) while performing flexible endoscopy.

D. Conducting an Endoscopic Examination

The nasal cavities should be examined in a systematic manner. For the
novice nasal endoscopist, the mucous membrane should first be sprayed
with a decongestant mixed with a topical anesthetic. After gaining consid-
erable experience in manipulating these endoscopes within the nasal cavity,
one can usually perform the examination in a cooperative patient without
these drugs, which do alter somewhat the appearance of the nasal mucosa.
One should first pass the endoscope along the floor of the nasal cavity to
examine the inferior turbinate, septum, the inferior meatus, and the naso-
pharynx. If one is using the 25 or 30j angled telescope, simple rotation of
the instrument will allow examination of both sides of the nasopharynx in

Table 1 Equipment for Nasal Endoscopy

Flexible endoscope or rigid endoscope (preferably 2.7 mm diameter)

Light source appropriate to endoscope
Topical anesthetic (may not be necessary in all cases)
Topical vasoconstrictor (may not be necessary in all cases)
1% Xylocaine with 1:100,000 epinephrine nicely fulfills both functions

Afrin or neo synephrin, mixed with plain xylocaine will also work
Atomizer to spray the vasconstrictors into the nasal cavity
Additional instruments may be necessary if a procedure (e.g., biopsy) is to be

performed
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one pass. The next pass of the endoscope should be above the inferior
turbinate to examine the middle turbinate and the very important area of
the middle meatus (Fig. 6). This is the area, as well as the sphenoethmoidal
recess, where the sinuses drain, and where early polyp formation would be
expected (Fig. 7). The third pass should be slightly above the inferior end of
the middle turbinate (Figure 8) to examine the superior turbinate and
cribriform plate area.

A skilled endoscopist can inspect the area of the middle meatus
directly to see the outflow tracks of the anterior ethmoid, frontal, and
maxillary sinuses directly. This is particularly important in attempting to
diagnose subtle cases of sinusitis. In more florid cases, gross purulence
coming out of the middle meatus will be obvious on the first or second pass,
as described earlier (Fig. 9).

Figure 6 Normal anatomy of the middle meatus, as seen through the endoscope.

The septum is to the far left. The middle turbinate is being pushed medially by a
Freer elevator, seen at approximately 5 o’clock. Both the uncinate process and the
bulla ethmoidalis can be seen, superior to the Freer elevator.
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E. Endoscopic Diagnosis

Prior to the examination, the history will generally point the physician in the
appropriate direction, in terms of the likely diagnosis andwhere to focus extra
energy in the endoscopic examination. Of particular importance is whether
the process is unilateral or bilateral. In the vast majority of cases, bilateral
symptoms point toward allergic rhinitis, or acute or chronic bacterial sinus-
itis. Unilateral symptoms, on the other hand, can certainly be secondary to
acute or chronic sinusitis, but one must also be wary of a neoplastic etiology
for the process. Also important in the history is the duration of the symptoms,
as well as the severity and previous attempts at management, if any.

From the history, the physician should have an idea of whether the
process is likely to be inflammatory or neoplastic. While the examination
should be thorough and systematic, particular attention should be paid to
the areas most likely to yield a diagnosis. In inflammatory disorders, such as
sinusitis, the most common area of abnormality will be the middle meatus.
Neoplastic disorders can, of course, be anywhere in the nasal cavity or in
the sinuses. If the examination reveals mucopurulent drainage from the
middle meatus, one can confidently diagnose bacterial sinusitis. If this is
an acute process, radiographic examination is probably not worthwhile, and
one should merely institute appropriate antibiotic therapy.

Figure 7 Small polyps visible in the middle meatus, photographed through an
endoscope.
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Figure 9 Gross purulence coming from the middle meatus.

Figure 8 Widened middle turbinate from pneumatization—the so-called concha
bullosa.
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F. Use of the Endoscope in Postoperative Care

A second important use of the nasal endoscope in an office setting is the
postoperative care of the patient. Again, the same 2.7 mm diameter endo-
scope works well for this. For a variable amount of time in the postoperative
period, the patient needs to be seen in the office with some frequency and
carefully observed. Part of the utility of the endoscope is helping remove
obstructing crusts and mucus from the sinus outflow tracks. One needs to
also observe for scar tissue formation that might result in outflow obstruc-
tion. In addition, one can check for persistent areas of inflammation that
might need additional therapy, which can usually be done in the office.

G. Summary

With the development of the modern rigid endoscopes, any physician who
wishes to treat nasal and sinus disorders has the opportunity to become an
expert in the anatomy and physiology of this region. In attempting to gain
the maximum utility of instruments, one should use them routinely to exam-
ine normal and abnormal patients to become intimately familiar with the
endoscopic appearance in a variety of clinical situations. Practiced use of
these endoscopes will greatly enhance the ability of the physician to
accurately diagnose and treat a wide variety of disorders of the nasal cavity
and sinuses.
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Management of Allergic Rhinitis in Patients
with Asthma

JONATHAN CORREN

Allergy Research Foundation

Los Angeles, California, U.S.A.

The treatment of allergic rhinitis has evolved and improved markedly over
the past two decades. Validation of environmental control strategies and the
development of multiple new medications have made it possible to reduce
significantly symptoms of rhinitis with minimal adverse effects. In addition,
many of the therapies now employed for upper airway disease have also
been shown to provide benefits to the lower airway.

In this chapter, we will review allergen avoidance measures; pharma-
cotherapy, including emerging new therapies; specific allergen immunother-
apy; and discuss the effects of selected treatments on bronchial asthma.

I. Allergen Avoidance Measures

In patients with perennial symptoms attributable to indoor allergens (e.g.,
dust mites, furry animals, indoor molds, cockroaches), avoidance of the
allergen is a critical first step in treatment. Environmental control programs
should always be based on accurate assessments of both sensitization (by skin
or in vitro testing) and exposure. These strategies are particularly helpful to
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patients who are sensitized only to indoor allergens, with no evidence of
allergy to pollens or outdoor molds.

A. Dust Mites

House dust mites (Dermatophagoides farinae and D. pteronyssinus) are
ubiquitous throughout the world (except in dry or alpine regions), and
approximately 30–40% of patients with allergic rhinitis are allergic to
allergens produced by these mite species (1). A large number of clinical trials
have examined the efficacy of mite avoidance measures in patients with
allergic asthma. In general, these studies have included encasement of pillows
and mattresses in impermeable covers, washing of all bedding in hot
(>130jF) water, and elimination of carpeting in favor of tile or hardwood
floors (2–4). A recent meta-analysis determined that encasing of pillows and
mattresses was the single most effective measure in reducing symptoms of
asthma and rhinitis caused by dust mite exposure (5). Frequent cleaning of
floors with vacuum cleaners equipped with double-thickness reservoir bags
and/or a high-efficiency particulate air (HEPA) filter attached to the exhaust
port has also been suggested to help reduce the amount of settled dust (6).
The application of acaricidal and denaturing solutions (7) and the installa-
tion of free-standing HEPA filters (8) in bedrooms have not proved effective
in reducing symptoms caused by mite exposure.

B. Pets

Virtually any furry pet may result in allergic sensitization and ultimately
symptoms of rhinitis and asthma. However, most of the available clinical
data regarding the efficacy of animal avoidance measures come from studies
of indoor cats and their major allergen, Fel d I. Contrary to patients’ wishes,
effective avoidance of cat allergen requires removal of the pet from the
inside of the home. Even after this is accomplished, it may take several
months or longer for the indoor concentration of Fel d I to return to low
levels; this process is markedly expedited by the removal of indoor carpeting
and aggressive cleaning (9). One study suggested that a combination of
noncarpeted floors, plastic or leather furniture, frequent vacuuming, high-
flow air filtration, and frequent washing of the cat substantially reduced
indoor levels of Fel d I (10). However, long-term studies with clinical end
points are needed before this approach can be advocated. One recent study
that examined the effects of the removal of the cat from the bedroom (but
not from the house) plus the use of a HEPA filter in the bedroom failed to
demonstrate any clinical benefits (11).
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C. Indoor Mold

Identification of homes with mold growth is often difficult. Indoor mold
spores from species of Aspergillus and Penicillium are most likely to emanate
from potentially damp areas such as crawl spaces (because of defective
plumbing or poor drainage), attics (due to roof leaks), and under sinks (12).
Following a thorough inspection of the house, attic, and crawl space, the
visual presence of mold confirms the problem (13). Occasionally, however,
wall spaces, carpet backing, and other areas with limited access may harbor
mold growth, and identification of the mold may be delayed or even missed.
Wallboard infested with mold will need to be replaced and wood framing
cleaned thoroughly with a solution of bleach. Complete correction of all
plumbing, drainage, and construction defects also must be undertaken to
prevent future water intrusion and perpetuation of mold growth.

D. Cockroach

Cockroach allergy has recently been most implicated as a pathogenic factor
in patients with asthma and allergic rhinitis (14). The best indicator of a
significant cockroach infestation is the presence of emanations on the floor
or in cabinetry. Cockroach exposure is usually not limited to the kitchen or
dining room, but may occur in all living areas because allergen is passively
transferred on shoes and clothing. Pesticide application is only temporarily
effective, and problems will recur unless food and garbage are appropriately
packaged and handled (15).

E. Outdoor Seasonal Allergens

Plant pollens and outdoor molds (e.g., species of Alternaria and Cladospo-

rium) are responsible for the symptoms of seasonal allergic rhinitis, and
are generally very difficult to avoid completely. During indoor activities,
keeping all windows and doors shut and the use of an air conditioner
eliminate most pollen from the inside of the house. Because outdoor pol-
len counts are highest between 11:00 a.m. and 3:00 p.m., especially on hot,
sunny days, avoidance of outdoor activities during those times may be help-
ful. Certain mold spore counts tend to be highest late in the evening or
early in the morning, especially in damp climates, and this may be a con-
sideration for patients who are mold allergic. However, altering sched-
ule and activities is undesirable for most patients, and, for this reason,
avoidance measures play a limited role in allergic rhinitis caused by out-
door allergens.
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II. Pharmacological Therapy

Patients with significant symptoms of seasonal allergic rhinitis will usually
require medication to relieve their symptoms. Whereas environmental
control measures may reduce the intensity of perennial rhinitis caused by
indoor allergens, in most cases supplemental medical therapy will also be
needed. Several different classes of medication are now available for the
treatment of allergic rhinitis.

A. H1 Antihistamines

General

H1 antihistamines are the most commonly prescribed class of medication for
allergic rhinitis. Although these drugs act primarily by blocking the H1-
histamine receptor, many of the agents have also been shown to have mild
anti-inflammatory properties (e.g., reduction in expression of adhesion
molecules). As a general rule, H1 antihistamines reduce symptoms of
sneezing, itching, rhinorrhea, and ocular injection but have little effect on
nasal congestion (16). Because most antihistamines have a relatively rapid
onset of action (1–3 h), these agents are frequently and effectively used on an
intermittent, as-needed basis. Whereas chronic use of these drugs was once
thought to result in therapeutic subsensitivity, recent studies have failed to
support this contention (17).

First-Generation Antihistamines

First-generation antihistaminic compounds were the first to be developed,
and most are available over the counter (OTC), either alone or in combina-
tion with a decongestant (Table 1). These drugs readily cross the blood–brain
barrier and bind not only to the H1-histamine receptor but in many cases to
dopaminergic, serotonergic, and cholinergic receptors (18). These character-
istics help to account for the adverse effects of these agents, which include
both central nervous system (CNS) effects (e.g., sedation, fatigue, dizziness,
impairment of cognition and performance) and anticholinergic effects (e.g.,
dryness of the mouth and eyes, constipation, inhibition of micturition,
potential precipitation of narrow-angle glaucoma). Although tolerance to
sedation may occur over a period of several days, substantial effects on
intellectual functioning and performance may persist without the patient’s
knowledge (19). This is well-exemplified in studies of driving performance,
which have demonstrated marked impairment with the use of single doses
of triprolidine 50 mg (20). It may also help explain why serious workplace
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accidents are more closely associated with first-generation antihistamines
than any other class of medication (21).

A number of case reports from the 1970s and 1980s suggested that
first-generation antihistamines, such as brompheniramine, induced broncho-
spasm in a small number of patients (22). There were also theoretic concerns
that these agents might cause drying and inspissation of mucus in the lower
airways and, ultimately, lead to atelectasis. Large studies have demonstrated
that these agents are safe to use in patients with asthma (23).

Because of the strong CNS effects of these agents, first-generation
antihistamines should be prescribed with caution in all patients, but should
be absolutely avoided in patients who are airplane pilots, drive extensively,
or operate heavy or dangerous machinery; who have pre-existing intellec-
tual impairment; who have benign prostatic hypertrophy or other forms of
bladder outlet obstruction; or who have elevated intraocular pressure.

Although alternative forms of therapy for allergic rhinitis are prefer-
able in many situations, patients who do not have medical insurance or
formulary coverage often resort to self-medication with over-the-counter
first-generation antihistamines. A recent strategy to avoid drug side effects,
and to contain costs, has been to use a potentially sedating, first-generation
antihistamine at night, coupled with a short-acting, nonsedating antihista-
mine in the morning. However, one study has demonstrated that adverse

Table 1 H1 Antihistamines

Compound Dosage Sedatinga Anticholinergic

First generation

Chlorpheniramine 4–12 mg BID Yes Yes
Diphenhydramine 25–50 mg QID Yes Yes
Clemastine 1.25 mg BID Yes Yes

Second generation
Loratadine 10 mg QD No No
Cetirizine 10 mg QD Yes No
Azelastineb 0.5 mg BID Yes No

Third generation
Fexofenadine 60 mg BID or

180 mg QD
No No

Desloratadine 5 mg No No

a Refers to sedation rate>placebo (from product insert).
b Administered topically.

QD, once daily; BID, twice daily; QID, four times daily.
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CNS effects occur with this regimen as well, even after several days of
administration (24).

Newer Antihistamines

Second-generation antihistamines have been shown to be at least as clini-
cally effective as first-generation agents for the treatment of allergic rhinitis
(16) (Table 1). They are larger and more lipophobic than first-generation
drugs and, therefore, do not readily cross the blood–brain barrier. In addi-
tion, they bind specifically to the H1-histamine receptor and have little
affinity for other receptors. For these reasons, the second-generation agents
cause little or no somnolence (19), do not affect performance (20), and have
no anticholinergic effects (16).

Newer antihistamines have been developed that may offer some
therapeutic or safety advantages over existing second-generation antihista-
mines. Because certain of these drugs represent metabolites of second-
generation antihistamines, they have been termed third-generation antihist-
amines (25). Fexofenadine (terfenadine metabolite) (26) and desloratadine
(loratadine metabolite) (27) are commercially available in the United States,
while tecastemizole (astemizole metabolite) is currently in phase III clinical
trials. All of these new agents will provide therapeutic efficacy equivalent to
or greater to their parent compounds, along with excellent safety profiles.

A number of trials have examined the safety of these drugs in patients
with allergic rhinitis and concomitant mild asthma, and found them to be
safe and well tolerated (28).

B. Decongestants

A number of a-adrenergic agonists are available for oral use, including
pseudoephedrine and phenylephrine (29). These drugs primarily reduce
nasal congestion and, to some extent, rhinorrhea, but have no effect on
sneezing, itching, or ocular symptoms. Therefore, they are most helpful in
the treatment of allergic rhinitis when combined with an antihistamine.
Most common side effects of oral decongestants include CNS (e.g., nervous-
ness, insomnia, irritability, headache) and cardiovascular (e.g., palpitations,
tachycardia) symptoms. In addition, these drugs may elevate blood pres-
sure, raise intraocular pressure, and aggravate urinary obstruction. Their
safety in asthma has been investigated, and there is no evidence that they
induce drying of the airways or bronchospasm.

Largely owing to their effects on both the CNS and cardiovascular
systems, this group of medications should be used very cautiously in el-
derly patients and should be avoided in patients with ischemic heart
disease, glaucoma, and any form of bladder outlet obstruction. Although
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clinical studies have demonstrated that short-term use of oral deconges-
tants does not increase blood pressure in patients with controlled hyper-
tension (30), other agents (e.g., intranasal corticosteroids) are preferable in
these individuals.

Topical intranasal decongestants continue to be widely used by patients
with allergic rhinitis and include phenylephrine, oxymetolazine, xylometo-
lazine, and naphazoline. When topical decongestants are used for longer
than 3–5 days, many patients will experience rebound congestion after
withdrawal of the drug (31). If patients continue to use these medications
over several months, a form of rhinitis (rhinitis medicamentosa) will develop
that can be difficult to treat effectively.

C. Antihistamine–Decongestant Combinations

The combination of an oral H1 antihistamine and decongestant is one of
the most popular OTC remedies for allergic rhinitis. The second-generation
antihistamines loratadine and fexofenadine are both available in combina-
tion with long-acting pseudoephedrine and provide better symptom relief
than an antihistamine alone.

D. Intranasal Corticosteroids

Topical intranasal corticosteroids have made a significant impact on the
treatment of both seasonal and perennial allergic rhinitis. These drugs ap-
pear to exert their efforts through multiple mechanisms, including vasocon-
striction and reduction of edema, suppression of cytokine production, and
inhibition of inflammatory cell influx (32). Prophylactic treatment before
nasal allergen challenge reduces both the early- and late-phase allergic
responses (33).

In a large number of clinical trials, intranasal corticosteroids have
been demonstrated to be the most effective class of therapy in treating nasal
allergy. When compared with oral H1 antihistamines, these drugs are more
effective at reducing most nasal symptoms, particularly nasal congestion.
An interesting finding is that, intranasal corticosteroids also appear to be
at least as effective in controlling concomitant symptoms of ocular allergy
as oral antihistamines.

Intranasal corticosteroids work best when taken regularly on a daily
basis. A number of investigations have demonstrated that this class of
agents may be most effective when started 1–2 weeks before the pollen
season. However, because of their rapid onset of action (within 12–24 h
for many agents), there is increasing evidence that they may also be
moderately effective when used intermittently following the start of the
pollen season (34).
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A number of glucocorticoid compounds are now available for intra-
nasal use in both aerosol and aqueous formulation (Table 2) (35). Although
the topical potency of these agents varies widely, clinical trials have been
unable to demonstrate significant differences in efficacy in patients with ei-
ther seasonal or perennial allergic rhinitis (35). The most important
pharmacological characteristic differentiating these agents is systemic bio-
availability. After intranasal application, the majority of the dose of a
glucocorticoid is swallowed. Most of the available compounds (including
beclomethasone dipropionate, budesonide, flunisolide, and triamcinolone
acetonide) are absorbed readily from the gastrointestinal tract into the
systemic circulation and subsequently undergo significant first-pass hepatic
metabolism (Table 2). The resulting bioavailabilities can be as high as 50%.
However, neither fluticasone propionate nor mometasone furoate is well
absorbed through the gastrointestinal tract, and the small amount of drug
that reaches the portal circulation is rapidly and thoroughly metabolized
(36,37). These low systemic drug levels may represent an advantage in adult
patients who are prone to systemic effects of corticosteroids, such as those
with developing cataracts or an elevation in intraocular pressure. The low
systemic availabilities of these two newer agents may be most important in
growing adolescents and in patients who are already using medium to high
dosages of inhaled corticosteroids for bronchial asthma.

Table 2 Intranasal Corticosteroids

Medication

Dose per

actuation
(mg) Aqueous Aerosol

Usual adult
dosage

Systemic

bioavailability
(%)

Beclomethasone
dipropionate

42 + + 1–2 sprays each
nostril, bid

Unknown

84 + 0 2 sprays each
nostril, qd

Budesonide 32 0 + 2 sprays each

nostril, bid, or

21

Flunisolide 25 + 0 2 sprays each
nostril, bid

20–50

Fluticasone

propionate

50 + 0 2 sprays each

nostril, qd

<2

Mometasone
furoate

50 + 0 2 sprays each
nostril, qd

V0.1

Triamcinolone
acetonide

55 + + 2 sprays each
nostril, qd

Unknown

+, Available; 0, not available; bid, twice daily; qd, daily.

Formulation
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Patients using intranasal corticosteroids experience dryness and irri-
tation of the nasal mucous membranes in 5–10% of cases, and mild epistaxis
in approximately 5%. For mild symptoms, the dosage of corticosteroid may
be reduced if tolerated, and/or saline nasal spray should be instilled before
the drug is sprayed. Because there have been case reports of nasa septal
perforation, patients who use these agents continuously for treatment of
perennial rhinitis should be seen at yearly intervals. Evidence of superficial
erosions or significant crusting or bleeding should prompt discontinuation
of the drug.

E. Anticholinergics

Topical intranasal ipratropium bromide, 0.03% solution, reduces the vol-
ume of watery secretions but has little or no effect on other symptoms (38).
Therefore, ipratropium is most helpful in the treatment of allergic rhinitis
when rhinorrhea is refractory to topical intranasal corticosteroids and/or
antihistamines. The most common side effects include nasal irritation,
crusting, and occasional mild epistaxis.

F. Leukotriene Modifiers

Sulfidopeptide leukotrienes play an important role in the treatment of
bronchial asthma. Leukotriene receptor antagonists have been demonstrated
to be safe and efficacious in its treatment (39). These proinflammatory
molecules are released into the nose after allergen challenge and it has
been demonstrated that leukotrine C4 contributes to nasal dysfunction in
patients with allergic rhinitis (40). It is therefore not surprising that symp-
toms of allergic rhinitis are significantly reduced by administration of the
leukotriene D4 receptor antagonists zafirlukast and montelukast (39). A
number of recent clinical trials have demonstrated that montelukast, 10 mg
daily, provides relief of all nasal symptoms (congestion, sneezing, itching,
and discharge), which is superior to placebo and equivalent to loratadine,
10 mg daily (41). The combination of montelukast plus loratadine has been
demonstrated to offer no advantages over either agent used alone (42).
Small trials in patients with seasonal allergic rhinitis have demonstrated
that montelukast plus cetirizine was as effective as mometasone furoate
nasal spray, 200 Ag daily; these results await confirmation in large, well-
controlled studies (43).

G. Cromolyn Sodium

Topical intranasal cromolyn sodium has an extensive record of use for
treatment of allergic rhinitis (44). When given four to six times daily, it is as
effective as antihistamines in controlling sneezing, rhinorrhea, and itching.
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Although the drug has no significant side effects, the need for frequent
administration limits its usefulness in adult patients with chronic, daily
symptoms. Intranasal cromolyn is most useful as a prophylactic treatment
before a known allergen exposure, when antihistamines are not tolerated.

III. Allergen Immunotherapy

Specific-allergen immunotherapy (allergy vaccine therapy) continues to be a
useful and important treatment for many patients with moderate to severe
allergic rhinitis. Immunotherapy attenuates airways inflammation in both
the upper and lower airways. Research performed during the past decade
has demonstrated that allergy immunotherapy induces a systemic state of
allergen-specific T-lymphocyte tolerance with a subsequent reduction in
mediator release and tissue inflammation (45). When administered to ap-
propriately selected patients, allergy immunotherapy is effective in reduc-
ing nasal symptoms in approximately 85% of cases. In addition to these
short-term benefits, recently published data suggest that the improvement
in rhinitis symptoms persists for several years after the treatment is
discontinued (46).

As allergy immunotherapy represents a systemic treatment, clinical
observations from the 1950’s suggested that early use of immunotherapy in
patients with rhinitis might prevent the ultimate development of bronchial
asthma (47). A recent large, prospective study in children with seasonal al-
lergic rhinitis demonstrated that a 3 year course of immunotherapy red-
uced the development of asthma symptoms and improved bronchial hyper-
responsiveness compared with an open control group (48). This observation
suggests that allergy immunotherapy should be considered in patients with
allergic rhinitis before lower airway symptoms become firmly established.

Global guidelines suggest that allergy immunotherapy should be
strongly considered in patients who do not respond to a combination of envi-
ronmental control measures and medications, experience substantial side
effects with medications, have symptoms for a significant portion of the year
that require daily therapy, or prefer long-term modulation of their allergic
symptoms, particularly if asthma symptoms are becoming manifest (49).

IV. Treatment Considerations in Special Groups

A. Children

Infants may experience intermittent or persistent symptoms of rhinitis, most
frequently consisting of nasal congestion and thick rhinorrhea. It is thought
that these symptoms are due to persistent nasal inflammation following

Corren and Bousquet284



acute viral rhinosinusitis. Because the infant’s nasal airway is small,
clearance of secretions is difficult and may result in nasal obstruction.
Allergic rhinitis in children younger than 1 year of age is unusual, and if
present would most likely be due to a perennial allergen, such as an animal.
Children do not usually experience symptoms of seasonal allergic rhinitis
until after their third birthday, since repetitive exposure to seasonal pollens
is required for the induction of sensitization.

First-line therapy for allergic rhinitis in children usually consists of an
H1 antihistamine. Because older drugs, such as chlorpheniramine and
diphenhydramine, have been implicated in altering cognitive functioning
and school performance in young children, newer antihistamines may be
more suitable in this population (50). Loratadine, 10 mg once daily given as
a liquid or dissolvable tablet, has been shown to be efficacious in children as
young as age 3 years and is without apparent CNS effects (38a). In children
who have significant nasal congestion, the addition of pseudoephedrine at a
dosage of 15–30 mg, three to four times daily as needed, may be helpful.

If oral antihistamines and/or pseudoephedrine are not sufficiently
effective, an intranasal corticosteroid should be started. As noted above,
intranasal coricosteroids are the most effective available therapy for symp-
toms of allergic rhinitis, particularly nasal congestion. One study using
intranasal beclomethasone dipropionate, 168 Acg twice daily, demonstrated
significant reduction in linear growth velocity during 1 year of use in young
children (51). However, in another study using intranasal mometasone
furoate, 100 Ag once daily, there was no suppression of growth (52).
Children treated with mometasone nasal spray demonstrated a significant
increase in height compared with children treated with placebo. It is
uncertain to why active treatment resulted in enhanced growth, but such a
finding is of potential importance and will need to be replicated in additional
similar studies.

B. Elderly

As people grow older, structural changes in the nose result in increased nasal
airflow resistance and dryness and atrophy of the mucous membranes (53).
These normal changes in nasal anatomy and physiological condition con-
tribute to the symptoms of pre-existing allergic rhinitis and may make
treatment more difficult. Often, nasal saline solution helps to eliminate
dryness and reduces the need for antiallergy drugs.

Patients older than 60 years of age frequently use a number of medi-
cations that can be primary or contributing factors in chronic rhinitis. Anti-
hypertensive drugs are most commonly implicated, including angiotensin-
converting enzyme inhibitors, h-blockers, methyldopa, prazosin, reserpine,
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guanethidine, and phentolamine. Nonsteroidal anti-inflammatory drugs have
been noted to cause nasal congestion and rhinorrhea, often but not always
associated with sinusitis, nasal polyps, and asthma. If any one of these drugs
may be contributing to significant nasal symptoms, consideration should be
made to switching the patient to an alternative agent.

As mentioned above, elderly patients are more likely to experience a
number of comorbid conditions that contraindicate the use of first-gener-
ation antihistamines and oral decongestants. Second- or third-generation
antihistamines and intranasal steroids or corticosteroids have fewer adverse
effects and are better choices in this population.

C. Pregnancy

Allergic rhinitis can worsen considerably during pregnancy. For symptoms
of rhinorrhea, sneezing, or itching, intranasal cromolyn has an excellent
safety profile and should be considered as a first line of therapy. If cromolyn
is ineffective for these symptoms or is poorly tolerated, an oral antihistamine
should be given. Chlorpheniramine and tripelennamine have an extensive
record of use in pregnant women and remain the antihistamines of choice
during pregnancy (54). If nasal congestion is prominent, intranasal cortico-
steroids are both safe and effective (54). To date, the intranasal cortico-
steroid with the longest record of safety is beclomethasone dipropionate. If
an oral decongestant is desired, pseudoephedrine is the drug of choice.
However, patients should be advised to avoid oral and topical decongestants
during the first trimester because of the risk of infant gastroschisis (abdomi-
nal wall defect) (55).

V. Future Therapies

As our understanding of allergic disease pathophysiology has improved over
the past decade, a number of new molecular targets has emerged. These
targets serve as the basis of potential new interventions in treating patients
with both allergic rhinitis and asthma.

A. Monoclonal Anti-IgE Antibody Therapy

A recombinant, humanized monoclonal IgG antibody directed against the
Fc portion of IgE has recently been demonstrated to cause substantial
reductions in the circulation of IgE levels (56), immediate skin test reactivity
(57), and the immediate nasal reaction to allergen challenge (58). In a recent
large study, patients with seasonal allergic rhinitis experienced significant
improvements in symptoms of seasonal allergic rhinitis compared with
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patients receiving placebo (59). Long-term studies have demonstrated the
treatment to be safe and well tolerated, with fewer adverse events than
currently available allergen-specific immunotherapy. Although this new
treatment offers a safe and effective alternative to both pharmacotherapy
and specific-allergen immunotherapy, it is unknown whether long-term
administration will result in a lasting modulation of the immune system (58).

B. Cytokine Antagonists

A growing list of cytokines has been indentified as playing key roles in
regulating the induction and perpetuation of allergic inflammation. Among
these, interleukins (IL)-4, -5, -9, and -13 have stood out as the most
important, and potential strategies to antagonize their effects have been
sought. To date, initial results using an IL-4 antagonist (soluble IL-4
receptor) were initially encouraging in patients with allergic asthma (60),
but subsequent studies proved negative. Studies with a monoclonal antibody
directed against IL-5 were likewise successful in reducing blood and sputum
eosinophilia, but had no significant effects on lower airway physiology (61)
or chronic symptoms of asthma. Future studies may focus on antagonizing
multiple cytokines simultaneously, which may help to overcome the signifi-
cant redundancy noted in human immune responses.

VI. Effects of Rhinitis Therapy on Asthma

Physicians often note anecdotally that treatment of allergic nasal disease
results in improvements in asthma symptoms and pulmonary function.
However, there have been relatively few well-controlled, large-scale clinical
trials that have attempted to quantify this effect.

A. Intranasal Corticosteroids

Several small studies have examined the efficacy of topical intranasal
corticosteroids in patients with allergic rhinitis and mild asthma. Two of
these trials addressed the role of prophylactic, preseasonal treatment with
nasal corticosteroids in patients with primarily seasonal symptoms. Welsh
and co-workers compared the effects of intranasal beclomethasone dipro-
pionate, flunisolide, and cromolyn with placebo in patients with ragweed-
induced rhinitis (62). Both of the topical corticosteroids were significantly
more effective in reducing nasal symptoms than either cromolyn or placebo.
An unexpected finding was that in 58 of the subjects who also had mild
ragweed asthma, lower airway symptoms were also significantly improved in
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the patients receiving intranasal corticosteroids. Corren and co-workers
later examined the effects of seasonal administration of intranasal beclome-
thasone dipropionate on bronchial hyperresponsiveness in patients with fall
rhinitis and mild asthma (63). Compared with baseline values, bronchial
responsiveness to inhaled methacholine worsened significantly in the pla-
cebo group but did not change in the group using active treatment.
Together, these two small trials suggest that prevention of seasonal nasal
inflammation with topical corticosteroids reduces subsequent exacerbations
of allergic asthma.

Other studies have examined the effects of intranasal corticosteroids
on patients with chronic, perennial allergic rhinitis and mild asthma. The
first study to document these effects used intranasal budesonide in children
with severe allergic rhinitis and concomitant asthma (64). Four weeks of
active therapy significantly reduced the objective measures of nasal obstruc-
tion as well as daily asthma symptoms and exercise-induced bronchospasm.
In a subsequent study of patients with perennial rhinitis and asthma,
Watson et al. evaluated the effects of intranasal beclomethasone dipropio-
nate on chest symptoms and bronchial responsiveness to methacholine (65).
Following 4 weeks of active treatment, asthma symptoms were significantly
reduced, as was airway reactivity to methacholine. As an adjunct to this
study, the investigators performed a radiolabeled deposition study of the
beclomethasone aerosol and found that less than 2% of the drug was
deposited into the chest area. These studies demonstrate that intranasal
corticosteroids are effective in improving lower airway symptoms and
bronchial hyperresponsiveness in patients with chronic, established nasal
disease and asthma. In view of the fact that the corticosteroid spray did not
penetrate into the lungs, the study by Watson et al. also asserts that the
reduction observed in asthma was due to improvements in nasal function
rather than direct effects of the medication on the lower airways.

B. Antihistamines

The presence of histamine in the lower airways has been correlated with
bronchial obstruction (66), and histamine has long thought to play a role
in bronchial asthma. However, early studies of first-generation antihista-
mines showed minimal improvements in bronchial asthma (67) and initial
small trials of second-generation antihistamines yielded mixed results (68–
72). However, two large-scale clinical studies using an antihistamine alone
and an antihistamine–decongestant combination both resulted in significant
improvements in asthma control. Grant et al. demonstated that seasonal
symptoms of rhinitis and asthma were significantly attenuated in patients
treated with cetirizine, 10 mg once daily (73). In a second study using lo-
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ratadine 5 mg plus pseudoephedrine 120 mg, twice daily, in patients with
seasonal allergic rhinitis and asthma, Corren et al. demonstrated that asthma
symptoms, peak expiratory flow rates, and forced expiratory volume in 1s
(FEV1) were all significantly improved in patients taking active therapy (74).
In reviewing data from these and similar trials, it is difficult to determine
whether the salutary effects of antihistamines in asthma can be attributed to
direct effects on lower airway physiology or are due to improvements in
rhinitis. Since many of the currently available agents appear to have weak or
transient effects on resting airway tone, benefits to the lower airway may in
fact be due to modulation of upper airway function (75).

Oral antihistamines have also been considered a potential treatments
to prevent the development of asthma. In one long-term study of infants
with atopic dermatitis and hypersensitivity to house dust mites and/or grass
pollen, early treatment with cetirizine resulted in a significant reduction in the
development of asthma symptoms (76). This finding suggests a possible role
of oral antihistamine therapy in modulating the natural history of asthma.

C. Population-Based Studies

A number of recent epidemiological analyses have sought to determine the
effects of rhinitis treatment on emergency room visits and hospitalizations
for asthma. One retrospective cohort study demonstrated that either intra-
nasal corticosteroids or oral antihistamines reduced hospital (emergency
room and in-patient) care for asthma in patients with asthma and concom-
itant allergic rhinitis (77). In a second study utilizing a similar study design,
the authors noted that either intranasal corticosteroids or antihistamines
reduced the rate of emergency room care for asthma among patients with
asthma and concomitant rhinitis (78). The most recent study utilized a
nested case–control design and demonstrated that treatment with intranasal
corticosteroids had a significantly lower risk of both asthma-related emer-
gency room treatment and hospitalization while there was a trend toward
lower risk of emergency room treatment and hospitalization in patients
using second-generation antihistamines. Combined treatment with both
medications was associated with a further lowering of the risk of both
emergency room treatment and hospitalization (79).

The above studies have shown that treatment of rhinitis may result in
improvements in mild asthma symptoms, pulmonary function, and bron-
chial hyperresponsiveness. Recent epidemiological studies also suggest that
effective therapy of allergic rhinitis in patients with both asthma and rhinitis
may reduce serious asthma exacerbations requiring hospital care. All of the
above data provide an ample basis for aggressively seeking and treating
allergic rhinitis in patients with bronchial asthma.
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VII. Summary

In adults with allergic rhinitis, physicians should be alert to the frequency
and severity of specific symptoms and how those symptoms affect the daily
functioning of their patients. A stepped-care approach that involves envi-
ronmental control measures, drug therapy, and possible immunotherapy
should be considered and used in all patients with nasal allergy.
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The term ‘‘sinusitis’’ refers to the presence of inflammation of the mucosa
within the paranasal sinuses. Chronic symptoms referable to the sinuses are
among the most common health care problems in the United States,
affecting about 31 million Americans and accounting for approximately
16 million patient visits per year (1). In addition, rhinosinusitis is the fifth
most common condition leading to an antibiotic prescription (2). Sinus
disease is a common condition in patients with asthma, and treatment of
concomitant sinusitis appears to have salutory effects upon the lower
airways. Unfortunately, medical management of chronic sinusitis remains
a challenge to all clinicians. This chapter outlines an approach to medical
management of sinusitis and reviews existing data regarding the connection
between sinus pathology and asthma.

I. Definitions and Pathophysiology

Sinusitis is typically divided into three categories: acute sinusitis, which is
characterized by the presence of symptoms for 3 weeks or less; subacute
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sinusitis, defined as symptoms for a duration of 3 to 12 weeks; and, chronic
sinusitis, with symptoms persisting beyond 12 weeks.

Usually, the acute and subacute forms of sinusitis represent infectious
processes, most likely due to bacteria. Chronic sinusitis may also be due to
infection, in which case it is usually associated with an anatomical obstruction
of the sinus ostia. In patients with asthma, however, chronic sinusitis usually
represents a noninfectious inflammatory process that has been termed chronic
hyperplastic sinusitis (CHS). CHS is a disorder characterized by the accumu-
lation of eosinophils, goblet cells, mast cells, fibroblasts, and TH2-like
lymphocytes in the sinus mucosa (3–5). It is the prominent accumulation of
eosinophils, however, which is most characterisitic of this disease (Fig. 1), and
in the virtual absence of neutrophils this provides strong support for the
concept that CHS is not caused by bacterial infection. CHS tissue demon-
strates increased numbers of cells (including lymphocytes, eosinophils, and
fibroblasts) expressingmRNA for granulocyte–macrophage colony-stimutat-
ing factor (GM-CSF), interleukins 3 and 5 (IL-3, IL-5), tumor necrosis factor
(TNF), and C-C chemokines such as eotaxin (CCL11) (Fig. 2) (6). Thus, the
hyperplastic tissue and eosinophils themselves are producing the cytokines
and other growth factors necessary for eosinophil differentiation, recruit-
ment, activation, survival, and proliferation. Activation and recruitment of
eosinophils in such an autocrine fashion suggests that chronic hyperplastic

Figure 1 Immunohistochemical analysis of a biopsy from a patient with chronic

hyperplastic sinusitis. Eosinophils were labeled with EG1, an anti–eosinophil catonic
protein antibody. [Reproduced with permission from Demoly P, et al. J Allergy Clin
Immunol 1994; 94:95 (Fig 2; Ref. 3a).]
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eosinophilic sinusitis is a benign but uncontrolled proliferative disorder. CHS
is frequently associated with nasal polyposis, which represents evagination of
the hyperplastic mucosa into the nasal airway. Patients with CHS may
experience recurrent bacterial infections superimposed upon the chronically
diseased mucosa.

II. Approach to Treatment

Effective medical management of acute sinusitis in patients with asthma does
not differ from treating this condition in the general population. Measures to
reduce swelling, remove secretions, and treat the bacterial infection form the
cornerstones of therapy. Therapy for chronic sinusitis is far more challenging
and is directed toward the reduction of mucosal inflammation.

A. Decongestants

Sinus mucosal edema and reduction of ostial diameter are pathological
events that occur early in the development of infectious sinusitis. Since the

Figure 2 Cytokine expression in chronic hyperplastic sinusitis. Tissue was obtained
from the nasal turbinates of healthy controls or from subjects with nasal polyposis

without or with allergies. Comparison of the density of cells positive by in situ
hybridization for the cytokines GM-CSF, IL-3, IL-5, IL-4, IL-2, and interferon
(IFN-g) is shown. Statistically significant differences in comparison with normal

controls are illustrated. HPF, high power field. [Reproduced with permission from
Hamilos DL, et al. J Allergy Clin Immunol 1995; 96:537 (Fig. 2) (Ref. 6a).]
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condition represents an infection within a closed space, measures designed to
promote drainage such as topical nasal decongestants (e.g., oxymetazoline)
may help facilitate recovery. Topical decongestants have been shown to
reduce inferior turbinate swelling as measured by computed tomography
(CT) (7). This same class of agents has been shown to improve rates of
mucociliary clearance in patients with acute sinusitis (8). Despite these
encouraging reports, a large clinical trial of oxymetazoline delivered by nasal
bellows was unable to demonstrate that treatment with oxymetazoline
resulted in improvements in radiological or clinical outcomes in acute
sinusitis (9). In another trial, patients with acute sinusitis were treated with
antibiotics plus topical oxymetazolone and a combination of phenylpropa-
nolamine with brompheniramine (10). In that study, the adjunctive use of
topical and oral decongestant–antihistamine added no benefit over the use of
oral antibiotics alone (10). Therefore, use of topical decongestants in acute
sinusitis should be reserved for symptomatic relief of moderate-to-severe
nasal congestion. In general, decongestant sprays should not be used longer
than 3 to 5 days, to minimize the risk of rebound congestion and rhinitis
medicamentosa. Their value in chronic sinusitis has not been evaluated, but
short-term use may be of help in selected cases to facilitate entry of topical
intranasal anti-inflammatory therapies (e.g., corticosteroids).

Oral decongestants (e.g., pseudoephedrine) may be active in areas not
reached by topical agents. This group of medications has been shown to
increase the functional diameter of the maxillary sinus ostia in normal,
healthy individuals (11). However, few studies have evaluated the efficacy of
these agents in acute sinusitis. As noted earlier, in one of the few controlled
trials performed to date, the combination of topical plus oral decongestants
did not speed recovery from acute sinusitis (10). Important side effects of
decongestants include central nervous system stimulation, cardiac irritabil-
ity, and inhibition of micturition. While hypertension has long been a
concern when oral decongestants are used, controlled trials of patients with
stable hypertension have supported the safety of these agents when taken in
appropriate dosages (12). However, recent reports of previously unsuspected
adverse outcomes with use of phenylpropanolamine suggest the need for
caution with the use of these agents.

B. Mucolytic Agents

Guaifenesin and potassium iodide can theoretically reduce the viscosity of
thick mucous secretions. Support for the use of mucolytic agents in the
treatment of sinusitis is primarily anecdotal, however, since few controlled
studies have been performed to prove their efficacy. In a double-blind,
placebo-controlled study of adults with acute rhinosinusitis, patients treated
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with guaifenesin (2400 mg daily) reported significantly less nasal congestion
and less viscous nasal secretions (13). While further studies are needed, the
data suggest that guaifenesin may provide some symptomatic relief in
patients with acute sinusitis.

C. Corticosteroids

Corticosteroids, which reduce mucosal edema and inflammation, would be
expected to be of potential benefit in both acute infectious sinusitis and
chronic noninfectious sinusitis. Evidence suggests that topical corticosteroid
sprays are distributed throughout the nasal airway by ciliary transport and
that these topical agents can suppress inflammation near the sinus ostia.
However, these agents do not generally penetrate into the sinus cavity and
therefore have little ability to directly affect the sinus mucosa.

Intranasal corticosteroids have been examined in a number of clinical
trials of patients with acute and recurrent acute sinusitis (14–19). All these
trials demonstrated that treatment with intranasal corticosteroids resulted in
significant improvement in symptoms of sinusitis, including nasal discharge
and facial discomfort. In a carefully designed study examining patients with
well-defined acute rhinosinusitis associated with chronic rhinitis, symptoms
were significantly improved and the time to symptom improvement was
shortened (19). Despite these salutory effects in acute sinusitis, none of the
available formulations of intranasal corticosteroids has been approved for
use in acute bacterial sinusitis. Based on these considerations, intranasal
corticosteroids will probably be most effective in treating acute sinusitis in
patients who have concomitant chronic rhinitis.

The case for using corticosteroids in patients with chronic hyperplastic
sinusitis is theoretically a stronger one. The pathological similarity between
CHS and asthma, particularly the prominent role of TH2 lymphocytes and
eosinophils, supports the concept that corticosteroids should be useful in the
treatment of both diseases (3–6). Unfortunately, intranasal corticosteroids
do not readily penetrate into the sinus cavities, particularly in the presence
of ostial occlusion. To date there has been very little study of topical nasal
corticosteroids in patients with CHS. In one small clinical pilot study of
patients with chronic sinus disease, intranasal corticosteroids were com-
pared with placebo during 16 weeks of administration (20). In that study,
there was a strong statistical trend toward reductions in sinus-related
symptoms. Other end points, such as appearance of nasal tissue during
endoscopy and nasal patency measured by acoustic rhinometry, were not
affected by active treatment. Other investigators have suggested that cortico-
steroids might be more effective if delivered in an irrigating solution (21).
Administration of nasal corticosteroids via conventional aqueous delivery
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systems as well as by means of irrigating systems will need to be examined in
large, well-designed clinical trials using a number of relevant end points.

Nasal polyposis associated with CHS often responds well to consistent
use of an intranasal corticosteroid. As many as half of the cases of nasal
polyposis resolve with intranasal corticosteroids, and one recent study
suggests that this medical approach may be at least as successful as surgical
polypectomy at one-year follow-up (22). In patients with large, obstructing
polyps who do not respond to a topical agent, a 7- to 10-day course of
prednisone (0.5 mg/kg body weight) may be very helpful. Based on these
observations, aggressive medical management with oral and topical cortico-
steroids should always be tried before surgical treatment is considered. If a
4- to 8-week trial of medical therapy has not been successful in reducing
symptoms, a surgical consultation should be undertaken.

D. Saline Irrigation

The use of saline irrigation has been widely used as an adjunctive measure in
patients with sinusitis, particularly in chronic sinus disease. Nasal irrigation
has been proposed as a means of removing obstructing mucus and pathogens
from the airway and sinuses, preventing nasal crusting, liquefying secretions,
improving mucociliary clearance, and reducing the presence of inflammatory
mediators and other irritants. In one physiological study, irrigation was
shown to reduce nasal blood flow, resulting in a mild decongestant effect (23),
while in another study nasal irrigations caused an increase in mucociliary
clearance (24). A number of uncontrolled studies have demonstrated that
nasal irrigation, using either isotonic or hypertonic solutions, resulted in
significant improvements in symptoms, quality of life, and sinus radiography
(24–27). In one study that compared an alkaline nasal douche with a saline
spray, the douche proved superior in improving both endoscopic appearance
of the inflamed mucosa and patient quality of life (28).

Various methods and devices have been used to irrigate the nasal
airway. These include the following:

1. Nasal spray. Buffered sterile saline solution is commercially avail-
able as an over-the-counter preparation or can be made by the
patient; it is sprayed into the nasal passages several times while
gently sniffing in.

2. Bulb syringe. Saline is flushed into the nasal airway while the pa-
tient bends down over the sink. Typically, 1 teaspoon of salt is
added to 800 mL of water.

3. Nasal Douche Cup. This commercially available plastic device
(Alkolol Co., Taunton, MA 02780) allows saline to flow under
gravity into the nasal passage.
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4. Water Pik. This commercially available device is outfitted with a
special nasal adapter (Nasal Irrigation Tip, from Hydro Med Inc.,
P.O. Box 91273,WorldWayPostal Center, LosAngeles, CA 90009)
and is often used by patients after sinus surgery. The Water Pik is
used at the lowest pressure and, with the patient leaning over the
sink, the saline is allowed to flow down the back of the throat or
out the other nostril.

E. Antibiotics

Acute Sinusitis

Antibiotic therapy has traditionally been considered to be the cornerstone of
medical management for acute bacterial sinusitis. Appropriate antimicrobial
therapy usually is selected empirically based on knowledge of the usual sinus
pathogens. The efficacy of antibiotics in the treatment of acute sinusitis has
been the subject of controversy (29–31). While some studies have shown that
patients benefit from antibiotic treatment, a number of studies in both the
adult and pediatric literature have failed to show a significant benefit from
the use of these agents, in part because of spontaneous cure rates of 45 to
60% in both groups (32–34). Analysis of the available data shows that there
is probably a real but limited benefit; approximately seven adult patients
must be treated with antibiotics for every one who truly needs them (35).
Several recently published articles propose practice guidelines for practi-
tioners in various specialties who diagnose and treat sinusitis (32,33,35–37).
The guidelines are unanimous in recommending antibiotic treatment for
patients who fulfill well-defined clinical criteria. They are also unanimous in
emphasizing that antibiotics should not be used indiscriminately, especially
in light of the burgeoning problem of antimicrobial resistance. Despite
warnings such as these, many practitioners continue to prescribe antibiotics
when the indication is questionable (35,38–41).

With these concerns in mind, physicians who see patients with possible
acute sinusitis should consider an important series of questions. First, do the
patient’s symptoms truly fulfill current recommended criteria for the diag-
nosis of bacterial sinusitis? Second, what are the likely target pathogens, and
what antibiotics are effective against them? Third, are there any individual
demographic factors, including recent antibiotic use, that need to be consid-
ered? Fourth, what is the narrowest spectrum antibiotic that can be used to
treat the infection? Each of these questions warrants examination in detail
when the use of antibiotics for possible acute sinusitis is under consideration.

As a crucial first step, physicians must first identify patients who likely
suffer from acute sinusitis caused by a bacterial pathogen as opposed to other
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cause. Acute infectious rhinosinusitis is usually caused by viruses such as
rhinovirus, adenovirus, coronavirus, respiratory syncytial virus, and influ-
enza virus (32,42). Viral rhinosinusitis resolves spontaneously, and anti-
biotics do not change the natural course of these infections. The rate of
bacterial involvement in rhinosinusitis is very low, with approximately 2% of
adults and 0.5 to 5% of children demonstrating bacterial infection (32,43).

An understanding of the natural history of viral upper respiratory
infections (URIs) can help to clarify the basis for recommendations regarding
the use of antibiotics. Several recent studies in adults with experimentally
induced rhinovirusURI have helped to distinguish the clinical profiles of viral
URI versus acute bacterial sinusitis. First, fever is a common symptom of
viral URI, particularly in children, and is not present in most cases of acute
bacterial sinusitis. While most viral causes of URI in adults do not commonly
cause fever, a major exception is influenza (44). Fever in viral URI can be
expected to last 2 to 5 days for most viruses, and up to 7 or 8 days in influenza
infections (45). Second, the presence of a mucopurulent discharge is not
diagnostic of bacterial sinusitis (46). Nasal secretions change from clear to
purulent during the first few days of viral upper respiratory illnesses, and the
color does not predict whether a bacterial pathogen will be isolated. Third,
symptoms of stuffiness, discharge, and cough generally persist in children for
2 to 3 weeks, although there should be improvement in those symptoms by
day 10 (33). Adults generally show improvement within a week. Finally,
radiographic evidence of mucosal thickening and fluid accumulation within
the paranasal sinuses is quite common with viral rhinosinusitis and is not a
specific indicator of bacterial involvement (46).

It can be difficult to differentiate between bacterial sinusitis and viral
rhinosinusitis on clinical grounds alone, but several recent recommendations
from the American College of Physicians, the American Academy of Pe-
diatrics, and the Centers for Disease Control and Prevention (CDC) provide
a framework for the intelligent management of these illnesses. A common
theme from all these groups is that it is rarely necessary to treat symptoms of
acute rhinosinusitis with antibiotics because the likelihood of acute bacterial
infection is so low and the frequency of a spontaneous resolution is high even
when a bacterial infection is present. A practice parameter regarding the
diagnosis and treatment of acute rhinosinusitis in adults has been developed
by the American College of Physicians (35), and the principles outlined in
this parameter have been endorsed by the CDC, the American Academy of
Family Physicians, the American Society of Internal Medicine, and the
Infectious Diseases Society of America. The parameter states that the
clinical diagnosis of acute bacterial sinusitis should be reserved for patients
with symptoms lasting 7 days or longer who have maxillary pain or tender-
ness in the face or teeth (especially when unilateral) with purulent nasal
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secretions (2). A similar parameter, developed for children, states that the
clinical diagnosis of bacterial sinusitis should be considered if symptoms of
rhinosinusitis, particularly purulent nasal discharge or postnasal drip and
cough, have been present without improvement for more than 10 to 14 days
(33). The diagnosis should also be considered if more severe upper respira-
tory tract signs and symptoms, including fever of 39jC or higher, facial
swelling, and/or facial pain, occur acutely. In general, the classic signs of
bacterial sinusitis, such as pain in the teeth or frontal headache, are quite
rare in children.

An understanding of antimicrobial resistance mechanisms and knowl-
edge of recent trends is also crucial to understanding the rational selection of
antibiotics. Streptococcus pneumoniae was almost uniformly sensitive to pen-
icillin prior to 1980. However, by 1990 resistance rates began to climb sig-
nificantly, and by the end of the 1990s penicillin resistance rates reached 50%
in some parts of the United States. About half of this resistance is inter-
mediate and half is high level (47). Importantly, pneumococcal penicillin
resistance is not mediated by bacterial h-lactamase production. The mech-
anism of resistance is bacterial alteration of penicillin binding proteins,
specifically involving the transpeptidases that catalyze cell wall production.
When penicillin binds to these proteins, the normal enzymatic function is lost
and cell wall production ceases, leading to cell death. Alteration of these
proteins decreases the affinity of binding by penicillin, resulting in a resistant
organism. Importantly, in the case of intermediate level penicillin resistance,
an increase in the concentration of the antibiotic can partially overcome this
resistance mechanism. This is the basis for the use of high dose amoxicillin
for otitis or sinusitis in which pneumococcal resistance is suspected (48).

The mechanism of resistance among Hemophilus influenzae and Mor-

axella catarrhalis isolates is based on the production of a number of h-
lactamases. More than 170 h-lactamases have been described, with widely
varying characteristics (49). They all share the ability to hydrolyze the h-
lactam ring on penicillins, cephalosporins, and monobactams. Once the h-
lactam ring has been hydrolyzed, the molecule loses its normal three-
dimensional conformational structure, which alters its ability to bind to
the penicillin binding proteins that catalyze cell wall production. Prior to
1980 M. catarrhalis was mostly sensitive to penicillin. By 2000 it was al-
most uniformly resistant (36,50). Likewise, H. influenzae was highly sensitive
to penicillin prior to 1980, but the resistance rate today is approximate
30% (36,50).

The likely pathogens in acute and persistent sinusitis are similar, they
include S. pneumoniae, H. influenzae, and M. catarrhalis, with S. pneumoniae

being the predominant organism. Moraxella catarrhalis demonstrates peni-
cillin resistance in close to 100% of cases, H. influenzae demonstrates re-
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sistance in approximately 50% of cases, and S. pneumoniae is resistant to
penicillin in approximately 20% of cases (51). If a patient has failed to
improve on amoxicillin therapy, and considering the rates of both resistance
and frequency of these organisms in infections, resistant S. pneumoniae is
more likely to be present than either of the two h-lactamase producers (51).

It is known that resistance genes are often carried on plasmids or
transposons, sequences of DNA that can be transferred via conjugation from
one organism to another or propagated through normal cell division (47). It
is also known that these DNA sequences often contain multiple resistance
genes to several different antibiotics (52,53). Recent work has shown that
pneumococci that are penicillin resistant are also likely to be resistant to
sulfamethoxazole and to macrolides owing to this clustering of resistance
genes (48). A patient who has failed to respond to amoxicillin is likely to also
fail to respond to sulfamethoxazole–trimethoprim and erythromycin. Fur-
ther, organisms that are resistant to erythromycin are also highly likely to be
resistant to azithromycin and clarithromycin (54). Based on these data, it is
probably not advisable to prescribe sulfamethoxazole–trimethoprim or any
of the macrolide antibiotics in sinus infections caused by Pneumococcus.

One of the more common misconceptions among both patients and
physicians is that when therapy for a bacterial infection is necessary, a ‘‘more
powerful’’ antibiotic is better than one that is not so powerful. ‘‘Power’’ has
no meaning in discussing the efficacy of an antibiotic in killing a specific
organism. Either an antibiotic kills a target organism at the recommended
dose or it does not. If it does, the organism is sensitive to the antibiotic; if it
does not, the organism is resistant. When the word ‘‘power’’ is used to
describe an antibiotic, generally it is used in reference to the spectrum of the
antibiotic. Broad-spectrum antibiotics kill a wide array of organisms, while
narrow-spectrum antibiotics kill a relatively narrow band of organisms.
When therapy for an infection with a known pathogen(s) is chosen, there
is no additional benefit to be derived by prescribing an antibiotic that kills
non targets as well as the target(s). Thus, imipenim is no better than penicillin
in killing group A streptococci. Along this same line of reasoning, an
important principle in the selection of antibiotics for bacterial infections is
that the narrowest spectrum antibiotic appropriate for the suspected infec-
tion should always be chosen. The indiscriminate use of broad-spectrum
antibiotics only hastens the development of resistant organisms and should
be avoided (47). Another concern is that broad-spectrum antibiotics signifi-
cantly alter the normal flora of the upper respiratory tract. The nonpatho-
genic bacteria that are normally present may serve as a means to interfere
with the growth of pathogenic bacteria. If these nonpathogenic strains are
killed, resistant pathogens may be in a better position to remain as persistent
or chronic infections (36).
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Algorithms for the treatment of acute bacterial sinusitis in children have
been published by the American Academy of Pediatrics alone and jointly by
the AAP and the CDC (35,37). In spite of the growing proportion of bacterial
sinusitis that is due to resistant pneumococci, the recommendation for
amoxicillin as first-line therapy still stands. This is due to its proven efficacy
for bacterial sinusitis and the high rate of spontaneous resolution. The high
rate of spontaneous resolution also explains why many studies show a variety
of antibiotics to be beneficial in the treatment of bacterial sinusitis (55).
Amoxicillin should be prescribed at the conventional dose of 40 mg/kg/day
for those at low risk for penicillin-resistant pneumococci or at the higher dose
(80–90 mg/kg/day) for those at significant risk for resistant pneumococci.
Those at high risk include children under the age of 2, children attending day
care, and children who have received any antibiotics in the preceding 6 weeks.
Alternative therapy for patients who are allergic to penicillin includes
sulfamethoxazole–trimethoprim, a macrolide, cefuroxime axetil, cefdinir,
or clindamycin. It should be noted that clindamycin has good activity against
S. pneumoniae but has poor activity against H. influenzae and M. catarrhalis.
Therapy is recommended for 7 to 10 days after substantial improvement in
symptoms, usually for a total of 10 to 14 days (33). If there is no improvement
in the symptoms within 72 h, a change in antibiotics may be warranted.

Second-line therapy includes high dose amoxicillin, amoxicillin–clavu-
lanate, cefdinir, or cefuroxime axetil. Cefixime, cefaclor, and loracarbef
should be avoided owing to their limited efficacy against pneumococci (48).
Another alternative for second-line therapy is to use amoxicillin–clavulanate
in its high dose amoxicillin formulation, such that the amoxicillin is taken
at a dose of 80 to 90 mg/kg/day. If the symptoms still persist after another
72 h, further investigation may be warranted. It is at this point that imaging
studies may be helpful (33). It also may be helpful to aspirate pus from the
involved sinus to better ascertain the bacterial cause of the therapeutic
failure. Surface swabs of the nasal mucosa in the region of the paranasal
sinuses are of little value.

With regard to treating acute sinusitis in adults, amoxicillin is a good,
inexpensive first-line therapy, with trimethoprim–sulfamethoxazole as an
alternative in penicillin-allergic patients (36). Penicillin, erythromycin, ceph-
alexin, tetracycline, and cefixime should be avoided as first-line antibiotics in
adults with acute sinusitis because of the inadequacy of their spectrum of
activity. For second-line therapy, amoxicillin–clavulenate or one of several
cephalosporins, including cefprozil, cefuroxime axetil, and cefpodoxime
proxetil, is suggested. These cephalosporins all provide the most reliable
pharmacodynamic profiles against both penicillin-susceptible S. pneumoniae

and strains that have an intermediate level of penicillin resistance. These
agents also have excellent activity against beta lactamase producing H.
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influenzae and M. catarrhalis. For third-line therapy, levofloxacin, gatiflox-
acin, and moxifloxacin offer excellent activity against both penicillin-resist-
ant strains of Pneumococcus and strains of H. influenzae and M. catarrhalis

that produce h-lactamase. Ciprofloxacin, on the other hand, does not offer
adequate activity against penicillin-resistant strains of Pneumococcus (36).
Caution is urged in the use of quinolones as first-line agents, since resistance
among pneumococci is increasing, and two decades of quinolone use has
resulted in the rapid emergence of resistance among other organisms (47).

Chronic Sinusitis

In children with chronic sinusitis and associated asthma, sinus involvement
is often limited to a single sinus, particularly the maxillary sinus. The re-
sponsible bacteria are generally the same as those which cause acute sinusitis,
including S. pneumoniae, H. influenzae, and M. catarrhalis (49,56,57). There
are few published data regarding the efficacy of antibiotic treatment in these
patients, although open-label trials suggest that the infection may be cleared,
at least temporarily, with appropriate antimicrobials. Many physicians treat
chronic sinusitis in children with 3 to 4 weeks of antibiotics (58,59), although
there again are few data from well-designed studies to support this recom-
mendation.

As already described, adult patients with asthma and concomitant
chronic sinusitis usually have hyperplastic mucosal disease of the sinuses
characterized by eosinophilic inflammation. While these patients may expe-
rience recurrent episodes of bacterial sinusitis, for the most part infectious
organisms do not play a principal causative role in their sinus disease. Few
microbiological studies of CHS have utilized proper techniques to assess the
role of infection in this disorder. Investigative studies that have been
appropriately performed suggest that CHS most likely involves the loss of
the usual sterility of the sinuses and colonization with noninvasive flora.
Because of the frequency of colonization of the sinuses, quantitative cultures
must be performed, with infection defined as the recovery of a bacterial
species in high density (z104 cfu/mL). Many of these improperly performed
studies have identified Staphylococcus, anaerobes (including gram-positive
streptococci (Peptococcus and Peptostreptococcus) but also Bacteroides and
Fusobacterium species) (60–62), and other nonvirulent organisms (Propioni-
bacterium acnes, Staphlococcus epdermidis, Streptococcus pyogenes, Strepto-
coccus viridans, Corynebacterium, and Neisseria) (56,63). The presence of
multiple organisms, non- or minimally virulent organisms, organisms at low
titers, and discordances between the species of organisms cultured from
different sinuses all demonstrate evidence of colonization, not infection
(61,63). In addition, these cultures often identify bacteria that are sensitive
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to an antimicrobial being administered at the time of the culture, additional
evidence that these represent colonization, not an infectious process (61).
Few controlled studies of antibiotics have been performed in adults with
CHS and asthma, and none has shown a clearly defined benefit in chronic
sinusitis (64). The historic failure of antimicrobial therapy in chronic sinus-
itis—including long-term courses of rotating broad-spectrum antibiotics—
further reflects the likelihood that this is not an infectious disorder (61). The
absence of an infectious etiology in most subjects with CHS and associated
asthma similarly raises questions regarding the benefits of surgical proce-
dures designed to promote drainage of a presumed ‘‘closed-space’’ infection.
The surgical literature acknowledges that asthmatic patients who have
extensive mucosal disease involving multiple sinuses and nasal polyposis
generally have poor outcomes with surgical therapy (65–68).

F. Aspirin Desensitization

A subset of chronic sinusitis subjects demonstrate the spectrum of asthma
and aspirin intolerance. These subjects tend to have particularly severe
sinusitis with panopacification of their sinuses observed on CT scans and
nasal polyposis occurring in association with severe persistent asthma and
aggressive airway remodeling. In these subjects, severe, often life-threatening
attacks of asthma can occur in response to aspirin and other nonsteroidal
anti-inflammatory drugs (NSAIDs) that suppress cyclooxygenase 1 (COX-1).
Selective COX-2 inhibitors can be safely administered to individuals with
aspirin-sensitive asthma and sinusitis (69,70). This condition of so-called
triad asthma is associated with constitutive overproduction of cysteinyl
leukotrienes, which is associated with an additional increase in leukotriene
production following the ingestion of these agents (71). This overproduction
of cysteinyl leukotrienes appears to reflect their overexpression of the enzyme
leukotriene C4 synthase (71).

Aspirin desensitization has been shown to be remarkably effective in
these subjects in mitigating the severity of the hyperplastic sinusitis and
polyposis as well as the associated asthma. This technique, which must be
used cautiously, involves successive ingestion of increasing doses of aspirin
over several days until a therapeutic dose is achieved (325–650 mg, 1 or 2
times per day) (72). Successful aspirin desensitization succeeds in part
through its ability to decrease basal and aspirin-stimulated leukotriene syn-
thesis (73) as well as decreasing sensitivity to cysteinyl leukotrienes (74).

In the initial long-term study of aspirin desensitization conducted at
the Scripps Clinic, approximately 100 aspirin-intolerant patients with
asthma and CHS were evaluated (75). Approximately one-third of the
group were desensitized to aspirin and treated with daily aspirin treatment
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for as long as 8 years (mean, 3.75 years). Patients undergoing desensitiza-
tion demonstrated statistically significant reduction in the annual number
of hospitalizations, emergency room visits, outpatient visits, episodes of
acute sinusitis, need for nasal polypectomies and additional sinus oper-
ations, and improvement in sense of smell compared with the control
group. Simultaneously, the aspirin treatment groups were able to signifi-
cantly reduce systemic corticosteroid dosages, corticosteroid bursts per
year, and doses of inhaled corticosteroids. These data have been confirmed
(76) and further extended by the Scripps researchers in their more recent
follow-up studies (77). These investigations have confirmed the ability of
aspirin desensitization to improve important outcomes measures for both
sinus disease and asthma, including frequency of acute bacterial super-
infection and the need for repeat polypectomy as well as restoration of
sense of smell (Table 1).

G. Leukotriene Modifiers

Cysteinyl leukotrienes were originally identified through their ability to
mediate sustained and profound broncoconstriction, while more recent
studies have established the potent proinflammatory influences of these

Table 1 Aspirin-Sensitive Patients with Rhinosinusitis-Asthma

Baseline ASA Rx

Median Range Median Range p Valuesa

Sinusitis 6 (1–12) 2 (0–12) <0.0001

Sinus surgery/yr 0.2 (0–0.75) 0 (0–2) 0.09

Hospitalizations/yr 0.2 (0–0.54) 0 (0–1) 0.005

ED visits/yr 0 (0–1.22) 0 (0–1.5) 0.2

Olfaction score 0 (0–1) 3 (1–5) <0.0001

Baseline ASA Rx

Mean SEM Mean SEM p Valuesb

Prednisone (mg/day) 7.9 F2.0 1.8 F0.7 0.01

Nasal steroid (Ag/day) 137 F25.6 90 F22.3 0.09

Inhaled steroid (Ag/day) 640 F146.2 885 F6.0 0.1

Patients treated 1–3 years. ASA Rx, aspirin therapy; ED, emergency department.
aValues were determined with Wilcoxon signed rank statistic. Two side p values were reported.
bValues were determined with paired t-test.

Adapted with permission from: Stevenson DD, et al. J Allergy Clin Immunol 1996; 98:751.
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mediators. Leukotrienes are particulary important in activating eosinophils
and contribute to their generation in the bone marrow, recruitment,
adhesion and egress from the circulation, and activation at sites of inflam-
mation, while concomitantly inhibiting their apoptosis. In addition, leuko-
trienes stimulate mucus secretion and may contribute to fibrotic and other
tissue remodeling pathways through their abilities to promote epithelial and
myofibroblast proliferation. These mechanisms suggest an important role
for cysteinyl leukotrienes in contributing to the development and severity of
CHS. Recent studies have demonstrated the presence of leukotrienes in CHS
(78). These observations support the concept that insofar as CHS is
mediated by eosinophilic inflammation, leukotriene modifiers may analo-
gously be useful in this disorder.

Figure 3 Nasal symptom score improvement on zileuton. Patients with aspirin-
intolerant asthma with chronic sinusitis and nasal polyposis were randomized to
received either zileuton or a placebo. Nasal symptom scores showed a significant

reduction in loss of smell and rhinorrhea. [Reproduced with permission from Dahlen
B, et al. Am J Resp Crit Care Med 1997; 157:1187 (Fig. 4) (Ref. 81).]
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While extensively studied primarily in asthma, leukotriene modifiers
have been less well studied in rhinitis and sinusitis; increasing evidence,
however, suggests a role for these agents in at least some patients (79).
Leukotriene modifiers include agents that inhibit the enzyme 5-lipoxygenase
(zileuton) and those that block the cysteinyl leukotriene type 1 receptor (mon-
telukast and zafirlukast). In contrast to topical intranasal corticosteroids,
these orally administered anti-inflammatory medications can gain access to
the sinuses. As previously noted, aspirin-intolerant asthma with CHS is
associated with particularly elevated production of cysteinyl leukotrienes,
and these subjects may represent a uniquely relevant potential target for anti-
leukotriene therapy. Leukotriene modifiers in uncontrolled studies have been
shown to improve symptoms of sinusitis, restore olfaction, and alleviate
nasal polyposis in 50% of the patients (80). In one placebo-controlled,
double-blind study, the 5-lipoxygenase inhibitor zileuton was shown to
improve nasal symptoms of smell, rhinorrhea, and nasal congestion in a
population of aspirin-intolerant asthmatics with CHS (81) (Fig. 3).

III. Allergy Evaluation

Approximately 40 to 75% of subjects with CHS are atopic, as defined by the
presence of IgE specific to inhaled aeroallergens (82). Some studies have
linked CHS to allergy and have shown that nasal allergen challenges may
exacerbate sinusitis, as shown by changes observed on sinus x-ray and single-
photon emission computed tomography (SPECT) scanning (83–85). A more
recent study demonstrated the ability of nasal allergen challenge to elicit an
eosinophilic inflammatory response in the maxillary sinus, as shown by
placement of a catheter and lavage of the sinus cavity (86). Although routinely
present in the nose and lungs, however, aeroallergens are not likely to gain
access to the sinus mucosa. This has been confirmed in studies on healthy
individuals in which no radiolabeled pollen grains accumulated in the sinus
cavities. Such accumulation is even less likely to occur in subjects with CHS
whose sinus ostia are likely to be occluded (87). The mechanism whereby
allergy may contribute to the development of CHS is therefore unclear.

Insofar as infection is not related to most cases of chronic sinusitis, the
explanation that underlying allergic rhinitis leads to occlusion of the sinus
ostia and thereby promotes their colonization and infection with bacteria is
inadequate. It is plausible that bacterial colonization may have adjuvant
influences promoting the breakdown of tolerance and immune nonreactivity
in the sinuses or may provide ‘‘intrinsic’’ antigens or even superantigens that
could activate a TH2-like disorder. These mechanisms would not explain the
rapid changes in sinus tissue observed in the allergen challenges studies. An
alternative hypothesis is that nasal allergy can contribute to CHS through the
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intranasal activation of TH2-like lymphocytes and eosinophil precursors.
These cells can then migrate both systemically and through nasal lymphatic
tissue. These activated lymphocytes and eosinophil precursors, as well as
newly generated bone marrow–derived eosinophils and basophils are charac-
terized by their expression of VLA-4. It is then plausible that after an allergen
challenge and in the presence of vascular cell adhesion molecule 1 (VCAM-1)
and other adhesion molecules expressed in CHS tissue, these cells will
localize in the sinus tissue, where they will exacerbate allergic inflammation.

The data regarding the linkage of allergen sensitization and allergic
mechanisms to the presence of chronic sinusitis support the concept that
interventions designed to attenuate allergic inflammation in this disorder
may be beneficial. Despite their effectiveness in allergic rhinitis, however, no
study of allergen avoidance, allergic rhinitis pharmacotherapy, or immuno-
therapy has ever addressed the efficacy of these measures in the treatment of
sinusitis. Reasonable recommendations at present would be to utilize all
these measures as appropriate to treat patients with asthma, CHS, and doc-
umented sensitivities to aeroallergens.

Food allergy has not been shown to play a contributing role in either
recurrent acute or chronic sinusitis.

IV. Medical Treatment of Sinusitis: Effects on
Concomitant Asthma

An association between sinus disease and bronchial asthma is well es-
tablished, and acute sinusitis often accompanies asthma flares and may
contribute to asthma severity. Up to 75 to 90% of asthmatic patients have
abnormal findings on sinus imaging (87–94). Aggressive therapy for
sinusitis is considered to be a component of the treatment of patients
with difficult-to-control asthma. However, reports that treatment of sinus-
itis has beneficial influences on asthma are tempered by the absence of
properly controlled studies. For example, one study demonstrated that
children with combined sinusitis and lower airway hyperreactivity showed
significant improvement of the asthmatic state when they receive medical
treatment for sinusitis (91). Indeed, 79% of the children were able to
discontinue bronchodilator therapy after resolution of the sinusitis, and
pulmonary function tests showed normal result in 67% of those with
pretreatment abnormalities. Similar results were reported in another group
of children with asthma and sinusitis from the University of Pittsburgh
(92). Since, however, there was no control group, and all the subjects also
received interventions to improve their asthma, it is impossible to inter-
pret these studies (91,92). Thus, the possibility must be entertained that
there is no salutary effect of sinus therapy on the underlying asthma and
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that these studies merely report coincidental but not causally related im-
provement in asthma.

Several mechanisms have been suggested to explain the apparent
relationship between sinusitis and asthma. Earlier theories including direct
aspiration of mediators from the upper to lower airway are considered
unlikely given the absence of evidence of aspiration in radionuclide studies
in humans (95). A sinobronchial neurological reflex mediated by the
cholinergic pathway is supported by some data but is unlikely to explain
what is predominantly an inflammatory disease of the lower airway. A more
plausible explanation for the influence of sinus disease on asthma is that this
linkage is mediated through the circulation. Thus, patients with CHS have
an intense immunologically mediated inflammatory process of the upper
airways. The generation of cytokines, allergen-specific T-helper lympho-
cytes, eosinophil precursors, and inflammatory mediators in the sinuses
leads to increased production of eosinophils, mast cells, and basophils in the
bone marrow. This is consistent with the reported association of CHS with
circulating eosinophilia (78,90,96). These processes will ultimately lead to
the selective recruitment of these eosinophils, mast cell precursors, T-helper
lymphocytes, and other cells and mediators into the lungs, where they
exacerbate the airways inflammation characteristic of asthma. This mech-
anism is consistent with the common histological picture of patients with
chronic hyperplastic sinusitis with asthma.

Finally, it must be recognized that sinusitis may be an important and
underappreciated precipitant of vocal cord dysfunction (97). This induction
of variable extrathoracic airway obstruction by chronic postnasal drip may
represent another important way in which sinus disease is connected to
respiratory symptoms.

V. Conclusions

Carefully selected and individualized therapy and commitment to an on-
going patient–physician relationship can lead to improved well-being for
individuals with sinusitis. The task for clinicians is to optimize therapy by
rational and combined use of available drugs. It is incumbent upon every
physician to become much more selective and appropriate in the use of
antibiotics for both acute and chronic sinusitis. Nasal saline irrigation,
intranasal corticosteroids, aspirin desensitization, and possibly leukotriene
modifiers may all be beneficial in appropriately selected patients. Since
chronic hyperplastic sinusitis mirrors the pathophysiology of asthma, it
seems plausible that the next generation of asthma therapies may also prove
helpful in improving chronic sinus disease.
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Surgical Management of Rhinitis, Sinusitis,
and Nasal Polyposis in Patients with Asthma

R. JANKOWSKI

Henri Poincaré University
Nancy, France

There is the consistent observation that control of asthma remains difficult
in many patients when their sinus disease is not treated, and it has been
observed that treatment of sinusitis may improve the course of asthma.
However, treatment of sinusitis in asthmatic patients is more empirical than
determined by prospective clinical studies.

Sinusitis is one of the most commonly diagnosed chronic diseases in
the world, yet there is no universally accepted definition of the syndrome.
Although it appears that obstruction of the ostiomeatal complex is a
significant factor in the development of the disorder, it is clearly not the
only component in the development of the disease, perhaps especially not in
the asthmatic patient. Asthma is associated with inflammation in the lower
airways, and the same inflammation might involve the sinuses in a parallel
fashion. In many asthmatics, sinusitis could represent the intervening stage
between rhinitis and nasal polyposis.

How nose and sinus surgery can help to manage patients with asthma
remains a challenging question. Nasal polyposis certainly is the upper
respiratory tract disease associated to asthma for which the role of surgery
has the most been studied. In light of this model, the role of surgery in
sinusitis and rhinitis associated to asthma can thereafter be discussed.
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I. Definition and Preliminary Remarks

Patients with chronic nose complaints can easily be classified into three groups
by the means of noninvasive tools (i.e., nasal endoscopy and computed
tomography). The diagnosis of nasal polyposis is easy and is exclusively
based on nasal endoscopic identification of bilateral polyp formations.
Whereas nasal polyps can occur in isolation and unilaterally, nasal polyposis
refers to a bilateral, more or less diffuse, edematous disease of the mucosa,
essentially the mucosa of the middle meatus and the ethmoid sinuses, that
leads to the protrusion of polyps into the nasal cavity (1). Differential
diagnoses to be kept in mind are fungal allergic sinusitis and, in case of
unilateral polyps, such tumors as inverted papillomas and carcinomas.

Consensus documents have defined sinusitis as inflammation of the
paranasal sinus mucosa (2). In practice, the diagnosis of sinusitis is based on
radiographic findings. Computed tomography (CT) has dramatically
improved the imaging of the paranasal sinuses. Its ability to display bone,
soft tissue, and air optimally facilitates accurate definition of regional
anatomy and degree of mucosal hyperplasia and/or accumulation of
secretion in each sinus cavity. Chronic sinusitis can be defined by persistent
opacities, whereas between two episodes of recurrent sinusitis, CT scans can
clear up.

Rhinitis is a confusing term, used as a diagnosis for patients of
different kinds showing nasal symptoms. It would be preferable to restrict
the diagnosis of rhinitis to symptomatic patients having no nasal polyposis
or sinus opacities on CT scans. Differential diagnoses to be kept in mind are
noninflammatory diseases such as obstructive septal deviations, obstructive
turbinates, and cholinergic rhinorhea. CT scans can hardly be performed in
all patients with nose complaints but can certainly be justified for asthmatic
patients with chronic nose complaints that cannot be explained by endo-
scopic and standard radiographic findings.

II. Surgical Management of Nasal Polyposis in Patients
with Asthma

Most studies report on how surgery has influenced the course of asthma, but
no one has analyzed the phenomenon on a prospective controlled basis.
Sinus surgery techniques have dramatically improved since surgical vision
with a headlight was replaced first by the microscope and more recently by
the endoscope (3,4). Medical therapy for both nasal polyposis and asthma
has also changed over the years and has gained in efficacy. The literature is
therefore very difficult to analyze. However, opinions regarding the surgical
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management of nasal polyposis in patients with asthma have slowly changed
over the last decades and are becoming more and more favorable.

A. Conflicting Opinions Regarding the Effects of Surgery

Van der Veer, (5), in 1920, was the first author to report that polypectomy
might aggravate asthma, and this viewpoint was supported in 1929 by Fran-
cis (6), who reported that asthma was worse after polypectomy in 9 of his
13 patients.

Decades after the pioneering work, some authors also reported that
polypectomy can cause the first attack of asthma. In 1958 Samter and
Lederer (7) reported on 17 patients, all of whom had an increased reactivity
of the bronchial tree after polypectomy. Later Samter and Beers (8) found
that 18 of 182 patients developed the first attack of asthma within 9 months
after polypectomy. Then in 1977 Moloney and Collins (9) reported the
development of asthma after polypectomy in a ratio of 1:2.5, and in 1986
English (10) found a ratio of 1:6.25.

Most studies published before the 1980s report highly variable results
of surgery on the course of asthma. Weille and Richards (11) reported the
results of nasal and sinus surgery in 216 adult asthmatics, 128 of whom had
nasal polyps. There were 120 patients (56%) in whom the severity of asthma
was diminished, 59 patients (27%) in whom the asthma was unchanged, and
37 patients (17%) in whom the asthma was worse. Without making a
parallel between sinus and lung results, however, the investigators reported
that the nasal polyps and sinusitis were cured in 63 patients (32%),
improved in 69 patients (35%), unchanged in 53 patients (27%), and worse
in 7 patients (3.5%). In Schenck’s 1974 study of 18 patients (12), there were
5 patients who had less severe asthma, 7 in whom there were no change in
the asthma, and 6 with increased asthma after surgery. Five years later,
Brown et al. (13) reported the results of polypectomy on 101 patients: the
asthma was improved in 30 patients, worse in 14 patients, and unchanged in
56 patients. These authors reported a median of three polypectomies per
patient. Interestingly, they noted that of 39 patients with unstable asthma
before the operation, despite immediate preoperative hospitalization to
control active asthma, 19 had wheezing postoperatively, whereas of the 62
patients with inactive asthma, only 3 had wheezing postoperatively.

B. Studies Suggesting a Positive Effect of Surgery on Asthma

English’s 1986 paper (10) was the first to highlight the importance of medical
preparation to improve the results of surgery. Before deciding on surgery,
medical therapy that included theophyllin at maximally tolerated serum
levels, antihistamines, decongestants, and antibiotics was given to adjust the
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steroid doses to the smallest quantity that controlled the patient’s broncho-
spasm. Whenever it became apparent that the patient had already received
maximum benefit from medical treatment and that the polyps and sinusitis
were irreversible, surgery was recommended and was performed at what
appeared to be the optimal time for the particular clinical situation. An
asthma classification system, based upon the quantity of corticosteroid
needed to control bronchospasm, was used: class I, no steroids; class II, need
only for burst of steroids; class III, good response to chronic use of steroids;
class IV, poor response to all treatment + steroid dependent. Before surgery,
there were no patients in class I, 72 patients in class II, 71 in class III, and 62 in
class IV; that is, all patients in this study were steroid dependent. After
surgery, there were 82 patients in class I, 93 in class II, 24 in class III, and 6 in
class IV; that is, a total of 173 patients (84%) benefited enough either to
discontinue steroids or to use them in burst or on alternate days, 28 patients
(14%) who were able to decrease the dose but required steroid therapy daily,
and 4 patients (2%) who had no change in steroid therapy. All patients were
encouraged to return for follow-up examinations as long as possible. The
length of follow-up ranged from 6 months to 13 years. The best results were
obtained in patients who were able to discontinue steroids after surgery.
Patients with themost severely disabling asthmawere the least likely to benefit
from surgery. The effect in this study was remarkable, in as much as asthma
improved in 98% of cases, and did not worsen in a single patient, following
surgery. However, a control group was not included, and there were no
measurements of airflow limitation or bronchial reactivity.

We have performed radical endoscopic ethmoidectomy in 30 patients
with nasal polyposis and asthma, and we measured lung function and
bronchial reactivity to carbachol before and after surgery (14). Surgery was
always performed aftermedical therapy had been adjusted to attainmaximum
pulmonary function. Patients were controlled in a range of 12 to 40 months
(mean of 18months) after surgery.Most patients stated that their asthma had
improved, reporting a lower frequency of attacks, a distinct decrease of
respiratory difficulty, less need for antiasthmatic medication, and especially
less reliance on steroids. Only three patients reported no improvement, but no
patient’s asthma was worse after surgery. There was a clear tendency of
decreased bronchial obstruction (increased FEV1) and reduced sensitivity to
carbachol after surgery. However, during the observation period, most
patients received nasal steroids, and the number of patients on inhaled steroids
increased from 34% to 50%.Hosemann et al. (15) found similar results. Lung
function tests of 13 asthmatics and 4 patients with only bronchial hyper-
reactivity were performed before and on an average of 12 months after
endonasal sinus surgery. In the four subjects, bronchial hyperreactivity
disappeared. Ten asthmatics were able to reduce medications. Lung function
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and medication were unchanged in two patients, and one needed to increase
medications.Adecreasing need for antiasthmaticmedication after surgery has
also been documented by Nishioka et al. (16). In spite of the difficulties and
uncertainties in interpreting studies of this type, we have the clear impression
that surgery for nasal polyposis improves the asthma condition.

It seems now clear that surgery for nasal polyposis does not induce
bronchial hyperreactivity or cause asthma. We have reported (14) on 20
patients with nasal polyposis and normal preoperative bronchial reactivity
to carbachol. No one developed asthma or bronchial hyperreactivity 12 to
40 months (mean of 18 months) after surgery. Downing et al. (17), in a series
of 13 patients tested before and 6 months after polypectomy, found also no
difference in bronchial reactivity. Lambling et al. (18), however, found in a
4-year follow-up study that nonreversible airflow obstruction appears in
topical steroid nonresponders with nasal polyposis requiring nasal surgery,
despite no change in pulmonary symptoms and/or severity of asthma. The
authors’ conclusion is that the long-term contribution of these changes to
the development of respiratory symptoms remains to be documented.

The lack of controlled studies definitely does not allow one to conclude
that nasal polyposis surgery has demonstrated its efficacy in the manage-
ment of the asthma disease. It seems, however, that asthmatic patients can
nowadays undergo surgery for their nasal polyposis without risk of inducing
or aggravating asthma. Our experience is that effective surgery for nasal
polyposis has the potential for improving the asthma condition. However,
the type of sinus surgery that is performed may have some importance in the
outcome of both the nose and bronchus functions.

C. What Type of Surgical Procedure?

In 1997 we recently addressed the question of surgical procedure (19) by
taking advantage of a natural experimental situation. Specifically, we
compared the results after functional ethmoidectomy (29 patients, 9 asth-
matics) and nasalization (34 patients, 20 asthmatics). The principles that
guided functional ethmoidectomy were to remove only the diseased mucosa
and restore ventilation and drainage of the diseased sinuses. So the extent of
surgery was different from one procedure to another and was determined by
the extent of the disease predicted on CT scans and the disease found at the
time of surgery. The principles that guided nasalization were a systematic and
radical exenteration of the ethmoid structures and mucosa, with large
antrostomy, sphenoidotomy, frontotomy, and resection of the middle turbi-
nate, so that the restructured sinuses largely open into the nose. Functional
results were evaluated by using visual analogue scales on a questionnaire
mailed at the same time to all patients. Both groups reported improvement
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after surgery, but with the following differences. The overall nasal improve-
ment was 8.8 F 0.2 (mean F SEM) after nasalization and 5.9 F 0.6 after
ethmoidectomy ( p = 0.0001). Olfaction improvement was similar in both
groups 6 months after surgery, remained at the same level 36 months after
nasalization (6.9 F 0.7), but decreased to 4.2 F 1 after ethmoidectomy ( p =
0.02). Asthma improvement remained significantly better after nasalization
( p < 0.05). After 3 years of follow-up after nasalization (n = 16), still 8
asthmatics were reporting real improvement since surgery (score 7–10), with
5 of them scoring 10 (complete disappearance of asthma symptoms), 4 a mild
improvement (score 1–7), and 3 no improvement (score 0–1). Only one
reported a worsening of his asthma, which started during the third post-
operative year (score –6). By contrast, in the ethmoidectomy group (n = 7
asthmatics), none reported a complete disappearance of asthma, 1 scored 8,
1 scored 4, 3 scored 0 or 1, and 2 reported a worsening of their asthma, one
being severe (–10). After 5 years of follow-up (unpublished data), only 2 out
of 34 patients of the nasalization group (1 out of the 20 asthmatics) had
nasal polyps calling for reoperation, whereas 7 out of 29 patients (4 out of
the 9 asthmatics) in the ethmoidectomy group needed surgery again.

The results obviously must be confirmed by further studies and more-
over must be interpreted with great care, in as much as patients were not
randomly assigned to the groups. However, many factors could explain the
difference in outcomes. First, applying the concept of tailoring the extent of
the surgical procedure to the extent of the disease (functional ethmoidectomy)
calls for great expertise and exposes one to the risk of performing incomplete
procedures. Second, from what we know about the pathophysiology (20),
nasal polyposis might be considered to be more the expression of an irrevers-
ible disease of the mucosa than a reversible diseased mucosa. Third, the
nasalization procedure considerably reduces the surface of the sinus mucosa,
which also becomes largely accessible to local drugs such as topical steroids.

In sum, surgery can safely be proposed to asthmatic patients suffering
from nasal polyposis. At least these patients will improve their level of nasal
comfort. There is, however, a definite need for further controlled studies
both to define the type of surgery that should be performed in nasal
polyposis and to evaluate the impact of effective surgery for nasal polyposis
on the management of asthma.

III. Surgical Management of Sinusitis in Patients
with Asthma

Chronic symptoms of sinusitis often are neglected in patients with asthma,
possibly because the symptoms are mild in comparison to those of the
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bronchial component of the disease. Persistent nasal congestion, hyposmia,
intermittent postnasal drip, or frequent need to blow the nose, pressure, sore
throat, cough, and recurent infections are banal. Sinusitis is usually discov-
ered on radiographs performed either in a systematic way or in case of acute
exacerbation of either sinusitis or asthma.

A. Sinus X-Ray Abnormalities and Asthma

Several studies have documented the association between abnormal sinuses
and asthma ranging from about 30 to 80% of patients. In the prospective
study by De Cleyn et al. (21) on 270 patients, the taking of x-rays of the
sinuses was not dependent on or related to temporarily occurring symp-
toms that could be attributed to acute sinusitis. Asthma was significantly
more often associated with sinus x-ray abnormalities (65.1%) than was
rhinitis and/or chronic cough (44.4%). Zimmermann et al. (22) also found
that in children the prevalence of abnormalities found by sinus x-rays was
significantly greater in the patients with asthma (43 of 138), than in con-
trol patients with dental problems (0 of 50). They could not find, however,
a relation between sinus x-ray abnormalities and severity of asthma. In
work of Schwartz et al. (23), 47% of 217 patients with flare-ups of asthma
had abnormal sinus roentgengrams, a highly significant difference from
the 29% prevalence in 120 patients presenting with complaints of rhini-
tis. A smaller, parallel group of 23 patients with urticaria and no rhnitis
or asthma had sinus radiographs in which only 4 (17%) demonstrated
any radiological abnormality. Rossi et al. (24) detected abnormalities in
the paranasal sinuses in 85% of patients admitted to the hospital for
acute asthma.

The prevalence of sinus abnormalities would probably have been greater
in all the studies just cited if computed tomography had been used (25).
Newman et al. (26) found, for instance, in a survey of 104 patients undergoing
surgery for chronic sinusitis, that the 39 patients with asthma had significantly
more extensive disease discernible on CT scans than the nonasthmatics.

B. Significance of Sinus Radiographic Abnormalities
in Asthmatics

Infectious Theory

Several studies have shown that in acute sinusitis, in which clinical symp-
toms are accompanied by abnormal sinus radiographs, bacteria are found in
most of the sinus aspirations. Cultures revealed aeraobic bacteria, primar-
ily Streptococcus pneumoniae, Hemophilus influenzae, and Branhamella catar-

rhalis (27–30).
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In patients with sinusitis and asthma, the bacteriology of sinus aspi-
rates has not routinely been studied. Friedman et al. (31) found organisms
in sinus aspirate cultures of five asthmatic children with acute sinusitis that
were similar to those found in children with acute sinusitis without
asthma. The situation is much less clear in chronic sinusitis. Berman et
al. (32) found bacteria in only 5 of 25 sinus aspirates, Adinoff and
Cummings (33) in only 4 aspirates of 42 asthmatics with abnormal sinus
radiographs. In a series of 110 consecutive patients admitted to a hospital
for severe attack of asthma, Rossi et al. (34) detected 87% patients with
abnormal sinus radiographs, but a positive bacteriological culture was
obtained from only 23 out of 70 aspirates; there were 7 aspirates in which
both a bacterium and a virus could be detected. However, in Newman’s
study (26) of 104 patients with chronic sinusitis, in which surgically
specimens were obtained from 60 persons and cultured, all cultures grew
at least one aerobic organism. Coagulase-negative staphylococci was the
most common, then Corynebacterium species, a-hemolytic streptococci,
Staphylococcus aureus, and Enterobacter aerogenes. Unfortunately the
authors do not give detailed results for the 39 asthmatics included in the
study, especially how many samples from asthmatics were included in the 60
cultured specimens.

At the present time, the reasons for discrepancies in bacteriological
results are not clear, but patient selection, sampling, or microbiological
techniques may be involved.

Inflammation Theory

The discrepancies in bacteriological results led other authors (33,35) to
suggest that radiographic abnormalities represent the noninfectious inflam-
mation that is the cause of asthma, with this inflammation occurring in both
upper and lower airways.

Support for this hypothesis comes from studies of tissue from para-
nasal sinuses in patients with asthma. Hansel (36) was the first to call
attention to the histopathological similarity of nasal, sinus, and bronchial
tissues in subjects with asthma, finding the most outstanding feature of these
tissues to be their infiltration by eosinophils. Harlin et al. (37) confirmed this
observation and additionally demonstrated a striking association between
the presence of extracellular deposition of major basic protein and damage
to the mucosa of the sinus. This effect was not observed in tissue obtained
from chronic sinusitis in the absence of asthma. Thus, these authors
concluded that sinus disease in patients with asthma may be due to the
same mechanisms that cause damage to bronchial epithelium. In the work of
Newman (26), too, the presence of tissue eosinophilia in the mucosa of the
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sinus was significantly associated with a history of wheezing, and extensive
disease appeared in CT images. However, in all these studies, chronic
sinusitis is used as a generic name, and despite descriptions of thorough
otolaryngologic examinations, especially for the presence of nasal polyposis,
no one states how many patients with nasal polyposis were in the study. A
precise answer to this question may, however, be of importance, since tissue
eosinophilia is a major characteristic of nasal polyps, independently of their
association with asthma (19,38). Whether the histopathology of chronic
sinusitis associated with asthma is similar to the pathology seen in asthmatic
bronchi remains to be demonstrated. Actually, the reality probably is that
the mechanisms of chronic sinusitis in patients with asthma are similar to
those of bronchial asthma in some patients, but very different, and similar to
those of common chronic sinusitis, in a few others.

Pathophysiology of Common Chronic Sinusitis and Principles of
Functional Endoscopic Sinus Surgery

Although the underlying causes of chronic inflammatory sinus disease re-
quire further elucidation, obstruction in the ostiomeatal complex is today
thought to be a significant factor in the final development of chronic and
recurrent sinusitis (3,39). Sinuses are air-filled spaces connected to the rest of
the nasal mucosa by narrow orifices. Obstruction of a sinus orifice by any of a
legion of causes leads to retention of mucosal secretions within the sinus.
Inoculation of microorganisms into such culture media leads to infection.
Functional sinus surgery principles are based on opening the obstructed
orifice(s), draining the obstructed viscus, permitting mucoliliary clearance of
secretions, eliminating microbiological overgrowth, and addressing the un-
derlying cause of the ostial obstruction. The ethmoid labyrinth, which is rich
in anatomical variations, is the main target of functional sinus surgery. The
extent of the surgical procedure is determined by the extent of the disease
present. Ethmoidectomy is continued until all disease identified by CT im-
aging has been exenterated or marsupialized, and ethmoidal cells with normal
mucosa have been opened. The maxillary, or frontal, or sphenoid ostia are
opened only if they are narrowed and when there is significant maxillary, or
frontal, or sphenoid sinus disease. As much as possible of the mucosa is
preserved, and resection of the middle turbinate is avoided.

C. Surgical Management of Chronic Sinusitis in Patients
with Asthma

The data linking sinusitis to asthma are mainly associative, and causality has
not been proved. It is clear that well-designed, blinded, prospective studies
with standardized diagnostic and therapeutic regimens are necessary to
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clarify the relationship between chronic sinusitis and asthma. Therefore, at
the present time, any recommendation for the surgical treatment of sinusitis
in asthmatic patients can be based only on our understanding of the
pathogenic processes that lead to sinusitis, the mechanisms by which sinus
surgery might improve asthmatic symptoms, and our clinical experience.

We select patients for surgery only if, despite correct medical treatment,
the sinus disease continues uncontrolled and the asthmatic symptoms are
extremely labile or dependent on unacceptable doses of oral corticosteroids.
It is not clear whether surgery should be limited to restoring ventilation and
drainage of the diseased sinus cavities or, rather, should be more extensive,
to largely marsupialize the sinuses into the nose, so that topical drugs can
easily reach a reduced surface and volume of mucosa to be treated post-
operatively on a long-term basis. A majority of surgeons are defenders of
functional surgery, following the opinion of authorities who mention that
asthma symptoms in their patients are significantly improved, and a reduc-
tion in medication is often achieved. It is our experience that extensive
surgery is more effective than functional surgery, especially in patients
whose surgically removed mucosa, is found to contain large numbers of
eosinophils. Actually, we consider patients having chronic sinusitis with
eosinophilia as patients who potentially could develop an authentic nasal
polyposis (40). Since, however, it has been shown that topical nasal steroids
can markedly decrease bronchial hyperresponsiveness associated with aller-
gic rhinitis, this result could be due to the postoperative use of topical
steroids (41,42).

IV. Surgical Management of Rhinitis in Patients
with Asthma

When the diagnosis of rhinitis is reserved for patients without evidence of
nasal polyposis or chronic sinusitis, there is no place for surgery in the
management of rhinitis. In such patients, however, chronic nose obstruction
may not be the consequence of rhinitis alone and surgery can be helpful by
correcting a deviated septum or reducing the volume of hypertrophied
turbinates. Gottlieb (43) postulated that nasal obstruction that leads to
increased mouth breathing of relatively cold and dry air could be one of the
pathogenic factors explaining how upper airways dysfunction could worsen
asthma. This could explain the positive effects of inferior turbinectomy on
the evolution of asthma, which have been presented in many recent meetings
and were first reported by Ophir et al. (44). Among 186 patients who were
interviewed and examined 10 to 15 years after inferior turbinectomy, 32 had
suffered from bronchial asthma. Postoperatively, there was an improvement
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in 16, no change in 13, and an exacerbation of asthmatic attacks in 3 pa-
tients. However, as for nasal polyposis and chronic sinusitis, there is a def-
inite need for controlled studies.

V. Conclusion

There is no well-designed, controlled study proving that nose or sinus surgery
improves the course of asthma. However, the evidence that upper airway
disease worsens asthma is circumstantial, and it is our clinical impression
that when medical therapies have failed, nose or sinus surgery can result in
significant improvement of asthma in these patients. At least, we can state
that when well indicated and properly performed, nose or sinus surgery does
not aggravate asthma. To clarify the impact of upper airways surgery on the
course of asthma, if surgery is indicated for polyposis, sinusitis, or structural
abnormalities associated to rhinitis, it seems necessary to clearly state this,
and to clearly describe the surgical procedure being performed.
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Manifestations of Aspirin Sensitivity in the Upper
and Lower Airways
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Aspirin (ASA) and nonsteroidal anti-inflammatory drugs (NSAID) induce
a number of different adverse reactions. These include cross-reacting respi-
ratory reactions, cross-reacting urticarial reactions, single-drug-induced
urticaria or anaphylaxis, and single-drug-induced aseptic meningitis or hy-
persensitivity pneumonitis. Generally, individual patients react in the same
manner to each exposure of the same drug(s).

A subset of asthmatic patients experience adverse respiratory reac-
tions to ASA and NSAIDs characterized by nasal and ocular mucosal
swelling and bronchospasm. Such asthmatic patients have been classified as
ASA sensitive (1) and ASA intolerant (2), as idiosyncratic (3), and as having
aspirin-induced asthma (4) and, recently, aspirin-exacerbated respiratory dis-
ease (AERD) (5). All five descriptors refer to the same population of asth-
matics. This chapter focuses on the clinical setting in which ASA/NSAID
respiratory reactions occur, the clinical features of ASA respiratory disease,
methods available for diagnosis, ASA desensitization, and cross-reactions
between NSAIDs and ASA, as well as some insights into pathogenesis and
treatment.
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I. Clinical Entity

ASA-exacerbated respiratory disease occurs in patients with chronic rhi-
nitis, sinusitis, nasal polyps, and asthma (4,6). Patients are identified as
ASA sensitive only after a respiratory reaction to ASA or an NSAID has
occurred. Except for their sensitivity to ASA/NSAIDs, such patients cannot
be distinguished from others with clinically similar patterns of respiratory
inflammation (7). AERD is the result of progressive inflammation in the
respiratory tract that continues in the absence of exposure to ASA/NSAIDs.
Once the respiratory mucosal inflammation is under way, exposure to ASA
or any cross-reacting drug temporarily exacerbates the underlying inflam-
mation and bronchospasm, resulting in the clinically recognized respiratory
reactions (4,8).

A. Clinical Features of AERD

Typically, ASA disease is acquired in adulthood, with rare onset during
early childhood (9). ASA disease is found in all ethnic groups and in both
sexes, with a slight preponderance in females. Without any prior history of
respiratory disease or having experienced unrelated hay fever and/or asthma
during childhood, ASA-sensitive patients usually develop upper respiratory
viral infections (URIs) as the sentinel event in the onset of their ASA dis-
ease. However, unlike prior viral respiratory illnesses, inflammation in the
nasal and sinus membranes persists, worsens, and eventually evolves into
chronic rhinosinusitis, with aggressive formation of nasal polyps and secon-
dary hypertrophic and/or purulent pansinusitis (8). Inflammation may
appear only in the upper airway (10), leading to a condition called ASA-
sensitive rhinosinusitis. However, more commonly nasal polyps, sinusitis,
and asthma occur together (11). This ‘‘intrinsic’’ type of asthma progresses
and persists, irrespective of environmental exposures. Asthma activity
increases, coincident with bouts of purulent sinusitis. Their clinical course
is usually complicated by intractable pansinusitis (8). Table 1 summarizes
the clinical features of aspirin respiratory disease. The clinical setting in
which the clinician should be most suspicious of ASA/NSAID sensitivity is
an asthmatic patient with relentless re-formation of nasal polyps, recurrent
need for sinus and polyp surgery, and secondary acute and then chronic
pansinusitis, with increasing asthma activity.

Without a past history of ASA-associated asthmatic exacerbations, it
is virtually impossible to differentiate between ASA sensitive and insensitive
asthmatics. In fact, two-thirds of patients who fit the clinical description
provided in Table 1 are not sensitive to ASA or NSAIDs (1). Most ASA-
insensitive patients have IgE-mediated rhinitis with nasal polyps; a few
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are sulfite sensitive, but others have idiopathic rhinosinusitis with nasal
polyps, sinusitis, and asthma. Some of the ‘‘idiopathic’’ asthmatic patients
will eventually ‘‘convert’’ to ASA sensitivity, upon subsequent experience of
an ASA/NSAID-induced respiratory reaction (12). Many asthmatics have
been advised to avoid ASA. As the numbers of asthmatics avoiding ASA
and NSAIDs grows, the population of potential ASA-sensitive asthmatics
expands, with most asthmatic patients falling into a category of ‘‘unknown’’
with respect to ASA sensitivity, since they have never been exposed to ASA/
NSAIDs during the course of their illness.

II. Sinusitis and Asthma in ASA-Sensitive Asthmatics

Clinically, it is apparent that active sinusitis in ASA-sensitive asthmatics is
a powerful stimulus for lower airway inflammation and bronchospasm.
Indeed, the typical course of ASA-sensitive asthmatics is to have predom-
inant and ongoing nasal obstruction and anosmia, with relatively good
control of associated asthma, while using inhaled corticosteroids and h-
adrenergic agonist inhalers. However, when the patient develops a viral
respiratory illness, it is usually followed by purulent sinusitis, which in turn
further activates asthma. Control of asthma then changes dramatically with
substantial requirements for systemic corticosteroids, antibiotics, and h-
adrenergic agonists. Most hospitalizations for asthma in ASA-sensitive

Table 1 Clinical Characteristics of Patients with Aspirin Disease

Category Characteristic

Age of onset After age 10 to age 40

Rhinitis Vasomotor instability (>90%); associated allergies
(40–60%)

Nasal symptoms Congestion, rhinorrhea, anosmia, paranasal headache, sleep

deprivation
Nasal examination Pale, congested membranes, polypoid tissue to polyps
Nasal smear Eosinophils: variablea; mast cells: variablea; many

polymorphonuclear cells

Sinus imaging (CT) Abnormal, with any pattern pansinusitis most common
Sinusitis Intermittent evolving to chronic
Asthma Intermittent and usually in remission when sinuses not

infected
Chronic; particularly severe when associated with chronic
sinusitis

a Topical and systemic corticosteroids substantially decrease numbers of eosinophils.
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asthmatic patients are the result of sinusitis-provoked asthma episodes or
accidental ingestion of ASA or one of the NSAIDs.

Other chapters in this book document the relationships between the
upper and lower regions of the respiratory tract. Suffice it say here that
abnormal sinus x-rays and computed tomography (CT) scans of the sinuses
are found in most ASA-sensitive asthmatics. In one study by McDonald
et al. (13) in 1972, sinus radiographs were reviewed in all new asthmatic
patients evaluated in the allergy division of the authors’ institution for one
year. Of the 282 patients, 38% had abnormal sinus x-rays. These were
compared to the 22 asthmatic patients having documented ASA-sensitive
asthma, where the incidence of abnormal sinus x-rays was 86%. Despite the
small sample size of ASA-sensitive asthmatics, the results were significantly
different by chi square (p = 0.001). In a more recent sample of our AERD
patients (1991–1997), 198 ASA patients were evaluated for sinus disease.
Including both plain roentgenograms and CT images of the sinuses, 189 of
the 198 had available records to indicate whether abnormal sinuses had been
documented by imaging methods in the course of the patients’ illness. In
only 6 of the 189 patients (3%) were sinus x-ray or CT images found to be
normal. Although the matter is difficult to study, my impression is that early
in ASA disease, the patient may have abnormal sinus x-rays only during
acute respiratory infections. Over time, with increasing and aggressive
formation of nasal and sinus polypoid tissues, the roentgen findings evolve
into a picture of pansinusitis in most, if not all, AERD patients. Patients
who are referred to our institution for ASA desensitization tend to have
long-standing and severe ASA disease (averaging 13 years). Therefore they
are more likely to already have pansinusitis.

III. Identification of ASA Sensitivity

Currently, an acceptable in vitro biochemical or immunological test for
identification of patients with ASA sensitivity does not exist. Therefore, the
gold standard for making the diagnosis is ASA challenge. There are a
number of challenge protocols, but all testing depends on the dose depen-
dence of ASA-induced respiratory reactions.

A. Oral ASA Challenges

In the United States, oral ASA challenges are available (14). Physicians
conducting these challenges should be experienced in the proper use and
performance of this test and should be prepared to treat severe asthma
attacks, up to and including intubation and ventilator support. Therefore,
these challenges should be performed in an environment offering physicians
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rapid access to emergency resuscitative equipment, an intensive care unit,
and skilled chest and critical care specialists.

Several important observations regarding the safe and accurate per-
formance of oral ASA challenges might be helpful. First, the more unstable
or irritable the tracheobronchial tree at the time of challenge, the more severe
the bronchospastic response to ASA will be. Therefore, before starting
challenges, oral and inhaled corticosteroids, intranasal corticosteroids, the-
ophylline, and leukotriene modifier drugs should be continued if the patient
is already requiring these medications. The reactions induced by ASA and
NSAIDs routinely occur while the patients are taking their regular doses
of theophylline and inhaled corticosteroids (12). Weber et al. (15) dem-
onstrated that discontinuing theophylline on the day of oral challenges
allowed a ‘‘spontaneous’’ (anti–asthmatic drug deprivation) 20% decline
in FEV1 values unrelated to challenge substances. Nizankowska and
Szczeklik (16) demonstrated that systemic corticosteroids provide partial
protection to the bronchi during oral ASA challenges and shift the dose
response to ASA upward. Thus pretreatment with systemic corticosteroids
may be responsible for a few false-negative oral ASA challenges. However,
for the majority of asthmatic patients, particularly those afflicted with
chronic sinusitis, discontinuing corticosteroids allows bronchial inflam-
mation to return and hyperirritability of the bronchi to increase to such a
degree that ASA challenges cannot be accurately or safely performed.

More recently, leukotriene-modifying drugs (LTMDs) have been
available to treat AERD. Despite early reports that LTMDs blocked
ASA-induced respiratory reactions (17), we now know that if the doses of
ASA are increased above the baseline ASA-provoking dose, LTMDs do not
block naso-ocular reactions and block only about half of the bronchospastic
reactions (18,19). Therefore, much as with systemic corticosteroids, the use
of LTMDs as controller medications helps to stabilize bronchial airways to
such a degree that oral ASA challenges can be safely and accurately
performed. Only AERD patients with pure lower respiratory tract reactions
are at risk for experiencing false-negative challenge results, in the face of
treatment with an LTMD. Fortunately it is very unusual to have a pure
asthmatic response, without upper airway involvement.

Some medications should be discontinued 24 h prior to oral ASA
challenges; these include anticholinergics, antihistamines, cromolyn, and
short-acting h-adrenergic agonists. Antihistamines can block the upper
respiratory tract reaction, which is largely mediated by histamine (20,21).
Cromolyn probably has minor effects on the severity of ASA, induced
respiratory reaction (22), but there is evidence that cromolyn delays the
onset of oral ASA-induced reactions (23), potentially risking exposure to the
next highest challenge dose of ASA when the prior dose of ASA has not yet
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induced all its effects. Anticholinergics and short-acting h-adrenergic ago-
nists falsely elevate the baseline lung function values, producing pseudo-
reactions as the bronchodilator effects of the drugs wear off (14).

Following ASA ingestion, the onset of asthmatic reactions (elapsed
times) usually occurs between 15 min and 3 h. The mean elapsed time was 50
min in one study (13). There is a refractory period lasting 2 to 5 days after an
ASA-induced respiratory reaction, during which time the patient becomes
tolerant to ASA or NSAID (24).

Table 2 presents our standard 3-day oral ASA challenge protocol. An
intravenous access line should be in place. Spirometry values, including
expiratory and inspiratory loops, are recorded every hour, and the baseline
or first morning FEV1 value should be >60% of that predicted. On the first
day the patient ingests placebo capsules every 3 h, and FEV1 values should
not vary by more than 10% from baseline during this full day of placebo
challenges. Laryngospasm can sometimes be identified by the flat and
notched inspiratory loop seen in the flow–volume curves.

Assuming that the second day’s baseline FEV1 values are within 10%
of the placebo day baseline, oral administration of ASA begins, starting
with 30 mg of ASA, depending on the patient’s history of prior ASA
reactions. Very few patients react to 30 mg, and essentially no one reacts
to doses below 30 mg. A maximum of three doses of ASA are given per day
(7 a.m. to 4 p.m.) with a full 3 h between doses. As soon as signs and
symptoms of reactions occur (>15% decrease in FEV1, rhinorrhea, ocular
injection, periorbital edema, stridor and rarely flushing, urticaria, gastro-
intestinal cramps, or explosive diarrhea), subsequent ASA challenges are
suspended for that day and the reaction is reversed by means of the
following: five breaths of an inhaled bronchodilator (albuterol or terbuta-
line) delivered by a nebulizer aerosol device every 15 to 10 min until the
reaction subsides; racemic epinephrine by nebulizer for laryngospasm; top-

Table 2 Single-Blind 3-day Oral ASA Challenge Conducted at

Scripps Clinica

ASA (mg)

Time Day 1 Day 2 Day 3

7:00 A.M. Placebo 30 100–150
10:00 A.M. Placebo 45–60 150–325

1:00 P.M. Placebo 60–100 325–650

a Individualized doses of ASA: second dose may be reduced and timing may

be altered, depending upon the severity of the historical reaction to ASA.

During placebo day, baseline FEV1 values > 70% predicted and changes

should be <10%.
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ical nasal decongestants (oxymetazoline); topical opthalmic antihistamine/
decongestants; and/or adrenaline administered intramuscularly. For gastro-
intestinal symptoms, 50 mg of intravenous ranitidine is very effective, as is
50 mg of intravenous diphenhydramine for hives and angioedema.

The different types of respiratory reaction that are observed during
oral ASA challenges are listed in Table 3. Such a reaction identifies patients
who are ASA sensitive. If the patient can ingest 650 mg of ASA without any
reaction, the oral challenge test is negative and the patient does not, at that
time, have ASA respiratory disease, assuming the person was not taking
prednisone or a leukotriene modifier drug. If prednisone and LTMD treat-
ment was essential to prepare the respiratory tract for challenge and the
challenge was negative, rechallenge at a later date, assuming prednisone or
LTMDs could be withdrawn, might be an option for confirming that the
challenge results were truly negative.

B. Inhalation Challenge with ASA-Lysine

In Europe and other parts of the world, inhalation challenges with ASA-
lysine are routinely performed (25,26), but since the U.S. Food and Drug
Administration (FDA) has not approved use of ASA-lysine in humans it
cannot be used in the United States. After inhalation of ASA-lysine, the
elapsed time until induced bronchospasm is under 30 min, and the prompt
relief of such bronchospasm with inhaled h-adrenergic agonist is routinely
observed. Extrabronchial symptoms, such as naso-ocular, cutaneous, or
other systemic events, are uncommon during ASA-lysine inhalation chal-
lenges. Since the elapsed time from inhalation to onset of bronchospasm is
under 30 min, each subsequent increase in concentration of inhaled ASA-

Table 3 Respiratory Reactions During Oral ASA and NSAID Challenges

Types of Reaction Features of Reactions

No reaction No respiratory symptoms; changes in FEV1< 15%
Classic Decrease in FEV1 > 20% associated with naso-

ocular reactions
Pure asthma Decrease in FEV1 values > 20%; no naso-ocular

signs or symptoms
Pure rhinitis Naso-ocular reaction alone
Partial asthma, naso-ocular Decline of 15–20% in FEV1 values combined with

naso-ocular reaction
Laryngospasm Stridor; flow–volume curve: inspiratory loop flat

and notched

Extrapulmonary Flush, cramping gastrointestinal pain, explosive
diarrhea, rarely mild urticaria, rarely hypotension
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lysine can be delivered at 30 min intervals. Thus an ASA-lysine inhalation
challenge can be completed within 5 h and performed in the outpatient
clinic. There is some controversy about whether ASA-lysine inhalation can
induce late asthmatic reactions, resembling those seen in IgE-mediated
bronchospasm. During 26 positive bronchial responses to lysine-ASA, Kuna
et al. (27) found isolated immediate bronchospastic responses in 16,
immediate and late responses in 8, and late responses in only 2 ASA-
sensitive asthmatic individuals. There is also controversy about how high
the concentration of ASA-lysine should be advanced, because of concern
that concentrations above 50 mg/mL may be too acidic and irritating to the
bronchial tree, thus producing nonspecific bronchospasm (25,26).

C. Comparing Inhalation Challenge with ASA-Lysine to Oral
ASA Challenge

A study comparing the diagnostic accuracy and safety of the two types of
ASA challenge was conducted by Dahlen and Zetterstrom (28). In summary,
both challenges accurately detected ASA-induced bronchospastic reactions
and thus provided evidence that the patient has ASA respiratory disease. By
definition, bronchial challenge is not directed at the nasal or ocular mucosa
and therefore does not detect ASA-induced naso-ocular reactions.

D. ASA Nasal Challenges with ASA-Lysine

ASA-lysine by nasal insufflation induced local swelling of the nasal mem-
branes in ASA-sensitive rhinosinusitis patients (29,30). Accuracy of nasal
inhalation challenges can be further enhanced by simultaneous rhinometry
measurements.

To be confident that both upper and lower airway challenges were
negative, ASA-lysine challenge would need to be performed twice, once by
bronchial inhalation and once by nasal insufflation.

IV. ASA Desensitization Procedures

All ASA-sensitive asthmatics can be successfully desensitized to ASA (8,24).
After oral challenges with increasing doses of ASA, sensitive patients
eventually experience respiratory reactions. As shown in Table 3, these
reactions vary from the pure upper respiratory tract type to bronchospasm
and various combinations in between. Desensitization is accomplished by
reintroducing the provoking dose of ASA that initiated the first ASA-
induced reaction. As soon as a reaction dissipates, after reexposure to the
same dose of ASA, the next highest dose of ASA is given and repeated until
further reactions cease. When a reaction occurs, ASA doses are suspended
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for that day. The process of escalating ASA doses continues on successive
days until the patient can tolerate 650 mg of ASA without any reactions. At
this point, the patient can safely take any dose of ASA or NSAID (31). After
ASA desensitization, in the absence of further exposure to ASA, the
desensitized state persist for 2 to 5 days, with full sensitivity returning after
7 days (24). Table 4 displays relevant data on a patient undergoing oral ASA
challenge, followed by ASA desensitization.

A. Other Procedures to Conduct ASA Desensitization

Inhalation challenges with ASA-lysine are used extensively throughout the
world to induce bronchospasm and to prove that ASA sensitivity exists in the
patient under investigation (32,33). Following repeated inhalation chal-
lenges, patients have been shown to become refractory to further inhalation
of ASA-lysine (32). At that point, ASA in oral doses can be introduced
without inducing reactions, usually in doses between 150 and 325 mg.
Continued daily treatment with ASA can then be started.

Table 4 Example of Aspirin Desensitization

Respiratory/responses

Day Hour Substance (dose) Nasal

Decline in

FEV1 (%)

1 8:00 A.M. Placebo + 0
11:00 A.M. Placebo + 0
2:00 P.M. Placebo + 4

Baseline airway stability demonstrated on day 1.

2 8:00 A.M. ASA (30 mg) ++ 10

11:00 A.M. ASA (60 mg) ++++ 32
Classic upper and lower respiratory reaction to ASA (60 mg).

3 8:30 A.M. ASA (60 mg) ++ 10
11:30 A.M. ASA (100 mg) +++ 27
Second reaction but to the next highest dose, 100 mg.

4 8:00 A.M. ASA (100 mg) 0 0
11:00 A.M. ASA (150 mg) 0 7

2:00 P.M. ASA (325 mg) 0 0
Rapid desensitization after ingesting ASA (100 mg)

5 7:00 A.M. ASA (650 mg) 0 0
Acute ASA desensitization completed; nasal congestions clears up.
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In most known ASA-sensitive asthmatics, pretreatment with sodium
salicylate, which does not induce respiratory reactions in ASA-sensitive
asthmatics, attenuates the respiratory reactions during oral ASA challenges
and in many cases allowed ‘‘silent desensitization’’ (34). Induced tolerance
(desensitization) was achieved in 10 known ASA-sensitive asthmatics by
introducing subthreshold doses of ASA orally without inducing respiratory
reactions (35). Patients were instructed to start with ingestion of 20 mg of
ASA, and each day increase the dose by 20 mg until reaching 300 mg of ASA.
None of the patients reacted to the increasing doses of ASA. Therefore,
assuming one knows that the patient is ASA sensitive on the basis of a prior
oral or inhalation ASA challenge, it is not necessary to induce a respiratory
reaction to achieve ASA desensitization. However, failure to establish the
diagnosis of ASA-sensitive respiratory sensitivity could result in silent ‘‘non-
desensitization’’ in a patient who never was ASA sensitive in the first place.
From a practical standpoint, an ASA-sensitive asthmatic with concomitant
arthritis or need for antiplatelet therapy can be desensitized to ASA and then
take daily ASA (at least 81 mg of ASA daily) indefinitely or switch to any
cross-sensitizing NSAID as long as ASA or NSAID is continued daily.

V. ASA Cross-Sensitivity and Cross-Desensitization

A. Cyclooxygenase 1 and 2 (COX-1 and -2)

In 1971 Vane (36) discovered the shared pharmacological effects of ASA and
NSAIDs on cyclooxygenase (COX) enzymes. We now know there are at least
two isoforms of COX: COX-1 constitutively expressed in most mammalian
cells, including respiratory and gut epithelial cells and most inflammatory
cells; and COX-2, which is 60% homologous with COX-1 and is highly
inducible by proinflammatory mediators, such as cytokines, growth factors,
and tissue injury. ASA and most NSAIDs are nonspecific COX inhibitors,
although they are far more potent inhibitors of COX-1 than COX-2. By
contrast, the new selective COX-2 inhibitors are potent and specific inhib-
itors of the COX-2 enzyme, having no effect on COX-1 (37).

B. Efficient Inhibitors of Cyclooxygenase

All NSAIDs, which inhibit cyclooxygenase in vitro, cross-react with ASA,
producing respiratory reactions (36,38,39). Furthermore, cross-reactions
occur upon first exposure to the new NSAID in ASA-sensitive asthmatics
(39). Six years after Vane’s report (36) that ASA and NSAIDs inhibit
formation of prostaglandins, Szczeklik et al. (38) reported in vitro and in
vivo experiments demonstrating that ASA and NSAIDs inhibit COX
(prostaglandin synthetase) in vitro. Furthermore, they showed that those
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NSAIDs, which inhibited COX in vitro, with the least concentration of
drug, were the most potent NSAIDs in cross-reacting with ASA. In
addition, these potent cross-reacting NSAIDs produced large reactions after
very small challenge doses. The reverse was also true. Table 5 lists NSAIDs
that cross-react and cross-desensitize with ASA. Cross-desensitization oc-
curs between all drugs that inhibit COX-1 (24). Thus, NSAIDs and ASA not
only share the pharmacological effect of cross-reactivity but also participate
in the phenomenon of cross-desensitization.

C. Weak Inhibitors of Cyclooxygenase

Based on the study by Szczeklik et al. (38), one would assume that weak
inhibitors of COX either would not cross-react with ASA or would cross-
react poorly and only after challenges with large doses of the suspected
analgesic. Based on this reasoning, one would predict that cross-desensitiza-
tion with weak COX inhibitors, after establishing an ASA-desensitized state
with ASA, would be relatively easy to accomplish.

Settipane and Stevenson (40) studied three ASA-sensitive asthmatics
who also gave an associated history of respiratory reactions occurring 2 h
after ingestion of 500 to 1000 mg of acetaminophen. All three patients
reacted to provoking doses of 60 mg of ASA. None reacted to 500 mg of
acetaminophen, but all experienced bronchospastic reactions (FEV1 values
declined by> 20%) after ingesting 1000 mg of acetaminophen. Two patients
were temporarily desensitized to 1000 and 1500 mg of acetaminophen, but
desensitization to 2000 mg could not be sustained. Two patients were then
desensitized to ASA (650 mg) and were able to immediately ingest 1000 mg of
acetaminophen without adverse effect, demonstrating cross-desensitization.
In a prospective study of 50 ASA-sensitive asthmatic subjects, Settipane and
colleagues demonstrated that only 34% of the patients reacted to oral chal-
lenges with acetaminophen, even when the challenge doses were advanced to
1500 mg (41).

Salsalate is also a weak COX inhibitor with some anti-inflammatory
effects and is used in the treatment of arthritis. Stevenson et al. (42)
challenged 10 ASA-sensitive asthmatic patients with salsalate. After ingest-
ing 2 g of salsalate, 2 of 10 patients experienced bronchospastic reactions.
Repeated challenges with 2 g of salsalate reproduced the same broncho-
spastic reactions, demonstrating that a weak inhibitor of COX could not
elicit desensitization at threshold provoking doses and suggested that much
larger doses of the drug would be needed to achieve desensitization. Both
patients then underwent ASA challenge and desensitization to ASA. Once
desensitized to ASA (650 mg), both patients were able to immediately ingest
2 g of salsalate without adverse reactions, demonstrating cross-desensitiza-
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Table 5 Nonsteroidal Anti-inflammatory Drugs (NSAIDs)
That Inhibit COX-1 and Induce Other Reactions to Other

Drugs

NSAIDs That Inhibit COX-1 and Cross-React and Cross-
Desensitize with Aspirin

Generic Brand names

Piroxicam Feldene
Indomethacin Indocin

Sulindac Clinoril
Tolmetin Tolectin
Ibuprofen Motrin, Rufen, Advil

Naproxen Naprosyn
Naproxen sodium Anaprox, Aleve
Fenoprofen Nalfon
Meclofenamate Meclomen

Mefenamic acid Ponstel
Flurbiprofen Ansaid
Diflunisal Dolobid

Ketoprofen Orudis, Oruval
Diclofenac Voltaren
Ketoralac Toradol

Etodolac Lodine
Nabumetone Relafen
Oxaprozin Daypro

NSAIDS that weakly inhibit COX-1 and cross-react with
aspirin, only with high doses of these drugs:

Acetaminophen Tylenol

Salsalate Disalcid

NSAIDs that preferentially inhibit COX-2 but in higher
doses partially inhibit COX-1 also; they cross-react at high

doses:

Nimsulide Not available in the United State
Meloxicam Mobic

NSAIDs that selectively inhibit COX-2 and do not cross-
react with aspirin in the respiratory reaction and rarely
induce cutaneous reactions:

Celecoxib Celebrex

Refecoxib Vioxx
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tion. Compared with acetaminophen, the same principles seemed to apply.
Both acetaminophen and salsalate have sufficient inhibitory effects on
COX-1 to induce mild respiratory reactions, particularly when superther-
apeutic doses of the drugs are used in challenges. The cross-desensitization
that occurs between ASA/NSAIDs and acetaminophen and salsalate proves
that the mechanisms of reactions and desensitization are the same (Table 5).

D. Selective COX-2 Inhibitors

Highly selective COX-2 inhibitors, such as rofecoxib and celecoxib, do not
appear to cross-react in AERD (43–45) or in acute/chronic urticaria (46).
Both drugs can induce IgE-mediated reactions after prior sensitization, and
it is important to distinguish IgE-mediated reactions from COX-1-inhibited
cross-reactions. One large study by Sanchez-Borges et al. (47) showed that
patients with urticarial reactions to ASA and NSAIDs also rarely reacted to
COX-2 inhibitors.

Partial Inhibitors of COX-2

Less selective COX-2 inhibitors, such as nimsulide and meloxicam, do not
cross-react when small doses of these drugs are given. However, cross-
reactivity occurs, with either cutaneous or respiratory reactions, as the doses
of nimesulide (48,49) or meloxicam (50,51) are increased. This pattern of
reactions is consistent with predominant inhibition of COX-2 at low doses
and increasing inhibition of COX-1 as the doses were increased (52) (Table 5).

E. Ineffective Inhibitors of Either COX-1 or COX-2

Azo and nonazo dyes, dextropropoxyphene, hydrocortisone, and sulfites do
not cross-react with ASA/NSAID. Stevenson et al. (53,54) challenged 194
known ASA-sensitive asthmatic with tartrazine, and no reactions occurred.
Documentation of a lack of cross-sensitivity between ASA and other dyes
and chemicals, nonacetylated salicylates, sulfites, and dextropropoxyphene
has been extensively studied and reviewed (55–58). Reports of severe asthma
attacks within minutes of receiving hydrocortisone, but not dexamethasone
intravenously have been published (59–61). Feigenbaum et al. (62) reported
that 44 of 45 known ASA-sensitive asthmatics did not react to intravenous
hydrocortisone succinate. One ASA-sensitive asthmatic patient experienced
respiratory reactions to both hydrocortisone succinate and methylpredniso-
lone sodium succinate, suggesting an IgE-mediated reaction to the succinate.
After ASA desensitization, cross-desensitization to hydrocortisone succinate
did not occur, showing that this ASA-sensitive asthmatic did not experience
cross-reactions (or cross-desensitization) between ASA and succinate. The
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investigators concluded that reported reactions to intravenous corticoste-
roids in AERD patients were due to true allergic reactions to succinate, in a
population that was likely to have been excessively exposed to this antigen.

VI. Pathogenesis

In 1967 Vanselow and Smith (63) reported cross-reactions between ASA
and an NSAID (indomethacin). This fact is important in understanding the
pathogenesis of reactions to ASA and NSAIDs because simultaneous
immune recognition of ASA and the different NSAIDs is virtually impos-
sible. Furthermore, first-exposure reactions to NSAIDs, in known ASA-
sensitive asthmatics, occur routinely, clearly eliminating the possibility of
prior immune recognition and sensitization to these NSAIDs. In 1971 Vane
(36) discovered that ASA and NSAIDs shared the pharmacological effect of
disabling the essential constitutive enzyme COX-1 (originally named pros-
taglandin synthetase). Since then, many investigators have focused research
efforts on the products of arachidonic acid metabolism, as well as the iden-
tity of cells present in the respiratory tract, which might be capable of
synthesizing arachidonic acid products (Table 6).

In the early 1980s, Samuelsson et al. (64,65) reported a second meta-
bolic pathway for arachidonate metabolism, the 5-lipoxygenase (5-LO) path-
way, through which leukotrienes (LTs) LTA4, LTB4, LTC4, LTD4, and
LTE4 are formed. These molecules, originally called slow-reacting substance
of anaphylaxis (SRS-A), are potent mediators of chemotaxis for eosinophils,
increased vascular permeability, mucus secretion, and prolonged constriction

Table 6 Cellular and Pathophysiological Events Characteristic

of ASA-Exacerbated Respiratory Disease

Infiltration of respiratory mucosa with PMNs, eosinophils, and
mast cells.

Eosinophils and mast cells preferentially increased in bronchial

biopsy samples.
Peripheral monocytes synthesize excessive arachidonate products.
Urinary LTE4 concentrations are increased.
Urinary TXB2 concentrations are increased.

Bronchial lavage fluid contains increased number of eosinophils
and increased concentrations of LTs, PGE2, PGD2, PGE2a and
TXB2.

Bronchial CysLT1 receptors highly sensitive to LTE4. Histamine
bronchial sensitivity same as for ASA- insensitive asthmatics.
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of bronchial smooth muscles via stimulation of cysteinyl leukotriene
(CysLT1 and CysLT2) receptors present on effector cells.

In understanding ASA disease and the respiratory reactions to ASA/
NSAID, several attractive hypotheses have evolved. First, LTs are over-
produced and participate in the inflammation, which causes ASA respira-
tory disease. Second, arachidonate is allowed to proceed down the 5-LO
pathway, when the blocking effect of prostaglandin E2 (PGE2) is removed.
ASA/NSAIDs stop PGE2 synthesis by disabling or blocking COX-1. When
this occurs, 5-LO is no longer inhibited by PGE2, and synthesis of LTs
proceeds at a brisk pace, inducing part of the reaction (66). Third, CysLT1
receptors in bronchial smooth muscle are thought to be upregulated, such
that small molecular stimulation by LTs induces larger bronchial responses
than occur in nonsensitive asthmatics (67). Histamine release from mast cells
does play some role in the ASA-induced reactions, particularly upper
respiratory tract reactions, flushing and laryngospasm.

A. Pathogenesis of ASA Respiratory Disease

What is the evidence that ASA disease is caused by continued and relentless
formation of arachidonate products? Clinically, this concept is intuitively
acceptable. In fact, the inflammatory features of ASA disease, with infiltra-
tion of inflammatory cells, including neutrophils, eosinophils, and mast cells,
has been observed in nasal cytograms and tissue biopsy samples (69). In other
words, cells capable of generating arachidonate products are available in the
inflamed tissues of the upper respiratory tract. Similarly, when compared
with specimens fromASA-insensitive asthmatics, bronchial biopsy specimens
from ASA-sensitive asthmatics contain increased numbers of mast cells and
eosinophils, both of which stain for high concentrations of 5-LO (69).

In ASA-sensitive patients before exposure to ASA/NSAIDs, there is
compelling evidence that excess arachidonate products are continually syn-
thesized. In comparison to normal controls and ASA-tolerant asthmatics,
Christie and colleagues (70) and Smith et al. (71) reported high baseline or
prechallenge LTE4 and thromboxane B2 (TXB2) concentrations in the urine
of ASA-sensitive asthmatics. These findings have been confirmed by all in-
vestigators (72–75). Since LTE4 is the final leukotriene in the 5-LO pathway,
urinary concentrations of LTE4 reflect systemic synthesis of all LTs, and
high levels of TXB2 are a reflection of excess and simultaneous synthesis
of COX products. Continuous and excessive synthesis of arachidonate
products appears to be either the cause of ASA disease or a prominent feature
of that condition.

Yamashita et al. (68) compared polyps from ASA-sensitive asthmatics
with those from patients with IgE-mediated rhinitis and chronic sinusitis and
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found significantly greater LTs in polyps from ASA-sensitive asthmatics
than from the controls. Sladeck et al. (76) compared ASA-sensitive and
ASA-insensitive asthmatics and counted increased numbers of eosinophils
and measured elevated levels of PGE2, PGD2, PGF2a, and TXB2 in the
bronchial lavage fluid taken from 10 ASA-sensitive asthmatics prior to
challenge with ASA-lysine.

These findings all support the notion that in patients with AERD,
bronchial inflammation is well under way prior to exposure to ASA/NSAIDs
and probably is caused in part by archidonate products. Table 6 summarizes
the cellular and the pathophysiological features of ASA-exacerbated respi-
ratory disease.

B. Pathogenesis of ASA-Induced Respiratory Reactions

Ferreri et al. (77) measured LTC4, histamine, and PGE2 in nasal lavage fluid
after oral ASA challenges in ASA-sensitive and -insensitive asthmatics, as
well as in normal controls. Patients experienced naso-ocular and asthmatic
responses to ASA challenges, and following oral doses of ASA between 60
and 100 mg, histamine and LTC4 concentrations in the nasal lavage fluid
increased significantly in comparison to those in baseline and control
subjects. Furthermore, both histamine and LTC4 appeared in the nasal
secretions slightly before the onset of naso-ocular reactions, indicating that
both mediators were available to induce profound nasal congestion and
rhinorrhea. During the same ASA-induced reactions, PGE2 concentrations
rapidly declined to undetectable levels in all subjects. Thus, ASA inhibited
COX-1, immediately reducing PGE2 and allowing increased activation of 5-
LO. We concluded that histamine and LTC4 were preferentially released/
synthesized in ASA-sensitive asthmatics and rhinitics and at least contrib-
uted to, perhaps caused, the ASA-induced nasal reactions. Whether hista-
mine is the predominant mediator cannot be stated with certainty, but
pretreatment with antihistamines substantially blocked upper airway reac-
tions to ASA in AERD patients (20). Similar findings of increased histamine
and LTC4 in nasal secretions during oral challenges with ASA have been
reported by other investigators (21,78) and, after intranasal challenges with
ASA-lysine, by Picado et al. (79).

In a study by Sladek et al. (76), bronchoalveolar lavage fluid (BALF)
was obtained 30 min after ASA-lysine inhalation in 10 patients with ASA-
sensitive asthma. The BALF contained increased concentrations of LTE4

and decreased concentrations of PGE2, PGD2, PGF2a, and TXB2. Tryptase
declined sharply in 3 of 10 patients, increased in 3 of 10 patients, and
remained unchanged in the remaining 4 patients. This important study
confirmed that both upper and lower respiratory airways of ASA-sensitive
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asthmatics behave in a similar manner when challenged with ASA. Such an
exposure to ASA, a potent inhibitor of COX-1, resulted in reduced forma-
tion of prostaglandins and enhanced formation of 5-LO products, presum-
ably utilizing available intracellular arachidonic acid as substrate. After
obtaining baseline bronchial biopsies, Nasser et al. (80) performed ASA-
lysine inhalation challenges in 7 ASA-sensitive and 8 ASA-insensitive
asthmatic subjects. Twenty minutes later, a second biopsy was performed
on all study subjects. Biopsy specimens from the ASA-sensitive asthmatics
revealed a decrease in mast cells (presumably degranulated) and an increase
in activated eosinophils. These data strongly suggest that mast cells and
eosinophils are important sources of LTs and preformed granular media-
tors, which appear to mediate ASA-induced respiratory reactions.

Christie et al. (70) measured urinary LTE4 in ASA-sensitive and -in-
sensitive asthmatics during oral ASA challenges. In the ASA-sensitive
asthmatics, a significant increase in urinary LTE4 was measured after ASA-
induced bronchospasm, with values peaking at 6 h postreaction. In ASA-
sensitive asthmatics, after oral challenged with ASA, or challenge with
placebo in ASA-sensitive asthmatics, there were no changes in levels of
urinary LTE4. These observations have been confirmed by other investigators
(71–73,75). Using ASA-lysine by inhalation to provoke asthma, Kumlin et al.
(72) and Christie and associates (81) reported significant increases in urinary
LTE4 in ASA-sensitive asthmatics. Therefore, whether bronchospasm was
induced locally with ASA-lysine or systemically during oral ASA challenges,
a rise in urinary LTE4 always followed ASA-induced bronchospasm and was
specific for ASA-sensitive asthmatic patients. Daffern et al. (75) correlated the
degree of rise in urine LTE4 levels with the severity of the asthmatic reactions
to oral ASA challenges. They found that the greater the drop in FEV1 values,
the higher the rise in LTE4 in the urine. For naso-ocular reactors, a minimal
rise in urinary LTE4 values occurred. Thus, LTs appear to be the main media-
tors of lower respiratory tract reactions, and histamine appears to be themain
mediator of upper respiratory tract reactions during ASA challenge studies.

Sladek et al. (74) demonstrated a simultaneous sharp decline in throm-
boxane B2 in the urine of ASA-sensitive asthmatics during oral-ASA-induced
bronchospastic reactions. Thus, during ASA-induced bronchospasm, simul-
taneously, TXB2, representing a COX product, rapidly declined, while LTE4,
the terminal LT in the 5-LO pathway, was increasing. These data all point to
the conclusion that 5-LO products are preferentially available during ASA-
induced respiratory reactions, whereas COX products diminish rapidly and
become unavailable.

In an elegant study by Sestini et al. (82), pretreatment with PGE2 by
inhalation preceded ASA-lysine inhalation challenges in seven ASA-sensitive
asthmatic subjects. Despite challenges with ASA-lysine, at previously estab-
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lished provoking doses, no bronchospastic reactions occurred. Simultane-
ously, urinary LTE4 concentrations did not increase from baseline levels after
ASA challenge, once PGE2 pretreatment was in effect. Thus, the presence of
inhaled PGE2 in the bronchial tissues protected them from ASA-induced re-
actions by artificially replacing endogenous PGE, and blocking 5-LO. Thus,
the elimination of PGE2 and its artificial restoration appear to cause or
protect tissues from ASA-induced reactions and are probably the central
event in the respiratory-induced reaction.

If LTs are preferentially synthesized during ASA-induced respiratory
reactions and are mediators of bronchospasm under such circumstances,
blockade of LTs should prevent or modify subsequent ASA-induced
reactions. When the LTD4 receptor antagonist SK&F 104353 was used to
pretreat known ASA-sensitive asthmatic subjects, four of five patients
experienced markedly attenuated responses to oral ASA challenges (83).
Another potent LTD4 receptor antagonist (MK-0679) was also shown to
inhibit ASA-induced reactions when ASA-lysine by inhalation was the
provoking stimulus (84). Using an inhibitor of 5-LO (Zileuton), Israel and
associates (17) showed that inhibition of 5-LO by pretreatment with zileuton
prevented ASA-induced respiratory reactions after previously established
ASA oral provoking doses (mean 90 and range 20–300 mg of ASA) had
been given during oral challenges. Nasser and associates (85) using another
5-LO inhibitor, ZD2138, were also able to block oral challenges with ASA
in known ASA-sensitive asthmatics. Such data showed that either inhibition
of formation or antagonism of effects of 5-LO products strongly implicate
LTs as the agents responsible for ASA reactions in the respiratory tract.

Evidence for mast cell activation during ASA-induced reactions has
also been published. Stevenson et al. (86) measured increased levels of
histamine in the plasma of ASA-sensitive asthmatics during oral-ASA-
induced bronchospastic reactions. Bosso et al. (87) measured serum tryptase
and plasma histamine levels in 17 ASA-sensitive rhinosinusitis asthmatic
patients during oral ASA challenges. Two of 17 patients, experiencing both
naso-ocular and bronchospastic reactions, were found to have marked
elevations of histamine and serum tryptase levels postreaction, and one
other patient had moderate elevation of tryptase and histamine. Of note,
these three patients had the same magnitude of respiratory reactions
experienced by the remaining 14 patients; in addition to their respiratory
reactions, however, they experienced systemic symptoms, consisting of
flushing and either nausea or diarrhea.

Sladek and Szczeklik (74) measured increased serum tryptase levels and
simultaneously increased urine LTE4 concentrations during ASA-provoked
bronchospastic reactions. Their studies implicated mast cells as the source of
preformed mediators and possibly synthesis of LTs. These data suggest that
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mast cells may be directly activated by ASA/NSAIDs through a mechanism
currently not understood. Such activation could be at multiple sites, inhi-
bition of COX-1 (decreasing synthesis of PGE2) with rapid formation of
5-LO products as well as release of preformed mediators from their
cytoplasmic granules. ASA may primarily activate other cells (monocytes,
macrophages, eosnophils, or neutrophils), a process that also generates 5-
LO products and, in the case of eosinophils, major basic proteins and
eosinophilic cationic proteins as the initiating or sustaining mechanisms.
These products, in turn, could secondarily stimulate mast cells to release
stored mediators and perhaps to synthesize additional archidonate products.

In addition to the mast cell, there is strong evidence that eosinophils
are activated during ASA-induced reactions (69). Although alveolar macro-
phages have not been studied in this manner, their precursor cells, peripheral
blood monocytes, are preferentially stimulated by ASA during ASA-
induced reactions. Juergens et al. (88) obtained peripheral monocytes from
ASA-sensitive asthmatics before and during ASA-induced bronchospastic
reactions and stimulated the cells with calcium ionophore. After inducing
reactions during oral challenges with 60 mg of ASA, COX products were
profoundly inhibited in monocytes. By contrast, peripheral blood mono-
cytes from normal controls and ASA-insensitive asthmatics did not dem-
onstrate inhibition of COX after ingestion of 60 mg of ASA. Only after oral
challenges with 650 mg of ASA did COX inhibition occur in the control
monocytes. This suggested that COX in the monocytes of ASA-sensitive
asthmatics is peculiarly susceptible to acetylation by ASA. Such suscepti-
bility could represent an inborn error of metabolism, which distinguishes
ASA-sensitive asthmatics from those able to tolerate ASA/NSAIDs.

Arm et al. (67) evaluated airway responsiveness to histamine and LTE4

in 5 ASA-sensitive asthmatics and found a 13-fold increase in airway re-
sponsiveness to inhaled LTE4 in comparison to 15 non-ASA-sensitive
asthmatics. There were no differences between the two groups in their
response to inhaled histamine. The implications of this study are substantial.
Not only are LTs formed during ASA-induced reactions, but ASA-sensitive
asthmatics have an unusual and marked sensitivity to the effects of the
terminal LTs on their bronchial smooth muscle receptors, thus further
magnifying the degree of bronchospasm that occurs after ASA stimulation.
Whether similar upregulation of CysLT1 or CysLT2 receptors occurs in the
upper airway would be of considerable interest (Table 7).

C. Pathogenesis of ASA Desensitization

Juergens et al. (89) studied peripheral blood monocytes from 10 ASA-
sensitive asthmatics who had been successfully desensitized to ASA (acute
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desensitization) and treated with 650 of mg ASA twice a day for a number of
months (long-term ASA desensitization treatment). During acute desensiti-
zation, peripheral monocytes synthesized significantly less thromboxane B2

but only slightly less LTB4, the preferential 5-LO product of peripheral
monocytes. By contrast, peripheral monocytes from ASA respiratory
patients undergoing chronic desensitization showed marked reduction in
LTB4 synthesis after stimulation by means of calcium ionophore. Indeed,
LTB4 synthesis declined to the same level found in normal controls.

Nasser et al. (90) recorded a slight reduction in urinary LTE4 values
when samples were taken at acute ASA desensitization. However, when
ASA-sensitive asthmatic patients were desensitized to ASA and then treated
with daily ASA (600 mg/day) over a number of months, urine LTE4 levels
declined, but not to the levels found in normal controls. This suggests that
long-term desensitization is associated with diminished synthesis of LTs,
and at the same time CysLT1 receptors are less responsive to the available
LTs. In the study by Arm et al. (67), beginning on the first day following
ASA desensitization and only in ASA-sensitive asthmatics, there was a 20-
fold decrease in responsiveness of bronchial CysLT1 receptors. ASA-insen-
sitive asthmatics did not experience a change in bronchial responsiveness to
histamine or LTE4 after ASA challenge. Bronchial hyperresponsiveness to
LTE4 returned in the ASA-sensitive asthmatics after discontinuation of ASA
ingestion a week later. Such findings are compatible with the hypothesis that
in ASA desensitization, ASA binds to CysLT1 and CysLT2 receptors on
smooth muscles and eosinophils, decreasing responses to both end organs
but possibly interrupting chemotaxis of new activated eosinophils into the
respiratory tissues. This would account for a slow reduction in formation of
LTs by the diminishing pool of activated eosinophils (Table 8).

Table 7 Pathophysiological Events During ASA-Induced Respiratory Reactions

Nasal lavage fluid contains increased concentrations of histamine and LTC4 and

decreased concentrations of PGE2.
Bronchial lavage fluid contains increased LTC4, LTE4, and tryptase (inconstant),
and decreased concentrations of PGE2 and TXB2.

Urine concentrations of LTE4 are increased, peaking at 6 h.

Urine concentrations of TXB2 diminished.
Prechallenge inhalation of PGE2 prevents ASA- lysine-induced bronchospasm.
CysLT1 bronchial receptors demonstrate a heightened (13-fold) bronchospastic

response to inhaled LTE4.
Tryptase and histamine are released into the blood in some patients, with systemic
reactions.

Antagonists for CysLT1 receptors or inhibitors of 5-LO prevent ASA-induced
bronchospastic reactions when threshold doses of ASA are reintroduced.
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VII. Treatment

A. Prevention and Treatment of ASA/NSAID-Induced
Respiratory Reactions

Avoidance of ASA and all cross-reacting NSAIDs is essential in preventing
respiratory reactions to these medications in unprotected ASA-sensitive
asthmatic patients. Patient education should include a discussion of the
adverse effects that reexposure to ASA/NSAIDs might induce and emphasis
on cross-reactivity between ASA and all COX-1-inhibiting NSAIDs. In
addition ASA-sensitive asthmatics should research any new drugs for poten-
tial of cross-reactivity before them. These patients’ doctors should provide
appropriate warnings to patients, other physicians and nurses (chart and
electronic database), and pharmacists (pharmacy computers). Only with
continued vigilance, particularly on the part of the patient for over-the-
counter ASA or NSAIDs, obvious or hidden, can future disasters be avoided.

B. Treatment of ASA/NSAID-Induced Respiratory Reactions

Treatment of ASA-induced reactions in the emergency room or physician’s
office should include the following. For bronchospasm, inhalation from
nebulizers of h-adrenergic agonists, delivering no more than five inhalations
every 5 to 10 min is generally effective in providing bronchodilation, while
ASA-induced reaction gradually subsides over a number of hours. For
laryngospasm, racemic epinephrine by inhalation or subcutaneous epineph-
rine is usually effective treatment. For nasal congestion with paranasal
headache, topical nasal application of oxymetazoline is an effective, rapidly

Table 8 Changes in Pathophysiological Events During Acute and Chronic ASA
Desensitization Treatment

Nasal lavage fluid no longer contains measurable LTC4, PGE2, or histamine.
Urinary LTE4 diminishes during acute desensitization, and mean concentrations
decrease to levels found in normal controls during long- term, high dose
ASA desensitization.

Urinary TXB2 disappears immediately after ASA- induced respiratory reactions
and is unmeasurable during chronic ASA desensitization.

Histamine and tryptase are no longer measured in blood samples at acute

desensitization.
Peripheral blood monocytes synthesize less LTB4/LTC4 at acute desensitization,
and synthesis decreases during chronic desensitization to levels found in

monocytes of normal controls.
CysLT1 bronchial receptors are no longer supersensitive to LTE4 by inhalation
and respond in the same manner as those of ASA-insensitive asthmatics.
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acting decongestant. Topical antihistamine/decongestant solutions can also
be instilled in the conjunctivae. Flush or gastrointestinal reactions, for which
histamine is the mediator, can be treated effectively by intravenous admin-
istration of 50 mg of diphenhydramine and 50 mg of ranitidine. If a patient
fails to respond to these measures in the emergency room, transportation to
an intensive care unit may be necessary, as well as intubation followed by
mechanical ventilation.

C. Treatment of ASA Disease

A major goal in controlling ASA disease, and its component of corti-
costeroid-dependent asthma, is the development of strategies to reduce mu-
cosal inflammation (Table 9). Only in this manner is it possible to prevent
nasal polyp formation, secondary sinusitis, and worsening asthma. There is
irrefutable evidence that a major contributor to mucosal inflammation is
overproduction of archidonate products. It should not be a surprise that
corticosteroids, because they stimulate synthesis of phospholipase A2

(PLA2) inhibitor protein (lipocortin) (91,92) and through blocking effects
on transcription of mRNA synthesis (93), offer significant therapeutic
benefits to ASA-sensitive asthmatic patients. High dose topical cortico-
steroids, by both nasal insufflations and oral inhalation, are mainstays in
reducing inflammation and retarding nasal polyp formation (94). Unfortu-
nately, in some ASA-sensitive asthmatic patients, inflammation cannot be
adequately controlled with topical corticosteroids alone. This is particularly
the case when patients experience viral respiratory illnesses, which usually
progress to secondary bacterial sinus infections. Because of the degree of
inflammatory obstruction in the nose and sinus ostia, topical corticosteroids
may not, under these circumstances, penetrate sufficiently into the areas of
inflammation. Therefore, bursts of systemic corticosteroids are usually
required during such infectious episodes. Bursts of systemic corticosteroids
are also helpful in shrinking nasal polyps and the swollen mucosae around
sinus ostia, reestablishing temporary sinus drainage. An unhappy feature of
ASA respiratory disease is the requirement for increasing doses of daily
systemic corticosteroids. At such a point, the side effects of corticosteroids
may become more devastating than the disease.

Antibiotic treatment is also important, and long courses of broad-
spectrum antibiotics are usually required to clear purulent nasal secretions.
If medical treatment fails, patients should undergo sinus CT scans and be
referred to an ear, nose, and throat surgeon for consideration of operative
intervention. The purpose of such surgery is to debulk sinuses and nasal
passages of excessive and hypertrophic inflammatory mucosa, reestablish
drainage for sinus ostia, and remove as much infected mucosa as possible
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without injuring essential structures (95–98). Patients with ASA sensitivity
have a poorer outcome with respect to long-term remissions after sinus
surgery than ASA-insensitive patients (96). This may be due to the sheer
mass of polypoid tissue at the time of surgery, as well as the aggressive re-
formation of additional polypoid tissues after surgery (99). Nevertheless, the
role of sinusitis in provoking asthma is generally accepted (100), and good
surgical results after extensive sinus surgery in ASA-sensitive asthmatics
have been reported (98,100,101). The fundamental issues surrounding the
indications for sinus surgery in ASA-sensitive asthmatics are not related to
effectiveness of these procedures in removing masses of hypertrophic and
infected nasal and sinus tissues. In fact, rapid improvement in both upper
and lower airways is observed in most patients shortly after surgery
(98,101). Rather, because of re-formation of polypoid tissues, the indica-
tions for repeated surgical procedures provide difficult dilemmas. In point of

Table 9 Treatment of ASA-Exacerbated Respiratory Disease

Avoid ASA and other NSAIDs that inhibit COX-1.

Treat with selective COX-2 inhibitors, if needed.
Primary pharmacological intervention (daily)
Topical nasal corticosteroids
Topical bronchial corticosteroids

Antihistamines and decongestants
Montelukast (10 mg at bedtime)

Intervention for expected bouts of acute sinusitis

Broad-spectrum antibiotics (2–3 weeks)
Systemic corticosteroids (40–60 mg of prednisone tapering over 2–3 weeks)

Intervention for chronic pansinusitis

Alternate-day prednisone
Surgical intervention with cultures and pathology stains for fungi
Appropriate antimicrobial treatment

ASA desensitization and treatment with daily ASA
Intervention for difficult-to-control asthma
Add zileuton (600 mg, four to two times a day)
Add long-acting h-adrenergic agonists

Add theophylline.
Add ipratropium by inhalation.
Bursts and alternate-day prednisone.

Intervention for aggressive re-formation of nasal polyps
Bursts of systemic corticosteroids
Alternate-day systemic corticosteroids

Surgical polypectomies
ASA desensitization and daily treatment
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fact, it is impossible to safely remove enough of the inflamed and infected
mucosal tissues to prevent reoccurrence. Furthermore, surgery does not
influence the fundamental biochemical features of ASA disease, namely,
continued overproduction of arachidonate products and perhaps other
mediators of inflammation.

D. Treatment with ASA Desensitization

In 1980 Stevenson et al. (101a) reported twoASA-sensitive asthmatic subjects
who were successfully desensitized to ASA and then treated with daily ASA
continuously. Both patients rapidly experienced improvement in nasal
patency and one regained her sense of smell. Furthermore, when daily
ASA treatment was continued over a number of months, nasal airway
patency was maintained, regrowth of nasal polyps ceased, and asthma
activity diminished.

Taking into consideration variations in study design, doses of ASA
employed, length of treatment with ASA, and criteria for successful clinical
outcomes, efficacy has been reported in most studies of ASA desensitization
treatment (102–106). One study by Naeije et al. (107) did not show efficacy
of ASA treatment in 10 ASA-sensitive asthmatic subjects. Lumry et al. (10)
demonstrated that ASA treatment of patients with ASA-sensitive rhinosi-
nusitis without asthma, after ASA desensitization, was associated with
clearing of hypertrophic rhinitis in 77% of the patients studied.

Stevenson et al. (108) conducted the only double-blind crossover study
of treatment with ASA, after ASA desensitization, in 25 ASA-sensitive
asthmatics. During the 3-month treatment arm with daily ASA therapy,
patients experienced significant improvement in nasal symptom scores and a
reduced use of nasal beclomethasone. However, only half the patients
experienced improvement in asthma symptom scores, and systemic cortico-
steroid doses could not be significantly reduced during the ASA treatment
period. This short-term study employed variable doses of ASA, fewer study
subjects than had been projected were recruited. Thus the multiple-dose
patient samples were of insufficient size to permit comparison of subgroups
based on treatment doses and outcomes. Retrospectively, it would have
been preferable if all 25 patients had been treated with the daily dose of ASA
(1300 mg/day) rather than dividing the 25 patients into treatment sub-
groups, particularly for only 325 mg/day, now known to be below ther-
apeutic threshold dose of ASA. Furthermore, the time frame of 3 months
was insufficient to assess rate of polyp regrowth or need for additional sinus
or nasal polyp surgery.

Between 1986 and 1988, we attempted to conduct a long-term, double-
blind, placebo-controlled study of ASA desensitization treatment. After 2
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years of recruitment, only two patients had volunteered to participate. Both
underwent ASA oral challenges, followed by successful ASA desensitiza-
tion. As usually occurs, they immediately noted improvement in their nasal
patency at the completion of ASA desensitization. Both started daily
treatment with the study drug but disenrolled from the study several weeks
later, when nasal congestion returned. In both patients, placebo treatment
had been randomly assigned. Thus, patients could distinguish between
placebo and ASA therapy because nasal congestion recurred while they
were taking placebo. Furthermore, ASA as a ‘‘study drug’’ is available over
the counter and not controlled by the investigators, allowing patients the
option of not enrolling in a study where placebo treatment would be
expected 50% of the time. Finally, the human subjects committee at our
institution required full disclosure of therapeutic options, including the
opportunity for these patients to enroll in open treatment with ASA in
adjusted dosages. Essentially all patients elected this last option.

In 1990 our research group (102) reported the clinical courses of 107
known ASA-sensitive rhinosinusitis asthmatic patients treated with ASA
between 1975 and 1988. Forty-two patients avoided aspirin and served as
the control group. Thirty-five patients were desensitized to ASA and treated
continuously with ASA daily for as long as 8 years. Thirty patients were
initially desensitized to ASA and treated with ASA but discontinued ASA
after a mean of 2 years, usually because of gastric side effects. Retrospective
analysis of the three groups showed that the patients treated with ASA
enjoyed statistically significant reductions in hospitalizations, emergency
room visits, outpatient visits, need for additional sinus surgery, need for
additional nasal polypectomies, number of upper respiratory infections/
sinusitis requiring antibiotics, and improved sense of smell. ASA-desensi-
tized and treated patients were also able to significantly reduce systemic
corticosteroid maintenance doses and corticosteroid bursts per year and, in
the group treated continuously, were able to reduce inhaled corticosteroids
in comparison to the control group. In the patients who had to discontinue
ASA treatment after several years, symptoms lessened while being treated
with daily ASA but reverted toward pretreatment status after ASA treat-
ment was discontinued. This study showed that ASA desensitization fol-
lowed by long-term ASA treatment improved the clinical courses of ASA-
sensitive asthma rhinosinusitis and prevented regrowth of nasal polyps,
while at the same time allowing significant reduction in systemic and inhaled
corticosteroids. Side effects from gastritis occurred in 20% patients treated
with ASA. Unfortunately, 30 of 65 patients who started ASA desensitization
therapy discontinued ASA, largely for misperceived reasons, reducing the
active treatment group to only 35 patients. This made it impossible to
subdivide the patient population into short- and long-term treatment groups
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to determine whether therapeutic effects were concentrated in a particular
phase of treatment and whether escape of treatment effect was observed in a
long-term treatment group.

In 1996 Stevenson, et al. (103) analyzed the clinical courses of an
additional 65 ASA-sensitive asthmatics who underwent oral ASA challenges
followed by ASA desensitization between 1988 and 1994. These patients,
after ASA oral challenges and standard oral desensitization to ASA, were
then treated with twice daily doses of ASA (650 mg) and followed for an
average of 3.3 years (range 1–6 years). The following clinical parameters
were significantly improved after long-term ASA desensitization treatment:
number of sinus infections per year, number of hospitalizations for asthma
per year, number of sinus operations per year, improvement in sense of
smell, and reduction in use of both nasal topical corticosteroids and
systemic corticosteroids. Unchanged after ASA desensitization treatment
were number of emergency room visits for asthma per year and use of
inhaled corticosteroids. This study showed that the main components of
ASA disease, namely, aggressive nasal polyp formation and sinusitis, were
significantly reduced during long-term ASA desensitization treatment.
Concomitantly, nasal and systemic corticosteroids could be successfully
reduced or discontinued without the expected increase in inflammation.
Also important, when the 65 patients were subdivided into an early and a
late treatment group, the results were essentially the same, indicating that
therapeutic escape did not occur during long-term treatment with ASA.
These data further showed that early reduction in systemic corticosteroids
during the first year of ASA treatment was not associated with escape of
disease activity. For the total group of 65 patients, the need for sinus surgery
declined from a pretreatment interval of one operation every 3 years to one
every 9 years during treatment with daily ASA.

In our most recent study (106), 110/126 AERD patients, who were
treated with ASA 1300 mg/day for 1 or more years, had significant im-
provement in their clinical courses.

E. Leukotriene Inhibitors and Antagonists

At least 8 antagonists for LTB4 and another 10 antagonists for CysLT1
receptors have proceeded through various stages of pharmacological devel-
opment (109,110). However, LTB4 antagonists have not reached the market,
and only three CysLT1 antagonists have been marketed: montelukast and
zafirlukast (in the United States and Europe) and pranlukast (in Japan).
Drugs that disable 5-LO activating protein (FLAP) have not been developed,
and one 5-LO inhibitor, zileuton, has reached the U.S. market. Theoretically,
all members of this class of drugs have potential to significantly help patients
with AERD, since they prevent formation of LTs or block the effects of LTs
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on one CysLT receptor (111). Dahlen et al. (112) conducted a double-blind,
placebo-controlled, short-term study of treatment effects of zileuton in ASA-
sensitive asthmatics in Sweden and Poland. The treatments were efficacious
both by decreasing asthma activity as well as effecting a return of smell in
some patients. One CysLT1 receptor antagonist, Montelukast was also
studied for efficacy in the treatment of 80 ASA-sensitive asthmatics. In a
one-month, randomized double-blind study, a remarkable improvement in all
measures of asthma activity was recorded (113).

F. Combination Treatment

Evolution of clinical management of AERD patients has now reached the
point where most physicians are using combination treatment. This makes
sense because multiple mechanisms are involved in the disease. A first-line
treatment program is topical corticosteroids, an antihistamine–decongestant
and montelukast. When sinusitis episodes occur, add broad-spectrum anti-
biotics and bursts of systemic corticosteroids. If control of asthma is
difficult, add zileuton. If control of hypertrophic rhinitis and sinusitis is
difficult, or requires excessive systemic corticosteroids, activate ASA desen-
sitization and treatment with aspirin (Table 9).

In the future, cytokine inhibitors, particularly inhibitors of interleu-
kins 2 to 5, might also provide opportunities to interrupt cell signals before
synthetic activities begin. Additional knowledge about the fundamental
defects or excesses in ASA-sensitive asthmatics will be necessary to under-
stand the disease and guide us in selecting therapeutic interventions.
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Introduction

During the last three decades interest in the interactions between sleep and
breathing has focused on the syndrome of obstructive sleep apnea. How-
ever, it is also clear that sleep can alter breathing in a variety of ways
independent of frank sleep apnea. Edward Smith reported in 1860 that
ventilation is reduced during sleep in apparently healthy subjects (1). This
has been confirmed multiple times in recent years, with the decrement in
ventilation commonly resulting from a sleep-associated reduction in tidal
volume (2,3).

Although such changes are usually of minimal importance in subjects
with normal respiratory function during wakefulness, this is often not the
case in patients with lung disease. Nocturnal bronchoconstriction has been
observed in the majority of patients with asthma (4,5), a pattern that appears
to disrupt sleep in affected patients (6) and may explain earlier reports of an
excessive nocturnal death rate from asthma (7). Patients with chronic
obstructive pulmonary disease (COPD) often demonstrate nocturnal wors-
ening manifested by hypoxemia (8), disrupted sleep (9), and increased air-
flow obstruction (10). Sleep-associated hypoxemia is also commonly
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observed in patients with cystic fibrosis and is thought to contribute to neu-
rocognitive dysfunction and daytime sleepiness (11).

Although it is clear that these nocturnal patterns of respiratory
dysfunction are both common and clinically important, there continues to
be no unifying hypothesis that fully explains these phenomena. One likely
area of relevance is the effect of sleep on interactions between upper and
lower airway function. Although knowledge of this area remains limited, in
this chapter we review what is known about potential interactions between
the sleep-associated alterations in upper and lower airway function.

I. Sleep and Upper Airway Function

Sleep onset leads to upper airway narrowing that occurs even in persons
without sleep apnea (3,12,13). This narrowing apparently results from a
combination of sleeping in the supine posture and a sleep-associated
reduction in pharyngeal dilator muscle activity (14,15). Such narrowing of
the upper airway constitutes an intrinsic resistive load to breathing (16). As
compensatory responses to resistive loading are decreased during sleep
(17,18), upper airway narrowing may be an important contributor to the
sleep-associated reduction in ventilation.

Although the effects of this narrowing appear to be insignificant in the
majority of people, some have upper airways that are anatomically nar-
rowed at one or more levels between the nasal choanae and the epiglottis. A
number of factors can contribute to such narrowing, including craniofacial
characteristics (19), increased size and fat content of the soft palate and
uvula (20,21), a large or posterior-lying tongue (22), and vascular con-
gestion or edema of the pharyngeal mucosa (23). Affected persons can
compensate for this anatomical narrowing during wakefulness by increasing
upper airway dilator muscle activity (24). With sleep onset this compensa-
tory response is reduced or lost, creating an imbalance between forces that
promote collapse of the pharynx and opposing forces that support upper
airway patency (25). This imbalance may lead to closure or critical
narrowing of the airway, typically posterior to the palate and/or the tongue
(26,27).

A subsequent reduction or loss of ventilation may result from this
limitation of flow, causing hypercapnia and hypoxia, which in turn lead to a
progressive increase in inspiratory effort that eventually triggers arousal or
awakening. Return to wakefulness restores the compensatory increase in
upper airway dilator activity (14), opening the airway and allowing
resumption of normal ventilation until a return to sleep again allows airway
narrowing or closure. This cycle can repeat itself hundreds of times during a
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single night, resulting in the syndrome of obstructive sleep apnea (OSA)
(Figure 1).

II. Obstructive Sleep Apnea and Airway Function
in Patients Without Other Airways Disease

At least two reports have suggested that OSA can lead to altered lower
airway function in otherwise healthy patients. Lin and Lin (28) observed
that 4 of 16 patients with OSA had bronchial hyperreactivity demonstrated
by a positive methacholine challenge, while none of 32 subjects with snoring
alone had an abnormal methacholine challenge. Bronchial hyperreactivity
was subsequently eliminated after a 2- to 3-month trial with nasal continu-
ous positive airway pressure (nCPAP). These investigators speculated on
several mechanisms by which OSA could induce reflex bronchoconstriction,
including hypoxia-induced bronchoconstriction (29,30), the stimulation of
glottic inlet and laryngeal mechanoreceptors by snoring (31) (although none
of the snoring-only patients demonstrated bronchial hyperreactivity), and
vagal ‘‘hyperfunction’’ induced by repetitive Müller maneuvers during
obstructive apneas (32). However, no specific mechanism by which OSA
could increase bronchial reactivity was offered.

In 1997 Zerah-Lancner and colleagues (33) evaluated pulmonary func-
tion in 170 obese snorers with and without OSA. They observed that forced

Figure 1 Pathophysiologic sequence of repetitive obstructive apneas and hypo-
pneas during sleep in OSA. UARS = upper airway resistance syndrome.
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expiratory flows (FEF50, FEV1, and FEV1/FVC) decreased as OSA severity
increased, findings that could not be explained by differing levels of obesity.
These findings suggested that OSA might be an independent risk factor for
small-airway disease. As partial carbon dioxide pressure (PCO2) increased
while PO2 and oxygen saturation in arterial blood (SaO2) decreased with
increasing severity of OSA, these investigators proposed that such small-
airway disease could play a role in the development of chronic hypoventi-
lation in affected patients. Again no potential mechanism for the effect of
OSA on peripheral airway function was offered.

These two reports (28,33) therefore demonstrate that sleep apnea can
apparently promote bronchial reactivity and airflow obstruction in non-
asthmatic patients, although the mechanism(s) of this effect remain unclear.
However, the implications for asthmatic patients are obvious, inasmuch as
one would expect this effect to be substantially more pronounced in patients
with preexisting bronchial hyperreactivity and airway obstruction.

III. Obstructive Sleep Apnea and Asthma

Hudgel and Shucard (34) published the initial report of an asthmatic patient
with coexisting OSA. Their patient presented with nocturnal worsening of
his dyspnea that evidently led to hourly awakenings, despite what was
described as well-controlled asthma during the day. A subsequent sleep
study confirmed severe OSA, with oxygen desaturation to as low as 40%.
Therapy with supplemental oxygen and medroxyprogesterone was ineffec-
tive, leading eventually to the performance of a tracheotomy. The trache-
otomy resolved all symptoms of sleep apnea, although there was no mention
of its effect on asthma severity.

Chan and colleagues (35) made the subsequent observation that OSA
and snoring could be important triggers of nocturnal asthma attacks. They
reported nine patients with asthma and concurrent OSA, noting that all
patients had frequent nocturnal exacerbations of their asthma. When
treated with nasal continuous positive airway pressure for OSA, these
patients demonstrated marked improvement in their asthma, manifested by
decreased symptoms, improved peak expiratory flow rate (PEFR) (Fig. 2),
a reduced need for bronchodilator therapy, and resolution of their patterns
of nocturnal worsening. Although no specific mechanism for this effect was
established, it was suggested that OSA might provoke asthma via apnea-
associated hypoxemia, which could then induce reflex bronchoconstriction
via the carotid bodies (29,30). However, review of Chan’s patient data
reveals that hypoxemia was actually quite mild in these patients, with only
one of nine patients demonstrating transient desaturation to under 85%. It
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also had been noted by Hudgel and Shucard that supplemental oxygen was
ineffective therapy for nocturnal dyspnea in their asthmatic patient with
sleep apnea (34).

Chan and colleagues subsequently proposed that snoring and repetitive
upper airway closures stimulate neural receptors at the glottic inlet and in
the laryngeal region, triggering reflex-induced bronchoconstriction. As early
as 1962, Nadel and Widdicombe (31) had demonstrated that mechanical

Figure 2 PEFR recordings in an individual patient who showed improvement in
asthma during nCPAP therapy (upper panel). Greatest improvement was observed

at 3 a.m. (lower panel), but the arrow indicates a single night in which the patient did
not use nCPAP. From Ref. 35, with permission.
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stimulation of the larynx in anesthetized cats caused at least a twofold
increase in total lung resistance. The afferent limb of this reflex appears to be
in the superior laryngeal nerve, while the efferent limb appears to be in the
vagus nerve. However, it was noted in the cat model that the increase in
total lung resistance occurred on the very first ventilatory cycle, typically
returning to baseline in less than a minute. This appears to differ markedly
from nocturnal exacerbation of asthma, which can be sustained and even
progress after awakening (36,37).

Guilleminault and colleagues (38) subsequently reported on two
separate populations of asthmatics: one group of middle-aged males with
laboratory-confirmed moderate to severe OSA, and another group of
younger (14–21 years) males with documented nocturnal worsening of their
asthma and a history of recurrent snoring. The middle-aged OSA patients
were treated with nCPAP (range 10–15 cmH2O) for 12 to 14 months, during
which their once frequent nocturnal asthma exacerbations totally resolved.
The younger males snored loudly but did not have OSA of the severity
demonstrated by the older patients. Lower levels of nCPAP (range 5–10
cmH2O) resolved snoring and the intermittent OSA, while completely
eliminating all nocturnal asthma attacks during a 6-month follow-up period.

These researchers also positioned esophageal balloons during sleep
studies in four of the five younger male patients. They observed that
negative inspiratory esophageal pressure increased to a mean peak level of
47 F 8 cmH2O in association with snoring alone, an increase that was
eliminated by nCPAP. This led to the suggestion that complete or partial
airway obstruction associated with snoring can result in repetitive partial or
complete Müller maneuvers. As already noted, this process may result in
increased vagal tone, which might lead to subsequent increases in bron-
chomotor tone and airway narrowing (32,39). Therapy to prevent upper
airway narrowing during sleep (nCPAP) would therefore reduce this sleep-
associated pathological enhancement of vagal tone and the subsequent
worsening of asthma. However, one would again expect any reflex-induced
increase in bronchomotor tone to improve or resolve with arousal, whereas
nocturnal exacerbations of asthma are often persistent or even progressive
after awakening.

Martin and Pak (40) subsequently investigated the role of nCPAP in
asthmatic patients with nocturnal worsening, but no snoring or OSA. They
observed that two of seven patients demonstrated marked improvement in
their nocturnal asthma when treated overnight with nCPAP at 10 cmH2O.
For the entire group there was no significant difference between overnight
falls in FEV1 on control and nCPAP nights (mean decrements of 29.3F 5.0%
and 21.4 F 5.1%, respectively, p > 0.05), but given the small sample size, a
type 2 error seems likely. These investigators did report that the two patients
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who improved in response to nCPAP had more pronounced nocturnal
oxygen desaturation than the other five patients, although it did not appear
that the nocturnal asthma of the former was any more severe. These two
patients could, therefore, have had an undetected upper airway resistance
syndrome (41), which would also have responded to nCPAP.Martin and Pak
also pointed out that these two patients improved in response to nocturnal
supplemental oxygen, suggesting that hypoxemia could induce bronchocon-
striction via a reflex mediated by the carotid body (29), augmented bronchial
responsiveness (42), a direct action on bronchial smooth muscle (30), or the
release of bronchoconstricting mediators (43). Whatever the potential mech-
anism(s) for their pattern of nocturnal asthma, these investigators empha-
sized that nCPAP was not well tolerated by this group of patients, who
demonstrated reduced sleep efficiency and decreased REM sleep when
treated with nCPAP.

Several population-based studies have suggested that asthma is com-
monly associated with symptoms suggestive of concurrent OSA. Janson and
colleagues reported from 98 asthmatic patients that 44% complained of
daytime sleepiness and 44% had difficulty maintaining sleep (44). The same
investigators more recently reported from a multinational study of over
2000 subjects that the diagnosis of asthma was an independent risk factor
for difficulty initating sleep, early morning awakening, daytime sleepiness,
snoring, and self-reported apneas (45). Fitzpatrick and coinvestigators
studied a random sample of 1478 subjects, noting that young asthmatics
were more likely to report frequent snoring than young nonasthmatics (46).
Most recently Larsson and colleagues randomly surveyed 5425 subjects
from the Swedish population, noting that problem snoring, witnessed
apneas, and daytime sleepiness were all more common in patients with
physician-diagnosed asthma (47). These reports all suggest that OSA might
be more prevalent in the asthmatic population, possibly contributing to
asthma severity and nocturnal worsening. However, we presently lack a
definitive polysomnographic assessment of the association between asthma
and sleep-disordered breathing.

IV. Sleep, Lung Volumes, and Intrapulmonary Blood
Volume in Asthmatics with Nocturnal Worsening:
A Potential Role for the Upper Airway

To better assess the effect of sleep on airflow resistance in asthmatics with
nocturnal worsening, we initially performed overnight studies on five
patients while monitoring esophageal pressure and airflow via a facemask
with an attached pneumotachygraph (48). Using these data to calculate
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pulmonary resistance (RL) on a breath-by-breath basis, we observed that RL

increased during sleep in all five patients, leading to a 51.8 F 10.7% increase
( p < 0.01) from bedtime to morning awakening.

In a subsequent study of six asthmatics selected for having nocturnal
worsening but no snoring or known sleep apnea, we combined these methods
with the addition of a supraglottic pressure catheter (37). This allowed us to
also measure the contribution of the upper airway (supraglottic resistance �
Rsg) to sleep-associated changes in RL. Lower airway resistance (Rla = RL �
Rsg) increased overnight whether patients were allowed to sleep or were kept
awake throughout the night, although the rate of increase was twofold
greater while both mean and peak Rla were higher when patients were allowed
to sleep (Fig. 3). Although we intentionally selected patients without known
snoring or sleep apnea, Rsg was also significantly greater when the patients
slept. Given the earlier reports of an association between snoring/OSA and
nocturnal worsening of asthma, one can hypothesize that simple upper
airway narrowing during sleep could by itself play a role. However, earlier
observations clearly do not confirm a cause-and-effect relationship between
sleep-associated changes in upper and lower airway resistance.

Another sleep-related change that could possibly serve as an interme-
diary step between sleep-associated changes in upper and lower airway
resistance is the intrapulmonary pooling of blood. Using a horizontal body
plethysmograph to study sleeping subjects, we reported in 1990 that sleep
was associated with an impressive reduction in functional residual capacity
(FRC) in asthmatics with nocturnal worsening (49). Although in 1993 we
found evidence that reductions in inspiratory muscle tonic activity could
contribute to sleep-associated changes in lung volume (50), several obser-
vations led us to suspect that sleep could promote intrapulmonary pooling
of blood and thereby contribute to the observed reduction in FRC. First, it
had been documented in 1932 that moving from the upright to the supine
posture (the usual sleeping posture) increases venous return from peripheral
vascular beds and augments pulmonary blood volume, an effect felt likely to
contribute to the supine-posture-dependent reduction in FRC (51). Addi-
tional findings from studies of the effects of general anesthesia (52) and
submaximal paralysis (53) (two conditions that mimic many physiological
changes of sleep) also suggest that additional pulmonary blood pooling can
occur during sleep.

The intrapulmonary pooling of blood could then worsen asthma by at
least three mechanisms: (1) reflex brochoconstriction triggered by the
activation of intrapulmonary C-fiber nerve endings (54), (2) bronchial wall
edema (55), and (3) an increase in bronchial responsiveness, as has been
observed with the pulmonary vascular congestion associated with left
ventricular dysfunction (56).
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Figure 3 Changes in lower airway resistance (R1a) in asthmatics (panel A) and
healthy controls (panel B) overnight during normal sleep (closed triangles) and
during enforced wakefulness (open squares). Adapted from Ref. 37, with permission.
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To qualitatively assess overnight changes in pulmonary blood volume,
we utilized a technique employing repetitive measures of diffusion capacity
(DLco) at differing values of alveolar Po2 to estimate pulmonary capillary
volume (Vc), as described by Roughton and Forster (57). We observed that
asthmatic patients with nocturnal worsening demonstrated a significant
overnight increase in Vc (58), suggesting that pulmonary blood volume
could be increased in these patients. However, no such changes were observed
in healthy controls or in asthmatic patients without nocturnal worsening.

Although there are several potential contributors to increased Vc and
pulmonary blood volume in the sleeping asthmatic, it was demonstrated in
1965 that the addition of inspiratory resistance in awake subjects can trigger
similar changes (59). In fact, this finding has been offered as a potential
explanation for the observed increase in DLco often measured in asthmatic
patients (60). We, therefore, hypothesized that sleep-associated narrowing
of the upper airways can augment intrapulmonary pooling of blood, even in
the absence of snoring and frank OSA.

To explore this possibility, we evaluated the effect of applying pro-
gressive inspiratory resistance to healthy controls and asthmatic patients
without snoring or OSA in the following sequence: hour 1, 9.0 cmH2O/L/s;
hour 2, 17.0 cmH2O/L/s; hours 3 and 4, 21.5 cmH2O/L/s. Ten of the asth-
matic patients had already been documented by PEFR and FEV1 measure-
ments to have a pattern of recurrent nocturnal worsening. Nine of these
patients demonstrated greater than 20% reduction in FEV1 (mean decrease in
FEV1 of 29.9 F 5.7%, p = 0.0025) after the period of resistive loading, an
overall decrement in FEV1 that was similar to that previously observed
overnight (61). These nine patients also demonstrated a 16.0F 7.0% increase
( p = 0.039) in Vc after the period of resistive loading. However, neither
healthy controls nor asthmatic patients without nocturnal worsening dem-
onstrated significant changes in either FEV1 or Vc after the period of
progressive inspiratory resistance. These observations suggest that sleep-
associated upper airway narrowing in the absence of snoring and OSA could
play a role in the nocturnal worsening of asthma, and such an effect might be
mediated by an associated increase in pulmonary blood volume. However,
such a link has yet to be firmly established.

V. The Effect of Sleep and Circadian Rhythms on
Manifestations of Viral and Allergic Rhinitis:
Potential Implications for Asthmatic Patients

There is substantial evidence of a link between rhinitis and asthma. Allergic
rhinitis has been reported in up to 57% of asthmatic adults (62), while up to
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38% of patients with allergic rhinitis may have asthma (63). The onsets of
rhinitis and asthma symptoms are also often temporally linked (62,64).
Finally, bronchial hyperreactivity to methacholine and histamine can often
be demonstrated in patients with allergic rhinitis, with up to 32% of these
patients demonstrating responses that are in the range of those observed in
asthmatic patients (65).

Other studies have assessed the effects of therapy with rhinitis-specific
anti-inflammatory medications upon asthma severity. Corren and col-
leagues (66) found that intranasal administration of beclomethasone to
patients with seasonal allergic rhinitis and asthma blocked their usual
seasonal increase in methacholine responsiveness. In a similar study,
Watson and associates (67) observed that 4 weeks of intranasal therapy
with beclomethasone significantly reduced bronchial responsiveness in
patients with concurrent allergic rhinitis and asthma. Aubier and col-
leagues (68) demonstrated that intranasal administration of beclometha-
sone to asthmatic patients with rhinitis improved bronchial responsiveness,
whereas intrabronchial administration of the same steroid had no effect
on reactivity.

These studies suggest that nasal inflammation associated with allergic
rhinitis may play a significant role in modulating lower airway responsive-
ness in asthmatic patients. Several potential mechanisms for this relation-
ship have been suggested. The existence of a nasal–bronchial reflex is
supported by observations that application of silica particles to the nasal
mucosa can trigger immediate and marked increases in lower airway
resistance (69). This effect can be blocked by systemic atropine (69) or upon
resection of the trigeminal nerve (70). Corren and associates (71) reported
that nasal allergen challenge in patients with seasonal allergic rhinitis and
asthma triggered an immediate increase in nonspecific bronchial responsive-
ness to methacholine. The rapidity of these changes also supports the in-
volvement of a neural reflex.

It has also been proposed that nasal obstruction resulting from mu-
cosal swelling and secretions promotes mouth breathing, which has been
demonstrated to aggravate exercise-induced bronchospasm (72). Even if
patients continue to breathe transnasally, the subsequent narrowing of the
nasal passages would still constitute an additional intrinsic resistive load to
breathing, which could also contribute to OSA during sleep (73,74) and lead
to nocturnal worsening of asthma. Finally, it also has been suggested that
the postnasal drainage of cellular and biochemical inflammatory mediators
with subsequent pulmonary aspiration enhances lower airway responsive-
ness (75). Regardless of which of these mechanisms might most closely link
nasal inflammation to lower airway function, there is substantial evidence
that symptoms of allergic rhinitis increase at night and during the early
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morning. One study of ‘‘hay fever’’ sufferers suggested that in 75% of those
sampled, symptoms (sneezing, nasal stuffiness, wheeze, and cough) were
most severe while in bed at night or with morning awakening (76). Another
study of nearly 1000 patients with perennial or seasonal rhinitis reported
that 56% of those with seasonal rhinitis and 66% of those with perennial
rhinitis claimed that their most severe symptoms (sneezing, nasal stuffiness,
postnasal drainage) occurred with morning awakening (77). These findings
are supported by those of Reinberg and associates (78), who studied the
day–night variation of allergic rhinitis symptoms in 765 patients. They
observed that sneezing, nasal stuffiness, and rhinorrhea were all most severe
in the early morning after awakening.

These studies all suggest that allergic rhinitis can increase in severity
during the night and early morning hours. This may signify a nocturnal
intranasal increase in inflammation, such as has been observed in the joints
of patients with rheumatoid arthritis (79) and in the airways of asthmatic
patients (80). As already discussed, evidence supports a link between nasal
inflammation and lower airway function, and it is possible that a nocturnal
or early morning increase in nasal inflammation could trigger worsening of
asthma. One can therefore speculate that a sleep-induced or circadian-
rhythm-dependent early morning increase in nasal inflammation may con-
tribute to patterns of nocturnal worsening or ‘‘morning dipping’’ that are
typical of asthma.

VI. Inflammatory Changes Associated with Obstructive
Sleep Apnea: Potential Implications for Asthma

Several recent studies have linked OSA with changes in indicators of inflam-
mation. Brander and colleagues (81) evaluated 49 consecutive OSA patients,
finding symptoms of rhinitis to be quite common: recurrent sneezing was
reported in 53% of patients, post-nasal drip in 51%, nasal congestion in
45%, and rhinorrhea in 37% of all patients. These patients also commonly
demonstrated inflammatory changes during rhinoscopy, with 71% of them
also demonstrating nasal turbinate swelling by sinus X-ray. In a similar
study, Massie and associates (82) evaluated 38 OSA patients, finding chronic
nasal congestion in 61% and post-nasal drip in 34% of all patients. Clinical
evidence of nasal inflammation therefore appears to be quite common in
OSA patients.

There is also evidence that biochemical markers of upper airway
inflammation are increased by OSA. Olopade and colleagues (83) measured
exhaled pentane (an indicator of oxidative stress) and nitric oxide as
indicators of inflammation in 20 OSA patients and 8 healthy controls. They
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reported that exhaled nasal pentane and nitric oxide were increased after
sleep only in the OSA patients. Carpagnano and co-investigators (84) more
recently reported elevated levels of 8-isoprostane (another indicator of
oxidative stress) and interleukin-6 (IL-6) in breath condensate from 18
OSA patients (Fig. 4), changes that correlated with apnea/hypopnea index.
Thus, there is now convincing evidence of increased nasal/upper airway
inflammation in OSA patients. Given the previously discussed links between
inflammatory rhinitis and asthma severity, it seems likely that OSA can
enhance asthma severity via its effect upon nasal inflammation.

Figure 4 Interleukin-6 (IL-6) and 8-isoprostane concentrations in breath
condensate from OSA patients, obese control subjects, and healthy control subjects.
From Ref. 84, with permission.
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Evidence is also accumulating that OSA is associated with changes in
systemic indicators of inflammatory function. Schulz and colleagues (85)
reported from 18 OSA patients that neutrophil superoxide generation was
markedly enhanced in comparison to controls, and that this enhancement
was immediately blunted by effective CPAP therapy. Dyugovskaya and
associates (86) similarly demonstrated increased reactive oxygen species
production from monocytes and granulocytes in 18 OSA patients, an effect
that was again blunted by subsequent CPAP therapy. Such studies lend
support for the role of hypoxia/reoxygenation typical of OSA in promoting
injury and inflammatory responses in OSA patients. This concept is further
supported by observations from 2 separate laboratories (87,88) that OSA is
associated with reductions in circulating nitric oxide, and that these changes
can be reversed by subsequent CPAP therapy. It has also recently been
demonstrated that OSA is associated with increased circulating levels of
intercellular adhesion molecule-1 (ICAM-1), interleukin-8 (IL-8), and
monocyte chemoattractant protein-1 (MCP-1), and that these changes can
again be reversed by effective CPAP therapy (89).

In summary, there is now convincing evidence that OSA is associated
with increased markers of inflammation, both in the upper airway and
systemically, and that these changes can be reversed by effective therapy for
OSA. It seems entirely likely that such inflammatory changes can alter the
activity of another underlying inflammatory disease, asthma, although such
an effect remains to be conclusively established.

VII. Conclusion

We have provided evidence for a link between asthma severity, in particular
nocturnal asthma, and sleep-associated changes in upper airway function, in
particular OSA. There is strong evidence that OSA is commonly associated
with nocturnal worsening of asthma and that asthma symptoms typically
improve after effective therapy of the OSA. There is also population-based
evidence that OSA might be more common in patients with asthma.
Potential mechanisms by which OSA might worsen asthma include reflex
bronchoconstriction from hypoxia or vibratory stimulation of neural recep-
tors in the larynx, augmentation of vagal tone from repetitive Müller
maneuvers, and the effects of sleep on lung and intrapulmonary blood
volume. There is also evidence for sleep- and circadian-related changes in
inflammatory rhinitis and nasal patency that might trigger worsening asthma
and sleep-disordered breathing. Extensive additional research will be neces-
sary at all levels to clarify the interactions between sleep, upper airway
function, and asthma severity.
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Vocal Cord Dysfunction
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‘‘Asthma is like love,’’ it has been ‘‘tough to define, but you know it when it
comes along.’’However, in the diagnosis of asthma, as in matters of love, we
are sometimes mistaken. Many different etiologies of airway obstruction can
produce wheezing or dyspnea and imitate asthma. One of the best imitators
of asthma is the entity of vocal cord dysfunction (VCD). The term refers to a
syndrome in which the vocal cords close, usually during inspiration, and can
produce airflow obstruction and symptoms that can mimic asthma (1–10).
Subjects with vocal cord dysfunction are usually misdiagnosed as having
asthma and undergo inappropriate therapy—often with significant resulting
morbidity (9,11).

Although we think of VCD as a recently described entity, there have
been descriptions of patients who had conditions as least similar to VCD.
Duglison described ‘‘hysteric croup’’ in his 1842 textbook of medicine (11).
William Osler described a hysterical woman who had a ‘‘remarkable in-
spiratory cry’’ (12). In the past 30 years there have been numerous case
reports and case series described in both the adult and pediatric literature.
The prevalence of VCD has been shown to be surprisingly high in tertiary
care centers, and it is almost certainly underdiagnosed in the community
(13). The key to diagnosis is keeping a high degree of clinical suspicion.
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The literature includes a number of different names for the condition,
including laryngeal dyskinesia (14), vocal cord malfunction (15), and facti-
tious asthma (1). However, there seems to be a growing consensus to simply
name this condition vocal cord dysfunction.

I. Demographics

The description of the typical adult VCD patient is a young, obese, psy-
chologically impaired woman, often a health care worker. In adults, patients
usually are in their second or third decade of life and are predominantly
female (9,11,14). In one large series of VCD patients, 41 of 42 with VCDwere
women. Of the patients with both VCD and asthma, 39 of 53 were women (9).
Patients are usually overweight: on average they have almost 140% of ideal
body weight. It is not clear whether this is just a result of prior oral steroid use
or a predisposing factor (9). There is a high prevalence of psychological
disease, as discussed shortly (9,17). Approximately one-quarter of the pa-
tients worked in the health care profession.

VCD has been reported in children as young as 6 months old, the mean
age being 13 years (7). Females predominate, being 68% in one series of 37
child patients, but not as overwhelming as in adults. These children tend to be
overachievers, either academically or athletically. Almost one-third had a
history of diagnosed psychiatric illness (18).

II. Clinical History and Physical Examination

The two most common presentations of VCD are either wheezing, which is
suggestive of asthma or stridor, suggestive of an upper airway obstruction.
The vast majority of patients had been diagnosed with asthma, which has
been refractory to medical therapy (3,9,14). They have been treated with
numerous asthma medications without success, and often are on chronic
steroid therapy. In our series, the average daily dose of prednisone was 29mg/
day (9). These patients have occasionally been placed on trials of steroid-
sparing medications, such as methotrexate.

The symptoms of the VCD group are very difficult to distinguish from
those of asthma. On sensitive symptom scales such as the asthma symptom
checklist, the symptoms reported by the VCD group were as follows: likely to
awaken during the night with dyspnea, and population (14). Asthmatics are
more likely to awaken during the night with dyspnea and are more likely to
respond to inhaled bronchodilators. However, nocturnal awakening is not a
reliable differentiating factor between asthma and VCD (19). Sometimes the
VCD patient will report that during an attack there is throat tightness and
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voice changes, and the neck is identified as the site where airflow stops. The
symptoms can be quite sudden in onset, frightening to both patient and
caregiver. Almost a third of the reported patients have been intubated or had
a tracheostomy performed (9). Triggers for VCD attacks are very similar to
those for asthma: exercise, strong smells, viruses, and irritants such as
cigarette smoke (14). Sometimes the triggers are rather bizarre, such as the
smell of cooked corn. A recent case series describes how VCD was misdiag-
nosed as exercise-induced bronchospasm in a series of seven patients, and the
authors postulate that VCD was a cause of athletic ‘‘choking’’ (20). Another
study highlighted the fact that some patients had been diagnosed as having
multiple food allergies or chemical sensitivities (17). Perkner et al. reported a
series of 11 cases of VCDoccurring within 24 h of an exposure to a respiratory
irritant, thereby imitating reactive airway dysfunction syndrome (RADS)
(28). Attacks tend to have sudden onsets, to fail to respond to asthma
therapy, and to resolve spontaneously.

The medical utilization of these patients can be overwhelming. Almost
all the adults and half of the children had been hospitalized for presumed
asthma attacks. The adults averaged 5.9 hospital admissions in the year
prior to diagnosis, with almost 9.7 emergency room visits. There is high
utilization of medications, with the average patient being on 4 to 10 different
medications (9).

During acute attacks, patients with VCD may be able to hold their
breath, which in an asthmatic may increase symptoms and wheezing (22).
The symptoms may improve with panting, or with diverting the patient’s
attention. On physical exam, inspiratory wheezing may be loudest over the
larynx (23,24). Since, however, the large airways are excellent transmitters of
sound, this is an unreliable physical finding. Furthermore, stridor and
wheezing produce the exact same sound frequencies and differ only in their
timing within the respiratory cycle (25). Anecdotally, we have seen many
patients who appeared to have laryngeal wheezing who, when the larynx
was visualized with a fiberoptic scope, were completely normal. Likewise, we
have tested the ability of medical house staff to distinguish between acute
episode of VCD and asthma on exam. There were frequent errors. There-
fore, the physical exam appears to be of limited usefulness in the diagnosis
of VCD.

III. Laboratory Evaluation

There are several important clues to the diagnosis of VCD, although a
definitive diagnosis is dependent on direct visualization of the vocal cords.
During an acute attack, the alveolar–arterial oxygen difference is usually
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normal (26). Occasionally, a VCD patient can hypoventilate with carbon
dioxide retention. There are a few case reports of patients developing
hypoxemia unrelated to hypoventilation. The chest radiograph of an acute
asthmatic typically shows hyperinflation and peribronchial thickening,
whereas the VCD patient should have a normal chest radiograph. In terms
of blood chemistries, most acute asthmatics have eosinophilia, which is not
seen in VCD alone (9).

Pulmonary function testing is extremely important in the evaluation
of VCD as well as in asthma. While an asthmatic may well have a normal
spirogram between attacks, such a finding should raise the index of suspicion
that VCD is a possible diagnosis. The one pulmonary function abnormal-
ity that persists in asthmatics, even between acute episodes, is an elevated
residual volume (27). This is due to air trapping from the closure of small
airways. Again, a normal study should raise the level of clinical suspicion.
The most common physiological abnormality in VCD is a variable extra-

Figure 1 Two representative flow volume loops from symptomatic patients with
VCD. Both had negative methacholine challenges.
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thoracic obstruction shown on flow–volume loops. However, these de-
creased inspiratory flows are seen in only about 25% of VCD patients when
they are asymptomatic, either spontaneously or after a bronchial challenge
procedure (17). It is important to note that since the glottic orifice is
dynamically determined, the flow–volume curve can take any appearance
(21). If the vocal cord adduction continues into expiration, the flow–volume
loop (Fig. 1) can mimic that seen with obstructive lung diseases and can
therefore be misinterpreted (21). Thomas et al. point out that the most
common expiratory pattern seen in flow–volume loops in their series of 14
patients was a transient airflow obstruction followed by an expiratory
overshoot (21). This is suggestive of vocal cord closure early in expiration
that artifactually lowers the FEV. VCD patients are often unable to reliably
perform spirometry, and the inability of a patient with presumed severe
asthma to perform reproducible spirometry should alert the physician to the
possibility of VCD.

IV. Laryngoscopy

The diagnosis of VCD is best established from direct visualization of the
vocal cords, preferably with a flexible fiberoptic rhinoscope (3,9). Normally,
the vocal cords abduct widely during inspiration to decrease inspiratory
resistance (29,30). In patients with VCD, the vocal cords adduct during
inspiration. The classic appearance is that of closure of the anterior two-
thirds of the vocal cords, with only a posterior ‘‘chink’’ remaining open (3).
While this appearance is diagnostic, it is not uniformly found. There may also
be mucus stranding across the cords. During expiration in individuals with-
out lung disease, there is a minimal adduction of the cords. There is a 10 to
40% decrease in glottic area during expiration. In patients with obstructive
lung diseases, there is exaggerated closure of the vocal cords—both during
tidal breathing and with forced expirations such as in pulmonary function
testing (31). It has been shown that the more severe the lung disease, the more
pronounced the glottic closure (32,33). The theory is that by closing during
expiration, the vocal cords act to prolong expiration and increase intra-
thoracic pressures, thereby preventing closure of small airways. This
sequence has been called ‘‘laryngeal PEEP’’ and paralleled to physiological
pursed-lip breathing.

At the time of laryngoscopy, the patient should be instructed to
sequentially breath normally, as rapidly and deeply as possible, and then
repeat a low- and a high-pitched ‘‘e’’ (34). However, in the asymptomatic
patient, vocal cord motion is often normal. Therefore, it may be necessary to
attempt to provoke the abnormal vocal cord motion. This can be done with
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methacholine, histamine, or exercise challenge studies. Sometimes it is
necessary to reproduce the stimulant the patient reports as the trigger—such
as the smell of cooked corn. How these stimulants can produce VCD remains
unclear. Bronchial challenges in both normal subjects and asthmatics is
associated with a decrease in expiratory glottic area, with the average fall
in glottic area being 10% in normal subjects and 45% in asthmatics (31).
These changes have been shown to be reversed by application of continuous
positive airway pressure (CPAP). Therefore, one should not diagnose VCD
based on expiratory closure of the vocal cords alone, as this can be seen in
asthma. However, inspiratory closure, which can continue into expiratory, is
clearly abnormal.

V. Prevalence

The prevalence of vocal cord dysfunction in the population is unknown;
however, there is increasing evidence that this is not an uncommon disorder.
At the National Jewish Center for Immunology and Respiratory Medicine,
an 18-month study found that of the patients referred for inpatient evaluation
of severe asthma, 13.6% had VCD without any evidence for asthma. An
additional 16.7% of patients were found to have VCD in addition to asthma.
In this study, all patients had videotaped laryngoscopies reviewed by
independent reviewers to confirm the correct diagnosis of VCD (14). At
Baylor, of 15 patients seen in the emergency department for acute asthma,
2 were found to have VCD alone, and an additional 4 had VCD and asthma
(35). In a series of patients with recurrent attacks of wheezing, dyspnea, or
cough in association with normal spirometry, 26.5% were found to have
decreased inspiratory, but not expiratory flows, with histamine challenges.
This effect was termed extrathoracic hyperresponsiveness (36), and it indi-
cates that a significant percentage of ‘‘asthma-like symptoms’’ are associated
with glottic inspiratory closure. The authors were also able to correlate
chronic disease of the upper airway, such as sinusitis, with extrathoracic
hyperreactivity. This suggests that chronic stimulation of irritant receptors
in the upper airway may be associated with abnormal vocal cord function.
Also noted has been decreased inspiratory flows during viral upper respira-
tory infections and with acute sinusitis. These studies indicate that abnormal
vocal cord motion is probably a common event and may be a cause of asthma
symptoms and inappropriate asthma diagnosis.

VI. Psychological Factor

There is a high incidence of psychological dysfunction in subjects with VCD,
but there is no uniformity of diagnoses. In a case series of 41 adult patients
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with VCD, 9 had prior psychiatric hospitalizations; DSM-III-RAxis I (major
psychiatric illness) disorders were diagnosed in 73% of subjects; and Axis II
(personality disorder) disorders diagnosed in 37% (9). Therefore, the VCD
group is a psychologically impaired group. Sensitive psychological tests show
that the VCD patients have very dysfunctional intrapersonal and inter-
personal behaviors that can be characterized as interpersonally exploitive
and provocative. They also tend to have a vigilant mistrust of others, which
can make their acceptance of the diagnosis of VCD difficult (14). There has
also been reported a high incidence of sexual abuse in these patients, but the
large case series have not found the rate of sexual or physical abuse higher
than in the asthma control population (14,37). There appears to be a
correlation between the severity of the underlying psychopathology and
prognosis from the VCD. In adolescents, the only difference in psychological
testing between patients with VCD or asthma was a higher level of anxiety
and anxiety-related diagnoses in the VCD group (38). In children with VCD,
Brugman et al. found a high percentage of patients to be overachievers and
athletes; 70% of the patients were felt to have dysfunctional families (17).
Psychiatric consultation is useful in discovering underlying psychological
issues and in providing appropriate guidance and therapy.

VII. Therapy

The therapy for VCD starts with a careful explanation of the condition to
the patient (2,40). Showing a videotape of the laryngoscopy may be useful
(40). Unnecessary medications need to be discontinued. When discussing
psychological factors, it is sometimes useful to draw an analogy to asthma,
where emotions are seen as a common trigger of symptoms. It is important
that the patient not draw the conclusion that he or she is being dismissed as
a psychological case. However, psychological therapy does play an impor-
tant role in the treatment of VCD.

Speech therapy is used to help abduct the vocal cords (9,22,41).
Occasionally even simple panting is enough to break an attack. However,
most techniques use relaxed throat breathing, similar to that used with
functional voice disorders (such as vocal cord nodules). The concept is to
decrease laryngeal muscle tone. One technique is inhaling with a relaxed
throat, by laying the tongue on the floor of the mouth with the teeth slightly
apart. During expiration, a gentle ‘‘s’’ sound is produced. The patient can be
given a number to count to during expiration to help prevent concentration
on inspiration (15,30). While there are no prospective clinical trials of speech
therapy in VCD, it does appear to have a beneficial action.

During an acute attack, a helium–oxygen mixture, Heliox, can be used
(9,24). Flow in the glottis and large airways is density dependent; therefore,
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using a light gas can increase flows around the adducted cords and may
completely or partially ablate the VCD attack. The mixture can vary from
60 to 80% helium, with the remainder being oxygen. It is important to note
that asthmatics may also note decreased dyspnea with Heliox, so that re-
sponse to the gas does not necessarily indicate that the patient has VCD (42).

Treatment of any underlying gastroesophageal reflux and postnasal
drip appears to be important, inasmuch as one or both of these factors is
present in almost all patients with VCD (13,43). There does not appear to be
an increased incidence of chronic sinusitis in patients with VCD (39). Other
possible treatment modalities include biofeedback and relaxation training,
although these have been described only anecdotally. Antidepressants or
anxiolytics may be an important part of the patient’s therapy. Several
interventions have been described for severe cases of VCD that are unre-
sponsive to speech, psychological, and medical therapy. Vocal cord injec-
tions of botulinum toxins have been described in case reports (45). This can
cause a localized muscle weakness by blocking acetylcholine release. This
technique has been successfully used for treatment of spasmatic dysphonia
(43). Altman et al. reported a series of five patients who received botulinum
toxin injections, with two of the patients having other signs of dystinias; all
patients had at least a partial response to the injections (46). However,
repeated injections may be necessary. In rare patients, a tracheostomy or sec-
tioning of the laryngeal nerve may be necessary.

VIII. Conclusion

Vocal cord dysfunction is a close imitator of asthma. The keys to diagnosis
are keeping a high index of suspicion and identifying the ‘‘red flags’’ that
could indicate that asthma is not the correct diagnosis. Missing the
diagnosis of VCD leads to significant morbidity, often from prescribed
medications, and high medical utilization. The prevalence in presumed
severe asthmatics appears to be high enough to suggest the usefulness of
screening all these patients for VCD. This can probably be accomplished by
a flow-volume loop while the patient is symptomatic. If there is evidence of
inspiratory truncation in the loop, a laryngoscopy should be performed.
The natural history of VCD patients needs to be better defined, but a
majority, especially children, do appear to respond to medical and psycho-
logical management.
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Cystic fibrosis (CF), the most common lethal autosomal-recessive disease
in Caucasians, is caused by mutations in the cystic fibrosis transmembrane
conductance regulator (CFTR) gene on the long arm of chromosome 7.
Clinical disease results from mutations in CFTR that lead to defective
transmembrane conductance of chloride ions and, thereby, to impaired
transport of water. As a consequence, the viscosity of all exocrine fluids
increases substantially, principally in the lungs and in the gastrointestinal
tract, but also in the upper-respiratory tract, including the paranasal
sinuses. Therapeutic advances over the past 35 years have enhanced the
survival of patients with CF from a mean of 4 years in 1960 to a mean of
30 years in 1991, according to the CF Foundation patient registry. This
chapter reviews the clinical manifestations of cystic fibrosis in the upper and
lower airways, focusing on the interaction of paranasal sinus disease on
lower-respiratory tract symptoms.
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I. Pathophysiology of Cystic Fibrosis

The CFTR gene, which was isolated in 1989, codes for a 1480 amino acid
plasma membrane protein that is thought to function as an ATP-dependent
regulator of transmembrane exchange of chloride ions and, perhaps, other
solutes across the cell membrane (1). The most common of the more than
700 known CFTR gene mutations is a 3 base-pair deletion in exon 10,
resulting in the removal of the phenylalanine residue at the 508th position.
Approximately 49% of CF patients are homozygous for this deletion,
known as DF508, which accounts for 70% of the mutant haplotypes (2).
Considerable variation in clinical severity occurs even among siblings with
CF who carry identical CFTR mutations. However, the DF508 mutation is
associated with a small but statistically significant increase in the severity of
clinical disease and carries a greater likelihood of pancreatic insufficiency,
although this may hold true only in Caucasian and not in non-Caucasian
individuals with CF (3,4). An increasing number of individuals who have
minimal respiratory symptoms and no gastrointestinal symptoms, but do
have chronic sinusitis and/or infertility due to congenital bilateral absence of
the vas deferens, are being diagnosed by molecular analysis for CFTR mu-
tations. Many of these individuals have non-DF508 mutations in the CFTR
gene (e.g., R117H and 33849+10 kB C!T), suggesting the possibility that,
in rare instances, chronic sinusitis in an otherwise healthy individual may
represent a clinical variant of CF (5,6).

The abnormal function of chloride channels (abnormal CFTRs) in the
respiratory epithelium of patients with CF leads to respiratory secretions of
reduced volume but increased viscosity. Fluid volume depletion in secretions
greatly affects mucociliary clearance function of the airway surface liquid
(ASL) in the lungs by reducing the fluid volume in the periciliary liquid layer
(PCL) (the fluid that surrounds the cilia of epithelial cells) and by increasing
the concentration of solute in the mucus layer (7). These effects on the PCL
and on the mucus layer result in greater adherence of mucus to the epithelial
cell surface and greatly diminish mucociliary transport. In addition, the
increase in sodium chloride concentration in the ASL limits the activity of the
defensins (8). Derived from epithelial cells, defensins are ‘‘killing factors,’’
components of the innate immune system that have broad antibiotic activity
and are produced in normal quantities by respiratory epithelial cells in
patients with CF. However, these factors, which have potent activity against
Pseudomonas aeruginosa and Staphylococcus aureus, are inactivated by the
high salt concentration in the respiratory secretions of patients with CF, and
their inactivation contributes to the sensitivity of patients with CF to res-
piratory infection with the named pathogens. Much research is focused
on defensins and on the possibility of modifying them to permit them to
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function in the high-salt conditions present in the respiratory secretions and
lungs of patients with CF.

Other immunological factors contribute to the progressive lung dam-
age in patients with CF. Recruitment and activation of neutrophils, often
caused by exoproducts of P. aeruginosa, cause tissue damage that is due to
the release of proteases such as neutrophil elastase and cathepsin G. In-
creased protease activity has been associated with cleavage and inactivation
of opsonins, thus imparing immune activity against offending pathogens.
Immune-complex formation may also lead to progressive pulmonary de-
struction by immunoinflammatory mechanisms (9). Additionally, increased
osmolarity within the lungs in CF may lead to increased expression of exo-
products such as neuraminidase and alginate. These exoproducts may also
contribute to airway damage. Elastase derived from P. aeruginosa is able to
cleave IgG, releasing crystallizable fragments (Fc) that further block opsini-
zation and phagocytosis.

II. Lower-Respiratory Tract Symptoms in Patients
with Cystic Fibrosis

As a result of the abnormal respiratory secretions, chronic endobronchial
infection, principally of the small bronchioles, occurs in most patients early
in life, leading to inflammation and obstruction of the air-conducting
bronchioles. Bronchilolitis and mucopurulent plugging of the airways occurs
secondary to obstruction. In the presence of constant inflammation, bacterial
colonization and infection cause progressive destruction of the airways and
lung parenchyma. Initial sputum isolates in CF usually feature Staphylococ-
cus aureus andHemophilus influenzae.As the disease progresses, colonization
with different types of P. aeruginosa occurs. Nonmucoid forms of P.
aeruginosa usually colonize the airways prior to mucoid forms. Colonization
with mucoid forms of P. aeruginosa often coincides with progressive lung
disease and cellular destruction. CF patients may also be colonized and
infected with other bacteria such as Escherichia coli, Stenotrophomonas
maltophilia, Alcaligenes (Achromobacter) xylosidans, atypical mycobacteria
(usually Mycobacterium avium complex), and Burkholderia cepacia (10,11).
Burkholderia cepacia (formally Pseudomonas cepacia) is usually resistant to
most antibiotics and may ultimately cause a rapid clinical deterioration after
chronic colonization. Unlike P. aeruginosa, B. cepacia has been found
occasionally in blood cultures of severely ill CF patients (12).

The primary lower-respiratory tract symptoms in patients with CF
include chronic cough and wheeze, usually exacerbated by superimposed
respiratory infection. The cough is often nonproductive in young children,
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but it becomes productive with progressive disease. Although there is
evidence that, in heterozygotes, the DF508 CF allele protects against asthma
in childhood and early adult life (13), wheezing is often prominent in patients
with CF, perhaps in as many as 50% of these patients, owing to fixed
bronchial obstruction, airway inflammation, and bronchial hyperreactivity.
On pulmonary function testing, the earliest detectable changes are air
trapping and decreased expiratory flow rates at low lung volumes, partic-
ularly in the small airways. Later in the disease course, airway obstruction, air
trapping, and ventilation-perfusion inequalities are prominent findings on
pulmonary function studies. This set of symptoms reflects a mixture of
obstructive and restrictive lung disease due to fibrosis, which reduces lung
volume and worsens flow limitation at low lung volumes. Patients with a
forced expiratory volume in one second (FEV1) of below 30% are predicted
have a 2-year mortality rate greater than 50%. Irreversible pulmonary
destruction often leads to abscess formation and hemoptysis. Cysts and blebs
may rupture in advanced disease, causing pneumothorax. In patients with
reversible obstructive airways disease, it is often unclear whether the rever-
sible bronchospastic component is due to chronic bronchitis and in-
flammation in the bronchial mucosa or to upper-airway inflammation of
the sinuses, particularly since both have been demonstrated to be causes of
airway hyperreactiviy (see later).

III. Upper Respiratory Tract Symptoms in Patients with
Cystic Fibrosis

A. Nasal Polyps and Mucoceles

The incidence of nasal polyposis in patients with CF ranges from 10 to 50%,
with a higher frequency in older patients (11,14–18). Mucoceles, which are
cyst-like, mucus-containing structures that can erode into surrounding bone,
occur occasionally in patients with CF. However, mucoceles occur in non-CF
patients with other forms of sinus disease as well. The two main risk factors
for mucocele formation are ostial obstruction and chronic inflammation (19).
Although the pathophysiology of nasal polyposis in CF is not completely
understood, chronic inflammation secondary to infection probably plays
a significant role. Conversely, nasal obstruction due to nasal polyps or
mucoceles can predispose patients to chronic infection in the sinuses. CF
polyps differ histopathologically from their non-CF counterparts in possess-
ing thin (normal) epithelial basement membranes, hyperplastic mucous
glands, mucous cysts, acidic rather than neutral mucins, and relative lack
of eosinophilia in favor of a predominantly plasmacytic and mast cell
infiltrate in the mucosa and submucosa (20). However, the extent to which
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there may be important distinctions in the pathogenesis of CF- versus non-
CF polyps is unclear. Combined aggressive medical and surgical treatment of
sinusitis and nasal polyposis appears to reduce the recurrence rate of nasal
polyposis in these patients (21,22).

B. Middle-Ear Disease

Because the incidence of otitis media in children with chronic sinusitis but
without CF is very high (23), the finding that middle-ear abnormalities are
distinctly uncommon in patients with CF is unexpected (16). The basis for
this difference is not fully known, but it may be related to the relative paucity
of mucus-secreting goblet cells in the eustachian tube compared with the
sinonasal mucosa (24). It has also been proposed that otitis media, compared
with other respiratory tract infections, is more easily suppressible or pre-
ventable by the frequent courses of antibiotic therapy typically prescribed to
CF patients (17).

C. Allergic Disease and Reactive Airways Disease

Although the prevalence of reactive airways disease is as high as 50% in
patients with CF (25–28), the prevalence of atopic dermatitis, pollen-induced
allergy, and positive skin tests to nonmold allergens in patients with CF is
similar to that in the general population (approximately 15–20%) (18,25,26).
This suggests that the high prevalence of airways hyperreactivity is due to
chronic endobronchial infection rather than atopy. The presence of sinusitis
may also contribute to reactive airways disease in patients with CF, as will be
discussed. In addition, wheezing may be exacerbated by mold hypersensi-
tivity, since the prevalence of skin-prick test reactivity to Aspergillus as high
as 35 to 60% in CF patients. In patients with CF, the prevalence of allergic
bronchopulmonary aspergillosis (ABPA) is 10 to 15%, and the condition
appears to occur more frequently in CF patients who have IgE-mediated
allergic responses to other inhaled allergens (29).

D. Sinus Disease

In the upper-respiratory tract, dehydration of mucosal fluids and increased
sulfation of mucus glycoproteins results in retention of viscous, tenacious
sinus secretions and predisposes to bacterial infection manifested in virtually
all CF patients as chronic pansinusitis. Such infection further stimulates
mucus production, perpetuating chronic sinusitis. In most instances the
inspissated secretions are so viscous that perfusion of antibiotics into the
secretions is limited, and removal of the secretions can occur only by surgical
curettage (30).
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Patients with CF are predisposed to develop chronic sinusitis not only
as a consequence of inspissation of respiratory secretions and inactivation of
defensin activity, but also due to the presence of nasal polyps, which occur
with a high frequency in patients with CF. The ostiomeatal complex is often
patent in patients with CF, whereas in non-CF patients ostiomeatal ob-
struction often occurs in conjunction with sinusitis (31). Thus, in CF, both
the retention of viscous, tenacious sinus secretions and nasal obstruction
due to the presence of polyps predispose patients to the development of
mucosal infection.

Radiographic evidence of sinus disease is invariably present in patients
with CF, with a prevalence of 92 to 100% in patients over 2 years of age
(14,32–34). In the past, abnormal sinus radiographs were interpreted as
reflecting the exocrinopathy of CF (i.e., inspissated mucus) rather than
active infection. In addition, the bronchopulmonary ramifications of chronic
sinus infection were underrecognized. Sinus disease thus received little
attention in the past, since the potentially life-threatening pulmonary and
gastrointestinal manifestations of CF have often overshadowed the less
dramatic symptoms of sinusitis (e.g., nasal congestion and discharge, post-
nasal drainage, and frequent cough). However, it has become apparent that
abnormal sinus radiographs in patients with CF are in fact evidence of sinus
disease. Sinusitis, as diagnosed microbiologically by maxillary–antral punc-
ture and culture, is virtually universal in children and adults with CF and
causes significant morbidity, as will be discussed (11,32,35).

IV. Symptoms and Signs of Sinusitis in Cystic Fibrosis

Patients with CF who have chronic sinusitis occasionally may have chronic
purulent nasal discharge or maxillary tenderness. These symptoms are inten-
sified by upper-respiratory viral infection. Headaches, most often frontotem-
poral, are not uncommon, especially in adolescent and adult patients. Many
patients report symptoms related to nasal obstruction (e.g., rhinorrhea,
mouth breathing, postnasal drainage, sleep disturbance, nocturnal cough,
anosmia, and anorexia), all of which tend to worsen with upper respiratory
infection. Lower-respiratory symptoms of cough and wheezing are also
exacerbated by chronic and acute sinusitis in patients with CF (see later).
Because patients often grow accustomed to sinusitis-related symptoms and
often do not complain about them, it is incumbent upon the physician to elicit
this information.

On physical exam, nasal findings may be surprisingly normal or may
include mucosal edema and hyperemia, turbinate hypertrophy, and viscous,
mucopurulent discharge, the last being of particular diagnostic importance
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when visualized in the middle meatus. Rarely, there is tenderness to
palpation over the paranasal sinuses. Islands of lymphoid hyperplasia of
the posterior pharyngeal wall, also known as ‘‘cobblestoning,’’ result from
chronic drainage of irritative sinonasal secretions. Nasal polyps, arising from
maxillary and/or ethmoid sinuses and appearing as gelatinous, gray tissue
with very fine blood vessels, may be present in the middle meatus and may
partially or completely block the nasal passage.

V. Sinusitis and Reactive Airways Disease in Patients
with Cystic Fibrosis

The recognition that sinusitis can cause airway hyperreactivity in patients
with asthma and that sinusitis is present in virtually all patients with CF
suggests that sinusitis may cause significant bronchial hyperreactivity and
exacerbate lower-respiratory tract symptoms in patients with CF. This re-
lationship was first proposed by our group in 1989, yet it has been difficult to
prove causality because chronic bronchitis, itself a major cause of airway
hyperreactivity, is also a serious problem in patients with CF. In a small
series of patients, we showed that aggressive surgical therapy (Caldwell–Luc
procedure) combined with pharmacotherapy (antibiotic lavage of sinuses)
for sinus disease greatly reduced respiratory symptoms, the use of systemic
corticosteroids (from a mean of 37 mg/day to 16 mg/day), and the length
of hospitalization (from a mean of 58 days to 28 days), particularly in CF
patients with a high degree of reactive airways (35). Wheeze, as documented
by the examining physician, was also reduced substantially after surgery.
Although this study could not demonstrate a direct causal link between
sinusitis and lower-respiratory-tract disease in patients with CF, it showed
parallel improvement in lower-respiratory-tract disease as sinus disease
lessened. This result is analogous to that observed in asthmatic patients
in whom a relationship between asthma and sinusitis has been strongly
supported but not proven (36).

More recently, our group has extended the observations regarding
sinusitis and CF respiratory disease by examining in a larger group of CF
patients who were treated with functional endoscopic sinus surgery. Because
we noted that patients who underwent sinus surgery improved in the
immediate postoperative period but had recrudescence of sinus disease se-
veral months thereafter, a protocol involving serial antimicrobial lavage of
the sinuses was also examined (see Sec. IX on treatment). The rationale for
institution of dual therapy is based on our observations that despite endo-
scopic sinus surgery, sinus drainage remains compromised and, at best,
infection persists subclinically. Therefore, to sustain the benefits following
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surgery, all patients received repeated lavage of the maxillary sinuses with
antibiotics, usually tobramycin, 40 mg in 1 mL of solution instilled into each
sinus, every 2 to 4 weeks. Tobramycin is usually chosen because Pseudomonas
aeruginosa, the most prevalent organism causing sinusitis in CF, is usually
sensitive to the very high topical concentrations of tobramycin.

Twenty-eight patients, average age of 23.7 years, ranging from 11 to 40
years, were evaluated for respiratory signs and symptoms before and after
functional endoscopic sinus surgery with serial sinus antimicrobial lavage.
Prior to surgery, the majority of these patients had symptoms of nasal
congestion, postnasal drip, persistent headache, nasal obstruction, or nasal
polyposis that failed to improve on pharmacotherapy, which included
intravenous antibiotics and intranasal topical steroids. CT examination in
all patients showed total opacification of at least one major sinus cavity. The
28 patients underwent endoscopic sinus surgery, involving ethmoidectomy
and antrostomy. Polypectomy was performed in 68% of the patients. Fol-
lowing endoscopic sinus surgery and subsequent antibiotic lavage at regu-
lar intervals, symptoms related to the head and upper-respiratory tract
improved substantially, with significant reduction of headache, nasal
congestion, and nasal discharge. Although respiratory symptoms such as
cough and wheeze, and the use of medications, decreased only marginally,
hospitalization related to pulmonary exacerbation 6 months postsurgery
(vs 6 months presurgery) decreased substantially, from an average of 21.4
days to 9.7 days. All but one of the patients in this study voluntarily con-
tinued with serial sinus antimicrobial lavage every 3 to 4 weeks for at least
12 additional months, attesting to the perceived clinical efficacy of the
program. Some patients required repeat endoscopic sinus surgery to main-
tain the improvement in respiratory symptoms; however, the frequency of
repeat surgical procedures was reduced substantially by serial sinus anti-
microbial lavage (37).

Other centers have described their experience with functional endo-
scopic sinus surgery in patients with CF. A recent multicenter retrospective
study of 112 endoscopic sinus surgery procedures in 66 patients demon-
strated that endoscopic sinus surgery markedly reduced hospital days (by
9.5 days, p = 0.001) during the subsequent 6 months (38). There was no
statistically significant change in oral or inhaled steroid use, or in pulmonary
function. Investigators confirmed in another smaller study that sinus surgery
had no effect on pulmonary function (39). However, sinus surgery signifi-
cantly improved the quality of life (decreased nasal obstruction, discharge,
and cough; improved olfactory function; improved activity level), even when
there was no decrease in hospitalization (40–42). The lack of reduction in
hospitalization may reflect either the possibility that surgical therapy with-
out postoperative serial antimicrobial sinus lavage is only transiently effec-
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tive (43) or the necessity of studying larger patient populations to observe
improvements in hospitalization rates in patients with less severe disease
(e.g., young patients, those who use only limited quantities of oral cortico-
steroids, those who are not hospitalized frequently).

VI. Interaction of Upper- and Lower-Respiratory Airways

Although our observations support a contributory role of the upper res-
piratory tract in lower-respiratory tract dysfunction, the specific physiolo-
gical mechanisms that relate the two distinct anatomical areas are not
yet clear. Since sinusitis has caused lower-respiratory-tract disease in CF
patients who are recipients of lung allograft transplants, several mecha-
nisms that explain how sinus disease may affect lower-airway function have
been hypothesized (33). First, a neuronal connection (parasympathetic or
C-fiber related) is highly unlikely because all neuronal connections are
severed in the lung allograft. More likely is the possibility of direct seeding
of the lungs with bacteria from infected sinuses, resulting in bronchitis and
pneumonia, which then causes airway hyperreactivity and cough. In sup-
port of this idea is evidence that adults with CF and Pseudomonas lower-
respiratory infection have Pseudomonas in the upper airways that is identical
in genotype to bacteria isolated from the lungs (44).

Further support of this hypothesis is the observation that Pseudomo-
nas species is a frequent cause of infection in the lung allograft (at the
bronchial anastomosis or in the lung parenchyma) of recipients who have
CF. Since non-CF recipients who undergo lung allograft transplantation do
not normally develop infection with Pseudomonas, the sinuses are the most
likely source of Pseudomonas in the lung allograft in CF recipients. This
possibility has prompted the cardiothoracic/transplantation surgeons at
Stanford University Medical Center to require all prospective lung-allograft
recipients who have CF to undergo functional endoscopic sinus surgery and
serial sinus antimicrobial lavage prior to transplantation, with antimicro-
bial lavage continued at regular intervals after transplantation (33). This
regimen appears to significantly reduce the occurrence of lung infection
and to promote lung-allograft survival in patients with CF thereby sup-
porting the hypothesis that mechanical extension via postnasal drainage
causes lower-respiratory-tract infection. This idea is also supported by
animal studies of sinusitis, in which gravitational drainage is an important
factor in development of airway hyperresponsiveness in the presence of
experimentally induced sinusitis (45,46). Thus, although CF patients,
including those receiving lung allografts, have medical problems more
complex than most non-CF patients with asthma, much of what has been
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learned in patients with CF may be directly applicable to patients with
asthma.

VII. Bacteriology of Sinusitis, Bronchitis, and Pneumonia
in Patients with Cystic Fibrosis

As in lower-respiratory-tract disease, the bacterial pathogens that cause
sinusitis in patients with CF include Pseudomonas aeruginosa most com-
monly, as well as Hemophilus influenzae, streptococci, Escherichia coli,
Staphylococcus aureus, diphtheroids, and anaerobes (32). However, while
the bacteria isolated from the sinuses and from the lungs of a given
individual with CF have been shown to be similar, the species and antibiotic
resistance patterns may be different (14). Fungi also have been isolated with
increasing frequency from the sinuses of patients with CF. Isolation of
Aspergillus fumigatus from the sinuses is associated with an allergic fungal
disease similar immunopathologically to allergic bronchopulmonary asper-
gillosis; in ABPA and in CF patients, A. fumigatus is present as a saprophytic
organism rather than as an invader.

VIII. Diagnostic Evaluation for Sinusitis in Cystic Fibrosis

As mentioned, roentgenographic examination of the sinuses of patients
with CF commonly shows panopacification. Culture of the sinuses in
adults indicates that these opacities indeed reflect active infection (11,32),
although in young children the inspissated secretions in the sinuses may be
sterile. Frontal sinuses of at least one-third of CF patients are not apparent
on plain radiographs, a circumstance that may be related to the limited
pneumatization and increased bony thickening that occur with chronic
infection (14). Computed tomography is recognized increasingly as the
diagnostic imaging standard for sinusitis, particularly in the preoperative
evaluation for sinus surgery (36,41). Unlike plain radiography, computed
tomography provides high specificity and sensitivity, and excellent detail of
the ostiomeatal complex. Although magnetic resonance imaging is superior
to computed tomography in its ability to demonstrate soft tissue character-
istics (e.g., in the distinction between invasive fungal and bacterial sinusitis
or between inflammation and neoplasia), computed tomography is supe-
rior in its ability to furnish good resolution of maxillofacial bony detail,
soft tissue, fluid, and air (47). Other diagnostic modalities that have been
suggested include ultrasonography and transillumination, both of which
have relatively low sensitivity and specificity (48). Direct visualization by
anterior rhinoscopy of mucopurulent secretions emanating from the middle
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meatus can confirm a diagnosis of sinusitis or monitor its response to
therapy (49).

IX. Treatment of Lower-Respiratory-Tract Disease

Treatment of pulmonary disease in CF includes clearance of airway se-
cretions, aggressive antimicrobial therapy, and suppression of excessive in-
flammation. Chest physiotherapy, also known as airway clearance, is
accomplished by manual or mechanical percussion, by autogenic drainage
(a practice mastered by some patients that enables expectoration of mucus
through a sequence of special respiratory techniques), by vibration, or by use
of intrapulmonary percussive ventilation (IPV, Percussionare Corporation,
Sandpoint, ID). IPV employs patient-actuated or programmed bursts of
aerosolized saline and bronchodilators that mobilize endobronchial secre-
tions. A small handheld device called the Flutter Valve (ScandiPharm, Bir-
mingham AL) mobilizes secretions in a similar manner. Upon blowing into
this device, expiratory oscillations are created within the respiratory tract that
dislodge adherent mucus. Mucolytic drugs can be valuable in aiding mobi-
lization of particularly viscous and tenacious secretions. Newer medications
in this class include recombinant human DNase (Pulmozyme; Genentech,
South San Francisco), which enzymatically degrades the high-molecular-
weight DNA that is abundant in purulent sputum, and gelsolin, which cleaves
filamentous actin in sputum. In a large phase III clinical study of nebulized
Pulmozyme (2.5 mg once or twice daily), there was a 28 to 37% reduction in
the rate of pulmonary exacerbation and approximately a 6% sustained
improvement in FEV1 over 6 months (50).

Anti-inflammatory medications may also be effective in slowing or
preventing permanent lung damage. Although oral corticosteroids may be
used during acute pulmonary exacerbations in CF patients with severe dis-
ease, long-term use may be problematic owing to the well-recognized risks
of systemic steroid therapy. Inhaled corticosteroids are now used commonly
in CF, but their long-term potential benefit is still under investigation. In
addition, nonsteroidal anti-inflammatory agents may be beneficial in CF.
In one large study, it was found that CF patients with mild lung disease
who were given high dose ibuprofen for 4 years had a slower progression of
their lung disease than CF control patients (51).

In addition to anti-inflammatory agents, antibiotics, usually adminis-
tered intravenously in synergistic combinations, are used to reduce endo-
bronchial infection, which is the cause of inflammation. Usually, a h-lactam
antibiotic (aminopenicillin, cephalosporin, or monobactam) and an amino-
glycoside are given together, since the two are synergistic in terms of
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antimicrobial activity. Alternatively, oral quinolones (e.g., ciprofloxacin) and
aerosolized aminoglycosides (e.g., tobramycin) may be used. Finally, aero-
solized tobramycin (TOBI, Chiron Corp.), which achieves very high endo-
bronchial concentrations of tobramycin, has been shown in extensive clinical
studies to reduce the frequency and length of hospital stays, to decrease the use
of intravenous antibiotics, and to improve lung function.

X. Experimental Therapies for CF

Aminoglycoside antibiotics (G418) recently have been shown to enhance
production of the CFTR in one type of CF mutation. Some mutations,
including the most common, AF508, disrupt the processing of the CFTR
and prevent it from reaching the apical membrane of the mucosal and
submucosal glandular cells, while other mutations disrupt the ability of the
CFTR to function as a chloride channel. A third type of mutation (nonsense
or stop mutation) causes a truncated, nonfunctional CFTR gene. Although
this mutation accounts for only about 5% of all mutations, Howard et al.
demonstrated that treatment with the aminoglycoside G418 resulted in the
appearance of the full-length functional CFTR protein in a dose-dependent
manner (52). Therefore, aminoglycosides have the potential to correct the
basic biological defect in certain CF patients, particularly those in the
Ashkenazic Jewish population. In this population, 60% of chromosomes
bearing a CF mutation contain a single nonsense mutation that appears to
respond to in vitro aminoglycoside therapy at the cellular level.

Improvement of antibody-mediated immunity against Pseudomonas
aeruginosa has also been attempted in CF patients. Administration of
immune globulin with a high titer against P. aeruginosa in CF patients has
been found to be safe (53); however, additional clinical study demonstrating
efficacy from this form of therapy is needed. Active vaccination against P.
aeruginosa may enhance immunity against this organism and thereby reduce
endobronchial infection, but clinical investigation of this potential form of
therapy is also needed.

Another potential therapy for CF utilizes a method to improve the
chloride-ion balance in the lungs of CF patients by using alternative chlo-
ride channels. The calcium-activated chloride ion channel can be stimu-
lated by extracellular nucleotide triphosphates such as ATP or uridine
triphosphate (UTP). It has been reported that aerosolized UTP enhances
the ability of the airways of healthy volunteers and CF patients to clear
inhaled radiolabeled particles the size of bacteria (54). These investigators
have postulated that cultured cells that lack CFTR may overproduce the
calcium-activated chloride-ion channel to compensate for the defect.
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Although the exact mechanism by which UTP improves the clearance of
particles in this model is still under examination, further study may yield
promising results.

Gene therapy is another exciting potential therapy designed to directly
incorporate normal CFTR genes within respiratory epithelial cells (55). It
poses, however, many technical obstacles. Both viral and nonviral vectors
have been successful at transfecting normal CFTR genes in vitro and in vivo.
Although ion flux experiments suggest that only 6 to 10% of respiratory
epithelial cells are required to physiologically correct the chloride ion
abnormality within the lungs, penetration of the gene vectors through the
thick mucus layer in CF patients is difficult to achieve. Additionally, efficient
viral vector binding to cell receptors and internalization of gene products is
difficult to accomplish. A further challenge is the prolongation of the vector’s
life such that successful transfection of desired products, and subsequent
lasting biological effects, can be achieved prior to destruction of the virus-
infected cells by the host’s own immune system. The host’s own immune
system normally removes cells infected by viruses. The adeno-associated
virus vector, which has altered biological properties, is being studied in the
hope that long-term transfection can occur, while engendering reduced host
immune response to viral antigens. Cationic liposomes are also being studied
as nonviral alternative for CFTR gene delivery to the lungs.

A. Therapy for Sinusitis in Cystic Fibrosis

Medical Therapy

In young children who are not yet colonized by Pseudomonas, oral antibiotics
appear to be efficacious in treating sinusitis, particularly when antibiotics
effective against both Staphylococcus aureus and Hemophilus influenzae are
used. However, large dosages and long courses (3–6 weeks) of antibiotics
(such as cefaclor, amoxicillin-clavulanate, cefuroxime axetil, azithromycin,
clarithromycin) appear to be required, presumably because penetration of
the antibiotics into the sinus spaces and drainage of secretions is poor in CF
patients. In older children who are colonized with P. aeruginosa, antipseu-
domonal antibiotics such as oral quinolones (ciprofloxacin, ofloxacin) can be
used. Treatment failures are frequent, however, and intravenous antibiotics
such as tobramycin and/or ceftazidime are often required to control acute
exacerbations of chronic sinusitis. The symptoms of sinusitis can improve
significantly with intravenous antibiotics; however, inasmuch as Pseudomo-
nas can be grown from sinus aspirates even after patients have received 7 to
14 days of intravenous antipseudomonal antibiotics (35), it is not surprising
that sinus symptoms recur frequently. Adjunctive therapy can be prescribed,
including nasal administration of antibiotics (by lavage or by inhalation
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[TOBI, tobramycin (300 mg, in 5 mL of saline)]), nasal corticosteroids,
decongestants (oral, e.g., pseudephedrine, and/or topical, e.g., oxymetazo-
line), and mucoevacuants such as guaifenesin, although controlled studies
showing the effectiveness of these medications have not been performed (56).
If present, allergic disease must be treated, but antihistamines, particularly
first-generation antihistamines, must be used cautiously because their anti-
cholinergic properties may cause further inspissation of respiratory secre-
tions, often compounding the desiccating effect of supplemental oxygen
administered via nasal cannula.

Intranasal corticosteroid sprays may improve symptoms of allergic rhi-
nitis and may cause short-term regression of nasal polyps (57,58). Since sinus
secretions contain significant concentrations of DNA that increase their
viscosity, instillation into the sinus cavities of human recombinant deo-
xyribonuclease (DNAse, Pulmozyme), currently being used to liquefy secre-
tions in the lower respiratory tract of patients with CF (50), may prove to be
beneficial by limiting the adherence, accumulation, and impaction of sinus
secretions (intermittent irrigation of sinuses following endoscopic sinus sur-
gery is discussed below).

Surgical Management of Sinus Disease

Polypectomy

If polyps are present, control of sinusitis is dependent on polyp-size reduc-
tion by means of nasal corticosteroids or surgical polypectomy. The re-
currence rate of polyps is high unless efforts are made to control infection
and inflammation with medical and/or surgical management.

Endoscopically Performed Sinus Surgery

The indications to proceed with sinus surgery in patients with CF include
persistent headaches related to sinusitis that are unresponsive to pharma-
cotherapy, chronic drainage of purulent nasal secretions that is refractory to
pharmacotherapy, chronic nasal obstruction with mouth breathing that is
not due to allergic disease and is unresponsive to pharmacotherapy, and
persistent reactive airways disease that is unresponsive to pharmacotherapy.
These situations unfortunately occur regularly in patients with CF as a result
of profound inspissation of secretions, particularly in older patients, and
because the etiological bacteria in these patients are usually resistant to
antibiotics. Thus, sinus surgery is common therapy for patients with CF.

Prior to sinus surgery, patients are evaluated with computed tomog-
raphy in the coronal plane and usually receive 14 days of intravenous anti-
biotics and chest physiotherapy. Usually, under light general anesthesia in
adults (and general anesthesia in children), endoscopically guided surgery is
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then performed, which usually includes creation of large middle-meatus
antrostomies. This allows access to the maxillary sinus cavity so that the
adherent, inspissated mucopurulent material can be effectively curettaged;
in addition, subsequent drainage of the sinuses is enhanced. Occasionally,
additional surgery is indicated, including bilateral transantral ethmoidec-
tomy, limited resection of tissue in the region of the ostiomeatal complex
(e.g., the uncinate process), and/or frontal sinus trephination. At our insti-
tution, the sinuses are often irrigated in the operating room with anti-
pseudomonal antibiotics, and small plastic catheters (19–21 gauge flexible
tubing: e.g., modified ‘‘butterfly’’ tubing without needles and with external
Luer-lok ends) are inserted temporarily through the surgically created
antrostomies so that the maxillary sinuses can be irrigated thrice daily
with antipseudomonal antibiotics for 5 to 7 postoperative days (30). Post-
operative care to limit adhesions is critical for ensuring successful surgical
results, and debridement, if required, is usually performed one week after
surgery.

Because thickened secretions continue to form in the sinuses, partic-
ularly during upper respiratory infection, and since oral or intravenous
antibiotics rarely sterilize the sinuses of patients with CF, we have found
that long-term benefit from endoscopic surgery requires intermittent irriga-
tion of the sinuses with antipseudomonal antibiotics every 3 to 4 weeks (serial
sinus antimicrobial lavage). The maxillary windows are catheterized under
rhinoscopic guidance after topical anesthesia and decongestion with 4%
lidocaine and 0.25% phenylephrine hydrochloride (NeoSynephrine). Anti-
biotic solution (e.g., tobramycin, 1 mL of 40 mg/mL solution) is then instilled
into each maxillary sinus, and the catheters are withdrawn. The procedure
usually requires about 20 min in the office setting. This program has resulted
in prolonged improvement of respiratory symptoms (35) and improved
control of nasal polyposis (22). For CF patients who may undergo heart–
lung or lung transplantation at our institution, this program is mandatory as
a means of reducing lower respiratory tract complications after transplanta-
tion (33). A similar pretransplantation protocol for CF patients has been
established at University of California, San Diego, involving endoscopic
sinus surgery followed by a rigorous regimen of nasal lavage and daily to-
bramycin irrigation (59).

XI. Conclusions

Beginning in late infancy, sinus disease is ubiquitous in patients with CF.
While symptoms of sinusitis such as nasal congestion, headache, and post-
nasal drainage are not uncommon, sinusitis in patients with CF (as in non-CF
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patients with asthma), worsens lower-respiratory disease, particularly by
aggravating reactive airways. Oral antibiotics and adjunctive decongestant,
mucoevacuant, and anti-inflammatory therapy may be helpful, but because
of the tenacious, inspissated sinus secretions present particularly in older
patients with CF, sinusitis is usually resistant to pharmacological and even
surgical management. Endoscopic sinus surgery, by resection of portions of
the ostiomeatal complex, construction of generous antral windows, and
removal of obstructing nasal polyps, endeavors to establish greater patency
of drainage pathways to facilitate egression of inspissated mucopurulent
secretions. Although such therapy can reduce the frequency of hospital-
ization in selected patients with a reactive airways component, our experience
has shown that serial antibiotic lavage is also required to prolong sympto-
matic improvement and reduce the recurrence rate of nasal polyps. Further
studies are in progress to optimize therapy for sinusitis in patients with CF
and to assess accurately the long-term benefits of aggressive management of
sinusitis with respect to the pulmonary course of cystic fibrosis.
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The Sinobronchial Syndrome and Diffuse
Panbronchiolitis

YUKIHIKO SUGIYAMA

Jichi Medical School
Tochigi, Japan

I. Sinobronchial Syndrome

A. Historic Background

A condition characterized by chronic paranasal sinusitis and simultaneous
chronic pulmonary infection was recognized and reported as long ago as the
early 1900s. Thomson suggested that persistent bronchorrhea and chronic
bronchitis might be due to chronic infection of the paranasal sinuses in 1914
(1), and Wasson reported such cases as ‘‘bronchosinusitis disease’’ in 1929
(2). Thereafter, other investigators reported the interrelationship of sinus
disease and bronchiectasis (3,4). Greenberg used the term ‘‘sinobronchial
syndrome’’ (SBS) in 1966 (5).

The main question in the early years was whether the paranasal sinusitis
and lower respiratory tract infection developed first. Quinn and Meyer
reported that when iodized oil was placed in the nose of a sleeping person
without known disease of the upper respiratory tract, 50% of the contrast
medium could be shown by x-ray to have reached the lower tracheobronchial
tree by the following morning (6). This experiment suggested that suppu-
rative nasal discharge containing many bacteria could reach the lower
respiratory tract by tracheal aspiration and cause infection and inflammation
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there. In addition to this tracheal aspiration route, lymphatic pathways and
lymphatic–hematogenous routes were considered to be the probable routes
of infection in SBS (7).

In later years, Chew and Burnsed advocated the position that chronic
nasal obstruction altered pulmonary function in a reflex manner and that
this might be the cause of sinobronchial syndrome (8). None of these
hypotheses, however, has been confirmed.

SBS is also found in Japan. These conditions exclude bronchial asthma
with chronic sinusitis and/or nasal polyp.Mikami classified SBS, according to
the condition of the lower respiratory tract, into three types: chronic bron-
chitis, bronchiectasis, and diffuse panbronchiolitis (DPB) (9). Among the
types of SBS in Japan and elsewhere in East Asia, the most important is DPB.

B. Subtypes of Sinobronchial Syndrome

Many types of sinobronchial syndrome are reported (Table 1). Kartagener’s
syndrome/immotile cilia syndrome is a well-known disease having a pat-
tern of sinobronchial syndrome. In this syndrome it is recognized that the
pathogenesis is due to the congenital dysfunction of themucociliary transport
system, which is important as a defense mechanism in the upper and lower
respiratory tract. Another important subtype of SBS is that in various im-
munoglobulin deficiencies, which include IgA deficiency (10,11), IgG subclass
deficiency (12,13), and familial IgE deficiency (14).

Bare lymphocyte syndrome characteristically shows lack the expression
of HLA class I antigen on the surface of lymphocytes. The adult type of this
syndrome is also SBS (15–17). Additionally, cystic fibrosis, common variable
immunodeficiency, and Young’s syndrome are subtypes of SBS.

C. Pathogenesis of the Sinobronchial Syndrome

The various types of SBS show certain common characteristic features. Most
of these diseases are associated with deficiencies of various types involving

Table 1 Subtypes of Sinobronchial Syndrome

1. Diffuse panbronchiolitis
2. Cystic fibrosis
3. Dyskinetic cilia syndrome (immotile cilia syndrome/Kartagener’s syndrome)

4. Immunoglobulin deficiency (IgA, IgG subclass)
5. Common variable immunodeficiency
6. Young’s syndrome

7. Bare lymphocyte syndrome
8. Yellow nail syndrome
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the defense mechanism of upper and lower respiratory tracts, and many of
them are inherited diseases. Thus, it is speculated that the pathogenesis of
sinobronchial syndrome might involve inherited predisposition, probably
accompanied by deficiencies in the host defense of the respiratory system.

II. Diffuse Panbronchiolitis

A. Disease Entity

A disease condition with severe recurrent sinopulmonary infection and
chronic airflow limitation has received increasing attention in Japan since
the late 1950s. This disease differs from bronchial asthma, chronic bronchitis,
pulmonary emphysema, and pulmonary fibrosis in both clinical and patho-
logical aspects. In 1960 Yamanaka pointed out the pathological importance
of bronchiolitis and bronchiolectasis in this disease condition (18). Yama-
naka et al. termed this condition diffuse panbronchiolitis (DPB) in their 1969
report regarding autopsy cases (19). The lesions are diffusely scattered
throughout the lung, and the main pathological changes encompass the
entire wall in the respiratory bronchioles.

In 1983 Homma et al. (20), having conducted a nationwide survey,
reported 82 cases, and this disease condition became established as a definite
clinical entity, specifically a sinobronchial syndrome characterized by
chronic sinusitis and bronchial inflammation accompanied by chronic
bronchiolitis as the characteristic pathological feature in the lung and
chronic airflow limitation. This disease is not rare in Japan; according to
Izumi’s report regarding the pattern at Kyoto University Hospital (21), the
incidence of DPB appears to be comparable to that of pulmonary emphy-
sema, making it a disease of great significance in respiratory clinics in Japan.
However, incidence of DPB has significantly decreased in recent years.

B. Clinical Findings

Clinical Manifestations

Almost all affected patients have a history of chronic paranasal sinusitis,
usually with onset before adolescence. They often undergo sinus surgery,
but the surgery usually has no significant effect. Chronic cough and copious
sputum are frequent complicating symptoms that may appear at the onset
or following several years of sinus disease, usually occurring in the second to
fifth decade (average age, 39.5 years) (22), although the patients’ ages are
distributed from the first to the seventh decade. In the advanced stage,
patients produce large amounts of purulent sputum and complain of
progressive dyspnea.
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In the early and middle phases of the disease, we find mainly Hemo-

philus influenzae or, less frequently, Streptococcus pneumoniae in the patients’
sputum. In the advanced stages, the patients develop lung destruction and/or
bronchiectasis, and chronic respiratory failure and cor pulmonale progres-
sively exacerbated by the recurrent infection and inflammation. In that
phase, Pseudomonas aeruginosa can invariably be found. The prognosis in
this disease had been very poor. Two-thirds of the patients are nonsmokers,
and there is no sexual predominance. Auscultation of the chest reveals coarse
crackles throughout, but more strongly in the middle and lower lung fields.
Sometimes one can hear wheezes, rhonchi, and/or squawks.

Blood and Serological Studies

Leukocytosis is common, but anemia usually is not found. The level of C-
reactive protein and the erythrocyte sedimentation rate also are increased. In
the serum, increased titers of IgG and IgA are found (23). The rheumatoid
arthritis test often is positive, but the rheumatoid arthritis hemagglutination
test is negative. The most characteristic feature is persistent elevation of cold
agglutinin. The titer is often elevated 4- to 16-fold (�512 to �2048; normal,
<�128) (23,24). It has been reported that cold agglutinin in DPB is
polyclonal, containing IgG and, in some cases, IgA as well as IgM, and has
anti-I specificity (25). These findings are similar to those found in infections,
such as those caused by Mycoplasma species. In DPB, however, tests for
antibody against Mycoplasma pneumoniae are negative.

The percentage of activated (HLA-DR positive) CD4+ and CD8+

lymphocytes in peripheral blood is increased, and both percentages return to
the normal levels after erythromycin therapy (26). No consistent decrease or
defect of serum immunoglobulins (IgG, IgA, IgM, IgD, and IgE) is found,
although the levels of IgG and IgA reactively increase because of the chronic
pulmonary infection.

Lung Imaging Studies

Chest Roentgenography

The chest roentgenogram is characteristic and is very helpful in arriving at
a diagnosis. Typical radiographic findings are diffusely disseminated small
nodular shadows up to 2 mm in diameter with unclear margin, most promi-
nent over both lung bases, and lung hyperinflation caused by air trapping
(Fig. 1). Slight bronchiectasis usually develops at the middle lobe and lin-
gula, appearing as tramlines on the chest roentgenograph. With the pro-
gression of disease, some patients show cystic changes and/or diffuse
bronchiectasis (Fig. 2).
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Nakata and Tanimoto have identified five chest roentgenographic
patterns (27): exclusively overinflation of both lungs (type I); overinflation
with bilateral nodular shadows whose combined area does not exceed the
area of one lung (type II); overinflation with bilateral nodular shadows
throughout the lungs (type III); the type III pattern plus tramlines (type IV);
and the type IV pattern plus cystic shadows and/or pneumonia (type V).

Figure 1 Diffuse panbronchiolitis in a 40-year-old male whose radiographic films
show diffusely disseminated nodular shadows and slight lung hyperinflation.
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Computed Tomography

Computed tomography (CT), especially high resolution computed tomog-
raphy (HR-CT), is useful in the diagnosis of DPB and in evaluating its
progression (Fig. 3). The CT findings of DPB are diffuse, small nodular
shadows located in the centrilobular regions, dilatation of small bronchi
and bronchioles, and bronchial and bronchiolar wall thickening. The small
nodular and linear opacities represent dilated bronchioles filed with

Figure 2 Progressive diffuse panbronchiolitis in a 50-year-old female with chronic

respiratory failure showing extensive cystic bronchiectasis.
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Figure 3 CT images of diffuse panbronchiolitis showing small nodular shadows
located in the centrilobular regions.

The Sinobronchial Syndrome 427



intrabronchial fibrosis or secretion (28). The small rounded opacities are
separated and distributed around the ends of bronchovascular branchings
and in centrilobular regions.

Akira et al. (29) classified the radiographic findings of HR-CT into four
types, as follows: type I, small nodules located around the ends of broncho-
vascular branchings; type II, small nodules located in a centrilobular area
and connected to small linear opacities branching 1 mm apart; type III,
nodules accompanied by ring-shaped or small ductal opacities connected to
proximal bronchovascular bundles; and type IV, large cystic opacities
accompanied by dilated proximal bronchi. They concluded that the classi-
fication based on CT findings reflected the clinical stages and pathological
changes in the course of the disease.

Pulmonary Function Testing

Pulmonary function testing typically discloses marked obstructive impair-
ment, which is characteristic of this disease. In some patients, especially those
with progressive disease, a mixed obstructive–restrictive pattern may be seen.
Hypoxemia, an early and common blood gas abnormality, is associated with
hypercapnia in the late stage. The residual volume (RV) and the ratio of RV
to total lung capacity (RV/TLC) usually increase. The patients finally
succumb to chronic respiratory failure and pulmonary hypertension with
right ventricular failure.

C. Pathological Findings

In the macroscopic view, the cut surface of the lungs is hyperinflated and
many yellowish nodular lesions, 2 to 3 mm or larger in diameter, are seen
scattered throughout the whole of the lung. Bronchiolectasis and bronchiec-
tasis of various degrees are found. The typical pathological features are
thickening of the walls of the respiratory bronchiole with infiltration of
lymphocytes, plasma cells, and histiocytes (Fig. 4). These chronic inflam-
matory lesions are situated in the centrilobular regions. Extension of these
inflammatory changes toward the peribronchiolar tissues also is common. In
the advanced stage, narrowing and constriction of respiratory bronchioli by
infiltration of these cells, proliferation of lymphoid follicles, accumulation of
foamy cells within the wall and neighboring area, and secondary ectasis of
proximal terminal bronchioli are found (20). Pathological changes other
than overinflation are not seen in the alveoli of the distal lobules.

Sato et al. reported that DPB presents bronchus-associated lymphoid
tissue hyperplasia more frequently than other respiratory diseases (30).
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D. Pathogenesis and Genetic Background

The cause of diffuse panbronchiolitis is unknown. The clinical features and
course somewhat resemble those of cystic fibrosis, but there are no systemic
abnormalities involving the endocrine system. The concentration of electro-
lytes in the patient’s perspiration is normal, and DF508-1 mutation of the
cystic fibrosis gene is not found in DPB (31). These results confirm that DPB
is a different disease. Abnormalities associated with other sinobronchial
syndromes, including immotile cilia syndrome, IgA deficiency, and IgG
subclass deficiency, are not found in patients with DPB.

There are many cases of familial DPB in Japan. It is typical for some
siblings of a patient with the disease to have only chronic sinopulmonary
infection or chronic paranasal sinusitis. The frequency of chronic sinusitis
among the family members of DPB patients as analyzed: in the DPB group
(n = 26), 50% of the families had at least one family member who suffered
from chronic sinusitis, in contrast to 18.9% of the families in the control
group (n = 127) (32). These observations suggest that this disease may have
a genetic basis.

Figure 4 Thickening of the wall of the respiratory bronchiole with infiltration of
lymphocytes, plasma cells, and histiocytes. (Hematoxylin and eosin stain; original
magnification � 10.)
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Analysis of HLA in patients with DPB demonstrated that there is a
significant increase in the frequency of HLA-B54 (frequency, 63.2%; relative
risk, 13.30; corrected p value <1.08 � 10�10) in HLA class I and class II
antigens (33). In addition, the frequencies of Cw1 and MC1 (an HLA-DR
related antigen) were slightly increased (33). These increases may be attrib-
utable to the formation by Cw1 and MC1 antigens of a haplotype with
B54. The increased frequency of HLA B54 was independently reported
in another recent study and was confirmed at the nucleotide sequence
level (34).

Analysis of HLA in families of patients with DPB revealed that family
members with chronic sinusitis had the same HLA haplotype as the
member(s) of the same family affected with DPB (Figs. 5 and 6) (32,35).
It was suggested that patients with chronic sinusitis alone and those with
DPB have similar genetic backgrounds and that family members with
chronic sinusitis might be seen as having a mild or incomplete type of
DPB (32). These results suggest that one or some of the genes controlling the
susceptibility or immune responsiveness of DPB may be located near HLA
loci, or the HLA molecule itself may play an important role in the patho-
genesis of the disease (33).

Figure 5 Genetic analysis of HLA in three families of patients with diffuse
panbronchiolitis. The patients with chronic sinusitis alone and those with diffuse
panbronchiolitis have similar HLA haplotypes. (From Ref. 30.)
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Another interesting feature of DPB is that this disease is prevalent
primarily in Japan and is very rare in western countries. Interestingly, the
incidence of HLA B54 antigen in the Japanese population is about 11%,
whereas no whites, blacks, American Indians, or Mexicans have been found
to have this antigen (33). Worldwide, only the Japanese, Chinese (10%), and
Korean (2.8%) populations have demonstrated this unique antigen. These
data suggest that DPB may be rare or nonexistent in races without the B54
or B54-related haplotype. After Sugiyama et al. reported a case of DPB in a
second-generation Korean immigrant to Japan (36), some cases of Korean
and Chinese were reported (37,38). Poletti et al. described the disease in an
Italian man examined at autopsy, the first reported case of DPB in Europe
(39). Randhawa et al. reported two cases occurring in white patients and one
in a Japanese immigrant to North America (40). Another autopsied case, in
an American of Japanese ancestry in Hawaii, was known (41). Since a more
extensive survey would undoubtedly bring to light more cases of DPB in the

Figure 6 Genetic analysis of HLA in two families with DPB; as in Figure 5, the
DPB haplotypes are similar to those for chronic sinusitis alone. (From Ref. 33.)
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population of Japanese ancestry residing outside Japan, the scarcity of such
cases up to now in no way belies the genetic susceptibility to DPB.

Several familial cases of DPB have been reported, but no epidemic
cases have been reported. Although erythromycin has a therapeutic effect on
DPB, the effect might be due to the drug’s anti-inflammatory action, and
there is absolutely no evidence that DPB is caused by an infective agent that
might be unique to Japan. Thus, in a report describing a Hispanic resident
of the United States, the implication of an association with the patient’s
frequent travel to Japan (42) has met with skepticism among Japanese cli-
nicians and researchers.

Baz et al. reported an African-American patient who suffered from the
recurrence of DPB after lung transportation (43), and Fitzgerald et al.
identified DPB in five citizens of the United States, four white and one
Hispanic (44). Further studies will be needed to clarify whether the DPB
in these cases is absolutely identical to that among the Japanese and the
frequencies of DPB in various ethnic populations other than Japanese,
Chinese, and Korean.

In 1999 Park et al. reported a positive association with HLA-A11 in
the Korean patients with DPB (45). This interesting result suggests that
the disease susceptibility gene of DPB might lie between the HLA-A and
HLA-B loci because in Japanese people, the historical recombination around
the disease locus might occur at the near side of the A locus and conversely in
Koreans at the near side of the B locus (Fig. 7). Ten years later Keicho et al.
analyzed genetic markers and predicted the most likely region for the disease
susceptibility gene between these two HLA loci (46).

E. Diffuse Panbronchiolitis and Rheumatoid Arthritis

It is noted with interest that some cases of DPB are accompanied by
rheumatoid arthritis. We have encountered five such cases including one
autopsied case (47) and one case diagnosed after thoracoscopic lung biopsy.
We reported two such cases together with HLA analysis (48). In our HLA
analysis, both cases had the same HLA haplotype, A24-B54-Cw1-DR4 (48).
As described earlier in the chapter, an increase of B54 is found upon HLA
analysis of specimens from DPB patients. This antigen, B54, is known to
form part of the characteristic Japanese haplotype A24/A11-B54-Cw1-DR4
(49). Consequently, the frequency of DR4 was also increased in the DPB
patients in our study (60.0%) compared with the controls (37.9%) (33), and
the increase in the frequency of HLA-DR4 was tentatively attributed to
linkage disequilibrium with the HLA-B54. On the other hand, the associa-
tion of rheumatoid arthritis with HLA-DR4 is well established in various
ethnic groups including the Japanese (50–52). Because the frequency of
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HLA-B54 is significantly increased among patients with DPB and since B54
is correlated with DR4 as the extended haplotype, both DPB and rheumatoid
arthritis have the same HLA haplotype correlation including B54 and DR4.
Therefore, it is likely that more Japanese patients with DPB incidentally
accompanied by rheumatoid arthritis will be encountered in the future (48).
Hayakawa et al. reported the findings for the bronchiolar regions in
rheumatoid arthritis (53). These conditions quite resemble DPB clinically
and pathologically. Further studies will be needed to clarify these similarities.

F. Prognosis and Treatment

Diffuse panbronchiolitis was formerly a chronic and progressive illness with
poor prognosis. Untreated, the 5-year survival rate from the patient’s first

Figure 7 Hypothesis of difference of association in Japanese and Korean DPB
patients.
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visit was poor (42%); and the 10-year survival rate was only 25.4% (54). The
prognosis for DPB patients improved significantly following Kudoh’s
introduction of long-term, low-dose erythromycin therapy. Most patients
are treated with 400 to 600 mg of erythromycin daily. Kudoh et al. dem-
onstrated a marked improvement in subjective (cough, copious sputum, and
dyspnea) and objective (chest radiographic findings and improvement in
hypoxemia) measures of the patients’ condition following prolonged ther-
apy (average, 20 months) (55).

A double-blind, placebo-controlled trial of erythromycin therapy in
DPB confirmed its efficacy in this disease (56). This presumably resulted in
improved prognosis. More recent data disclosed that the 5-year rate survival
had improved to 71.0% for 1980 to 1984 and 93.4% after 1985 (Fig. 8) (57).

Other 14-membered ring macrolides, clarithromycin and roxithromy-
cin, have the same effects as erythromycin (58–60). Azithromycin, a 15-
membered ring macrolide, was reported to be useful, but macrolide josa-
mycin, with a 16-membered ring, not effective (61,62).

Figure 8 Survival curve of patients with diffuse panbronchiolitis: patients
diagnosed after 1985 have better prognosis than those of 1970–1979 and 1980–
1987. (From Ref. 53.)
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III. Mechanisms of Erythromycin Therapy

Because serum and sputum erythromycin levels were below the minimum
inhibitory concentrations for common superinfecting organisms (e.g., H.

influenzae, P. aeruginosa), the improvement could not be attributed to the
drug’s antibacterial action (63). From this point of view, the mechanisms of
long-term erythromycin therapy against DPB have been intensively studied.

Erythromycin interferes with neutrophil chemotaxis and decreases the
number of neutrophils in bronchoalveolar lavage fluid (BALF) following
challenge with gram-negative bacteria (64). It was demonstrated that
marked neutrophilia was present in BALF from patients with DPB and
that erythromycin reduced this neutrophilia (65). Hojo et al. reported that
erythromycin does not directly affect neutrophil functions (66). Erythromy-
cin may suppress neutrophil chemotactic activity such as that of interleukin
8 (IL-8) and/or leukotriene B4 (64) and thus indirectly reduce neutrophilia.

Another possible mechanism of action of erythromycin is suppression
of hypersecretion in airways. Patients with DPB usually expectorate a huge
amount of sputum. Erythromycin inhibits respiratory glycoconjugate secre-
tion from human airways in vitro (67). Tamaoki et al. reported that eryth-
romycin also inhibits chloride ion secretion across canine tracheal epithelial
cells and noted that this action possibly reflects the clinical efficacy of this
antibiotic in the treatment of airway hypersecretion (68). In view of these
reports, Suga et al. administered erythromycin to a patient with bronchio-
alveolar carcinoma with bronchorrhea and obtained marked reduction in
the volume of sputum (69).

Another possible mechanism of action of erythromycin is by way of an
effect on lymphocytes. Sugiyama et al. reported that the percentage of
activated T cells with the expression of HLA-DR decreased in the peripheral
blood of DPB patients after erythromycin therapy (70). In vitro, erythro-
mycin (71) and roxithromycin (72) had a suppressive effect on the prolifer-
ative response of human lymphocytes stimulated with mitogens and antigens.
Keicho et al. reported that erythromycin promotes differentiation of human
monocyte–macrophage lineage, altering the functions of these cells (73).

Additionally, erythromycin suppressed the mortality rate of mice with
P. aeruginosa bacteremia (74) and inhibited the production of elastase by
this bacterium without affecting its proliferation in vitro (75). Takizawa et al.
reported that erythromycin suppressed the expression of IL-6 mRNA by
human bronchial epithelial cells (76). Oishi et al. showed that levels of IL-8
in bronchoalveolar lavage fluid were decreased after erythromycin therapy
(77,78), and Takizawa et al. reported that erythromycin suppressed the ex-
pression of IL-8 from airway epithelial cells (79). The latter condition was
due to the inhibition of transcription factors, NF nB or activator protein-1
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(80,81). Long-term administration of erythromycin also suppressed inflam-
matory cytokine production in rat alveolar macrophages (82). So, this drug
might have a suppressive effect on cytokine expression in human cells, and
this newly identified possible mode of action may have relevance to the
antibiotic’s clinical effectiveness in airway inflammatory diseases.
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Introduction

Wegener’s granulomatosis is an inflammatory condition of unknown cause
that can affect any organ system but most frequently involves the upper
respiratory tract, the lower respiratory tract, and the kidneys (1–5). Although
Wegener’s is often classified as a form of vasculitis, the inflammatory lesions
can include not only arteritis but also granulomas with acute and chronic
inflammation and large areas of tissue necrosis (3–5). Indeed, biopsy specimen
from the upper airways show granulomatous inflammation and necrosis
occuring much more often than vasculitis (5). Respiraory tract involvement
is important because it usually causes the initial symptoms, it frequently
provides sites for biopsy to confirm the diagnosis, and it can result in serious
morbidity or death (5). Treatment with immunosuppressive agents and
prednisone has transformed the course of Wegener’s from a rapidly fatal
disease to a chronic disease that may remit and relapse (5).

In the United States, the annual incidence of Wegener’s is 4 per million
persons, and the prevalence is 3 per 100,000 (6). Men and women are affected
equally (5,7). The average age of patients withWegener’s is approximately 41
years, but onset may occur as early as 8 or as late as 80 (5). Seasonal variance
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in onset of the disease has been noted, with the highest incidence in winter
and the lowest in summer (8). No racial or occupational risk factor has been
identified (5,7).

I. Upper Respiratory Tract Manifestations

More than 70% of patients with Wegener’s present with symptoms of the
ears, nose, sinuses, or throat, and nearly all patients develop upper respiratory
symptoms eventually (Table 1) (5,9–12). Sinusitis is the most common upper
tract manifestation, ultimately occuring in about 85% of patients (5).
Maxillary sinusitis occurs most frequently (Fig. 1), but all sinuses can be
involved (10,11). Initially, the sinusitis of Wegener’s is often difficult to
distinguish from routine sinusitis. Only when the sinusitis proves refractory
to therapy or becomes associated with other features (e.g., saddle nose
deformity, hemoptysis, or hematuria) does the possibility of Wegener’s
become evident (5).

Nasal disease develops in about 70% of patients. Disease of the nose
develops insidiously and is usually bilateral (13). Serosanguinous nasal
drainage is complicated by development of nasal crusting (13). Wegener
himself emphasized the extensive crusting that is present on examination
(1,2). Patients may also describe removing prodigiously large nasal crusts.
The crusting is frequently associated with obstruction of the nasal passages,
pain, and mucosal ulceration and epistaxis (5,13). Upon removal of crusts
under cocaine anesthesia, friable mucosa is revealed (13). Perforation of the
nasal septum or destruction of the bridge of the nose (resulting in the classic
‘‘saddle nose’’ deformity) may develop (13).

Table 1 Frequency of Upper Respiratory Tract
Symptoms in Wegener’s Granulomatosis

Manifestation Onset Ever

Sinusitis 50 85
Nasal involvement 35 70

Otitis media 25 45
Hearing loss 15 40
Subglottic stenosis 1 15

Oral lesions 2 10

Source: Reprinted with permission from Hoffman et al.

Wegener granulomatosis: an analysis of 158 patients.

Ann Intern Med 1992; 116: 488–498.
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Ear involvement (Table 2) occurs in 19 to 61% of patients (14,15).
Serous otitis media, the commonest otological manifestation of Wegener’s, is
caused by blockage of the eustachian tube (15). The ear disease, like the
sinusitis, may precede by months recognition of Wegener’s involving other
organs. Indeed, rarely is Wegener’s diagnosed in patients with ear disease
alone. Wegener’s is one of the few systemic diseases, outside of relapsing
polychondritis, that can cause a red, painful ear from chondritis. That
chondritis spares the ear lobe (where cartilage is absent) helps distinguish

Table 2 Otological Manifestations of Wegener’s Granulomatosis

External ear Chondritis, otitis externa, tympanic membrane granulomata
Middle ear Serous otitis media, suppurative otitis media
Inner ear Sensorineural deafness, vertigo

Facial nerve palsy

Source: Reproduced with permission fromMurty GI. Wegener’s granulomatosis: otorhinolaryn-

gological manifestations. Clin Otolaryngol 1990;15:385–393.

Figure 1 X-ray showing opacification of maxillary sinuses (arrows) in Wegener’s
granulomatosis.
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the red ear of Wegener’s (or relapsing polychondritis) from the red ear of
frostbite or diabetic infection.

Otitis externa may be caused by otitis media or from Wegener’s
involvement. Hearing loss eventually develops in almost half of the patients
and is usually associated with a conductive component (e.g., obstruction of
the ear canal, otitis media) (5,15). Vertigo occurs, but much less frequently
than hearing loss (15). Mastoiditis also frequently complicates the course of
Wegener’s. Other otological manifestations of Wegener’s are vertigo and
facial nerve palsy (14,15). Mastoidectomy is less effective than immunosup-
pressive treatment of the underlying disease.

Tracheal disease in Wegener’s preferentially affects the subglottic area,
where chronic inflammation and scarring cause stenosis (16–34). Subglottic
stenosis occurs in 6 to 25% of patients with Wegener’s (14) and is usually
heralded by stridor or dyspnea on exertion (Fig. 2). Hoarseness, throat pain,
dysplasia, and new-onset ‘‘snoring’’ (actually stridor) may be other mani-
festations of subglottic stenosis. Adolescents and young adults develop

Figure 2 Laryngoscopic appearance of subglottic stenosis in Wegener’s granulo-
matosis. (Image courtesy of Dr. Bernard Marsh.)
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subglottic stenosis more commonly than older adults (5,25). Subglottic
stenosis may be the very first feature of Wegener’s, preceding by months
or years other signs of the disease (25). Biopsies of the subglottic area rarely
show vasculitis (5,25). Management of subglottic stenosis is challenging,
since stenosis may worsen or occur at a time when disease is inactive in other
organs (13,33). Tracheotomy is frequently required (14,25,35). Experience
indicates that local corticosteroid injections help (14,35).

Wegener’s may also diffusely involve the endobronchial tube, produc-
ing a cobblestone appearance on bronchoscopy. Endobronchial Wegener’s
may cause persistent cough. Extensive endobronchial disease may result in
collapse of a portion of the lung.

Wegener’s in the oral pharynx can cause gingival hyperplasia that
originates in the interdental papilla areas and may lead to tooth mobility or
tooth loss (14,36). Ulcerative stomatitis may also occur. Rarely, patients with
Wegener’s present with palatal ulceration or striking enlargement of the
submandibular glands (37). Destructive oral ulcers may be mistaken for
malignancy (14). Wegener’s may also cause parotid gland enlargement,
mimicking Sjögren’s syndrome (37–39).

II. Lower Respiratory Tract Manifestations

Almost half of patients present with pulmonary symptoms or signs, and
ultimately 85% develop lower respiratory tract abnormalities (Table 3) (3,5).
The most common symptoms are cough, hemoptysis, and pleurisy
(3,5,27,40,41). Hemoptysis may rarely be massive. Breathlessness may be
aggravated by anemia.

Table 3 Frequency of Lower Respiratory Tract
Abnormalities in Wegener’s Granulomatosis

Feature Onset Eventual

Infiltrates 25 65

Nodules 25 55
Cough 20 45
Hemoptysis 15 30

Pleuritis 10 30

Source: Reprinted with permission from Hoffman et al.

Wegener granulomatosis: an analysis of 158 patients.

Ann Intern Med 1992; 116:488–498.
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Radiological abnormalities occur even more commonly than chest
symptoms. Indeed, one-third of patients with no lower respiratory tract
symptoms have chest image abnormalities (3,5,41); the most common such
abnormality is multiple nodular infiltrates that tend to cavitate (Figs. 3–5)
(3). Densities usually predominate in the lower lobes, are discrete and 1 cm or
more in diameter, and are multiple and bilateral in two-thirds of cases
(24,42). In contrast to tuberculosis, Wegener’s usually spares the apical or
posterior segments of the upper lobes (27). Hemoptysis may lead to
dramatically appearing alveolar infiltrates. Pleural effusions occur in less
than 10% of patients, and interstitial lung disease (in the absence of super-
imposed opportunistic infection) is rare (3,14). In one series of 225 patients,
only 2 developed interstitial lung disease (14). Hilar adenopathy is so unusual
in Wegener’s that its presence should suggest another diagnosis (3,13).

Computed tomographic (CT) chest images are more sensitive than
chest x-rays and may show abnormal results when the chest x-ray is negative
(43). The most common finding is multiple nodules or masses ranging in size
from 0.3 to 5.0 cm (43–45). The nodules in Wegener’s in some ways resemble
those seen with septic emboli, pulmonary infarcts, and tumor emboli of
hematogenous metastases—that is, the nodules in each of these conditions
have ‘‘feeding vessels’’ and are associated with wedge-shaped lesions abut-

Figure 3 Chest x-ray showing bilateral nodular infiltrates (arrowheads) in a patient
with Wegener’s granulomatosis.
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Figure 5 Chest CT image showing cavitary nodule (arrow) in a patient with
Wegener’s granulomatosis.

Figure 4 Chest CT image showing multiple nodules (arrows) in a patient with

Wegener’s granulomatosis.
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ting the pleura (43). One CT feature that may help distinguish these entities is
that the nodules in Wegener’s show spiculation and linear scarring emanat-
ing from the pulmonary nodules (43).

Pulmonary infarction tests are abnormal in most patients. The most
common abnormality is obstruction, found in 55% (3). About one-third
also show reduction in total lung capacity (3).

III. Pathology

The distinctive histological changes in Wegener’s comprise four findings: (1)
acute and chronic inflammation, (2) granuloma formation, (3) large areas of
tissue necrosis, called ‘‘geographic necrosis,’’ and (4) vasculitis (1–3,5). Only
in large, open-lung biopsy specimens does one regularly find all four
abnormalities (Fig. 6) (5). Percutaneous needle biopsies and transbronchial
biopsies produce results showing vasculitis less than 10% of time (3). Biopsy
and surgical materials from upper respiratory tract specimens rarely dem-
onstrate the entire pathological spectrum (5,25). One center found that only
16% of biopsy samples from the upper respiratory tract demonstrated the
triad of necrosis, vasculitis, and granulomatous inflammation (5). However,
pathologists who are familiar with the distinctive pattern of necrosis seen in
Wegener’s can often recognize the condition in the absence of vasculitis
(5,25). The presence of geographic necrosis and granuloma are especially
suggestive of Wegener’s (3,5). The most useful upper respiratory tract biopsy
sites are, in decreasing order, the sinuses, nose, and subglottic region (5).

In a series of 87 open-lung biopsies from 67 patients, the major
pathological findings were vasculitis, parenchymal necrosis, and granulo-
matous inflammation (46). The vasculitis included arteritis, venulitis, and
capillaritis (46). The necrosis manifested as microabscess and geographic
necrosis (46). Diffuse pulmonary hemorrhage occurred in 3% of the patients
(46). Minor nondiagnostic changes included tissue eosinophilia (47), orga-
nizing intraluminal fibrosis, lipoid pneumonia, lymphoid aggregates, and
bronchiolar changes (including bronchiolitis obliterans) (14).

Figure 6 (A) Lung tissue in Wegener’s granulomatosis showing necrobiosis

consisting of fibrinoid necrosis and giant cells. (Hematoxylin and eosin stain;
magnification � 100.) (B) Lung tissue in Wegener’s granulomatosis showing
granulomatous vasculitis. The media of the vessel is expanded by a granulomatous

process with necrosis. Elastic tissue stain shows the destruction of elastica in the
involved area. (Verhoff, van Gieson stain, magnification � 100.) (Photomicrographs
courtesy of Dr. Frederic Askin.)
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The most common renal biopsy finding in Wegener’s is a focal,
segmental, necrotizing glomerulonephritis (5). Vasculitis outside the glo-
merulus or granuloma appears in less than 10% of specimens (5).

IV. Etiology and Pathogenesis

The cause of Wegener’s is not known. Infections or autoimmunity or both
are thought to participate in the pathogenesis (3,5). The observations that
Wegener’s occurs most commonly in the winter (8) and that some patients,
especially those with disease limited to the respiratory tract appear to
improve with trimethoprim–sulfamethoxazole therapy (5,48) have suggested
an infectious etiology. However, no specific infectious disease agent has been
identified. Other observations—the multisystem nature of the disease, the
response to immunosuppressive therapy, and the presence of a novel auto-
antibody (the antineutrophil cytoplasmic antibody)—have suggested that
Wegener’s is an autoimmune disease (15,49–55). It is also possible that the
pathogenesis of Wegener’s is due to an interplay of infections and auto-
immune mechanisms.

Most recently work has focused on the putative role of antineutro-
philic cytoplasmic antibody (ANCA) in the pathogenesis of Wegener’s (55–
58). There are two main types of ANCA that differ in their antigenic targets
and their association with Wegener’s. Cytoplasmic ANCA (C-ANCA) is
directed against serine protease, an enzyme contained in the cytoplasmic
granules of polymorphonuclear cells and macrophages. The sensitivity of C-
ANCA for active Wegener’s correlates with the extent of disease, ranging
from 70% in limited to Wegener’s to 96% in multisystem Wegener’s. The
perinuclear ANCA (P-ANCA) pattern is produced by antibodies directed
against other lysosomal enzymes, most frequently myeloperoxidase (59).
Studies have shown that when polymorphonuclear cells are primed with
tumor necrosis factor, small amounts of serine proteinase and myeloperox-
idase are translocated from the cytoplasm to the cell surface (55). In the
presence of ANCA, these primed polymorphonuclear cells degranulate and
relase destructive superoxide products (55). These observations invite spec-
ulation that ANCA may be pathogenic in Wegener’s (60–64).

V. Diagnosis

The diagnosis of Wegener’s can be made confidently when the clinical picture
is compatible, the pathology is consistent, and stains and cultures have ruled
out other causes (infections, tumor) (5). The triad of upper respiratory tract
disease, lower respiratory tract disease, and glomerulonephritis gives the
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classic clinical picture. However, many patients present with disease limited
to one or two regions. While the classic clinical triad is not required for
diagnosis, pathological confirmation is needed. As noted, small upper
respiratory biopsy samples rarely show the entire range of pathological
changes, but in the hands of a skilled pathologist, changes very suggestive
of Wegener’s can often be identified.

The C-ANCA pattern is 90 to 98% specific and 60 to 90% sensitive for
the diagnosis of Wegener’s (49). The P-ANCA pattern occurs in 5 to 30% of
Wegener’s patients but is not specific: P-ANCA occurs in a wide variety of
disease including polyarthritis, systemic lupus erythematosus, and inflam-
matory bowel disease (49,56).

The high specificity of the C-ANCA raises the question of whether the
traditional practice of always seeking biopsy confirmation should still be
followed. However, the seriousness of Wegener’s, the toxicity of the treat-
ment, and the reports of false-positive C-ANCAs should continue to make
biopsy confirmation desirable in almost all cases.

VI. Differential Diagnosis

With upper respiratory tract symptoms, the chief diagnostic dilemma is
distinguishing Wegener’s from common self-limited infectious diseases. The
possibility of Wegener’s should be considered when symptoms fail to
respond to antibiotics or are associated with unusual features (e.g., saddle
nose, stridor, proptosis, scleritis, weight loss, hematuria).

Other chronic diseases of upper and lower airways must be distin-
guished from Wegener’s. Sarcoidosis can affect the nose, sinuses, and lung.
Chest CT images may help with the distinction: hilar adenopathy is classic in
sarcoidosis but very rare in Wegener’s. Lung cancer can resemble Wegener’s
in causing pulmonary nodules and masses. Tracheal involvement can be
seen with many diseases but few of these regularly involve the subglottic
region as Wegener’s does (25). Lymphoma may involve any site, inclding the
nose, and must be differentiated from Wegener’s. Syphilis, tuberculosis,
fungal infections (e.g., histoplasmosis), lymphomatoid granulomatosis, and
Churg–Strauss vasculitis and metastatic carcinoma can all mimic upper and
lower respiratory tract signs of Wegener’s. Thus, biopsy specimens are
useful not only for what they show but also for what they help exclude.

VII. Treatment

The treatment of Wegener’s has become dramatically more effective over the
last 50 years. In the precorticosteroid era, more than 80% of patients with
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generalizedWegener’s died within 2 years (3,65). The use of corticosteroids in
the 1950s had little effect on outcome. However, in the 1970s, the National
Institutes of Health revolutionized the treatment with the demonstration of
the efficacy of using both prednisone (begun at 1 mg/kg/day for 1 month then
tapered) and oral, daily cyclophosphamide (at 2 mg/kg/day). Of the patients
so treated with prednisone and cyclophosphamide, 91% improved and 75%
achieved remission (5). Similar regimens have resulted in a 10-year survival
rate of 90% (66). Gradually, however, the limits of the efficacy and the
sobering toxicity of chronic, daily cyclophosphamide became evident. For
example, 25% of patients never achieved remission, and half of those who
remitted later relapsed (5). In addition, patients treated with daily, chronic
cyclophosphamide demonstrated a staggering accumulation of side effects,
including a 2.4-fold increased risk of developing cancer, a 40% chance of
developing hemorrhagic cystitis, and a 60% chance of ovarian failure (5).
These data prompted trials of intravenousmonthly, pulse cyclophosphamide,
which had been shown to be as effective but less toxic in treating lupus
nephritis. Unfortunately, most of the studies suggest that intravenous, pulse
cyclophosphamide is less effective in treating Wegener’s (65).

Over the last 15 years, two other strategies for reducing toxicity have
emerged. The first is to use immunosuppressive agents other than cyclo-
phosphamide. The best tested regimen has been the combination of predni-
sone and methotrexate (65). Methotrexate is usually taken orally, once a
week, in doses of 15 to 25mg. Several studies have shown that prednisone and
methotrexate can effectively treat some patients with Wegener’s (65–70).
There are at least three important caveats: (1) methotrexate and prednisone
have been shown to be effective only for patients who do not have ‘‘imme-
diately life-threatening’’ disease, since methotrexate and prednisone have not
been shown to be effective for treating life-threatening disease; (2) metho-
trexate is contraindicated in patients who have renal insufficiency (e.g., serum
creatinine > 2.0 mg/dL) or liver disease or are pregnant; and (3) while most
patients treated with methotrexate improve, virtually all relapse if metho-
trexate is stopped.

The second strategy for treating Wegener’s has been to use daily, oral
cyclophosphamide for a brief ‘‘induction phase’’ (e.g., 3–6 months) and then
stop cyclophosphamide while starting another, more benign immunosup-
pressive drug such as methotrexate or azathioprine for maintenance (65,71).
Although little experience with this approach has accumulated, it appears to
be effective for patients with either generalized or limited disease, and it
appears to be less toxic than the standard regimen of chronic cyclophospha-
mide therapy (71).

Trimethoprim–sulfamethoxazole (TMP-S) has three possible roles in
Wegener’s: preventing relapse, preventing Pneumocystis carinii pneumonia
and treating activeWegener’s. The first two roles of TMP-S have been proven
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(48,65). The efficacy of using TMP-S to treat Wegener’s is controversial, and
the drug has never been formally tested in a randomized, controlled trial
(5,65). TMP-S appears unlikely to be effective for patients with severe disease.

The toxicity of daily oral cyclophosphamide can be reduced by follow-
ing several guidelines. The dose of cyclophosphamide should be adjusted for
the patient’s age and renal function. The duration of therapy should be as
brief as possible. Patients should be instructed to drink at least 6 glasses of
fluid daily to decrease the risk of hemorrhagic cystitis (65). Patients on
cyclophosphamide should also receive prophylactic treatment against Pneu-
mocystis carinii pneumonia and should have complete blood counts often
(e.g., every 15 days). The dose of cyclophosphamide should be adjusted to
prevent or minimize leukopenia; it is not necessary to achieve leukopenia with
cyclophosphamide to achieve remission (65).

Studies indicate that C-ANCA titers do not correlate well enough with
disease activity to allow serial changes to dictate therapy. For example, Kerr
et al., in a study of 106 patients, found that serial titers correlated with a
change in activity of disease in only 64% of patients (72). Moreover, a rise in
C-ANCA titer preceded flare-up ofdisease in only 24% of cases (72).

Local care is also important in upper respiratory tract disease (65).
Saline nasal spray helps reduce nasal crusting. Antibiotics are often needed to
treat superinfection of sinuses or ears (5). Local corticosteroid injections may
help patients with subglottic involvement to avoid tracheotomy (35,54,56).
For patients with significant stenosis, carbon dioxide laser surgery is usually
ineffective (14). Some physicians favor endoscopic dilation when possible
(14). Others approach the problem with aggressive surgical management,
with splitting of the anterior ring and posterior body of the cricoid cartilage
followed by costal cartilage and skin grafting (35).
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6. González-Gay MA, Garcia-Porrua C. Epidemiology of the vasculitides. In:
Stone J, Hellmann DB, eds. Rheumatic Disease Clinics of North America.
Philadelphia: WB Saunders, 2001:729–749.

7. Cotch MF, Hoffman GS, Yerg DE, Kaufman GI, Targonski P, Kaslow RA.
The epidemiology of Wegener’s granulomatosis. Estimates of the five-year
period prevalence, annual mortality, and geographic disease distribution from

population-based data sources. Arthritis Rheum 1996; 39:87–92.
8. Raynauld J-P, Bloch DA, Fries JF. Seasonal variation in the onset of

Wegener’s granulomatosis, polyarteritis nodosa and giant cell arteritis. J Rheu-

matol 1993; 20:1524–1526.
9. Brown HA, Woolner LB. Findings referable to the upper part of the respiratory

tract in Wegener’s granulomatosis. Ann Otol Rhinol Laryngol 1960; 69:810–

829.
10. Kornblut AD, Wolff SM, DeFries HO, Fauci AS. Wegener’s granulomatosis.

Laryngoscope 1980; 90:1453–1465.
11. Fauci AS, Wolff SM. Wegener’s granulomatosis: studies in eighteen patients

and a review of the literature. Medicine 1973; 52:535–561.
12. Kornblut AD, Wolff SM, DeFries HO, Fauci AS. Wegener’s granulomatosis.

Otolaryngol Clin North Am 1982; 15:673–683.

13. McDonald TJ, DeRemee RA. Wegener’s granulomatosis. Laryngoscope 1983;
93:220–231.

14. Leavitt RY, Fauci AS. Less common manifestations and presentations of

Wegener’s granulomatosis. Curr Opin Rheumatol 1992; 4:16–22.
15. Murty GE. Wegener’s granulomatosis. otorhinolaryngological manifestations.

Clin Otolaryngol 1990; 15:385–393.

16. Thomas K. Laryngeal manifestations of Wegener’s granuloma. J Laryngol Otol
1970; 84:101–106.

17. Atkins JP, Eisman SH. Wegener’s granulomatosis. Ann Otol Rhinol Laryngol
1959; 68:524–547.

18. Kurita S, Hirano M. Wegener’s granuloma localized in the larynx: report of a
case. Auris Nasus Larynx 1983; 10:S97–S104.

19. Terent A, Wibell L, Lindholm CE, Wilbrand H. Laryngeal granuloma in the

early stages of Wegener’s granulomatosis. J Otorhinolaryngol Relat Spec 1980;
42:258–265.

20. Hirsch MM, Houssiau FA, Collard P, Devegelaer J-P, deDeuxchaisnes CN. A

rare case of bronchial stenosis in Wegener’s granulomatosis. Dramatic response
to intravenous cyclophosphamide and oral cotrimoxazolle. J Rheumatol 1992;
19:821–824.

21. Arauz JC, Fonseca R. Wegener’s granulomatosis appearing initially in the

trachea. Ann Otol Rhinol Laryngol 1982; 91:593–594.
22. Kulis JC, Nequin ND. Tracheo-esophageal fistula due to Wegener’s granu-

lomatosis. J Am Med Assoc 1965; 191:148–149.

23. Talerman A, Wright D. Laryngeal obstruction due to Wegener’s granuloma-
tosis. Arch Otolaryngol 1972; 96:376–379.

24. Lampman JH, Querubin R, Kondapalli P. Subglottic stenosis in Wegener’s

granulomatosis. Chest 1981; 79:230–232.

Hellmann456



25. Hellmann D, Laing T, Petri M, Jacobs D, Crumley R, Stulbarg M. Wegener’s
granulomatosis: isolated involvement of the trachea and larynx. Ann Rheum
Dis 1987; 46:628–631.

26. Waxman J, Bose WJ. Laryngeal manifestations of Wegener’s granulomatosis.
case reports and review of the literature. J Rheumatol 1986; 13:408–411.

27. Carrington CB, Liebow AA. Limited forms of angiitis and granulomatosis of

Wegener’s type. Am J Med 1969; 41:497–527.
28. Cohen SR, Landing BH, King KK, Isaacs H. Wegener’s granulomatosis

causing laryngeal and tracheobronchial obstruction in an adolescent girl. Ann

Otol Rhinol Laryngol 1978; S87:15–19.
29. Thomas K. Laryngeal manifestations of Wegener’s granuloma. J Laryngol Otol

1970; 84:101–106.

30. Bohlman ME, Ensor RE, Goldman SM. Primary Wegener’s granulomatosis of
the trachea: radiologic manifestations. South Med J 1984; 77:1318–1319.

31. Cohen MI, Gore RM, August CZ, Ossoff RH. Tracheal and bronchial stenosis
associated with mediastinal adenopathy in Wegener’s granulomatosis: CT

findings. J Comput Assist Tomogr 1984; 8:327–329.
32. McDonald TJ III, Neel HB, DeRemee RA. Wegener’s granulomatosis of the

subglottis and the upper portion of the trachea. Ann Otol Rhinol Laryngol

1982; 91:588–592.
33. Shah IA, Holstege A, Riede UN. Bioptic diagnosis of Wegener’s granuloma-

tosis in the absence of vasculitis and granulomas. Pathol Res Pract 1984;

178:407–412.
34. Walton EW. Giant-cell granuloma of the respiratory tract (Wegener’s granu-

lomatosis). Br Med J 1958; 265–270.

35. McCaffrey TV. Management of subglottic stenosis in the adult. Ann Otol
Rhinol Laryngol 1991; 100:90–94.

36. Handlers JP, Waterman J, Abrams AM, Melrose RJ. Oral features of
Wegener’s granulomatosis. Arch Otolaryngol 1985; 111:267–270.

37. Specks U, Colby TV, Olsen KD, DeRemee RA. Salivary gland involvement in
Wegener’s granulomatosis. Arch Otolaryngol Head Neck Surg 1991; 117:218–
223.

38. Murty GE, Mains BT, Bennett MK. Salivary gland involvement in Wegener’s
granulomatosis. J Laryngol Otol 1990; 104:259–261.

39. Stuckey SL, Smart PJ. Wegener’s granulomatosis: parotid involvement

and associated pancreatitis with CT findings. Australas Radiol 1992; 36:343–
346.

40. Brandwein S, Esdaile J, Danoff D, Tannenbaum H. Wegener’s granulomatosis.
Clinical features and outcome in 13 patients. Arch Intern Med 1983; 143:476–

479.
41. Flye MW, Mundinger GH, Fauci AS. Diagnostic and therapeutic aspects of the

surgical approach to Wegener’s granulomatosis. J Thorac Cardiovasc Surg

1979; 77:331–337.
42. Grotz W, Mundinger A, Wurtemberger G, Peter HH, Schollmeyer P. Radio-

graphic course of pulmonary manifestations of Wegener’s granulomatosis

under immunosuppressive therapy. Chest 1994; 105:509–513.

Wegener’s Granulomatosis in the Airways 457



43. Kuhlman JE, Hruban RH, Fishman EK. Wegener granulomatosis: CT features
of parenchymal lung disease. J Comput Assist Tomogr 1991; 15:948–952.

44. Papiris SA, Manoussakis MN, Drosos AA, Kontogiannis D, Constantopoulos

SH, Moutsopoulos HM. Imaging of thoracic Wegener’s granulomatosis: the
computed tomographic appearance. Am J Med 1992; 93:529–536.

45. Pretorius ES, Stone JH, Hellmann DB, Fishman EK. Wegener’s granuloma-

tosis: spectrum of CT findings in diagnosis, disease progression and response to
therapy. Crit Rev Diagn Imaging 2000; 41:279–313.

46. Travis WD, Hoffman GS, Leavitt RY, Pass HI, Fauci AS. Surgical pathology

of the lung in Wegener’s granulomatosis. Review of 87 open lung biopsies from
67 patients. Am J Surg Pathol 1991; 15(4):315–333.

47. Yousem SA, Lombard CM. The eosinophilic variant of Wegener’s granulo-

matosis. Hum Pathol 1988; 19:682–688.
48. Stegeman CA, Tervaert JWC, DeJong PE, Kallenberg CGM. Trimethoprim–

sulfamethoxazole (Co-trimoxazole) for the prevention of relapses of Wegener’s
granulomatosis. N Engl J Med 1996; 335:16–20.

49. Rao JK, Weinberger M, Oddone EZ, Allen NB, Landsman P, Feussner JR.
The role of antineutrophil cytoplasmic antibody (c-ANCA) testing in the
diagnosis of Wegener granulomatosis. Ann Intern Med 1995; 123:925–932.

50. Reinhold-Keller E, Kekow J, Schnabel A, Schmitt WH, Heller M, Beigel A,
Duncker G, Gross WL. Influence of disease manifestation and antineutrophil
cytoplasmic antibody titer on the response to pulse cyclophosphamide therapy

in patients with Wegener’s granulomatosis. Arthritis Rheum 1994; 37:919–924.
51. Hollander D, Manning RT. The use of ankylating agents in the treatment of

Wegener’s granulomatosis. Ann Intern Med 1967; 67:393–398.

52. Hoffman GS, Leavitt RY, Fleisher TA, Minor JR, Fauci AS. Treatment of
Wegener’s granulomatosis with intermittent high-dose intravenous cyclophos-
phamide. Am J Med 1990; 89:403–410.

53. Hoffman GS, Leavitt RY, Kerr GS, Fauci AS. The treatment of Wegener’s

granulomatosis with glucocorticoids and methotrexate. Arthritis Rheum 1992;
35:1322–1329.

54. Sneller MC, Hoffman GS, Talar-Williams C, Kerr GS, Hallahan CW, Fauci

AS. An analysis of forty-two Wegener’s granulomatosis patients treated with
methotrexate and prednisone. Arthritis Rheum 1995; 38:608–613.

55. Falk RJ, Terrell RS, Charles LA, Jennette JC. Anti-neutrophil cytoplasmic

autoantibodies induce neutrophils to degranulate and produce oxygen radicals
in vitro. Proc Natl Acad Sci U S A 1990; 87:4115–4119.

56. Lebovics RS, Hoffman GS, Leavitt RY, Kerr GS, Travis WD, Kammerer W,
Hallahan C, Rottem M, Fauci AS. The management of subglottic stenosis in

patients with Wegener’s granulomatosis. Laryngoscope 1992; 102:1341–1345.
57. Jinnah HA, Dixon A, Brat DJ, Hellmann DB. Chronic meningitis with cranial

neuropathies in Wegener’s granulomatosis: case report and review of the

literature. Arthritis Rheum 1997; 40:573–577.
58. Ludeman J, Utecht B, Gross WL. Antineutrophil cytoplasm antibodies in

Hellmann458



Wegener granulomatosis recognize an elastinolytic enzyme. J Exp Med 1990;
171:357–367.

59. Falk RJ, Jeannette JC. Anti-neutrophil cytoplasmic autoantibodies with speci-

ficity for myeloperoxidase in patients with systemic vasculitis and idio-
pathic necrotizing and crescentic glomerulonephritis. N Engl J Med 1988; 318:
1651–1657.

60. Nolle B, Specks U, Ludemann J, Rohrbach MS, DeRemee RA, Gross WL.
Anticytoplasmic autoantibodies: their immunodiagnostic value in Wegener
granulomatosis. Ann Intern Med 1989; 111:28–40.

61. Jeannette JC. Antineutrophil cytoplasmic autoantibody-associated diseases: a
pathologist’s perspective. Am J Kidney Dis 1991; 18:164–170.

62. Gross WL, Schmitt WH, Csernock E. Antineutrophil cytoplasmic autoanti-

body-associated diseases: a rheumatologist’s perspective. Am J Kidney Dis
1991; 18:175–179.

63. Gross WL, Csernok E, Helmchen U. Antineutrophil cytoplasmic autoanti-
bodies, autoantigens, and systemic vasculitis. APMIS 1995; 103:81–97.

64. Russell KA, Specks U. Are antineutrophil cytoplasmic antibodies pathogenic?
Experimental approaches to understand the antineutrophil cytoplasmic anti-
body phenomenon. In: Stone J, Hellmann DB, eds. Rheumatic Disease Clinics

of North America. Philadelphia: WB Saunders, 2001:815–832.
65. Regan MJ, Hellmann DB, Stone JH. The Treatment of Wegener’s Gran-

ulomatosis. In: Stone J, Hellmann DB, eds. Rheumatic Disease Clinics of

North America. Philadelphia: WB Saunders, 2001:863–886.
66. Reinhold-Keller E, Beuge N, Latza U, et al. An interdisciplinary approach to

the care of patients with Wegener’s granulomatosis. Long-term outcome in 155

patients. Arthritis Rheum 2000; 43:1021–1032.
67. Stone J, Tun W, Hellmann D. Treatment of non–life threatening Wegener’s

granulomatosis with methotrexate and daily prednisone as the initial therapy of
choice. J Rheumatol 1999; 26:1134–1139.

68. Langford CA, Talar-Williams C, Sneller MC. Use of methotrexate and gluco-
corticoids in the treatment of Wegener’s granulomatosis. Long-term renal out-
come in patients with glomerulonephritis. Arthritis Rheum 2000; 43:1836–1840.

69. Hoffman GS, Leavitt RY, Kerr GS, et al. The treatment of Wegener’s
granulomatosis with glucocorticoids and methotrexate. Arthritis Rheum 1992;
35:1322–1329.

70. DeGroot K, Muhler M, Reinhold-Keiler E, et al. Induction of remission in
Wegener’s granulomatosis with low dose methotrexate. J Rheumatol 1998;
25:492–495.

71. Langford CA, Talar-Williams C, Barron KS, et al. A staged approach to the

treatment of Wegener’s granulomatosis. Arthritis Rheum 1999; 42:2666–2673.
72. Kerr GS, Fleisher TA, Hallahan CW, Leavitt RY, Fauci AS, Hoffman GS.

Limited prognostic value of changes in antineutrophil cytoplasmic antibody

titer in patients with Wegener’s granulomatosis. Arthritis Rheum 1993; 36:365–
371.

Wegener’s Granulomatosis in the Airways 459





19

Manifestation of Sarcoidosis in the Upper
and the Lower Airways

DAVID R. MOLLER and IRINA PETRACHE

The Johns Hopkins University
Baltimore, Maryland, U.S.A.

Introduction

Sarcoidosis is recognized as a multisystem granulomatous disease of
unknown origin characterized by noncaseating granulomas and infiltration
by activated, cytokine-producing T cells and macrophages at sites of inflam-
mation. Although the disease most commonly affects the lower respiratory
tract and intrathoracic lymph nodes, symptomatic involvement of the upper
respiratory tract including the nose, sinuses, larynx, or trachea is seen in ap-
proximately 10% of patients and is responsible for considerable morbidity.
Involvement of the intrathoracic airways in sarcoidosis is common and
typically presents with dyspnea, cough, and airflow limitation. This chapter
reviews the spectrum of manifestations of sarcoidosis of the upper respira-
tory tract and lower airways, as well as the state of our knowledge regarding
the immunopathogenesis of sarcoidosis and new therapeutic strategies for
the treatment of this disease.

I. General Features

Sarcoidosis is a disease characterized by noncaseating epithelioid granulo-
mas in multiple organ systems (90). Granulomas are typically accompanied
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by activated T cells, macrophages, and giant cells. Although any organ of
the body can be affected, the lungs or intrathoracic lymph nodes are in-
volved in over 90% of patients with sarcoidosis. Eye and skin involvement is
seen in approximately 20% of patients, and symptomatic involvement of
other organ systems occurs less frequently. Sarcoidosis of the upper re-
spiratory tract is found in approximately 10% of patients, often in patients
with pulmonary involvement (75,84).

There are considerable geographic and racial differences in the fre-
quency of the disease. The prevalence of sarcoidosis ranges from 10 to 40
cases per 100,000 population in North America, Britain, and southern
Europe, but fewer than 10 per 100,000 in Japan (50). Higher prevalence
rates have been noted in Scandinavian countries, among Irish women in
London, and among African Americans in southeastern United States.
In the United States, the age-adjusted annual incidence rate has been esti-
mated at 35.5 per 100,000 for blacks (46) and 10.9 for whites (19). Women
appear to be more frequently affected than men in almost all studies. The
usual age of onset of sarcoidosis is from 20 to 40 years, with a second peak
after age 50 in women from Japan and Scandinavia (50).

The clinical presentations of sarcoidosis vary greatly (102,129).
Approximately 35 to 50% of individuals are asymptomatic but have
sarcoidosis diagnosed after an incidental radiographic finding of bilateral
hilar adenopathy. In other patients, sarcoidosis presents in an acute or
subacute form. Löfgren’s syndrome is characterized by an abrupt onset of
erythema nodosum, fevers, and often polyarthritis and uveitis in association
with bilateral hilar adenopathy (74). Subacute, symptomatic presentations
of sarcoidosis most frequently involve the respiratory system and are
typically associated with pulmonary infiltrates. Extrapulmonary sarcoidosis
dominates the clinical picture in 10 to 20% of patients, who may have no
clinically significant pulmonary disease. There is heterogeneity in the clinical
presentation and severity of disease among different populations. Several
studies suggest sarcoidosis is more severe and chronic in black populations
(55,60,102,129). Erythema nodosum is more commonly seen among Cau-
casian and Scandinavian populations than in blacks. In Japan, cardiac
sarcoidosis accounts for as many as 50% of cases of sarcoidosis, at least 5 to
10 times the reported prevalence found in North American or European
studies of sarcoidosis (56).

The etiology of sarcoidosis remains unknown (24,92). Genetic sus-
ceptibility to sarcoidosis is likely, given that familial clustering of the
diseases occurs in 5 to 17% of patients, with monozygotic twins more
frequently affected than dizygotic twins (21,119). Studies of HLA pheno-
typing and genotyping among different ethnic groups have demonstrated
specific HLA types with disease presentations such as DR17 and bilateral
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hilar adenopathy or erythema nodosum in Swedish patients, DR15 and
DR5 in chronic disease, and DRw52 and limited disease in Japanese pa-
tients (120). One study reported an association between sarcoidosis and
major histocompatibility complex (MHC) haplotypes containing glutamine
at position 69 of the DPh1-chain that are known to be risk factors for
susceptibility to chronic beryllium disease (78,114). These results have not
been confirmed in larger studies (80).

Recently, a multicenter case–control study of the etiology of sarcoi-
dosis (ACCESS), funded by the National Heart, Lung, and Blood Institute,
was established to develop clues to the cause of sarcoidosis. Preliminary
analysis of the study results, presented at the American Thoracic Society
International Conference in 2000, demonstrated positive associations
between sarcoidosis and agricultural employment, and exposures to insecti-
cides or mold or mildew at work. The odds ratios for these associations were
modest, around 1.5, but statistically significant. Perhaps the most notable
result was the lack of evidence for sarcoidosis association and previously
hypothesized environmental factors such as exposure to metals, wood dusts,
and pine pollens, and the lack of one or more dominant exposures positively
associated with sarcoidosis risk. A strong familial association with sarcoi-
dosis was confirmed by this study, as was a negative association with
cigarette smoking (121).

An infectious cause of sarcoidosis has been postulated since the early
delineation of the disease. The search for infectious causes of sarcoidosis
has utilized a variety of culture techniques and more recently, polymerase
chain reaction methods to identify microbial DNA in patients with sarcoi-
dosis. Traces of mycobacterial DNA or RNA have been reported in 0 to
75% of tissues from patients with sarcoidosis but have also been found in
significant numbers of control specimens (81). Japanese investigators have
found high numbers of Proprionibacterium acnes or P. granulosum DNA
genomes in over 90% of lymph node samples from patients with sarcoi-
dosis, with only low levels of these bacterial DNA from control samples
(53). Preliminary reports suggest that these findings have been confirmed
in European and North American patients with sarcoidosis by these work-
ers in collaborative studies (Sixth World Association of Sarcoidosis and
Other Granulomatous Diseases, Kumamoto, Japan). However, the role of
P. acnes in sarcoidosis remains uncertain, given the presence of these
organisms in normal tissues and the lack of specificity in the immune
responses to these organisms in patients with sarcoidosis. High antibody
titers to viruses [e.g., Epstein–Barr virus (EBV), type 6 human T-cell leu-
kemia virus (HTLV-1)], and bacteria (Borrelia burgdorferi, Chlamydia,
others) are likely the result of nonspecific hypergammaglobulinemia and
not representative of specific infectious agents in sarcoidosis. Despite these
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inconclusive reports, observations that transplant recipients with sarcoi-
dosis develop granulomas in their allografts and that disseminated granulo-
matous inflammation has developed in nonsarcoidosis patients transplanted
with organs from donors with sarcoidosis support the possibility that sar-
coidosis is caused by a transmissible agent (9,48).

Reports of time–space clustering, seasonal variation, and occupational
associations (e.g., health care workers, firefighters) suggest that environ-
mental exposures could trigger the onset of sarcoidosis (24,50). Chronic
beryllium disease, a granulomatous lung disease found in a minority of
workers exposed to beryllium dusts, is histologically identical to pulmonary
sarcoidosis, supporting the possibility that noninfectious, environmental
factors may play a causal role in sarcoidosis (26). The lack of systemic
features typical of sarcoidosis in chronic beryllium disease suggests that
beryllium is not a direct cause of sarcoidosis throughout the world.

Without a clearly defined environmental or infectious etiology of sar-
coidosis, other investigators have suggested that sarcoidosis is a form of
autoimmune disease. Consistent with this possibility, sarcoidosis is associa-
ted with hypergammaglobulinemia, immune complex formation, abnor-
mally high antibody titers to a variety of infectious agents, and cytokine
dysregulation (62,92).

A diagnosis of sarcoidosis is established on the basis of a compatible
clinical picture, evidence of noncaseating granulomas on biopsy of involved
tissues, and exclusion of malignancy, infectious granulomatous disorders
such as tuberculosis or fungal disease, and environmental granulomatous
disorders. A biopsy sample of a skin nodule, a superficial lymph node, a
lacrimal gland, nasal mucosae, or conjunctivae may provide histological
confirmation of a diagnosis of sarcoidosis when these tissues are inflamed.
Commonly, bronchoscopic biopsy is employed to confirm a diagnosis of
pulmonary sarcoidosis.

The clinical course is highly variable in sarcoidosis (102,129). Overall,
50 to 65% of patients will undergo spontaneous remission, usually (>85%)
within the first 2 years. Over 80% of patients with Löfgren’s syndrome have
spontaneous remissions, usually within several months. Other patients have
persistent pulmonary inflammation that results in progressive fibrocystic
changes and respiratory insufficiency. Estimates of patients with clinically
apparent sarcoidosis who die as a result of their disease, usually from
pulmonary or cardiac involvement, range from under 1% to 6% (38,102,
129). An analysis of mortality data from U.S. hospitals from 1979 to 1991
found that 0.02% of the total deaths in the United States were caused by
sarcoidosis (38). In the United States, age-adjusted mortality rates were
found to be consistently higher in blacks than in whites, supporting the
clinical impression of more serious disease in the former group, although
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the results may also reflect a higher incidence of the disease in this popu-
lation (38,112).

The standard treatment for sarcoidosis is corticosteroid therapy for
patients with progressive organ dysfunction. Although there is general
agreement that corticosteroids can improve organ function in most patients,
controversy continues over whether steroid treatment alters the long-term
course of the disease (24). Alternative therapies are available for selected
clinical presentations including upper respiratory tract sarcoidosis (see Sec.
II). For example, hydroxychloroquine, chloroquine, or methotrexate may
be useful in mucocutaneous disease (130). Limited data on the effectiveness
of other nonsteroidal alternatives in pulmonary and visceral sarcoidosis
have led to controversies over the roles of these agents in the management
of sarcoidosis.

II. Sarcoidosis of the Upper Respiratory Tract (SURT)

Sarcoidosis of the upper respiratory tract has been described in 5 to 17% of
patients, usually in those with long-standing disease (57,58,100,148). In
children, sarcoidosis of the upper respiratory tract is rare, with only
anecdotal case reports in the literature (117). The nasal mucosa and over-
lying skin, nasal bone, nasopharyngeal and sinusal mucosa, and laryngeal
structures may be involved with granulomatous inflammation. Lupus
pernio, a particularly disfiguring form of cutaneous sarcoidosis of the face,
in which violaceous plaques and nodules cover the nasal alae, nose, cheeks,
eyelids, ears, and neckline, is a common accompaniment of nasal sarcoidosis
(57,58,100). In 1889, Besnier coined the term ‘‘lupus pernio’’ in one of the
earliest known patients with sarcoidosis who had cutaneous facial nodules
and nasal mucosal lesions (15).

A. Sinonasal Manifestations

SURT commonly affects the nasal mucosa of the septum and inferior
turbinates and sinus tissues. Presenting symptoms of nasal sarcoidosis
include nasal congestion, dizziness, crusting, epistaxis, anosmia, rhinorrhea,
or sinusitis (67,100). Nasal congestion may be severe and is often unre-
sponsive to decongestants and inhaled nasal steroids. Granulomatous in-
flammation may cause destruction of contiguous bone, leading to nasal
septal perforation and a ‘‘saddle nose’’ deformity, particularly in patients
who have undergone submucous resection (66,67,87). The authors have also
treated two patients with orbital bone destruction secondary to the effects
of granulomatous inflammation in the maxillary sinus. Palatal perforation
has also been described. Granulomatous inflammation of the maxillary,
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ethmoid, and sphenoid sinuses in sarcoidosis manifests with congestion,
pain, and swelling, and often, recurrent infectious sinusitis. One report
documented a case of mucormycosis in a patient with nasal sarcoidosis who
presented with necrotic nasal discharge, proptosis, or periorbital edema (4).

B. Oropharyngeal Manifestations

Granulomatous inflammation of salivary, parotid, and lacrimal glands may
result in enlarged, tender glands in less than 5% of patients with sarcoid-
osis (75,84). Involvement of these tissues may result in a sicca syndrome
(i.e., dry mouth and dry eyes). Occasionally, parotid enlargement is mas-
sive, mimicking mumps. A presentation of fever, parotid enlargement,
facial palsy, and uveitis with bilateral hilar adenopathy, known as uveo-
parotid fever, or Hëërfordt’s syndrome, is an uncommon manifestation of
sarcoidosis. Gallium-67 scan uptake in the parotid, lacrimal, and salivary
glands may result in a ‘‘panda’’ sign in patients with significant involvement
of these glands. When seen in conjuction with bilateral uptake in the hilar
region and right paratracheal region (i.e., a ‘‘lambda’’ sign) the combination
(lambda–panda) sign is reported to be highly suggestive of sarcoidosis (137).
In one case report oropharyngeal sarcoidosis, involving primarily the base
of the tongue, presented as obstructive sleep apnea associated with dyspha-
gia for solids (36).

C. Laryngeal Manifestations

Laryngeal sarcoidosis is an uncommon manifestation of sarcoidosis, occur-
ring in less than 1% to 5% of patients, and rarely as the sole manifestation of
sarcoidosis (17,84,99). Presenting symptoms include hoarseness, dysphonia,
dysphagia, or dyspnea. Rarely, stridor, vocal cord paralysis, or acute
respiratory failure secondary to upper airway obstruction requiring emergent
tracheostomy has been reported (17,145). The most common physical
findings of laryngeal sarcoidosis are supraglottic edema with paleness and
diffuse thickening with infiltration of the epiglottis, subglottis, aryepiglottic
folds, and false cords. Nodules are occasionally seen. Biopsy of the laryngeal
tissues reveals submucosal noncaseating granulomas. As with nasal sarcoi-
dosis, laryngeal involvement is frequently associated with chronic skin
lesions, particularly lupus pernio.

D. Tracheal Manifestations

Rare examples of tracheal stenosis have been reported in sarcoidosis
(18,47,67,73,111). In several cases, stenosis of the major bronchi either
alone or accompanied by tracheal stenosis has been found (18,47). Tracheal
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stenosis secondary to sarcoidosis may lead to dyspnea, stridor, wheezing,
or high-pitched inspiratory squeaks. Physical signs of major airway stenosis
include chest tightness, wheezing, and stridor. Pulmonary function tests
demonstrating fixed or variable extrathoracic airflow obstruction have
been described.

III. Pulmonary Sarcoidosis and Intrathoracic
Airway Disease

The most common symptoms of pulmonary sarcoidosis are cough and short-
ness of breath, usually of a progressive, insidious nature (75,84,90). These
symptoms may be a manifestation of predominantly interstitial lung involve-
ment, obstructive airway disease, or both. The cough is typically nonpro-
ductive and may be severe. Dyspnea is characteristically worse with exertion.
Sputum production and hemoptysis are frequent in patients with chronic
fibrocystic sarcoidosis, a condition that can be associated with bronchiectasis
and recurrent respiratory infections. Chest tightness and wheezing are not
uncommon, particularly with endobronchial disease or fibrocystic changes,
but are rarely the only manifestations. Physical findings of pulmonary
sarcoidosis are usually minimal. Crackles are found in less than 20% of pa-
tients with sarcoidosis in the absence of obvious heart failure. Wheezes are
found in a small minority of patients, generally in those with bronchial
hyperreactivity. Clubbing is rare, even in advanced fibrocystic sarcoidosis.

A. Chest Radiography

By international convention, the chest roentenogram in patients with
sarcoidosis is divided into stages or types (79,90,102,129). A normal chest
radiograph, or stage 0, is found in 5 to 10% of patients with sarcoidosis,
frequently in those with extrapulmonary manifestations of sarcoidosis. A
stage I chest radiograph, seen in 40 to 50% of patients on initial presenta-
tion, is characterized by bilateral hilar adenopathy with clear lung fields.
Right-sided paratracheal adenopathy often accompanies the bilateral ade-
nopathy. A stage II chest radiograph, characterized by bilateral hilar
adenopathy and pulmonary infiltrates, is seen in 30 to 50% of patients.
Commonly, the infiltrates demonstrate fine, linear markings and small
reticulonodules. When interstitial infiltrates are seen without evidence of
hilar adenopathy, the chest radiograph is designated as stage III. This
radiographic pattern is recognized in 15 to 20% of patients on initial
presentation. Patients with evidence of fibrosis on chest radiographs are
often designated as stage IV. Radiographic findings include cephalad hilar
retraction, volume loss, coarse fibrous strands, small and large bullae, cystic
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changes and honeycombing from destructive inflammation, and distortion
of lung tissue by fibrosis.

Computed tomography (CT) may detect enlarged mediastinal nodes
or parenchymal infiltrates that are not visualized on plain chest radiograph
(14,97). As might be expected, CT findings of fibrocystic changes, honey-
combing, and bronchiectasis indicate a poor response to therapy. In con-
trast, more diffuse ground-glass opacities, thought to represent inflammation
of the interstitium, often demonstrate improvement upon follow-up CT
scanning. High resolution, thin-section CT images (1.0–1.5 mm slices)
provide radiographic evidence that nodular parenchymal infiltrates tend to
follow bronchovascular structures, an observation that helps explain the
frequent involvement of airways in sarcoidosis (14). CT scanning may also
demonstrate small-airway obstruction in sarcoidosis (40,68,97). For exam-
ple, Lenique and colleagues found that in 65% of patients, CT scans showed
bronchial abnormalities that closely correlated with mucosal thickening and/
or bronchial granulomas (68). CT imaging may also help delineate less
common manifestations of sarcoidosis in the chest including mycetomas,
major airway stenoses, or superimposed malignancy.

B. Pulmonary Function Tests

Pulmonary function tests have only a modest correlation with chest
radiographs (14,79,97,101,129). In patients with type I chest radiographs,
pulmonary function tests are normal in about 80% of patients; some have
an isolated reduction in diffusing capacity. However, forced vital capacity
(FVC), forced expiratory volume in one second (FEV1), and the lung’s
diffusing capacity for carbon monoxide (DLCO) may be normal even when
the chest radiograph shows pulmonary infiltrates. When pulmonary infil-
trates are present on chest radiograph, restrictive impairment with reduc-
tion in lung volumes, FVC, and FEV1 is found in 40 to 70% of patients.
Reduction in diffusing capacity can be seen in association with restrictive
impairment or as an isolated deficit. Gas exchange is usually preserved
until extensive fibrocystic changes are evident, in contrast to idiopathic
pulmonary fibrosis, where hypoxemia is found early in the course of the
disease. Carbon dioxide retention is unusual except in advanced pulmo-
nary disease.

Airflow obstruction assessed by spirometry or flow–volume curves is
present in 30 to 70% of patients with pulmonary sarcoidosis depending on
the stage of chest radiograph (6,30,44,61,88,107,124,136). When more sen-
sitive techniques are used, the frequency of airway abnormalities increases
even more (32,69). For example, Levinson and coworkers reported that
airway function was abnormal in all 18 patients (11 smokers) with restrictive
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pulmonary sarcoidosis by at least one of a battery of tests (69). Reduced
FEV1/FVC ratios were found in 6 of 18 patients, all of whom had reduced
lung volumes or DLCO. Increased upstream airway resistance was found in
16 of 18 patients, though 11 of these patients were smokers. Dutton and
coworkers found that 12 of 24 patients with sarcoidosis had small-airway
disease determined by the frequency dependence of compliance or the ratio
of closing volume to vital capacity; 6 of 24 patients had evidence of large-
airway disease by either reduced FEV1/FVC ratios or airways resistance
(Raw) measurement (32). They suggested synergism between sarcoidosis and
smoking and airways disease that could lead to significant hyperinflation of
the lung. Harrison and coworkers found that a decrease in FEV1/FVC ratio
was the most common physiological abnormality in 107 patients with
recently diagnosed sarcoidosis, with 57% having airflow obstruction and
only 27% with reduced DLCO and 7% restrictive impairment (44). Overall,
pulmonary function tests results suggestive of small-airways obstruction
were found in 30 to 50% of patients with stage I chest radiographs and 44 to
73% in those with stage II chest radiographs. Sharma and Johnson studied
123 black American nonsmoking patients with sarcoidosis and found airway
obstruction in 78 (63%), a frequency that was considerably higher than the
historical frequency reported for white European and American patients
and Japanese patients (124). In this study, the degree of airways obstruction
did not correlate with the radiological staging of the disease, since significant
obstructive impairment was present even in patients with stage 1 disease or a
normal roentgenogram. Other studies have shown that obstructive impair-
ment is found in essentially all patients with more advanced fibrocystic dis-
ease, no doubt as a result of bullous and fibrocystic changes and associated
bronchiectasis (88). In addition to severe airflow limitation, reductions in
lung volumes, hypoxemia, and reduced exercise capacity are typically seen in
these patients.

C. Pathological Correlates of Intrathoracic Airway Disease

Obstructive airways disease has multiple pathological correlates in sarcoi-
dosis (68,70,75,118). First, sarcoidosis may result in airways dysfunction
by compressing or narrowing the lumina of large airways by extrinsic com-
pression by enlarged lymph nodes or confluent neighboring granulomatous
lesions (75). Second, noncaseating granulomatous inflammation involving
the endobronchial mucosa may result in narrowing or occlusion of the
airway lumen. Bronchial or bronchiolar granulomas are seen over 50% of
open-lung biopsy specimens (118). Bjermer and coworkers found that nearly
half of all endobronchial biopsy specimens were positive for granulomatous
inflammation in sarcoidosis (16). Third, airways may be narrowed by
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granulomatous inflammation of parenchymal bronchovascular structures
(68). The resultant scarring of supporting airways structures frequently leads
to distortion of airways with traction emphysema, bronchitis, and bron-
chiectasis. Finally, bronchial hyperresponsiveness, which may have its origin
in the narrowing of the airways from endobronchial granulomatous inflam-
mation, edema, or effects on neuromuscular function, may contribute to the
symptomatic presentation of airflow obstruction (12,88).

D. Bronchostenosis

Bronchoscopic studies suggest that partial obstruction of bronchial airways
may be seen in 2 to 26% of patients undergoing this procedure (107,142).
Symptomatic bronchostenosis occurs in less than 10% of patients but can
cause wheezing, stridor, high-pitched inspiratory squeaks, and mild to se-
vere respiratory distress (43,58,142). Bronchostenosis may result from ex-
trinsic compression from enlarged hilar nodes or distortion of airways from
scarring of supporting airways structures, or granulomatous inflammation
of endobronchial mucosa. Often, the stenotic lesions are multiple, involving
lobar, segmental, or subsegmental bronchi (58,107). Lobar atelectasis sec-
ondary to compression of bronchi by enlarged hilar nodes has been de-
scribed in sarcoidosis (20,86,98,107,135). The right middle lobe is most
frequently affected, likely because of its often small size, fishmouth open-
ing, and the presence of nearby lymph nodes (98,135). Atelectasis of the
upper lobe segments in the absence of fibrocystic changes is less common.
The rarity of lobar atelectasis in sarcoidosis should always lead to con-
sideration of alternative diagnoses such as mediastinal fibrosis, tubercu-
losis, or malignancy.

Bronchography has documented single or multiple segmental tracheal
or bronchial stenoses, sometimes associated with stenotic webs, bronchiec-
tasis, and poststenotic dilatation in sarcoidosis (107,142). More recently,
computed tomography and magnetic resonance imaging have been found
useful in delineating anatomical structures in tracheal and bronchial stenosis
and have largely replaced bronchography (68,86).

E. Bronchial Hyperresponsiveness

A factor that may contribute to airflow limitation in sarcoidosis is the
presence of bronchial hyperresponsiveness, found in about 20% of patients
(12,105,106,128). Bechtel and colleagues found that 10 of 20 patients with
sarcoidosis demonstrated increased methacholine responsiveness (12). These
responders tended to be more symptomatic and to have more airway
obstruction, smaller vital capacities, and lower single-breath diffusion
capacities for carbon monoxide, although the differences did not reach
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statistical significance. The results suggested that hyperresponsiveness could
contribute to airway obstruction and respiratory symptoms in sarcoidosis.
Manresa Presas and coworkers also reported that 50% of patients with
stage I sarcoidosis demonstrated bronchial hyperresponsiveness to metha-
choline, though there were no differences between responders and non-
responders (82). In contrast, Olafsson and coworkers found no increase in
the frequency of bronchial hyperreactivity in stage I and II sarcoidosis with
normal spirometry (106).

F. Smoking and Sarcoidosis

The influence of smoking on sarcoidosis appears to be complex. The
frequency of small-airways disease in smokers with sarcoidosis was noted
to be significantly higher than in smokers without sarcoidosis (32). On the
other hand, Valeyre and coworkers found that patients with sarcoidosis
were less likely to smoke than an aged-matched group in the general
population (30 vs 46% smokers) (143). Furthermore, they found that the
severity of sarcoidosis appeared to be the same in these two groups,
suggesting that the reason for this negative association was not related to
reduction in the severity of their disease. These findings have been confirmed
more recently by the ACCESS study, which found a highly significant
negative association between active and passive smoking and the risk of
developing sarcoidosis (presented in 2000 at the American Thoracic Society
International Conference). Valeyre et al. suggested that smoking might
reduce the likelihood of developing sarcoidosis by enhancing the accumu-
lation of alveolar macrophages in the lower respiratory tract. Although the
mechanisms underlying these observations are unclear and may differ, the
frequency and degree of small-airways obstruction in patients with sarcoi-
dosis who smoke suggest that smoking may be an important contributor to
respiratory symptoms in active pulmonary sarcoidosis.

IV. Diagnosis

A diagnosis of SURT is frequently based on a compatible clinical presenta-
tion and biopsy of non–upper respiratory tract tissues (e.g., skin, cervical
lymph node, or transbronchial biopsy when there is associated pulmonary
involvement). Biopsy of the nasal mucosa, sinus tissue, or laryngeal tissue
may confirm a diagnosis of SURT when the diagnosis is in question or when
the clinical manifestations are dominated by upper respiratory tract find-
ings. Differential diagnoses include Wegener’s granulomatosis, mycobacte-
rial or fungal infections, malignancy, Milkerson–Rosenthal syndrome,
Sjögren’s syndrome, or Crohn’s disease (101). The presence of SURT may
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be suggested by abnormal flow–volume curves consistent with variable
extrathoracic upper airway obstruction (17).

Fiberoptic bronchoscopy is frequently used to confirm a diagnosis of
pulmonary sarcoidosis because of the high yield and relative safety of the
procedure. The yield ranges from 40% to over 90% when pulmonary
infiltrates are seen radiographically, and at least four to six transbronchial
biopsy specimens are taken (39,79). When hilar adenopathy alone is present
on routine chest radiography, the yield of transbronchial biopsy may
approach 50%, indicating that subclinical granulomatous inflammation is
present despite an absence of radiographic infiltrates. Extensive fibrocystic
sarcoidosis has a low yield owing to extensive parenchyma fibrosis and
distorted airways.

Widespread endobronchial nodules (cobblestoning of the airways) are
highly suggestive of sarcoidosis and when biopsied, demonstrate granulo-
mas in 40 to 55% of cases (7,16,139). A recent study found endobronchial
abnormalities in 55% of 154 patients with biopsy-proven sarcoidosis under-
going diagnostic bronchoscopy (139). Abnormalities included erythema,
nodules, plaques, and cobblestoning. Endobronchial biopsies were positive
in 71% of patients (85% of black and 38% white patients) regardless of
the visual abnormalities; 2 of 4 patients with normal appearing mucosa also
had positive biopsy results. A prospective study of 34 patients (65% Afri-
can American) found that the addition of samples from endobronchial
biopsies increased the yield of transbronchial biopsy results by 20%, with
no added complications (127). These results confirm that endobronchial
abnormalities are common in sarcoidosis and that bronchial biopsies may
enhance the yield of bronchoscopic biopsy procedures even in the absence
of visual abnormalities.

A. Nonhistological Approaches to Diagnosis

Landmark studies in the early 1980s established that active pulmonary
sarcoidosis is characterized by an increase in the proportion of lymphocytes
recovered by bronchoalveolar lavage (20–50%) compared with normal
(<10% lymphocytes) (51,146). Furthermore, in approximately 90% of
cases, BAL lymphocytes are typified by a dominance of CD4+ T cells in
contrast to the CD8+ BAL lymphocytosis seen in hypersensitivity pneumo-
nitis, viral infections, and many drug reactions (51). Although elevated
CD4+ BAL lymphocytosis may support a diagnosis of sarcoidosis, studies
from around the world have led to the generally held view that neither BAL
lymphocytosis nor elevated CD4+/CD8+ ratios findings are sufficiently
predictive to establish a diagnosis of sarcoidosis in absence of biopsy evi-
dence of granulomatous inflammation (24).
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Levels of serum angiotensin-converting enzyme (ACE) are elevated in
30 to 80% of patients with clinically active disease but are also seen in many
conditions, including tuberculosis, chronic beryllium disease, hyperthyroid-
ism, and fungal infections (25,72). Given the low specificity of this test, with
positive and negative predictive values of less than 70 to 80%, a consensus
view is that ACE levels are of limited utility in the diagnosis and manage-
ment of sarcoidosis (25).Total-body gallium-67 scans are nonspecific with
the possible exception of a panda plus lambda pattern, which may support a
diagnosis of sarcoidosis (137). Occasionally, gallium scans are useful to
identify potential sites for biopsy in patients with neurosarcoidosis and no
easily accessible sites of inflammatory involvement.

V. Immunopathogenesis

The pathological hallmark of sarcoidosis is the presence of compact
epithelioid cell granulomas (75,90). The dominant cell in the central core
is the epithelioid cell, thought to be a differentiated form of a mononuclear
phagocyte. Typically, CD4+ lymphocytes and mature macrophages are
interspersed throughout the epithelioid core, while both CD4+ and CD8+

lymphocytes are found around the periphery of the granuloma. Giant cells,
occasionally with cytoplasmic inclusions such as asteroid bodies and
Schaumann bodies, are scattered within the inflammatory locus. Granulo-
mas may resolve leaving little evidence of their prior presence, or they may
develop fibrotic changes that usually begin in the periphery and travel
centrally. Hyalinized granulomas and fibrosis are often characteristic of
chronic, long-standing sarcoidosis.

Immunohistochemical studies of sarcoid tissue and analyses of bron-
choalveolar lavage specimens have shown that T cells at sites of sarcoid
inflammation express high levels of class II MHC molecules (DR, DQ, DP),
receptors for interleukin 2 (IL-2), CD45R0, (very late activation antigen 1)
(VLA-1), and members of tumor necrosis factor–ligand and TNF–receptor
superfamilies (2,123). These activated T cells at sites of inflammation express
lymphokines known to be involved in granuloma formation (e.g., IL-2,
IFN-g, TFN-a), and molecules that function in monocyte chemotaxis and
migration inhibition (1,2,65,91,94,110,116).

Most circulating T cells and T cells recovered by bronchoalveolar
lavage recognize specific antigenic peptide–MHC complexes by the ah+ T-
cell antigen receptor (TCR), whereas a minority express a gy+ TCR (27).
The hypervariable regions of these receptors is derived from imprecisely
rearranged variable (V), diversity (D) (h and y only), and joining (J)
segments of the TCR chains that contact specific peptide fragments dis-
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played between the a helices of an MHC molecule. Importantly, BAL
studies have revealed that BAL T cells of patients with sarcoidosis have a
reduced density of the antigen-specific T-cell receptor compared with healthy
controls, in keeping with recent activation through this surface receptor (31).
Consistent with antigen-specific T-cell activation in sarcoidosis, subgroups
of patients have been identified with biased expression of specific Vh, Va, or
gy+ TCR genes in the lung or blood (33,34,42,93,95,140). For example,
Swedish investigators have found preferential expansion of Va2.3+ T cells in
the lungs of Swedish patients expressing HLA-DR17(3) haplotypes (42).
Preferential expression of specific TCR Vh genes has also been seen among
T cells at sites of granulomatous inflammation of Kveim–Siltzbach skin
reactions (64). Sequence analyses of TCR genes from expanded ah+ and
gy+ T cells among lung and skin T-cell populations in sarcoidosis have
shown that these subsets are oligoclonal, strongly supportive of the concept
that sarcoidosis is driven by T cells stimulated by conventional antigens (93).
The discovery of the chemical nature of the peptides or compounds that
stimulate these specific T-cell subsets may provide insight into the etiology
of sarcoidosis.

Alveolar macrophages and monocytes from patients with sarcoidosis
demonstrate features of activated, proinflammatory cells. Alveolar macro-
phages from patients with sarcoidosis express higher levels of transferrin
receptors and IL-2 receptors and contain increased amounts of and produce
higher levels of reactive oxygen species, lysozyme, ACE, and 1,25-dihydroxy
vitamin D than normal alveolar macrophages (138). A high level of MHC
class II (DR, DQ) molecules, adhesion molecules (CD49a, CD54, CD102),
and accessory molecules CD86 (B7.2), CD80 (B7.1), and CD40 on these
cells likely contributes to the enhanced ability of these cells to present
antigen compared with alveolar macrophages from healthy controls (80,103,
149). Alveolar macrophages from patients with sarcoidosis demonstrate
enhanced production of the proinflammatory cytokines TNF-a, IL-6, IL-8,
IL-15, granulocyte-macrophage colony-stimulating factor (GM-CSF), and
possibly IL-1 (1,138). Chemotactic cytokines (chemokines) such as macro-
phage chemotactic protein 1 (MCP-1), RANTES, monocyte inhibitory
protein 1 (MIP-1), and IL-16 have been described in BAL or tissue speci-
mens in sarcoidosis that likely play an important role in recruiting CD4+ T
cells and activated mononuclear cells to sites of inflammation (133).
Importantly, alveolar macrophages from patients with active pulmonary
sarcoidosis have also been shown to produce excess amounts of IL-12 and
IL-18, cytokines critical to T helper 1 (TH1) cell development and impor-
tant in the production of IFN-g by T cells and natural killer (NK) cells
(41,94,126).
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A conceptual framework for understanding the mechanisms of gran-
ulomatous inflammation in sarcoidosis is provided by the TH1/TH2 para-
digm in which the pattern of cytokines expressed by activated CD4+ (and
CD8+) T cells largely determines the nature of an immune response
(96,125). Differentiated TH1 cells express IFN-g, IL-2, and lymphotoxin,
which are important in macrophage activation, lymphocyte proliferation,
and cell-mediated immune responses. TH2 cells express IL-4, IL-5, IL-9,
and IL-13, cytokines that are important in antibody-mediated responses,
macrophage suppression, and antihelminthic and allergic responses. TH1
and TH2 subsets show cross-regulation, with IFN-g from TH1 cells down-
regulating cytokine production and proliferation by TH2 cells, and IL-4
downregulating IFN-g production by TH1 cells (96,141). Polarization
toward either type 1 or type 2 cytokine patterns is seen in the evolution of
immune responses in many infectious and autoimmune processes, including
leprosy, tuberculosis, and schistosomiasis (125,141).

Recent studies of TCR and cytokine gene expression in sarcoidosis
support the concept that sarcoidosis is an antigen-driven, TH1-mediated
granulomatous disorder, dominated by enhanced expression of IFN-g, IL-
12, and IL-18 with little or no expression of type 2 cytokines, IL-4 or IL-5
(41,91,94,126,144). IFN-g is a potent costimulator of IL-12, and IL-12
potently enhances IFN-g production, allowing a positive feedback loop that
can perpetuate a TH1-dependent granulomatous response in sarcoidosis.
Our group has speculated that any etiological agent of sarcoidosis has the
ability to both nonspecifically induce IL-12 production from mononuclear
phagocytes and induce a disease-specific, adaptive T-cell immune response
(91,94). Consistent with this hypothesis, Zissel and coworkers found that
spontaneous BAL cell production of T-cell growth factor h (TGF-h), a
potent inhibitor of IL-12 and TH1 cytokine production, was greater in
patients with active disease who underwent spontaneous remission than in
patients who required therapy or had progressive disease (150). The deter-
minants of the chronic, fibrotic outcome in 10 to 20% of patients with
sarcoidosis are not known, but profibrotic cytokines are known to be
produced in the lungs of patients with pulmonary sarcoidosis. TGF-h,
insulin-like growth factor 1 (IGF-1), and fibronectin are present in lung
biopsy specimens from patients with pulmonary sarcoidosis, suggesting
that the persistent production of these and other profibrotic mediators is
critical in the development of pulmonary fibrosis in patients who do not un-
dergo remission of their inflammatory response (91,138). Whether this
fibrosis occurs in the context of tissue damage from unremitting TH1-
mediated inflammation or results from a switch to a more fibrosis-prone
TH2-mediated cytokine milieu has not yet been established.
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VI. Clinical Course and Treatment

Several studies have demonstrated that radiographic staging provides prog-
nostic information in sarcoidosis (102,129). Patients presenting with a type I
chest radiograph have the best overall prognosis, with 60 to 90% having
spontaneous remissions. In contrast, only 40 to 70% of patients with a stage
II chest radiograph and 10 to 20% of patients with a stage III chest radio-
graph undergo spontaneous remission. Spontaneous remission is rare with
stage IV disease. Remission occurs within 2 years in over 85%of patients who
eventually undergo remission. Severe pulmonary sarcoidosis, nasal sarcoi-
dosis, and lupus pernio rarely undergo spontaneous remission, and treatment
should not be delayed in the presence of significant symptoms (59,75, 84,90).

Patients who present with Löfgren’s syndrome or a type I chest
radiograph (in the absence of significant extrapulmonary disease) usually
do not need to be treated with corticosteroids because most of them will
undergo spontaneous remission. Threatened organ failure such as severe
ocular, central nervous system, or cardiac disease should always be
promptly treated with high doses of corticosteroids (24).

A. Treatment of Sarcoidosis of the Upper Respiratory Tract

Inhaled nasal steroids are often tried in nasal sarcoidosis with occasionally
positive responses. However, severe nasal and sinus sarcoidosis require
systemic therapy (Table 1). The antimalarial drugs chloroquine and hydroxy-
chloroquine have been used as first-line drugs for lupus pernio, other
dysfiguring sarcoidosis skin disease, and nasal sarcoidosis when there are
no specific indications for corticosteroid therapy because of pulmonary or
systemic sarcoidosis (58,75,84,130). Beneficial effects may not be evident for
2 to 3 months, with overall response rates approximating 35 to 50%.
Chloroquine may be useful in chronic laryngeal sarcoidosis, though steroids
are usually used initially to prevent acute airway obstruction. Because of the
potential for irreversible ocular toxicity with chloroquine, low doses of the
drug (250 mg/day) are usually prescribed for 6-months interval followed by a
6-month drug-free period (59). Serial ophthalmological evaluations should
be performed every 3 to 4 months during therapy. Hydroxycholorquine
appears to be less efficacious, but this drug may be used for prolonged
periods without causing retinal toxicity. For this reason, hydroxychloro-
quine is often tried before chloroquine. Corticosteroids alone are usually
effective in the treatment of symptomatic sarcoidosis of the nasal, sinus, and
laryngeal structures, though frequently moderate daily doses of cortico-
steroids (e.g., 10–20 mg/day) are required for significant symptomatic
control. Methotrexate has also been used for severe upper respiratory tract
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sarcoidosis and lupus pernio with anecdotal successes (45,58). The potential
effectiveness of pentoxifylline or thalidomide (see later) in SURT is not
known. The role of surgery in the management of severe sinonasal disease
with significant anatomical blockage is controversial, with anecdotal reports
of postsurgical worsening of symptoms due to increased disease activity, and
one small retrospective study reporting symptomatic improvement when
surgery was used in conjunction with nasal steroids (63).

B. Treatment of Tracheobronchial Stenosis

Steroid therapy is indicated for symptomatic tracheobronchial stenosis
related to granulomatous inflammation in sarcoidosis. Improvements in
physiological function and resolution in stenosis have been reported in
response to corticosteroid therapy (23,113). However, response to therapy is
often poor, particularly in the presence of fixed stenosis (107). Mechanical
dilatation has been attempted in selected cases with some successes reported
(35,135). For example, Fouty and coworkers described six patients with
symptomatic and refractory airway stenosis who were symptomatically
improved following dilatation with a Fogarty embolectomy catheter of
the stenotic areas under direct bronchoscopic vision (35).

Table 1 Treatment of Sarcoidosis of the Upper Respiratory Tract

Drug Effectiveness Usual dose Major side effects

Initial therapy

Topical nasal steroids < 10% Product dependent Irritation

Hydroxychloroquine

sulfate

< 35–50% 200 mg every 24 h to

every 12 h

Gastrointestinal symptoms,

retinopathy (rare)

Chloroquine phosphate < 50% 500 mg every 24 h for

2 weeks 500 mg every

48 h for 5 1/2 months

6 months drug free

Retinopathy, gastrointestinal

symptoms

Oral corticosteroids > 75% 30–40 mg every 24 h for

2 weeks

Taper by 5 mg every

2 weeks

Maintenance dose 5–10 mg

every 24 h for chronic

disease

Cushingoid habitus, weight

gain, hypertension,

hyperglycemia, osteoporosis

Recalcitrant disease

Methotrexate < 50% 5–15 mg/week Hepatic toxicity, pulmonary

toxicity, bone marrow

suppression, gastrointestinal

toxicity
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C. Treatment of Pulmonary Sarcoidosis

Indications for corticosteroid therapy in pulmonary sarcoidosis remain
controversial (24,60). Asymptomatic patients with normal lung function
or patients with minimal symptoms and mild functional abnormalities are
usually observed without treatment until there is disease progression.
Progressive, disabling dyspnea and cough with progressive radiographic
findings or pulmonary impairment is considered to be an indication for a
course of therapy. Low dose corticosteroid therapy also is usually prescribed
for patients with advanced fibrocystic disease, with the goal of preventing or
slowing further progression of respiratory insufficiency.

Corticosteroids remain the cornerstone of therapy for pulmonary (and
organ-threatening extrapulmonary) sarcoidosis. Although controversy
exists regarding their overall effectiveness in altering the long-term course
of pulmonary disease, there is no disagreement that corticosteroids acutely
provide symptomatic relief and reverse organ dysfunction in more than 90%
of patients with symptomatic disease. One recent review of controlled
clinical trials concluded that oral corticosteroids improved the chest x-ray
scores, symptoms, and spirometry over 6 to 24 months but found a lack of
data beyond this treatment duration (108). The optimal doses and duration
of corticosteroid treatment have not been established by rigorous clinical
studies. Initial treatment of pulmonary and systemic sarcoidosis usually
begins with 30 to 40 mg/day of prednisone (59). After several months of
gradual tapering, a maintenance dose of 5 to 15 mg/day of prednisone can
be achieved, which is usually sufficient to suppress progressive lung disease.
Alternate-day therapy (e.g., 10–30 mg every other day) can be considered
following an initial course of daily-dose corticosteroid therapy to establish
the extent of clinical response. Treatment is ordinarily continued for a
minimum of 10 to 12 months, since premature tapering is likely to result in
relapse of disease. Overall, 16 to 74% of patients experience relapse when
steroid therapy is tapered (52,60,84,102,129). Patients who have progressive
disease while tapering usually respond to a small increase in daily dose of
corticosteroids. Intermittent attempts to taper steroids are appropriate in
the first several years of treatment, but patients with repetitive relapses
usually require indefinite suppressive therapy.

The long-term benefits of corticosteroid therapy in pulmonary sarcoi-
dosis are not proven by rigorous studies. Some prospective studies of patient
groups with a high likelihood of spontaneous remission failed to find any
long-term benefit of steroid therapy in altering outcomes in pulmonary
sarcoidosis (52,54). A recent multicenter, randomized, double-blind, pla-
cebo-controlled trial evaluated the effect of early treatment in 189 patients
with stage I and II sarcoidosis presenting with normal pulmonary function
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tests (109). Patients with stage II sarcoidosis who received 3 months of oral
steroid therapy followed by 15 months of inhaled steroids experienced an
improvement in FVC and DLCO at 5 years compared with placebo-treated
patients. No benefit was seen for the early treatment of stage I sarcoidosis
(109). Retrospective studies from centers treating patients with chronic
disease suggest that corticosteroids prevent or delay organ dysfunction,
though at a cost of drug toxicity (24,60). Importantly, a recent prospective
study by the British Thoracic Society Sarcoidosis Study found that chronic
maintenance corticosteroid therapy in patients with stage II or III sarcoi-
dosis significantly improved long-term pulmonary function compared with a
group treated with intermittent corticosteroid therapy for symptomatic
disease (37). This study supports the view that chronic corticosteroid
therapy may prevent or delay progressive pulmonary fibrosis in patients
with chronic active pulmonary sarcoidosis.

Several studies have investigated the effect of corticosteroid therapy on
airflow obstruction, with variable results. Some studies suggest that obstruc-
tive disease may improve with institution of corticosteroid therapy
(13,85,131). Other studies suggest that corticosteroid therapy may not be
helpful in improving small-airways disease (28,29,113). For example, Renzi
and colleagues reported that small-airways disease did not improve after 4
months of corticosteroid treatment in patients with stage II or III chest
radiographs, though significant improvements were found in diffusion and
alveolar–arterial oxygen tension gradients (113). DeRemee and Anderson
studied 107 patients with sarcoidosis and found that dyspnea was most
frequently associated with expiratory slowing and often distorted, fibrotic
changes on chest radiograph (29). This expiratory slowing rarely improved
with corticosteroid therapy, and the authors, recommendation was to begin
treatment before the onset of dyspnea. Anecdotal experience suggests that a
few patients with pulmonary sarcoidosis have progressively severe obstruc-
tive lung disease despite moderate doses of daily corticosteroid therapy, with
a clinical picture suggestive of bronchiolitis obliterans.

D. Inhaled Corticosteroids

Inhaled corticosteroids may be helpful in reducing symptoms of endobron-
chial sarcoidosis such as cough or airway irritability. Patients with abnormal
bronchial hyperresponsiveness to methacholine and obstructive impairment
may have some symptomatic relief with bronchodilators and inhaled ste-
roids. A role for inhaled corticosteroids in the treatment of parenchymal pul-
monary sarcoidosis is uncertain. Early studies using beclomethasone failed
to show benefit, perhaps because of low drug doses. More recently, several
studies have reported some effectiveness of budesonide, a more potent
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inhaled steroid, in improving symptoms or lung function in pulmonary
sarcoidosis (122,132,151). Zych and coworkers found that following 6 weeks
of systemic steroids, inhaled budesonide (1.6 mg/day) was comparable to
prednisone (10 mg/day) with no difference in pulmonary function tests (151).
Selroos also reported that inhaled budesonide 2.4 mg/day was effective in the
long-term maintenance of patients with pulmonary sarcoidosis following
initial treatment with oral methylprednisolone (122). The overall benefits
were modest, dose dependent, and involved patients with mild disease and
good prognoses. Other studies failed to demonstrate benefit of inhaled
topical steroids, particularly in patients with more advanced disease (3,89).
For example, Milman and coworkers found that inhaled budesonide in doses
of 1.2 to 2.0 mg/day for one year had no discernible clinical or biochemical
effect on pulmonary sarcoidosis in 21 patients with biopsy-proven sarcoi-
dosis (89). Dysphonia and oral thrush are common with budesonide;
systemic side effects have also been documented (132). Overall, these studies
and anecdotal experiences suggest that inhaled corticosteroids should not be
routinely prescribed, except possibly for mild disease, and perhaps in patients
who mainly have cough and in whom a short-term (< 6 months) course of
inhaled steroids may improve symptoms (108).

E. Methotrexate

Case reports have documented that methotrexate (10–20 mg/week) is useful
in treating some patients with severe nasal, sinus, laryngeal, and skin
sarcoidosis (58,101). More recently, methotrexate has been proposed as an
alternative therapy for pulmonary sarcoidosis that is refractory to low doses
of corticosteroid therapy or as a steroid-sparing treatment (11,77). One
clinical study found that methotrexate allowed 70% of patients to reduce or
eliminate their corticosteroid dose, though improvement in some patients
was not noted until after 6 to 12 months of methotrexate therapy (76). Other
experiences have not been as favorable, and randomized or comparison
clinical trials have not yet been reported. Risks of methotrexate include
hepatic toxicity, opportunistic infections, and bone marrow suppression.

F. Azathioprine

Anecdotal experience and several small clinical studies have shown that
azathioprine in a dose of 100 to 200 mg/day may be useful in chronic
corticosteroid-refractory pulmonary sarcoidosis (24) or as a steroid-sparing
therapy (49,71). Bone marrow toxicities, gastrointestinal symptoms, skin
rashes and arthralgias, and possibly a slightly increased risk of malignancy
are potential drawbacks, but overall the drug is often well tolerated and is
used by many clinicians as second-line therapy for severe or progressive
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pulmonary and extrapulmonary disease. Azathioprine does not appear to be
effective in many cases of severe nasal/sinus or skin sarcoidosis.

G. Other Nonsteroidal Agents

Pentoxifylline was found to be beneficial when used alone or with cortico-
steroids in the initial treatment of pulmonary sarcoidosis in a clinical study
from Germany (147). Our anecdotal experience suggests that the drug is
effective in only a small minority of patients with mild pulmonary or hepatic
disease, and possibly as a steroid-sparing drug. Gastrointestinal side effects
and headache may limit dosage to subtherapeutic levels, but given the
relative safety of the drug, further studies seem merited. The antimalarial
drugs (see earlier) have also been used in the treatment of pulmonary
sarcoidosis with varying degrees of success. In a recent randomized trial
comparing a prolonged versus short chloroquine course in 18 patients (17 of
the initial 21 were white), maintenance treatment was successful in attenu-
ating the decline in lung function observed in the patients off therapy, but at
the expense of a high incidence of side effects (8). Anecdotal case reports
suggest that thalidomide may be beneficial in pulmonary or cutaneous
sarcoidosis (22). Peripheral neurotoxicity and the well-known teratogenicity
of the drug limit its attractiveness as a therapeutic agent to carefully selected
patients with refractory sarcoidosis. Another single case study reported
success with the antileprosy drug clofazimine in laryngeal sarcoidosis (115).
Chlorambucil and cyclophosphamide have had anecdotal successes in
treating progressive sarcoidosis refractory to corticosteroids, though the
oncogenic potential suggests the use of these agents should be extremely
limited. Clinical experience has shown that cyclosporine A is ineffective and
toxic in pulmonary sarcoidosis; a potential role in severe neurosarcoidosis
remains uncertain (134). More recently, there has been an increased interest
in evaluating specific TNF-a inhibitory treatment in sarcoidosis. Among the
few cases reported, one patient with pulmonary sarcoidosis deemed refrac-
tory to more traditional immunosuppressive therapy experienced improve-
ment in the vital capacity with no serious side effects at 16 weeks after
initiation of Infliximab therapy (10). However, concerns about the drugs’
safety and limited experience with its use prohibit routine treatment with
these agents, until more ample studies are performed.

H. Transplantation

Organ transplantation has been performed successfully in patients with end-
stage lung, heart, liver, and kidney sarcoidosis. Recurrent granulomas often
occur in allografts, but they are usually of little clinical relevance and
respond to an increase in immunosuppression (83,104). Despite reoccur-
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rence of granulomas in some patients, survival rates for lung transplantation
are comparable to other indications, with 3- and 5-year survival rates of
approximately 70 and 56%, respectively (9), although more recent reports
give more pessimistic outcomes with 3-year mortality rates of 50% (5).
Thus, there is increasing consensus that lung or other organ transplantation
should be considered in patients with end-stage sarcoidosis.
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Introduction

Upper and lower respiratory infections are among the most commonly
encountered illnesses seen by primary care physicians and subspecialists
including allergy/immunologists, pulmonologists, and otolaryngologists.
While treatment of uncomplicated sinusitis, otitis media, bronchitis, and
pneumonia is straightforward, recurrent or refractory infection challenges
the physician to recognize and identify underlying conditions predisposing
to infection. A broad range of risk factors may contribute to recurrent or
relapsing infection, including anatomical derangements, aeroallergen hyper-
sensitivity, cigarette smoke exposure, cystic fibrosis, antibiotic resistance,
and immunodeficiency disorders. Numerous underlying systemic disorders
such as sickle cell disease, viral infections, splenectomy, malnutrition,
cirrhosis, diabetes mellitus, renal failure, and alcoholism can cause variable
degrees of secondary immune impairment. In addition to classic immuno-
suppressive medications, drugs such as parenteral gold, prednisone, and
phenytoin can cause immunoglobulin abnormalities (see Table 1).

This chapter focuses on primary immunodeficiency disorders and their
contribution to upper and lower airway infection. Particular attention is
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directed to humoral immunodeficiency, including common variable immu-
nodeficiency (CVI or acquired hypogammaglobulinemia), X-linked agam-
maglobulinemia (XLA), selective IgA deficiency, and IgG subclass
deficiency. There is also a brief discussion of hyper-IgE syndrome, a primary
immunodeficiency disorder characterized by immune dysregulation.

I. Host Defense

Human airways contain both nonspecific and specific host defense mecha-
nisms to ward off foreign invasion. Nonimmune defenses include physical
barriers, mucociliary clearance, and secretions. The secretory blanket con-
sists of two separable layers, the surface mucus (gel) layer and a deeper
aqueous (serous, periciliary) layer. The mucus blanket contributes to the
protective barrier function by entrapping microorganisms and particles,
ultimately moving toward the posterior pharynx through mucociliary trans-
port. The mucus layer floats on a periciliary or serous layer, which
mechanically couples to the ciliary movement. The periciliary layer also
contains aqueous proteins including enzymes, antioxidants, and plasma
proteins. The enzymes lysozyme and lactoferrin are nonspecific, broad-
spectrum antimicrobial proteins found in considerable concentration in
airways secretions.

Other nonspecific immunological systems include cellular responses by
phagocytes, neutrophils, and natural killer cells, as well as serum comple-

Table 1 Causes of Hypogammaglobulinemia in Adults

Primary Secondary or acquired

Common variable immunodeficiency Diminished synthesis
UremiaSelective IgA or IgM deficiency
Infections with cytomegalovirus

or Epstein–Barr virus
Immunosuppressive chemotherapy

IgG subclass deficiency

Hypercatabolic states

Kappa/Lambda light chain deficiency

Myotonic dystrophy
Severe malnutrition
Hyperthyroidism

Congenital hypogammaglobulinemia
surviving to adulthood (e.g., X-linked

agammaglobulinemia, autosomal
recessive agammaglobulinemia,
hyper-IgM immunodeficiency)

Protein-losing states
Protein-losing enteropathy
Nephrosis

Lymphoproliferative malignancies
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ment cascades, and the generation of inflammatory eicosanoids, cytokines,
and mediators. Phylogenetically more sophisticated defense systems rely on
specific immunological memory and include T-cell-mediated cellular
immunity and antibody-mediated humoral immunity. Mechanisms of lym-
phocyte trafficking promote homing to specialized lymphoid sites in the
lamina propria of mucosl surfaces. Although lymphocytes continue to
migrate, patterns demonstrate preferred regional patterns of circulation.
Surface marker analysis and in vitro tests of lymphocyte function suggest
that these mucosa-associated lymphocytes differ phenotypically from other
circulating T cells and may primarily provide support for local immuno-
globulin-producing B cells (1).

In immunocompetent individuals, humoral immune function plays a
fundamental role in mucosal immunity. Progenitor- and pre-B lymphocytes
are found in the bone marrow. Progenitor-B cells undergo immunoglobulin
heavy chain gene rearrangement and pre-B cells express A heavy chain in the
cytoplasm. Once the cells have expressed IgM on their surfaces, they are
termed early B lymphocytes and will migrate to the peripheral lymph nodes.
When mature, resting B lymphocytes are activated by antigen exposure and
enter the proliferative phase. There is an increase in the expression of HLA
class II antigens and cytokine receptors on the cell surface, with subsequent
clonal expansion. After several rounds of cell division, the B cells enter the
fully differentiated stages of development to begin producing immunoglobu-
lin plasma cells at a high rate.

Although serum antibodies can neutralize some viruses and microbial
toxins, the physiological relevance of humoral immunity appears to be
primarily related to its ability to recognize and bind microbial pathogens,
thereby activating complement, enhancing opsonization, and mediating
antibody-dependent, cell-mediated cytotoxicity. Activation of the classical
complement pathway depends on the specificity of antigen–antibody inter-
action, resulting in immunoglobulin conformational changes and increased
binding affinity for circulating C1. As part of a recurring theme, this initial
immunologically specific reaction is able to recruit nonspecific immune
effector mechanisms. The consequences of an activated complement cascade
are increased opsonizatin of antibody-C3b-coated pathogens, generation of
chemotactic and inflammatry mediators C5a and C3a, and osmotic cytolysis
by the terminal complement components.

Aside from its interaction with the complement system, antigen–anti-
body complexes can interact with a variety of cells through specific im-
munoglobulin receptors (FcRs). Several classes of FcR, each characterized
by its binding affinity, are expressed on surface membranes of macrophages,
mononuclear cells, neutrophils, and lymphocytes. When antigen–antibody
complexes bind, these FcRs are capable of signal transduction, leading to
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intracellular events and immune cell activation. Furthermore, there is now
evidence that FcRs and immunoglobulin may modulate antibody produc-
tion through immunoregulatory feedback mechanisms.

II. Humoral Immunodeficiency

A. General Considerations

Immunoglobulin isotype deficiencies are the most common of the primary
immunodeficiency disorders. Selective IgA deficiency has a prevalence of
approximately 1 in 400 to 1 in 700 among western Europeans and North
Americans but is found much less often among patients of African-Amer-
ican and Asian background. Common variable immunodeficiency, a most
serious and potentially life-threatening humoral immune disorder, is charac-
terized by deficiency of all immunoglobulin isotypes (panhypogammaglobu-
linemia) and has a prevalence of 1 in 50,000 to 75,000. The prevalence of
XLA, a congenital deficiency of antibody production presenting in infancy
and early childhood, is less than 1 in 100,000 (2–6).

The clinical manifestations of humoral immunodeficiency range from
minimal to severe, typically presenting with recurrent sinopulmonary
bacterial infections including sinusitis, otitis media, pneumonia, bronchitis,
and mastoiditis. Infections may be prolonged or may be associated with
unusual complications, such as bacteremia, osteomyelitis, and meningitis.
Infections by high grade encapsulated organisms such as Streptococcus

pneumoniae and Hemophilus influenzae occur as a direct result of impaired
antigen-specific antibody production (Table 2). Accurate diagnosis of
primary immunodeficiency is important because of the prognostic implica-
tions that accompany these diseases. Early and aggressive treatment of
infections is necessary to prevent recurrent and chronic pulmonary infec-
tions from leading to irreversible tissue destruction, bronchiectasis, and
obstructive lung disease. Previous sinus surgery, bronchiectasis, and exces-
sive useof antibiotics predispose patients to development of infections with
more virulent pathogens, such as Staphylococcus aureus and Pseudomonas

aeruginosa. Exposure to cigarette smoke may be particularly deleterious in
patients with hypogammaglobulinemia, since smoking can lead to chronic
obstructive bronchitis (7).

B. Selective IgA Deficiency

Selective IgA deficiency is the most common primary immunodeficiency
disorder affecting humans and is defined as serum IgA below 5 mg/dL.
Immunoglobulin A is the antibody isotype produced in the largest quantity,
however, serum levels are low (50–200 mg/dL) because most of this
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immunoglobulin is found in saliva, tears, mucus, milk, prostatic fluid, and
other secretions. Since secreted, dimeric IgA constitutes the first line of
mucosal defense, the most frequent manifestation of low to absent IgA
levels is recurrent mucosal infection, especially involving the upper and
lower airways. Significantly, most patients have minimal or no clinical
symptoms, and only a minority develop a multitude of associated problems.
Some asymptomatic patients with selective IgA deficiency have been found
to have higher compensatory levels of secreted monomeric IgM (8); how-
ever, mucosal IgM may be less efficient at neutralization or clearance of
viruses (9).

The prevalence of selective IgA deficiency is two to four times higher in
patients with atopic disease than the general population. Allergic symptoms
in these patients tend to be more difficult to control, although the reasons
for this have not been fully elucidated. Two theories to explain this

Table 2 Infectious Organisms Found in Hypogammaglobulinemia

Organism Common infection site Relative frequency

Bacterial
Streptococcus pneumoniae Sinopulmonary, otitis Common

Hemophilus influenzae Sinopulmonary, otitis Common
Staphylococcus aureus Sinopulmonary, otitis Less common
Pseudomonas aeruginosa Bronchopulmonary Less common

Salmonella spp. Gastrointestinal Less common
Shigella spp. Gastrointestinal Less common
Campylobacter spp. Gastrointestinal Less common

Mycoplasma pneumoniae Respiratory, joints Uncommon

Viral
Herpes zoster Shingles Common

Herpes simplex Recurrent, severe Less common
Cytomegalovirus Systemic, severe Rare
Enteroviral infections

(e.g., ECHO virus,
Coxsackie virus)

Meningoencephalitis Rare in common variable

immunodeficiency, more
common in X-linked
agammaglobulinemia

Mycobacterial Various Uncommon
Fungal Various Less common

Protozoan
Giardia lamblia Gastrointestinal Common
Pneumocystis carinii Respiratory, systemic Rare
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phenomenon are (1) that the absence of secretory IgA decreases the
‘‘competition’’ of antigen for preformed IgE molecules at the mucosal
surfaces and (2) that the lack of secretory IgA permits the absorption of
antigen across the mucosal surface, which in turn promotes the formation of
antigen-specific IgE antibody.

There is an increased prevalence of gastrointestinal disorders in pa-
tients with selective IgA deficiency. Celiac disease is found with increased
frequency, and other associated gastrointestinal complications include
diarrhea with intestinal lymphoid nodular hyperplasia, giardiasis, inflam-
matory bowel disease, and pernicious anemia associated with anti–parietal
cell and anti–intrinsic factor antibodies. Other clinical syndromes associated
with selective IgA deficiency are a variety of autoimmune disorders, includ-
ing systemic lupus erythematosus, rheumatoid arthritis, pernicious anemia,
immune endocrinopathies, thyroiditis, myasthenia gravis, and autoimmune
hemolytic anemia.

The etiology of the selective deficiency of IgA is not known. There
appear to be normal or only slightly decreased numbers of circulating B
cells expressing membrane-bound IgA; however, many coexpress membrane
IgM and IgD. This is consistent with a less mature phenotype and implies
a pathogenetic defect impairing terminal B-lymphocyte differentiation.
Whether the maturational defect is due to an intrinsic B-cell defect or a reg-
ulatory T-cell defect has not been clearly established. Nevertheless, in vitro
studies have corroborated these observations, demonstrating that lympho-
cytes from IgA-deficient patients will synthesize IgA but not secrete it.

Overall, the prognosis for these patients is generally good when
infections are promptly and appropriately managed. Clinical management
of selective IgA deficiency is primarily supportive, with agrressive treatment
of infectious complications as the mainstay of therapy. Patients with selective
IgA deficiency should not receive replacement immunoglobulin, since these
preparations contain only scant quantities of IgA, insufficient amounts to
increase mucosal secretory levels. In addition, the absence of IgA in some
patients leads to the generation of high titers of anti-IgA antibodies. These
patients are at high risk of experiencing anaphylactoid reactions to any
infussed blood product containing trace IgA. The risk of transfusion
reactions can be minimized by thorough washing of packed erythrocytes
or by transfusing blood products obtained from IgA-deficient patients.

C. Hyper-IgE Syndrome

Hyper-IgE syndrome is an immunodeficiency disorder characterized by very
high IgE levels, but its clinical manifestations do not suggest a primary
humoral immunodeficiency. Instead, affected individuals suffer from recur-
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rent staphylococcal abscesses especially involving the skin, lungs, and other
sites. In affected patients, S. aureus is a ubiquitous pathogen, but Candida
and Aspergillus spp. and other fungal species are not infrequent. These
patients demonstrate a plethora of immunological abnormalities including
very high IgE levels, eosinophilia, impaired cell-mediated and humoral
responses to neoantigens, and variable neutrophil chemotactic defects
(7,8). All patients suffer from recurrent, severe abscesses involving skin
and viscera, with airway involvement being extremely common. This may be
manifested in the form of sinusitis, otitis, and mastoiditis. In most all
patients, deep-seated lung abscesses often result in pneumatocele formation.
The clinical presentation of hyper-IgE syndrome can be mistaken for
chronic granulomatous disease, a granulocyte disorder of impaired neutro-
phil oxidative burst and bacterial killing.

The elevated serum IgE levels are pronounced, ranging as high as
40,000 IU/mL. There are very few conditions with total IgE levels of this
magnitude, but atopic dermatitis, allergic bronchopulmonary aspergillosis,
and the very rare IgE myeloma are among them. Indeed, hyper-IgE syn-
drome and atopic dermatitis can be difficult to distinguish because both
conditions are associated with severe eczematoid dermatitis, lichenification,
eosinophilia, and wheal and flare reactions to multiple foods and aeroaller-
gens (12). The presence of multiple abscesses and the distribution of
dermatitis can differentiate between the two clinical diagnoses. Moreover,
a variety of anthropomorphic abnormalities have been associated with
hyper-IgE syndrome, including characteristic facies, delayed dental shed-
ding, and skeletal abnormalities. Clinical allergic syndromes of allergic
rhinitis and asthma were also not common in one series of more than 30
patients (12). Although there have been inconsistent reports of abnormal
neutrophil chemotaxis, granulocyte function is otherwise normal, and
immunological assays of phagocytosis, oxidative burst, and bacterial killing
are unremarkable.

The pathophysiology of the disease is not well understood, and the
various immunological abnormalities could represent primary defects or
secondary markers of immune dysregulation. No specific immune reconsti-
tution is available, but prophylactic antibiotics, as well as prompt aggressive
management of infections, abscesses, and pneumatoceles, can lead to im-
proved clinical prognosis.

D. IgG Subclass Deficiency

The IgG immunoglobulin isotype consists of four IgG subclasses, IgG1
(70%), IgG2 (20%), IgG3 (7%), and IgG4 (3%). These isotype sub-
classes are defined by antigenic differences foundin the Fc portion of the
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immunoglobulin molecule and differ in their ability to fix complement and
bind monocytes and macrophages. An equally important functional differ-
ence lies in their ability to respond to antigens of different types. The IgG1
and IgG3 subclasses give the best functional antibody responses to protein
antigens; the IgG2 subclass gives a humoral response primarily to poly-
saccharide antigens.

Deficiencies of each subclass have been described and appear to be of
variable clinical significance. Some patients with isolated IgG subclass
deficiencies can have recurrent sinopulmonary infections with Streptococcus

pneumoniae, Hemophilus influenzae, and Staphylococcus aureus. Isolated IgG2
deficiency is associated with recurrent infections with organisms expressing
polysaccharide/carbohydrate antigens in their bacterial capsule. These
patients have impaired antibody responses to polysaccharide vaccines
including Pneumovax or unconjugated HiB (Hemophilus influenzae B) but
apparently normal antibody responses to protein or such protein-conju-
gated vaccines as tetanus or diphtheria toxoids (dT).

Patients with IgG3 deficiency are proported to have an increase
incidence of certain bacterial infections. IgG3 may also play a key role in
virus neutralization (13). Other patients with documented IgG subclass
deficiencies have no significant clinical manifestations. It has been hypothe-
sized that compensatory increases in other subclasses accounts for the lack
of symptoms.

The observed association of IgG2, IgG4, IgE, and IgA deficiencies
provided early insight to the pathogenesis of IgG subclass deficiencies. The
immunoglobulin heavy chain genes are all located in a single region on
chromosome 14. The exons coding for the constant region sequences are
arranged linearly as follows: A, y, g3, g1, a1, g2, g4, q and a2. Deletion of any
of the constant heavy chain genes (single or adjacent) or any aberrations in
isotype switching can lead to deficiencies of one or more of the IgG isotypes.
This makes it easier to understand why combined IgG2 and IgG4 or IgG1
and IgG3 deficiencies are frequently observed. Similarly, IgG subclass
deficiency is found in approximately 15% of IgA-deficient patients.

It can be difficult to determine the appropriate indication for treatment
of patients with isolated IgG subclass deficiency with replacement immuno-
globulin. The decision should not be made on the basis of low quantitative
levels of the subclass alone; the clinical condition and the patient’s response
to immunization must be the basis for the decision to treat. It can be quite
useful to follow patients closely for a period of several months, sequentially
on, then off replacement immunoglobulin therapy, monitoring objective
clinical signs (e.g., number of days of school or work missed, number of
unscheduled physician visits for infections, number of days of fever), before
committing the patient to life-long therapy with gammaglobulin.
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III. Common Variable Immunodeficiency

The most common cause of panhypogammaglobulinemia in adults is
common variable immunodeficiency (CVI); a heterogeneous immunodefi-
ciency disorder clinically characterized by an increased incidence of recur-
rent infections, autoimmune phenomena, and neoplastic diseases. The onset
of CVI generally is during adolescence or early adulthood, but it can occur
at any age. Males and females are affected equally.

The observed increased susceptibility to infection in CVI is directly
related to the low levels of serum immunoglobulin and the inability to
produce specific antibodies following antigenic challenge. The pattern of
immunoglobulin isotype deficiency is variable. Most patients present with
significantly depressed IgG levels, but over time all antibody classes (IgG,
IgA, and IgM) may be affected. The most common infections are sinusitis,
otitis media, bronchitis, and pneumonia, with bronchiectasis seen in as
many as 28% of affected patients (14,15). The common organisms found in
recurrent infections in CVI patients are listed in Table 2.

In addition to the humoral immunodeficiency, most CVI patients also
exhibit at least partial impairment of cellular immunity. Consequently, there
is an increased incidence of opportunistic infections with mycobacterium,
fungi, and Pneumocystis carinii compared with the general population
(although these infections still remain quite rare). Patients with CVI appear
to tolerate most viral infections well, although approximately 20% develop
reactivated herpes zoster (shingles). Similarly, severe and recurrent infec-
tions with herpes simplex and cytomegalovirus have been reported (16,17).

Gastrointestinal disorders are common in patients with CVI. Chronic
infections and malabsorption, chronic inflammatory bowel disease, atrophic
gastritis, achlorhydria, and gastrointestinal malignancies are frequent prob-
lems for these patients. Giardia lamblia is a common cause of diarrhea in
CVI patients and if left untreated, significant malabsorption, weight loss and
related morbidity can result. Common variable immunodeficiency patients
are also at greater risk for the development of infections by species of
Salmonella, Shigella, and Campylobacter. Clinically, all diarrheal illnesses
lasting more than a few days in these patients should be aggressively
evaluated and treated. Malabsorption frequently develops secondary to
bacterial overgrowth and can lead to hypoalbuminemia, hypocalcemia,
and deficiency of the fat-soluble vitamins. In affected patients, fecal fat
determinations are frequently abnormal, and small-bowel biopsy specimens
reveal flattened villi and lymphocytic infiltrates in the lamina propria,
similar to what is seen histologically in gluten-sensitive (celiac) enteropa-
thies. In contrast to patients with celiac disease, however, CVI patients with
malabsorption do not respond to gluten-free diets or empiric therapy with
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broad-spectrum antibiotics. CVI patients also frequently develop achlorhy-
dria and atrophic gastritis.

Autoimmune phenomena develop in one in five patients with CVI,
including inflammatory bowel disease, autoimmune cytopenias (e.g., hemo-
lytic anemia, pernicious anemia, immune thrombocytopenic purpura neu-
tropenia), hypo- or hyperthyroidism, rheumatoid arthritis, systemic lupus
erythematosus, and Sjögren’s syndrome. In contrast to that found in
immunocompetent patients, most CVI patients clinically manifesting auto-
immune phenomena do not produce the common serological markers of
disease (i.e., seronegative ANA, rheumatoid factor, etc.). The higher
incidence of autoimmune syndromes observed in these patients suggests
that the immunodeficiency of CVI is also associated with immune dysregu-
lation. In general, treatment of the autoimmune disorders of CVI is similar
to that in nonimmunocompromised patients except that cytotoxic, immu-
nosuppressive agents are to be avoided whenever possible to minimize
further compromise of immune function.

Thirty percent of CVI patients clinically exhibit splenomegaly and/or
lymphadenopathy. Biopsy samples of lymphoid tissue typically reveal re-
active follicular hyperplasia and a paucity of plasma cells. Neoplastic
disorders, especially lymphoproliferative malignancies, develop at a higher
frequency in patients with CVI. The incidence of lymphoma in CVI patients
is between 50- and 400-fold higher than the age-adjusted rates in the general
population, and the vast majorities are of B-cell origin. There also appears to
be a higher incidence of gastric carcinoma, basal cell carcinoma, and other
skin cancers (18).

The inability to produce normal quantitative and functional antibody
responses in CVI can be due to a wide variety of immunological abnormal-
ities. The most common defect seen in CVI appears to be a failure of B
lymphocytes to normally differentiate into cells able to secrete immunoglo-
bulin in vivo.

Coculture mixing studies combining B cells from CVI patients and
normal allergenic T cells demonstrated impaired in vitro immunoglobulin
production, while T cells from CVI patients supported immunoglobulin
production by normal B cells. These simple mixing studies suggested that
most CVI patients had intrinsic B-cell defects. Saxon and colleagues
analyzed B cells in vitro from CVI patients to determine the stage(s) of
defective development (19). In 2 of 15 patients, B cells failed to respond to
in vitro activation signals; in 1 of 15 patients, B cells responded normally
to the activation signals but failed to proliferate normally in response to
mitogens; and in 12 of 15 patients, B cells responded to activation and
proliferation signals but did not fully differentiate into immunoglobulin-
secreting plasma cells. The data suggest that a defect in response to late-
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acting signals of differentiation might play a significant role in the patho-
physiology of the disease.

Other potential mechanisms have been proposed to explain the B-cell
abnormalities and impaired humoral function. Although circulating B-
lymphocyte numbers are typically low-normal to normal, they differ phe-
notypically from normal control CD19+ B cells by expressing less surface
L-selectin and bright CD20 (20). In a subset of patients with low-normal
numbers of B cells, CD95 and CD38, two surface molecules involved in
induction and protection from apoptosis, respectively, showed differential
expression in CVI patients compared with controls (21). These studies
suggest that failure to overcome physiological apoptosis, a normal event
in immune cell developmental regulation, may block their normal matura-
tion processes.

Other mechanisms of antibody deficiency include impaired T-cell
helper function, excessive T-cell suppressor activity, or abnormal antigen
processing and presentation. Few patients demonstrate overt cell-mediated
immunodeficiency, yet delayed hypersensitivity skin responses are abnormal
in 50% of patients with CVI. A variety of in vitro abnormalities of T-cell
function have also been observed, including deficient secretion of the
cytokines interferon gamma (IFN-g), interleukins 2, 4, and 5 (IL-2, -4, -5),
inefficient signaling via CD40–CD154 (gp39 or CD40 ligand) cell-to-cell
interactions, and decreased proliferative responses to T-cell receptor-medi-
ated activation signals (22,23).

Sneller and Strober performed in vitro stimulation of CVI B cells,
with supernatants from T-cell hybridomas to promote immunoglobulin
production, suggesting that T-cell-derived soluble factors were missing in
these patients (24). Cytokines play important roles in the maturation and
differentiation of B cells. For example, IL-4 is involved in both the
coactivation of resting B cells (with antigen) to proliferation and isotype
commitment; IL-2 promotes proliferation of Staphylococcus aureus Cowan
I-activated B cells; and IL-5 influences maturation and immunoglobulin
production of activated B cells. Interleukin 6 drives differentiation of B cells
into high rate immunoglobulin-secreting cells, induces proliferation of
Epstein-Barr virus transformed cell lines and hybridoma cells in vitro,
functions as an autocrine growth factor for human myeloma cells, and
has a multitude of systemic effects similar to those of IL-1 and tumor ne-
crosis factor (TNF). This interleukin may also provide a potent stimulus for
the induction of autoimmunity.

In view of the potentially important role played by cytokines in both
B-cell differentiation and autoimmune phenomena, Adelman and colleagues
postulated that some CVI patients would exhibit elevated serum levels of IL-
6 as a consequence of the inability of their B cells to terminally differentiate
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into high rate immunoglobulin-secreting cells despite having the ability to
undergo activation and proliferation (25). These investigators measured IL-
6 in the sera of 17 CVI patients, and in 13 they found IL-6 levels to be 3- to
18-fold higher than in unaffected subjects, including patients with selective
IgA deficiency, hyper-IgM immunodeficiency, X-linked agammaglobuline-
mia, or cystic fibrosis. Serum IL-6 binding activity was normal in all
subjects, but spontaneous IL-6 production by blood mononuclear cells
was substantially greater than from normal subjects. Interestingly, lipo-
polysaccharide-stimulated IL-6 production by blood mononuclear cells
from normal subjects raised serum IL-6 levels to the unstimulated levels
seen in the patients with CVI, demonstrating that IL-6 in CVI patients’
blood monuclear cells is being maximally produced. Subsequent research
has confirmed that the IL-6 produced by CVI patients is functionally
normal, and the level of IL-6 receptor (IL-6R) expression on mitogen-
stimulated B cells from CVI patients was no different from that in normal
cells. These observations may explain the clinical manifestations of auto-
immunity and lymphoproliferation characteristic of CVI.

Recognizing that IL-2 is a critical factor in many immunological
cascades and promotes T-cell growth, differentiation, and activation and
B-lymphocyte immunoglobulin secretion, Cunningham-Rundles and col-
leagues administered weekly subcutaneous IL-2 conjugated by polyethylene
glycol to a small cohort of patients with hypogammaglobulinemia. There
were measurable increases in several parameters of immune function,
including increased T-cell proliferation to mitogens and antigen, increased
cytokine production, and an increase in vivo antibody production (26–30).

In summary, multiple immunological derangements have been noted
in patients with CVI, including impaired B-cell differentiation, abnormal T-
cell regulation, and accessory cell function. The clinical significance of in
vitro aberrant responses, however, is not entirely clear. CVI is truly a
heterogeneous disease, and many different mechanisms potentially leading
to the low serum immunoglobulin levels are observed in these patients.

IV. X-Linked Agammaglobulinemia

Unlike CVI, X-linked agammaglobulinemia results from a single defective
gene product-mutation in the gene encoding for a cytoplasmic tyrosine
kinase, an enzyme found in B-lineage lymphocytes. Two independent
groups found the molecular defect in 1993 (31,32), and the affected gene
product is a cytoplasmic tyrosine kinase enzyme, Btk (Bruton agammaglo-
bulinemia tyrosine kinase). Although XLA is characterized primarily by a
maturational block in between pro-/pre-B and B-cell development, resulting
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in normal numbers of bone marrow pro-/pre-B cells but no circulating
mature B cells, Btk is actually found throughout each stage of B-lymphocyte
develoment. The tyrosine kinase is not present in T-lineage cells. As a
consequence, T lymphocytes are quantitatively and functionally normal
(33). Many different mutations of the Btk gene have been identified, and
mutation analysis can be used to identify carriers in affected families.

Although the immunoglobulin levels drop as maternally derived anti-
bodies fall, the average age of diagnosis is 2.5 to 3.5 years. All major classes
of antibodies are affected, so patients have markedly reduced or absent IgG,
IgA, IgM, and IgE, and undetectable serum isohemaglutinins (i.e., naturally
occurring IgM directed against major blood group antigens). Increases in
specific antibody titer after vaccination are not seen, and similar to CVI,
bacterial infections with pyogenic encapsulated bacteria are the most
common manifestation. Upper and lower respiratory, skin, and gastro-
intestinal infections predominate where antibody-mediated opsonization
contributes substantially to host defense.

Unlike CVI, patients with XLA demonstrate unusual susceptibility to
certain disseminated enteroviral infections. These disseminated enteroviral
infections can be insidious and progressive and difficult to diagnose (34–36).
Symptomatic polomyelitis occurs secondary to live attenuated viral inocu-
lation with oral polio vaccine (OPV), or chronic meningoencephalitis can
lead to mental status changes, cognitive impairment, paresis, and death.
Biopsy samples of affected tissue may show inflammation, and cerebral
spinal fluid often demonstrates nonspecific mononuclear cell pleocytosis
with elevated protein levels. Serologial testing is not applicable in patients
with hypogammaglobulinemia, and viral cultures lack sensitivity. Polymer-
ase chain reaction (PCR) techniques are promising diagnostic assays;
however, prognosis remains grim for patients with disseminated infections.

V. Laboratory Evaluation

The clinical immunology laboratory can assist the clinician in diagnosing
these various humoral immunodeficiency syndromes. Laboratory evaluation
of patients suspected of having a humoral immunodeficiency should include
quantitative serum immunoglobulins (IgG, IgA, IgM, IgE) and especially,
assessment of specific antibody responses to immunonizations with protein
and carbohydrate antigens. This is most easily accomplished by measuring
antitetanus, antidiphtheria, and antipneumococcal antibody titers before
and 3 to 4 weeks after vaccination with diphtheria-tetanus (DT) and
Pneumovax. In this context, a fourfold increase in antibody titer is consid-
ered to be normal. In selected patients, quantification of IgG subclasses may
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be appropriate, particularly when total IgG immunoglobulins are at the low
end of the normal range. The ultimate decision to treat patients with
replacement immunoglobulin should be made on the basis of clinical
condition, quantitative levels of immunoglobulin isotypes, and the lack of
response to vaccine immunization.

Lymphocyte enumeration and phenotyping by flow cytometry can
sometimes be indicated in hypogammaglobulinemia. With multicolor flow
cytometry, lymphocyte subsets, activation markers, and other phenotypic
features can be accurately delineated. In vivo delayed hypersensitivity skin
tests to recall antigens such as tetanus toxoid, purified protein derivative,
Candida, mumps, Coccidiodes, and Trichophyton antigen offer complemen-
tary and inexpensive screening of cell-mediated immune function.

In the setting of primary humoral immunodeficiency, serological test-
ing is insensitive and unreliable. For accurate detection of viral infections,
including but not limited to hepatitis virus, herpes virus, and human
immunodeficiency virus, culture or PCR assays must be obtained.

VI. Treatment

The treatment of primary humoral immunodeficiency centers around the
management of both the acute and chronic problems associated with the
syndrome. Acutely, infections need to be treated with the appropriate
antibiotics; more chronically, replacement of antibody is essential for
infection prophylaxis. Prompt and aggressive treatment of all acute infec-
tions is the most important part of the acute management of these patients.
Sometimes antibiotic therapy must be empirically initiated without the
luxury of adequate cultures and sensitivities to guide the choice of anti-
microbial agents. Under these circumstances, empirical therapy with activity
against encapsulated organisms, such as Streptococcus pneumoniae and
Hemophilus influenzae, should be employed. Many patients are predisposed
to chronic infections with Staphylococcus aureus by reason of previous sinus
surgeries. For chronic sinusitis, adequate coverage for anaerobic pathogens
is recommended. The duration of antibiotic treatment may need to be longer
than in the immunocompetent patient, and occasionally, intravenous anti-
biotics are required for adequate control of infection. Sinus infections
refractory to antibiotics may require surgical drainage, with bacterial and
fungal cultures obtained on the contents of the sinuses.

Central to the long-term management of patients with CVI, XLA, and
selected cases of IgG subclass deficiency is antibody replacement therapy.
Subsequent to the introduction of intravenous immunoglobulin (IVIg) for
human use in the early 1980s, clinical studies were performed that estab-
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lished that IVIg administerd at doses of 300 to 600 mg/kg every 3 to 4 weeks
was the preferred therapy for infection prophylaxis. Although there is some
individual variation in catabolic rate for IgG, in general the half-life of
infused immunoglobulin is approximately 21 days. Most practitioners
administer 300 to 500 mg/kg every 3 to 4 weeks to maintain trough IgG
levels above 5.0 g/L. This level correlates well with clinical efficacy.

There appears to be no difference in efficacy between specific IVIg
preparations, but there are distinct safety advantages of new products
containing multiple viral inactivation steps, such as solvent–detergent treat-
ment or pasteurization. While there have been no reports of hepatitis B or
HIV transmission through IVIg treatment, there have been sporadic instan-
ces of hepatitis C infection developing in IVIg-treated patients receiving
products that were not subjected to viral inactivation measures.

Some products have markedly lower trace IgA content and would be
better choices in patients with concomitant IgA deficiency and measurable
titers of anti-IgA antibodies. This therapy is generally well tolerated, but
some patients can experience infusion-rate-dependent fevers, myalgias,
cephalgia, chills, and abdominal pain with nausea and vomiting. These
symptoms, as well as fatigue, are more commonly observed in newly treated
patients. Premedication with diphenhydramine and acetaminophen can
ameliorate many of the infusion-related symptoms. Alternatively, some
patients tolerate certain preparations better than others.

VII. Summary

Recurrent upper and lower respiratory infections challenge the physician to
recognize when underlying primary immunodeficiency may be responsible
for their frequency, refractory nature, or associated complications. Accurate
diagnosis is important because of the prognostic implications of chronic
pulmonary infections leading to tissue destruction, bronchiectasis, and
irreversible obstructive lung disease. Most of these patients will initially
present to their internists and family practitioners. A high index of suspicion,
documentation of infection by radiography or culture, and consideration of
more common causes of secondary immunodeficiency are the initial steps in
identifying appropriate candidates for an immunological workup.
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