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It is with great pleasure that we present the second enlarged edition of the 
book Nasal Physiology and Pathophysiology of Nasal Disorders. The first 
edition was accepted with great enthusiasm and received very good feedback. 
It was sold out. Since its online publication on 2013, there have been more 
than 99,000 downloads for the eBook on SpringerLink and it was among the 
top most downloaded eBooks in its respective eBook Collection in 2019. 
There is so much new information that we felt the need to make a second 
edition.

The diseases can be better understood and managed if we know the patho-
physiology of the diseases. This is very closely related to the changes in the 
physiology. The progress only can be made by studying the physiology and 
pathophysiology of the diseases. The great interest for this book is perhaps 
due to the wish of our colleagues to learn more and more on this topic.

We want to thank the distinguished authors of this book who are experts in 
their fields and gave their valuable time to prepare their chapters with the 
recent information. We tried to cover all aspects of nasal physiology and 
pathophysiology.

We hope that the second edition with its new, enlarged and updated chap-
ters will fill the gap on this topic.

Istanbul, Turkey Özlem Önerci Celebi  
Ankara, Turkey  T. Metin Önerci  
August, 2021
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1Mucus, Goblet Cell, Submucosal 
Gland

Takeshi Shimizu

Abbreviations

AP-1  Activated protein-1
AR  Allergic rhinitis
AZM Azithromycin
CAM Clarithromycin
CF  Cystic fibrosis
CREB  cAMP response element-binding protein
CRS  Chronic rhinosinusitis
cysLTs Cysteinyl leukotrienes
EGFR Epidermal growth factor receptor
EM  Erythromycin
Foxa2 Forkhead box a2
IL  Interleukin
NF-κB Nuclear factor κ-B
RA  Retinoic acid
STAT6  Signal transducer and activator of tran-

scription 6
TGF  Transforming growth factor
TLR  Toll-like receptor
TNF  Tumor necrosis factor

Core Messages
Airway mucus is important for the host defense 
mechanism, acting as a physicochemical barrier 

to protect the underlying epithelium from patho-
gens and particles. The major components of 
mucus are glycoproteins called mucins, which 
are secreted by epithelial goblet and submucosal 
gland cells. Mucins are large heterogeneous 
 macromolecules containing hundreds of oligo-
saccharide chains attached to peptide backbones, 
which are encoded by several MUC genes. 
Hypersecretion of mucus is commonly observed 
in various sinonasal inflammatory conditions 
such as acute rhinitis, chronic rhinosinusitis, and 
allergic rhinitis. Mucus hypersecretion, leading 
to rhinorrhea, contributes significantly to the 
pathophysiology of these diseases by impairing 
mucociliary function, resulting in stagnation of 
pathological mucus that contains various inflam-
matory mediators and pathogenic microbes.

1.1  Introduction

Airway mucus blankets all mucosal surfaces, 
providing a physicochemical barrier that protects 
the underlying epithelium against bacteria, 
viruses, and inhaled particles and gases. Mucus 
maintains airway hydration and plays an impor-
tant role in the innate immune system by trapping 
foreign and endogenous substances, facilitating 
clearance by mucociliary activity. Mucus also 
has antioxidant, antiprotease, and antimicrobial 
functions. Composed of water, ions, serum pro-
tein exudates, epithelial secretions, and glandular 
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and goblet cell products, mucus contains various 
defensive components such as glycoproteins 
(mucins), antibodies, defensin, lysozyme, and 
lactoferrin.

The mucous blanket is subdivided into two 
layers: the outer mucous layer and the periciliary 
fluid layer. The outer mucous layer is a gel layer, 
produced mainly by secretions of epithelial gob-
let cells and submucosal glands. The periciliary 
fluid or sol layer is produced by ion transport 
through the epithelium (Fig. 1.1). Ciliary beating 
takes place at 10–14 Hz in this periciliary layer, 
propelling the outer mucous layer toward the 
pharynx. Healthy mucociliary transport requires 
maintenance of a balance among volume and 
composition of mucus, adequate periciliary fluid, 
and ciliary beating [1]. Mucus is essential for 
mucociliary transport. If the mucus is replaced 
with saline, particles do not move even while 
cilia beat actively [2].

Hypersecretion of mucus is an important charac-
teristic of sinonasal inflammation that occurs in con-
ditions such as acute rhinitis, chronic rhinosinusitis 

(CRS), and allergic rhinitis (AR). Hypertrophic, 
hyperplastic, and metaplastic changes in goblet cells 
of the surface epithelium and in submucosal gland 
cells are frequently observed in association with pro-
nounced rhinorrhea. In pathological conditions, 
mucus hypersecretion and damaged epithelium 
impair mucociliary clearance, resulting in stagnant 
pathological mucus containing pathogenic microbes, 
various inflammatory mediators, and inflammatory 
cells, a situation that facilitates bacterial colonization 
and local inflammation, leading to infection and tis-
sue damage.

The major components of mucus are glyco-
proteins called mucins, which are secreted by 
epithelial goblet cells and submucosal glands. 
Mucins are large heterogeneous macromolecules, 
containing oligosaccharide chains attached to 
peptide backbones, which are encoded by several 
MUC genes. Secreted mucins are stored in secre-
tory granules and are released by regulated 
exocytosis.

This chapter will focus on mucus, goblet cells, 
and submucosal glands of the nasal mucosa and 

a

b

Fig. 1.1 Mucous 
blanket is subdivided 
into two layers: the outer 
mucous layer and the 
periciliary fluid layer. 
(a) Normal mucous 
blanket. (b) Pathological 
mucous blanket with 
hypersecretion of 
mucus. Mucus 
hypersecretion increases 
the viscoelasticity of the 
mucus, and mucus 
strands connect the outer 
mucous layer with the 
epithelial goblet cells, 
causing the disruption of 
the periciliary fluid 
layer. These changes in 
mucus impair 
mucociliary interaction

T. Shimizu
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will summarize the mechanisms regulating 
mucus secretion and pathological mucus hyper-
secretion in sinonasal inflammation. Therapeutic 
strategies to inhibit mucus hypersecretion will be 
also discussed.

1.2  Mucus Composition

The nasal epithelium is covered by a mucous gel 
layer. Ciliary beating within the periciliary fluid 
layer propels the gel layer to the pharynx and is 
then swallowed together with entrapped parti-
cles and pathogens. Mucus is a heterogeneous 
mixture of water, glucose, various ionic solutes, 
antimicrobial proteins, cells, and cellular debris. 
Mucins are major glycoprotein components of 
mucus that contribute greatly to the viscoelastic 
and gel-forming properties of the mucous layer 
[3–5].

Mucins are complex glycoproteins with oligo-
saccharide chains attached to peptide backbones, 
which are encoded by MUC genes. Mucins can 
be divided into two structurally and functionally 
distinct subfamilies: membrane-bound mucins 
and secreted mucins. Membrane-bound mucins 
have transmembrane and cytoplasmic domains 
that anchor the molecules to the apical cell mem-
brane, where they participate in functions such as 
structural barrier formation, cellular adhesion, 

pathogen binding, and signal transduction [6, 7]. 
Extracellular subunits of membrane-bound 
mucins can be released from the plasma mem-
brane into the mucus layer by proteolytic cleav-
age or by shearing forces. Some membrane-bound 
mucin genes are alternatively spliced to form 
transcripts that lack a transmembrane domain; 
these are present in airway secretion [8]. Secreted 
mucins are stored in secretory granules located in 
the apical cytoplasm and are released by regu-
lated exocytosis.

Secreted mucins have high molecular weights 
(more than 1000 kDa) and are heavily glycosyl-
ated proteins (composed of 70–90% carbohydrate 
moieties) with tandemly repeated amino acid 
sequences that are rich in serine and threonine. 
Different mucin genes contain various sizes and 
numbers of tandem repeats, and there are genetic 
polymorphisms within single mucin genes [9]. 
Tandem repeats are sites of O-glycosylation, and 
hundreds of oligosaccharide chains are attached to 
a single core peptide (Fig. 1.2). Mucin glycosyl-
ation is determined by tissue-specific glycosyl-
transferase expression and by host and 
environmental factors that influence transferase 
expression. Mucin carbohydrate chains are highly 
heterogeneous, and this structural diversity may 
allow mucins to interact with many microorgan-
isms [10]. These carbohydrate moieties are possi-
ble sites of attachment for pathogenic bacteria and 

Fig. 1.2 A schematic model of a secreted mucin. 
Hundreds of O-glycans are attached to serine or threonine 
residues of tandem repeat domains in the MUC protein 
backbone. Secreted, gel-forming mucins contain cysteine- 

rich domains that permit oligomerization through the for-
mation of disulfide bonds; they also aggregate through 
ionic and hydrophobic interactions with proteins and with 
other mucins

1 Mucus, Goblet Cell, Submucosal Gland
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viruses. Several recognition sites for respiratory 
pathogens have been identified; these promote 
their entrapment and removal by mucociliary 
clearance [11–14].

Secreted mucins contain cysteine-rich 
domains that permit oligomerization through the 
formation of disulfide bond; they also aggregate 
through ionic and hydrophobic interactions with 
proteins and with other mucins. These complex 
macromolecules provide the viscoelastic and 
space-occupying properties of the mucus gel 
layer [15]. Secreted mucins are negatively 
charged by sulfated and sialylated oligosaccha-
ride chains. Mucins, the most plentiful high- 
molecular- weight polyanions of the nasal 
mucosa, interact with and inhibit the effects of 
cationic inflammatory proteins such as leukocyte 
elastase and lysozyme [16, 17]. The negatively 
charged carbohydrates of mucins may protect 
against proteolysis caused by cationic inflamma-
tory proteins and bacterial enzymes.

1.3  Mucin Genes

The mucin protein backbones are encoded by 
MUC genes. More than 20 human mucin genes 
have been identified throughout the respiratory, 
gastrointestinal, and reproductive tracts [9]. In 
respiratory epithelium, mainly MUC1, MUC2, 
MUC4, MUC5AC, MUC5B, MUC7, and MUC8 
are expressed, and similar expressions of mucin 
genes are observed in normal nasal mucosa [18, 
19] (Table 1.1). MUC2, MUC5AC, MUC5B, and 
MUC8 are secreted, gel-forming mucins that 
contain cysteine-rich domains for oligomeriza-
tion and are responsible for the viscoelastic prop-
erty of mucus. They are encoded by a cluster of 
highly related genes on chromosome 11 and by a 

similar gene on chromosome 12 [15]. MUC7 is a 
secreted, non-gel-forming mucin that exists as a 
monomer and so is not thought to contribute sig-
nificantly to mucus viscoelasticity.

In the airways, MUC1 and MUC4 are the pre-
dominant membrane-bound mucins present on 
the apical membranes of epithelial cells. 
Membrane-bound mucins contain a highly glyco-
sylated extracellular domain, a transmembrane 
domain, and a short cytoplasmic tail. Extracellular 
units can be released from cells under certain 
conditions and then potentially contribute to the 
mucus layer. Some MUC4 mucins secreted into 
airways are encoded by alternatively spliced tran-
scripts that lack a transmembrane domain [8]. 
The cytoplasmic tail domain participates in sig-
nal transduction and regulates a variety of bio-
logical functions [20]. In airway epithelial cells, 
MUC1 is a receptor for Pseudomonas aerugi-
nosa flagellin [21]; MUC1 inhibits flagellin- 
activated Toll-like receptor (TLR)-5-mediated 
signaling and interleukin (IL)-8 release [22]. 
Both MUC1 and MUC4 dimerize with and regu-
late the epidermal growth factor receptor [23]. 
Their roles in inflammation and cancer biology 
have been studied in detail [24–26]. However, 
their function in nasal mucosa remains to be 
elucidated.

Recent studies revealed the specific localiza-
tion of mucins in nasal epithelial cells and sub-
mucosal glands. The membrane-bound mucins 
MUC1 and MUC4 are diffusely expressed at the 
apical surface of epithelial cells. The secreted, 
gel-forming mucin MUC5AC is mainly expressed 
in epithelial goblet cells, while MUC5B is the 
predominant mucin expressed in mucous cells of 
the submucosal glands. MUC2 is mainly 
expressed in epithelial goblet cells, but its expres-
sion is much lower than that of MUC5AC. MUC 

Table 1.1 Major mucin genes in human nasal mucosa

MUC gene Mucin subfamily Chromosome locus Main tissue localization
MUC1 Membrane-bound 1q21–q24 Epithelial cells
MUC2 Secreted, gel-forming 11p15.5 Goblet cells
MUC4 Membrane-bound 3q29 Epithelial cells
MUC5AC Secreted, gel-forming 11p15.5 Goblet cells
MUC5B Secreted, gel-forming 11p15.5 Mucous cells of submucosal glands
MUC7 Secreted, non-gel-forming 4q13.3 Serous cells of submucosal glands
MUC8 Secreted, gel-forming 12q24.3 Goblet cells, mucous cells of submucosal glands

T. Shimizu
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8 is expressed in both epithelial goblet cells and 
mucous cells of the submucosal glands. The 
secreted, non-gel-forming mucin MUC7 is 
expressed in serous cells of the submucosal 
gland. Similar distributions of MUC genes seem 
to be found in nasal polyps [27, 28]. MUC2, 
MUC5AC, and MUC5B expressions are reported 
to be upregulated during airway inflammation in 
humans and in animals, and MUC5AC expres-
sion is the highest of the three [29, 30]. Therefore, 
MUC5AC has been the most intensively studied 
MUC gene with regard to airway mucus 
secretion.

1.4  Goblet Cells and Submucosal 
Glands

Mucous cells in the surface epithelium (called 
goblet cells) and in submucosal glands are the 
major sources of gel-forming mucins. Epithelial 
goblet cells contain numerous electron-lucent 
granules that fill most of the cytoplasm and fuse 
with the apical cell membrane before secretion 
(Fig. 1.3). The nucleus, numerous mitochondria, 

and the rough endoplasmic reticulum are 
restricted to a small volume in the basal aspect of 
the cells. Submucosal glands comprise a mixture 
of mucous cells and serous cells, and the mucous 
cells, the important source of gel-forming mucin, 
resemble epithelial goblet cells. These mucous 
cells can be detected histochemically by Alcian 
blue and periodic acid Schiff’s stains.

Serous cells of submucosal glands contain 
discrete electron-dense granules containing 
secretory products including immunoglobulins, 
lysozyme, lactoferrin, and other antimicrobial 
enzymes, all of which are important for normal 
function of the airway innate immune system 
[31]. Thus, serous cells are an important source 
of antimicrobial peptides essential for host 
defense mechanisms, while mucous cells con-
tribute to the viscoelastic property of airway 
mucus by producing gel-forming mucins. Human 
submucosal glands are innervated by parasympa-
thetic and sensory efferent nerves, and the glands 
express muscarinic receptors. The parasympa-
thetic (cholinergic) nervous system is the neural 
pathway most active in airway submucosal 
glands, and stimulation of cholinergic nerves or 
use of muscarinic receptor agonists induces 
marked mucus secretion [32, 33].

Mucus hypersecretion is a major characteris-
tic of airway inflammation; it is associated with 
hypertrophy, hyperplasia, and metaplasia of epi-
thelial goblet and submucosal gland cells. An 
increased number of hypertrophic goblet cells are 
commonly observed in the nasal epithelium dur-
ing experimental inflammation caused by inhala-
tion of irritant gases or allergens or by viral or 
bacterial infection. In the human nose, the goblet 
cell density of the inferior turbinate ranges from 
5000 to 10,000 cells/mm2, similar to that of max-
illary sinus mucosa [18, 34]. However, changes 
of goblet cell numbers in patients with allergic 
rhinitis (AR) and chronic rhinosinusitis (CRS) 
are controversial.

Submucosal glands contribute to mucus 
hypersecretion in airway inflammation by 
secreting mucins, ions, and water; the submu-
cosal gland cell density ranges from 1000 to 
2000 cells/mm2 in human inferior turbinate 
and maxillary sinus mucosa. In CRS patients, 

Fig. 1.3 Goblet cells of rat nasal epithelium induced by 
intranasal instillation of lipopolysaccharides. Numerous 
electron-lucent granules fill most of the cytoplasm and 
fuse with the apical cell membrane before secretion

1 Mucus, Goblet Cell, Submucosal Gland
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the number of submucosal gland cells 
increases to 2000–4000 cells/mm2, and the 
area occupied by acini of the lamina propria 
also increases [34].

1.5  Regulation of Mucin 
Secretion

Mucin secretion is regulated by a multi-step 
process that includes synthesis and exocytosis. 
Mucin synthesis includes gene transcription in 
the nucleus, posttranscriptional modification 
and transport of mRNA, and translation in the 
endoplasmic reticulum. In the Golgi appara-
tus, oligosaccharides chains are then attached 
to the peptide backbone by glycosylation. The 
synthesized mucins are stored in secretory 
granules located in the apical cytoplasm until 
stimulated for subsequent release by 
exocytosis.

1.5.1  Mucin Production

Mucin gene expression is induced in response to 
a wide variety of inflammatory stimuli. MUC5AC 
is the predominant gel-forming mucin in the 
human airways and has been extensively studied 
for evaluation of mucin gene regulation and 
mucin glycoprotein secretion. A variety of epi-
thelial stimuli (including bacterial products, viral 
infection, environmental pollutants and chemi-
cals, proteases, inflammatory cytokines, and 
growth factors) upregulate mucin gene expres-
sions during sinonasal inflammation (Fig. 1.4).

Many bacteria and bacterial products induce 
mucus hypersecretion in  vivo and in  vitro. 
Lipopolysaccharide/TLR-4, peptidoglycan/
TLR-2 or TLR-6, and flagellin/TLR-5 signaling 
induce MUC5AC expression in airway epithelial 
cells through activation of transcription factors 
such as nuclear factor-κB (NF-κB), cAMP 
response element-binding protein (CREB), and 

Fig. 1.4 A variety of environmental stimuli, inflammatory mediators, growth factors, and parasympathetic and sensory 
nerves are involved in mucus production and secretion in nasal mucosa

T. Shimizu
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activated protein-1 (AP-1) [29, 35]. Respiratory 
viral infections (including influenza virus and 
respiratory syncytial virus) induce mucin gene 
expression in mice [36, 37], and rhinovirus stim-
ulates MUC5AC expression in human airway 
epithelial cells [38]. Environmental pollutants 
and oxidants (such as cigarette smoke, acrolein, 
ozone, SO2, and hydrogen peroxide) stimulate 
MUC5AC expression and mucin production [39–
42]. Airway proteases (including neutrophil elas-
tase, matrix metalloproteases, airway trypsin, 
and thrombin) stimulate MUC5AC expression 
and mucin secretion [43–47].

The proinflammatory cytokines IL-1β and 
tumor necrosis factor (TNF)-α and the Th2 cyto-
kines IL-4, IL-9, and IL-13 stimulate mucin pro-
duction in  vivo [48, 49]. Epithelial cell-derived 
cytokine IL-33 also induces mucin production in 
the mouse airway [50]. IL-13 is an important and 
essential mediator of mucin production in Th2- 
mediated airway inflammation through direct 
stimulation of epithelial cells [51]. IL-13 acti-
vates signal transducer and activator of transcrip-
tion 6 (STAT6), and then STAT6-dependent 
downregulation of the transcription factor 
Forkhead box a2 (Foxa2) stimulates MUC5AC 
expression [52, 53]. Foxa2 is a negative regulator 
of MUC5AC expression, and its deletion induces 
mucous metaplasia in the mouse lung [54].

Retinoic acid (RA) and its related analogs 
play an important role in cell growth and cell dif-
ferentiation. In the airway epithelium, RA is 
essential for induction and maintenance of muco-
ciliary differentiation [55, 56]. Expression of the 
gel-forming mucins MUC2 and MUC5AC is RA 
dependent in cultured airway epithelial cells [57]. 
Epidermal growth factor receptor (EGFR) signal-
ing is also important for mucin production in a 
variety of animal models and in human airway 
epithelial cells. The EGFR ligands EGF, trans-
forming growth factor (TGF)-α, and amphiregu-
lin stimulate MUC5AC expression [58]. 
Activation of EGFR is critical for in  vivo and 
in vitro induction of mucin production in response 
to stimulation of airway epithelial cells by aller-
gens, viruses, neutrophil elastase, and cigarette 
smoke [15, 29, 59–61].

1.5.2  Mucin Exocytosis

Mucin exocytosis from epithelial goblet cells is 
stimulated by many inflammatory mediators 
including cholinergic agonists, neuropeptides, 
prostaglandins, leukotrienes, bacterial products, 
neutrophil elastase, inhaled pollutants, and nucle-
osides [62]. The nucleoside ATP is released in 
response to mechanical, irritant, and inflamma-
tory stimulation of epithelial cells. Extracellular 
release of ATP activates P2Y2 purinergic recep-
tors on the apical surface of airway epithelial 
cells, resulting in induction of calcium release 
and regulated exocytosis [63]. Exocytosis is a 
complex process controlled by many regulatory 
molecules, including myristoylated alanine-rich 
C kinase substrate (MARCKS), which is essen-
tial for mucin release in vivo and in vitro [6, 7, 
64, 65].

Mucus secretion from submucosal glands is 
regulated mainly by parasympathetic and sensory 
nerves. Neurotransmitters and neuropeptides 
released by these nerves directly stimulate gland 
secretion [32]. In airway inflammation, parasym-
pathetic activity is stimulated by sensory nerves 
and histamine. Inflammatory mediators, such as 
prostaglandins, leukotrienes, and neutrophil elas-
tase, also stimulate gland secretion.

1.5.3  Mucin Glycosylation

In addition to factors that regulate synthesis and 
release, mucin activity is also regulated by glyco-
sylation [10]. Th2 cytokines and TNF-α alter the 
glycosylation and sialylation of secreted mucins 
[66, 67]. The carbohydrate moieties of mucins 
are potential adhesion sites for bacteria and 
viruses [68]. Inflammation-associated glycosyl-
ation of secreted mucin facilitates the interaction 
between mucus and microorganisms, leading to 
entrapment and removal by mucociliary clear-
ance [69, 70].

Increased modification of secreted mucin by 
sialylation and sulfation is commonly observed 
in airway inflammation [71–73]. Resulting car-
bohydrate moieties are negatively charged and 

1 Mucus, Goblet Cell, Submucosal Gland



8

have inhibitory effects against cationic inflamma-
tory proteins and bacterial enzymes [16, 17]. 
Such alterations may be important mechanisms 
involved in host defense, as they lead to neutral-
ization of these proteolytic enzymes and removal 
of pathogenic microbes. However, the precise 
biological function of mucin carbohydrate chains 
remains to be elucidated.

1.6  Pathophysiological Mucus 
Hypersecretion

Mucus hypersecretion is a common characteristic 
of the sinonasal inflammation seen in disorders 
like chronic rhinosinusitis (CRS) and allergic rhi-
nitis (AR) and is the cause of rhinorrhea. A vari-
ety of inflammatory mediators and infiltrating 
cells are capable of stimulating mucus hyperse-
cretion. Many inflammatory stimuli such as 
inhaled irritants, neutrophil products, lipopoly-
saccharide, viral and bacterial infections, and 
antigen challenge have been used to study mech-
anisms of mucus hypersecretion in animal 
models.

1.6.1  Chronic Rhinosinusitis (CRS)

CRS is a common nasal infectious disease with 
or without nasal polyps, characterized by the fol-
lowing symptoms: anterior and posterior nasal 
discharge, nasal obstruction, olfactory distur-
bance, headache, and facial pain. Hypersecretion 
of mucus in CRS patients may be induced by 
various inflammatory mediators such as the pro-
inflammatory cytokines IL-1β and TNF-α, bacte-
rial products, and neutrophil products. Mucin 
gene expression in nasal and sinus mucosa is 
similar to that in other respiratory epithelia. 
MUC5AC, MUC5B, and MUC2 are major 
secreted, gel-forming mucins, and the production 
of these is upregulated in nasal mucosa and nasal 
polyps of CRS patients [18, 28] (Fig. 1.5).

Excessive mucin production increases the vis-
coelasticity of the mucus, and mucus strands con-

nect the mucous blanket with epithelial goblet 
cells [74] (Figs. 1.1 and 1.5). These changes of the 
mucus and the damaged epithelium impair muco-
ciliary interaction. Obstruction of the nasal pas-
sages caused by inflamed mucosa or nasal polyps 
and mucociliary dysfunction lead to “mucostasis,” 
an accumulation of stagnant, pathological mucus 
that contains various inflammatory mediators, 
inflammatory cells, and pathogenic microbes. 
Mucostasis triggers mediators, normally host pro-
tective, but which in this setting become host inva-
sive, further exacerbating mucus hypersecretion, 
tissue damage, mucociliary dysfunction, and bac-
terial infection (Fig. 1.6). Successful treatment of 
CRS patients involves stopping the self-mediated 
inflammation caused by stagnant mucus. Nasal 
blowing, suction and irrigation, antral lavage, and 
endoscopic sinus surgery are useful treatments to 
remove stagnant mucus and restore mucociliary 
clearance.

a

b

Fig. 1.5 Immunohistochemical staining of MUC5AC in 
nasal polyp of patient with chronic rhinosinusitis. Mucous 
granules of epithelial goblet cells (a) and the mucus layer 
of epithelial surface (b) are strongly stained. Mucus 
strands connect the mucous blanket with the epithelial 
goblet cells (b)
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Infection and inflammation

Mucus
hypersecretion

Tissue
damage

Mucociliary dysfunction

Stagnation of mucus and mediactors

Obsrtuction of
nasal passages

Bacterial
colonization

Inflammatiory mediators
Bacterial products, proteases, cytokines,

arachidonic acid metabolites, growth factors, etc.

Fig. 1.6 A vicious cycle of self-mediated inflammation 
caused by the stagnant mucus in the pathogenesis of 
chronic rhinosinusitis. Mucus hypersecretion and dam-
aged epithelium impair mucociliary function, resulting in 
“mucostasis,” an accumulation of stagnant, pathological 
mucus that contains various inflammatory mediators and 

pathogenic microbes. These mediators and microbes 
exacerbate the local inflammation and further bacterial 
colonization. For treatment of patients with chronic rhino-
sinusitis, surgical removal the stagnant mucus is very 
important to stop the self-mediated inflammation

1.6.2  Allergic Rhinitis (AR)

AR is caused by IgE-mediated Th2 immune 
responses and is characterized by the following 
symptoms: sneezing, nasal obstruction, itching, 
and rhinorrhea. Histamine is a key mediator for 
allergic rhinitis, and histamine-induced choliner-
gic nerve stimulation is important for antigen- 
induced mucus hypersecretion. MUC5AC is a 
main secreted mucin, and it is found to be upreg-
ulated in AR patients [75, 76].

Ovalbumin (OVA)-sensitized animals are 
commonly used to study the pathophysiologic 
changes of allergic inflammation. When hyper-
trophic and metaplastic changes in epithelial 
goblet cells are induced in a rat model of nasal 
allergy, intraepithelial mucus production is sig-
nificantly inhibited by a Th2 cytokine inhibitor 
and by a cysteinyl leukotrienes (cysLTs) antago-
nist, indicating that Th2 cytokines and cysLTs 
(LTs C4, D4, and E4) are important for mucus syn-

thesis in AR [77, 78]. Mucus secretion (goblet 
cell exocytosis) can be evaluated by measuring 
the transient decrease of intraepithelial mucus. 
Histamine stimulates early-phase (1 h after chal-
lenge) secretion through H1 receptor on choliner-
gic nerve terminals, and infiltrating inflammatory 
cells (eosinophils and/or neutrophils) play a role 
in late-phase (6 h) secretion. CysLTs are impor-
tant for both early-phase secretion and late-phase 
secretion [79].

1.7  Therapeutic Strategies 
to Inhibit Mucus 
Hypersecretion

Mucus and mucociliary clearance serve impor-
tant functions in the host defense system by 
removing irritants, allergens, pathogens, and 
dead cells from the airway. However, hypersecre-
tion of mucus impairs mucociliary function and 
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thus becomes part of the pathogenic process, 
causing symptoms such as nasal obstruction and 
anterior and posterior nasal discharge. Inhibition 
of mucus hypersecretion restores mucociliary 
clearance and improves symptoms. Selection of 
an appropriate therapeutic strategy is important 
because mechanisms of mucus synthesis and 
secretion differ among the diseases, stimuli, and 
types of inflammation.

1.7.1  Surgical Managements

Hypersecretion of mucus and obstruction of nasal 
passages impair mucociliary clearance, resulting 
in stagnation of mucus that contains host- invasive 
mediators and pathogenic microbes. Stagnation 
of mucus causes a vicious cycle of self-mediated 
inflammation in the pathogenesis of CRS 
(Fig. 1.6). For treatment of CRS patients, surgical 
removal of the stagnant mucus is very important. 
Nasal blowing and irrigations are useful for 
improving the symptoms [80]. Antral puncture 
and lavage decrease mucus viscoelasticity and 
improve mucociliary activity [81]. Endoscopic 
sinus surgery to remove the obstructed mucosa 
and polyps is very effective for restoring muco-
ciliary clearance [82, 83].

1.7.2  Mucolytic and Mucokinetic 
Agents

The formation of disulfide bonds to oligomerize 
gel-forming mucins contributes to the viscoelas-
tic property of mucus. Increased viscoelasticity 
impairs mucociliary function. Mucolytic agents 
such as L-cysteine and N-acetylcysteine have free 
sulfhydryl groups that dissolve disulfide bonds 
and therefore decrease the viscoelasticity of nasal 
discharge and sputum [84, 85]. Mucokinetic 
agents such as carbocysteine cannot break mucin 
disulfide bonds, but they improve mucociliary 
function and suppress goblet cell hyperplasia. 
These mucolytic and mucokinetic agents are 
reported to be effective as treatments for CRS 
patients [86–88].

The release of large amounts of DNA from 
dead neutrophils contributes to increased mucus 

viscoelasticity. By decreasing the amount of 
DNA in sputum, inhaled DNase has become an 
important treatment for patients with cystic fibro-
sis (CF) [89]. Inhaled hypertonic saline is also 
used to improve mucociliary clearance in CF 
patients [90]; this stimulates water secretion into 
the airway by creating a temporary osmotic gra-
dient. Hypertonic saline nasal irrigations are 
reported to be effective as treatment for CRS 
patients [91].

1.7.3  Macrolide Antibiotics

The 14-member macrolides clarithromycin 
(CAM), erythromycin (EM), and roxithromycin 
and the 15-member macrolide azithromycin 
(AZM) are widely used to treat airway inflamma-
tion. Low-dose, long-term macrolide therapy has 
been reported to be very effective for patients 
with chronic airway diseases such as diffuse pan-
bronchiolitis, chronic bronchitis, chronic obstruc-
tive pulmonary disease, CF, and CRS [92–96]. 
The effects of these agents depend on anti- 
inflammatory and immunomodulatory rather 
than antibacterial actions.

CAM, EM, and AZM inhibit mucus hyperse-
cretion and metaplastic and hypertrophic changes 
of nasal epithelial goblet cells in vivo and in vitro 
[97, 98]. They inhibit inflammatory responses of 
neutrophils, lymphocytes, macrophages, and epi-
thelial cells and suppress gene expression and 
production of inflammatory cytokines and che-
mokines [99, 100]. In CRS patients, macrolide 
therapy reduces anterior and posterior nasal dis-
charge and is effective for treating neutrophilic 
and lymphocytic inflammation. However, macro-
lide therapy is not effective for patients with 
eosinophilic inflammation, characterized by 
serum and tissue eosinophilia, high serum IgE, 
multiple polyposis, severe CT findings, and bron-
chial asthma [96, 100–103].

1.7.4  Anti-inflammatory Agents

Systemic and topical steroids are very effective 
for reducing mucus hypersecretion in patients 
with CRS and AR [104, 105]. Glucocorticoids 
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are potent anti-inflammatory agents that inhibit 
functions of a variety of inflammatory cells. 
Mucus hypersecretion is suppressed mainly by 
reductions in the release of secretagogue 
 mediators such as histamine, leukotrienes, neu-
trophil elastase, and Th2 cytokines.

Anti-inflammatory agents such as antihista-
mines, cysLTs antagonist, Th2 cytokines inhibi-
tor, and anticholinergic agents are clinically 
useful for reducing nasal AR symptoms, includ-
ing anterior and posterior discharge [80, 106]. All 
have been confirmed in animal model of allergic 
inflammation as inhibitors of nasal or tracheal 
mucus hypersecretion.

1.8  Conclusions

Mucin secretion is regulated by a multi-step pro-
cess that includes synthesis and exocytosis. A 
wide variety of inflammatory stimuli upregulate 
mucin gene expression and induce mucus over-
production. During the past decades, there have 
been significant advances in our understanding of 
the biological roles of mucus and of mechanisms 
which regulate mucus hypersecretion, including 
(1) the structural biology of mucins and mucus, 
(2) regulation of mucin gene expression, (3) 
mechanisms of mucin synthesis and exocytosis, 
(4) epithelial cell differentiation and goblet cell 
metaplasia, and (5) development of animal mod-
els for studying mucus hypersecretion in sinona-
sal inflammation. Further understanding will 
provide the best possible therapeutic strategies 
for the treatment of various causes of mucus 
hypersecretion in sinonasal inflammation.
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2The Coagulation System 
and Rhinosinusitis

Takeshi Shimizu and Shino Shimizu

Abbreviations

APC  Activated protein C
AR  Allergic rhinitis
BALF Bronchoalveolar lavage fluid
CRS  Chronic rhinosinusitis
EPCR Endothelial protein C receptor
FDPs Fibrin degradation products
GM-CSF  Granulocyte macrophage colony- 

stimulating factor
IL  Interleukin
LMWH Low-molecular weight heparin
NP  Nasal polyp
PAF  Platelet-activating factor
PAI-1 Plasminogen activator inhibitor-1
PAR  Protease-activated receptor
PDGF Platelet-derived growth factor
TAFI   Thrombin activatable fibrinolysis 

inhibitor
TATc Thrombin-antithrombin complex
TF  Tissue factor
TFPI  Tissue factor pathway inhibitor
TGF  Transforming growth factor
TM  Thrombomodulin
TNF  Tumor necrosis factor
t-PA  Tissue plasminogen activator
u-PA  Urokinase plasminogen activator
VEGF Vascular endothelial growth factor

Core Message
Local activation of the coagulation system con-
tributes to the pathophysiology of upper airway 
inflammation, such as allergic rhinitis (AR) and 
chronic rhinosinusitis (CRS). Airway inflamma-
tion is associated with increased vascular perme-
ability. Leakage of plasma coagulation factors 
into the tissues induces plasma factor VIIa 
(FVIIa) to bind tissue factor (TF) expressed on 
endothelial cells, fibroblasts, epithelial cells, and 
leukocytes, which ultimately leads to thrombin 
(FIIa) generation and fibrin deposition. Increased 
coagulation activity and decreased fibrinolytic 
activity induce excessive fibrin deposition in 
human nasal polyp (NP) tissues. Thrombin and 
coagulation factors play important roles not only 
in hemostasis and thrombosis but also in inflam-
mation by stimulating the production of cyto-
kines, chemokines, mucin, and extracellular 
matrix proteins from nasal epithelial cells and 
from fibroblasts through the protease-activated 
receptors (PARs). PAR-mediated responses pro-
vide a direct link between coagulation and 
inflammation, and anticoagulant drugs may have 
a therapeutic potential for the treatment of intrac-
table rhinosinusitis.
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2.1  Introduction

Airway inflammation is associated with increased 
vascular permeability and leakage of plasma 
coagulation factors, leading to the activation of 
the coagulation system in the extravascular space. 
Procoagulant activity has been demonstrated in 
patients with allergic rhinitis (AR) [1], chronic 
rhinosinusitis (CRS) [2], bronchial asthma [3], 
and lung fibrosis [4]. The presence of thrombin 
activity and thrombin-antithrombin complex 
(TATc) in nasal secretions and in bronchoalveo-
lar lavage fluid (BALF) is clear evidence of local 
activation of the coagulation system. Airway 
inflammation enhances the activity of tissue fac-
tor (TF), an important initial upstream protein of 
the extrinsic coagulation cascade, expressed on 
airway epithelial cells and infiltrating eosinophils 
[1, 5].

Airway inflammation is characterized by 
mucus hypersecretion, infiltration of inflamma-
tory cells, and tissue remodeling, such as nasal 
polyp (NP) formation. Excessive fibrin deposi-
tion is detected in the epithelial mucus layer and 
in the lamina propria of NPs [5, 6], and dense 
fibrin networks exacerbate airway inflammation 
by disturbing the mucociliary activity of the epi-
thelial mucus layer and by providing a scaffold 
for proliferating cells such as fibroblasts and 
endothelial cells. Aberrant fibrin turnover is 
induced by an increase in coagulation activity 
and a decrease in fibrinolysis.

Coagulation factors such as thrombin (FIIa), 
TF/FVIIa, and FXa play important roles not only 

in hemostasis and thrombosis but also in inflam-
mation through interactions with protease- 
activated receptors (PARs; PAR-1, PAR-2, 
PAR-3, and PAR-4) expressed on epithelial cells, 
fibroblasts, and vascular endothelial cells [7]. 
Activated coagulation factor–PAR signaling 
induces airway inflammation by stimulating the 
production of cytokines, chemokines, mucin, and 
extracellular matrix proteins by airway epithelial 
cells and fibroblasts [1, 8–12].

Figure 2.1 shows the interactions between 
coagulation and inflammation. The coagulation 
system is activated in rhinosinusitis by leakage 
of plasma coagulation factors and by enhanced 
TF activity expressed on epithelial cells, fibro-
blasts, endothelial cells, and leukocytes [5]. 
Fibrin deposition is facilitated by decreased 
activity of the anticoagulant protein C system 
[13, 14] and by inhibition of fibrinolysis follow-
ing the enhanced production of plasminogen 
activator-1 (PAI-1) [15, 16]. Coagulation modu-
lates airway inflammation by PAR-mediated 
cytokine/chemokine production and by the anti-
inflammatory protein C system. Platelets pos-
sess proinflammatory mediators such as 
thromboxane, histamine, and platelet-activating 
factor (PAF), and P-selectin expression on their 
surface induces eosinophil infiltration [17, 18]. 
This chapter summarizes the current knowledge 
of the role of coagulation, fibrinolysis, and the 
anticoagulant system in the pathophysiology of 
rhinosinusitis. The therapeutic potential of anti-
coagulant drugs for the treatment of intractable 
rhinosinusitis is shown.

(1) Inflammation stimulates the coagulation system by

Increased vascular permeability and leakage of plasma coagulation factors

Enhanced tissue factor activity

Increased production of plasminogen activator inhibitor-1

(2) Coagulation modulates inflammation by

Platelets activation

Coagulation factor-PAR mediated inflammation

Anti-inflammatory activities of protein C pathway

Inflammation Coagulation

(1)

(2)

Fig. 2.1 Interaction 
between the coagulation 
system and 
inflammation. Airway 
inflammation activates 
the coagulation system, 
and coagulation 
modulates inflammation
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2.2  The Coagulation System

Hemostasis and thrombosis are controlled by plate-
let aggregation, coagulation (blood clot forming), 
fibrinolysis (clot lysing), and the anticoagulant 
(regulating) system. Platelets immediately form a 
plug at the site of injury to the blood vessel, and 
then coagulation factors respond in a cascade to 
form fibrin strands, which strengthen the platelet 
plug. Fibrinolysis is the process of fibrin cleavage 
by plasmin into fibrin degradation products (FDPs), 
which act to resolve blood clots. Coagulation, fibri-
nolysis, and the regulating anticoagulant system 
balance their activities and maintain the homeosta-
sis of the coagulation mechanisms (Fig. 2.2).

2.2.1  The Coagulation Cascade

The coagulation cascade is classically divided 
into the extrinsic (TF) pathway and the intrinsic 

(contact activation) pathway. The extrinsic path-
way is the most important primary pathway for 
clot formation in the coagulation cascade. The 
intrinsic (contact activation) pathway has minor 
roles in initiating clot formation, and recent 
research has shown that the contact activation 
system is more involved in inflammation and 
innate immunity by activating the complement 
system and the kallikrein–kinin pathway [19].

Tissue factor (TF) is an important starting 
upstream protein in the extrinsic coagulation cas-
cade, and it is the most potent stimulator of this 
cascade [20]. TF is expressed on the cell surface 
of epithelial cells, fibroblasts, endothelial cells, 
and leukocytes, including epithelial cells and 
infiltrating eosinophils in nasal mucosa [1, 5]. 
Leakage of plasma coagulation factors into tis-
sues induces FVIIa to bind to TF on the cell sur-
face, and this complex binds to factor X (FX), 
converting it to the activated form, factor Xa 
(FXa). The coagulation factors are generally ser-

Thrombin (IIa)

FibrinogenFibrinFDPs

Prothrombin

Va V

X Xa

VIIIVIIIa

IXa IXTissue factor (TF)

XIa XI

XIIa

Plasminogen

Plasmin
u-PA

Protein C

Activated protein C (APC)

Protein S

Extrinsic pathway Intrinsic pathway

Fibrinolysis

Inactivates
FVa and FVIIIa 

Regulators

TFPI

Antithrombin

PAI-1

2-antiplasmin

Anticoagulant 
Protein C pathway

XII

Surface contact

X

VIIa

Tissue damage

Crosslinked
fibrin clot

XIIIa XIII EPCR
PAR-1

Anti-inflammatory 
activities

t-PA

TM

TAFI

TM

Fig. 2.2 Coagulation cascade. Extrinsic and intrinsic 
pathways, fibrinolysis, regulators, and the anticoagulant 
protein C system balance each other’s activities and main-
tain the homeostasis of the coagulation mechanisms. 
Tissue factor is an important starting protein in the extrin-
sic coagulation cascade, and thrombin plays a fundamen-
tal role by converting fibrinogen to fibrin. Solid arrow: 

activation, Dotted arrow: Inhibition. EPCR: Endothelial 
protein C receptor, FDPs: Fibrin degradation products, 
PAI-1: Plasminogen activator inhibitor-1, t-PA: Tissue 
plasminogen activator, u-PA: Urokinase plasminogen 
activator, TAFI: Thrombin activatable fibrinolysis inhibi-
tor, TFPI: Tissue factor pathway inhibitor, TM: 
thrombomodulin
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ine proteases, which act by cleaving downstream 
proteins. The exceptions are TF, FV, FVIII (gly-
coproteins), and FXIII (transglutaminase). FXa 
then leads to eventual thrombin generation and 
fibrin deposition (Fig. 2.2).

Thrombin (FIIa) plays fundamental roles in 
the coagulation system. Prothrombin is converted 
to thrombin by the activation of extrinsic and 
intrinsic pathways. Thrombin not only converts 
fibrinogen to fibrin, but it also has feedback acti-
vation roles by activating factors V and VIII. The 
fibrin clot is formed by cross-linking of fibrin 
monomers and is further stabilized by FXIII, 
which is activated by thrombin (FXIIIa). 
Thrombin also activates their inhibitor, protein C, 
in the anticoagulant protein C pathway in the 
presence of thrombomodulin (Fig. 2.2).

2.2.2  Regulators

TF pathway inhibitor (TFPI) regulates the initial 
step of the extrinsic coagulation cascade by tar-
geting the TF-FIIa-FXa complex. TFPI is a serine 
protease inhibitor that is secreted by endothelial 
cells, leukocytes, platelets, fibroblasts, smooth 
muscle cells, and epithelial cells [21]. TFPI is 
produced locally in response to activation of the 
coagulation system.

Antithrombin (also called as antithrombin III) 
is a serine protease inhibitor that inactivates sev-
eral coagulation factors, such as thrombin (FIIa), 
FIXa, FXa, FXIa, and FXIIa. Antithrombin is a 
circulating plasma protein, which is produced in 
the liver, and thrombin is rapidly bound to anti-
thrombin by forming thrombin–antithrombin 
complex (TATc). Antithrombin is the major 
inhibitor, accounting for approximately 80% of 
the thrombin inhibitory activity in plasma. The 
anticoagulant heparin accelerates antithrombin 
activity by the enhanced binding of antithrombin 
to thrombin and FXa.

The anticoagulant protein C pathway is acti-
vated when thrombin binds to thrombomodulin 
on the cell surface, and the thrombin–thrombo-
modulin complex converts protein C to activated 
protein C (APC). APC along with cofactor pro-
tein S inactivates FVa and FVIIIa, important pro-

coagulant cofactors in the generation of thrombin. 
APC also has cytoprotective and anti- 
inflammatory activities through the endothelial 
protein C receptor (EPCR) and PAR-1 expressed 
on airway epithelial cells and endothelial cells 
[22, 23].

2.2.3  Fibrinolysis

Fibrinolysis is a natural mechanism to prevent 
excessive fibrin deposition and to resolve clot 
formation. The major fibrinolytic enzyme, plas-
min, cleaves the fibrin mesh into fibrin degrada-
tion products (FDPs). Plasmin is formed from 
plasminogen by tissue plasminogen activator 
(t-PA) and urokinase plasminogen activator 
(u-PA). Plasminogen, which is produced in the 
liver, has affinity for fibrin and is entrapped 
within the clot when it is formed. Plasminogen 
activator inhibitor-1 (PAI-1) is a serine protease 
inhibitor that acts as a principal inhibitor of both 
t-PA and u-PA. Endothelial cells and many differ-
ent cells produce t-PA, u-PA, and PAI-1, includ-
ing airway epithelial cells, fibroblasts, mast cells, 
and macrophages [24].

Fibrinolysis is also regulated by endogenous 
antifibrinolytic proteins, α2-antiplasmin, and 
α2-macroglobulin, which inactivate plasmin. 
Thrombin activatable fibrinolysis inhibitor 
(TAFI) is another important regulator of fibrino-
lysis. TAFI is activated by thrombin and throm-
bin–thrombomodulin complex and inhibits 
fibrinolysis by removing the binding and activat-
ing sites on fibrin for plasminogen and t-PA [25].

2.3  Activation 
of the Coagulation System 
in Rhinosinusitis

Activation of coagulation is initiated by plasma 
exudation into the tissues in sinonasal inflamma-
tion, and coagulation steps start through the inter-
action of plasma coagulation factors with TF, an 
initial protein of the coagulation cascade in tis-
sues. Thrombin is generated by the stepwise acti-
vation of coagulation factors, and it converts 
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Mucus layer Nasal polyp

Epithelial cells Nasal gland

Fig. 2.3 Immunohistochemical staining of fibrin in nasal polyps (NPs) from patients with CRS with NPs. Fibrin is 
strongly expressed in the epithelial mucus layer and lamina propria of NPs

fibrinogen to fibrin. Enhanced thrombin activity 
and elevated concentrations of TATc in nasal 
secretions from patients with AR and CRS indi-
cate the local activation of the coagulation sys-
tem in rhinosinusitis [1, 2]. Activation of the 
coagulation system results in excessive deposi-
tion of fibrin in the epithelial mucus layer and in 
the lamina propria of NPs [5] (Fig. 2.3).

2.3.1  Tissue Factor (TF)

TF is an important upstream protein in the 
extrinsic pathway and plays an essential role in 
the coagulation cascade. TF and its regulator 
TFPI are expressed in nasal epithelial cells and 
subepithelial gland cells, and TF is also 
expressed in infiltrating inflammatory cells, 
including eosinophils, in nasal mucosa [5]. TF 
is a transmembrane glycoprotein, and TF activ-
ity is determined as activated FX (FXa) induced 
by TF/FVIIa complex on cultured cells. 
Thrombin and tumor necrosis factor (TNF)-α 
enhance TF activity on cultured airway epithe-
lial cells [2] and on a human eosinophilic leuke-
mia cell line, EoL-1 cells (unpublished data). 
These results indicate that inflammation acti-
vates the local coagulation system through 
enhanced TF activity on epithelial cells and on 
infiltrating eosinophils. TF is strongly expressed 
in the basal area of nasal epithelial cells [5] 

(Fig. 2.4), and it is reportedly important for the 
attachment, survival, and proliferation of basal 
epithelial cells [26, 27].

TFPI, a major regulator of TF-induced coagu-
lation, is released from cultured nasal epithelial 
cells on stimulation with thrombin and TNF-α. 
TFPI concentration in nasal secretions is 
increased in CRS patients with asthma, and it is 
correlated with both thrombin activity and TATc 
concentrations in nasal secretions [5]. These 
results suggest that TPFI is produced locally in 
response to the activation of the coagulation 
cascade.

2.3.2  Thrombin

Thrombin activity is determined spectrophoto-
metrically using the synthetic substrate D-Phe- 
piperonyl-Arg-p-nitroanilide, and it is enhanced 
in nasal secretions from patients with AR and 
CRS with asthma [2]. Thrombin is rapidly bound 
by antithrombin and forms TATc in vivo, and the 
TATc level is a good marker of thrombin genera-
tion. The TATc concentration is increased in 
nasal secretions from patients with AR and CRS 
with asthma [2]. Increased TATc levels are also 
reported in nasal lavage fluids and in NP tissues 
from CRS patients [28], supporting the local acti-
vation of thrombin generation and a procoagulant 
state in rhinosinusitis.

2 The Coagulation System and Rhinosinusitis
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a

b

Fig. 2.4 Immunohistochemical staining of tissue factor 
(TF) in nasal mucosa from patients with CRS with NPs. 
(a) Nasal polyp. (b) Inferior turbinate. TF is expressed in 
epithelial cells and inflammatory cells including eosino-
phils. Basal areas of epithelial cells are strongly stained

C C

N N

Signal transduction

Protease Tethered ligand

Fig. 2.5 Protease activated receptor-1 (PAR-1). 
Thrombin stimulates PAR-1 by proteolytic cleavage and 
unmasking of an amino-terminal receptor sequence, 
which acts as a tethered ligand by binding to the body of 
the receptor to initiate transmembrane signaling

2.4  Coagulation Contributes 
to the Pathophysiology 
of Rhinosinusitis

Platelets, the cellular component of blood clots, 
play important roles in the development of air-
way inflammation. P-selectin expression of plate-
lets is important for eosinophil infiltration in 
tissues. Thrombin activates platelets and stimu-
lates the release of proinflammatory mediators, 
such as thromboxane, histamine, serotonin, and 
PAF, from platelets [25]. Coagulation factors 
such as thrombin (FIIa), TF/FVIIa, and FXa con-
tribute to the inflammation through the interac-
tion with PARs expressed on epithelial cells, 
fibroblasts, and endothelial cells [7].

2.4.1  Coagulation Factors 
and Protease-Activated 
Receptors (PARs)

The PAR family consists of four subtypes (PAR- 
1, PAR-2, PAR-3, and PAR-4); each subtype dis-
plays a unique activation site that is recognized 
by specific proteases [29]. Protease activity of 

coagulation factors stimulates PARs by proteo-
lytic cleavage and unmasking of an amino- 
terminal receptor sequence, which acts as a 
tethered ligand by binding to the body of the 
receptor to initiate transmembrane signaling 
(Fig. 2.5). All PARs are expressed in nasal epi-
thelial cells and fibroblasts [1, 9]. PARs agonist 
peptides, synthetic peptides with the same 
sequences as the newly formed tethered ligands, 
can activate the receptor independently. The three 
PARs, PAR-1, PAR-3, and PAR-4, are thrombin 
receptors, and FXa may activate PAR-1, PAR-2, 
and PAR-329 (Table  2.1). Thrombin and PAR-1 
agonist peptide stimulate the secretion of 
MUC5AC mucin, PDGF, VEGF, IL-6, IL-8, 
CCL-2 [1, 2, 7, 8, 30], and granulocyte macro-
phage colony-stimulating factor (GM-CSF) [31] 
from cultured airway epithelial cells. Thrombin, 
FXa, and PAR-1 and PAR-2 agonist peptides 
stimulate the secretion of transforming growth 
factor (TGF)-β, fibronectin, eotaxin-1, IL-6, and 
IL-8 from cultured nasal fibroblasts [9].

2.4.2  Tissue Remodeling

Tissue remodeling is an irreversible histologic 
change caused by persistent inflammation and 
aberrant repair mechanisms. Morphological 
changes of tissue remodeling in rhinosinusitis 
include epithelial sloughing, thickening of the 
basement membrane, subepithelial fibrosis, and 
formation of NPs. Goblet cell metaplasia in asso-
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Table 2.1 PARs cleaving proteases

PAR- 
1

Thrombin, FXa, TF/FVIIa, Activated protein C, 
Plasmin
Trypsin, Chymase, MMP-1-3,8,9,12,13, 
Cathepsin G,
Neutrophil elastase, Proteinase 3, Granzyme 
A,B,K, Der p 1

PAR- 
2

FXa, TF/FVIIa, Plasmin
Trypsin, tryptase, chymase, cathepsin G,S,
Neutrophil elastase, Proteinase 3,
Papain, HDM (Der p 1-3,9), Cockroach, 
Alternaría, Japanese cedar pollen

PAR- 
3

Thrombin, FXa, Trypsin

PAR- 
4

Thrombin, Trypsin, Cathepsin G
Papain, Der p 3

ciation with hypersecretion of mucus is an impor-
tant characteristic of AR and CRS.  MUC5AC 
mucin is the most predominant gel-forming 
mucin expressed in airway goblet cells, and it is 
up-regulated in nasal polyposis. PDGF, VEGF, 
and TGF-β are profibrotic cytokines that promote 
tissue remodeling by stimulating the proliferation 
of vascular endothelial cells, fibroblasts, myo-
cytes, and goblet cells, and by increasing the 
deposition of extracellular matrix proteins. 
Overexpressions of PDGF, VEGF, and TGF-β 
and their receptors are commonly observed in 
the nasal mucosa of CRS patients [32–35]. IL-6 
contributes to tissue remodeling by stimulating 
mucus production, fibroblast proliferation, and 
matrix deposition in airways [36]. Fibronectin, 
an extracellular matrix protein, is cross-linked 
to the fibrin α chain by FXIIIa [37], and 
increased expression of fibronectin is reported 
in NPs [38, 39].

Activated coagulation factors, thrombin 
and FXa, play important roles in tissue remod-
eling of rhinosinusitis by leading to fibrin 
deposition and by stimulating the secretion of 
MUC5AC mucin, profibrotic cytokines 
(PDGF, VEGF, TGF-β), IL-6, and extracellu-
lar matrix protein (fibronectin) from nasal epi-
thelial cells and from nasal fibroblasts via 
PAR-1 and PAR-2. Thrombin and FXa are also 
involved in the activation, infiltration, and sur-
vival of inflammatory cells such as neutro-
phils, eosinophils, and monocytes in 
rhinosinusitis by stimulating the secretion of 

IL-8, CCL-2, and GM-CSF from nasal epithe-
lial cells and that of IL-8, and eotaxin-1 from 
nasal fibroblasts (Fig. 2.6).

2.4.3  Allergic Rhinitis (AR)

The coagulation system is activated by increased 
plasma exudation into tissues in AR patients. 
Enhanced thrombin activity and elevated concen-
trations of TATc are reported in nasal secretions 
from AR patients [2]. Thrombin activity was sig-
nificantly increased in nasal secretions from 
patients with house dust mite (HDM) AR 5 min 
after allergen provocation with an HDM disc, 
compared with that before the provocation [1]. 
Thrombin generation and fibrin deposition are 
more prominent in the nasal mucosa of 
ovalbumin- induced AR mice [40]. These results 
indicate that allergen stimulation induces throm-
bin generation and resulting fibrin deposition in 
the nasal mucosa of AR patients.

PAR-2 mediated inflammation is important in 
allergic inflammation. Activated coagulation fac-
tor, FXa, TF/FVIIa, and other proteases can acti-
vate PAR-2, both derived from the host (mast cell 
tryptase and chymase, trypsin, neutrophil elas-
tase, proteinase 3, cathepsin G and S) and from 
allergens (HDM, Alternaria, cockroach, and 
Japanese cedar pollen) [25]. Allergen-derived 
protease-induced PAR-2 activation stimulates 
secretion of epithelial cell-derived cytokines, 
TSLP and IL-25, from airway epithelial cells, 
which induce the initiation and development of 
allergic inflammation. Protease activity of 
Alternaria induces TSLP production from cul-
tured airway epithelial cells, and that of HDM or 
Japanese cedar stimulates IL-25 production from 
cultured human nasal epithelial cells via PAR-2 
[41–43]. PAR-2 is also expressed on mast cells, 
eosinophils, and smooth muscle cells in airways. 
PAR-2 activation induces histamine release from 
mast cells and degranulation and cytokine release 
from eosinophils, respectively [44]. FXa and 
PAR-2 agonists stimulate the secretion of 
eotaxin-1 and IL-8 from cultured nasal fibro-
blasts [9], which may induce eosinophil and neu-
trophil infiltration in nasal mucosa. The 
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Fig. 2.6 Coagulation factor-PAR-mediated inflammation 
and tissue remodeling in nasal polyps (NPs). Activated 
coagulation factors, thrombin and FXa, play important 
roles in tissue remodeling by leading to fibrin deposition 
and by stimulating the secretion of MUC5AC mucin, pro-
fibrotic cytokines (PDGF, VEGF, TGF-β), IL-6, and extra-
cellular matrix protein (fibronectin) from nasal epithelial 

cells and from nasal fibroblasts via PAR-1 and PAR-2. 
Thrombin and FXa are also involved in the activation, 
infiltration, and survival of inflammatory cells such as 
neutrophils, eosinophils, and monocytes by stimulating 
the secretion of IL-8, CCL-2, and GM-CSF from nasal 
epithelial cells and that of IL-8, and eotaxin-1 from nasal 
fibroblasts

coagulation system is activated in AR, and FXa 
and TF/FVIIa can activate PAR-2, but their roles 
in allergic inflammation have not been fully elu-
cidated (Fig. 2.7).

2.4.4  Excessive Fibrin Deposition

Immunohistochemical analysis has demonstrated 
excessive fibrin deposition in the epithelial mucus 
layer and lamina propria of NPs from CRS 
patients [5] (Fig. 2.3). Excessive fibrin deposition 
is induced by an increase in coagulation activity 
and by a decrease in fibrinolysis. Plasmin, a 
major fibrinolytic enzyme, cleaves the fibrin 
mesh into FDPs to prevent excessive fibrin depo-
sition. Takabayashi et  al. [6] reported reduced 
fibrinolytic activity in NP. In NP tissues, the pro-

tein level of d-dimer (a major FDP) is signifi-
cantly decreased compared with uncinate tissues 
from CRS patients or control subjects. Plasmin is 
generated through cleavage of plasminogen by 
u-PA and t-PA. The mRNA expression and pro-
tein level of t-PA, but not u-PA, are significantly 
decreased in NP tissues compared with uncinate 
tissues from CRS patients or control subjects. In 
addition, t-PA is prominently expressed in epi-
thelial cells and submucosal gland cells in nasal 
mucosa, and the concentration of t-PA in NP tis-
sues is negatively correlated with that of eosino-
phil cationic protein (ECP). The Th2 cytokines, 
IL-4 and IL-13, inhibit the production of t-PA 
from cultured airway epithelial cells. TAFI is 
another important regulator of fibrinolysis, acti-
vated by thrombin and thrombin- thrombomodulin 
complex. The TAFI level is significantly increased 
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Fig. 2.7 PAR-2- 
mediated responses are 
important in allergic 
inflammation. The 
coagulation factors, FXa 
and TF/FVIIa, can 
activate PAR-2, and FXa 
and PAR-2 agonists 
stimulate the secretion 
of IL-6, IL-8, eotaxin-1, 
TGF-β, and fibronectin 
from cultured nasal 
fibroblasts, but their 
roles in allergic 
inflammation have not 
been fully elucidated

in NP tissues compared with that in uncinate tis-
sues from CRS patients or control subjects, and it 
is positively correlated with ECP levels in NP tis-
sues [28]. These results indicate that the down-
regulation of t-PA and upregulation of TAFI may 
lead to insufficient fibrin degradation in NPs, and 
that eosinophilic inflammation and Th2 cyto-
kines contribute to the reduced fibrinolysis 
through the downregulation of t-PA and upregu-
lation of TAFI. Excessive fibrin deposition may 
accelerate tissue remodeling by providing a scaf-
fold for the proliferating fibroblasts and endothe-
lial cells.

Coagulation factor XIII (FXIII) is activated 
by thrombin (FXIIIa) and completes fibrin clots 
by cross-linking the fibrin monomers. Cross-
linking of various substrates (α2-antiplasmin 
and fibronectin) to fibrin affects clot structure, 
stability, and stiffness, which protect fibrin clots 
from enzymatic degradation [45]. FXIIIa is a 
dimer of two active A subunits, and mRNA 
expression and the protein level of A subunit 
(FXIII-A) are increased in NP tissues compared 
with uncinate tissues from CRS patients or con-
trol subjects [46]. M2 macrophages are major 
FXIII-A- producing cells, and the number of M2 
macrophages, but not M1macrophages, is 
increased in NPs [47, 48]. M1 macrophages 
develop in response to Th1 cytokines or bacte-
rial products such as LPS, and M2 macrophages 
are induced by exposure to Th2 cytokines, 
including IL-4 and IL-13. These results indicate 
that type 2 inflammation plays important roles 

in excessive fibrin deposition by the upregula-
tion of FXIII-A produced by increased M2 mac-
rophages in NP [46].

2.5  Anticoagulant Treatment 
of Rhinosinusitis

An activated coagulation system with increased 
thrombin generation and decreased fibrinolytic 
activity with excessive fibrin deposition contrib-
utes to the pathophysiology of allergic inflamma-
tion and tissue remodeling in upper airway 
inflammation such as AR and CRS [49]. Several 
studies have shown that thrombin receptor antag-
onists, TFPI, PAI-1 inhibitors, u-PA, or t-PA 
attenuate eosinophil recruitment, tissue remodel-
ing, and airway hyperreactivity in the lungs of 
asthmatic mice by inhibiting the coagulation sys-
tem or by activating fibrinolysis [21, 50–53]. 
These results suggest that the coagulation system 
and fibrinolysis may be potential therapeutic tar-
gets in patients with intractable rhinosinusitis. 
Heparin and APC have been used as anticoagu-
lant drugs in clinical practice, and they also pos-
sess anti-inflammatory activities. Recently, 
potential anti-inflammatory effects of heparin or 
APC were supported by animal studies and sev-
eral clinical trials involving patients with inflam-
matory diseases, including bronchial asthma, 
lung fibrosis, sepsis, arthritis, burns, ischemia- 
reperfusion injury, and inflammatory bowel dis-
eases [13, 25, 54–57].
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2.5.1  Heparin

Heparin is a glycosaminoglycan and remains one 
of the most important anticoagulant drugs in clin-
ical practice. Heparin binds to antithrombin and 
accelerates the inhibitory activity to thrombin, 
FXa, and other coagulation factors. It is well 
known that heparin possesses a wide variety of 
anti-inflammatory activities, including inhibition 
of inflammatory mediators, suppression of lym-
phocyte, neutrophil, and eosinophil functions, 
and inhibition of mast cell degranulation [58–60]. 
Heparin plays regulatory roles in airway inflam-
mation and subsequent tissue remodeling by 
binding nonspecifically to many proteins involved 
in the inflammation process, including cytokines, 
growth factors, adhesion molecules, tissue 
destructive enzymes, complement factors, and 
extracellular matrix proteins [55]. Inhaled hepa-
rin attenuates antigen-induced airway hyperreac-
tivity in asthmatic rats [61] and sheep [62], and it 
inhibits smoke-induced lung injury in sheep [63]. 
Heparin also attenuates nasal airway pressure 
and cellular infiltration in nasal lavage fluids in a 
guinea pig model of AR [64]. Several clinical 
studies have shown the anti-inflammatory effects 
of inhaled heparin or nebulized heparin in 
patients with bronchial asthma and AR, and no 
adverse effects such as bleeding or thrombocyto-
penia have been reported [59, 65–69].

The anti-inflammatory effects of heparin on 
rat nasal epithelium are examined using LPS- or 
antigen-induced inflammation. Intranasal instil-
lation of heparin attenuates LPS-induced neutro-
phil infiltration, goblet cell metaplasia, and 
mucus production in rat nasal epithelium, and the 
low-molecular weight heparin (LMWH), enoxa-
parin, shows similar inhibitory effects on LPS- 
induced changes as those of heparin [70]. LMWH 
is a fragment of heparin produced by controlled 
chemical and enzymatic degradation, and its 
binding to antithrombin accelerates its anticoagu-
lant activity. LMWH has a longer half-life and 
better bioavailability caused by the reduced bind-
ing to plasma proteins and endothelium. LMWH 
also attenuates antigen-induced neutrophil/eosin-
ophil infiltration, goblet cell metaplasia, and 

mucus production in rat nasal epithelium [71], 
and it suppresses TNF-α-induced secretion of 
IL-8 and MUC5AC mucin from cultured airway 
epithelial cells [70]. These results indicate that 
the in vivo effects of heparin are caused by a wide 
range of anti-inflammatory activities including 
the direct inhibition of the secretion of IL-8 and 
MUC5AC mucin from airway epithelial cells, 
together with the inhibition of thrombin genera-
tion and fibrin deposition. Topical application of 
LMWH may provide a new therapeutic strategy 
for the treatment of intractable rhinosinusitis.

2.5.2  Activated Protein C (APC)

The anticoagulant protein C pathway is activated 
when the thrombin-thrombomodulin complex 
converts protein C to APC. APC inhibits coagula-
tion by inactivating FVa and FVIIIa, important 
coagulation factors in thrombin generation, and it 
also promotes fibrinolysis by inactivating PAI-1. 
APC is clinically used for the treatment of 
patients with congenital or acquired protein C 
deficiency. APC also has cytoprotective and anti- 
inflammatory activities through the endothelial 
protein C receptor (EPCR) and PAR-1 expressed 
on endothelial cells [56]. Systemic administra-
tion of APC improves the clinical outcome of 
patients with sepsis, and APC inhibits leukocyte 
adhesion and infiltration into tissues and the 
secretion of TNF-α and IL-1β from inflammatory 
cells [72–74].

APC generation is decreased in the lungs of 
patients with airway inflammation, such as bron-
chial asthma and lung fibrosis, and reduced APC 
function is associated with enhanced collagen 
formation in the lungs of patients with lung fibro-
sis [75–77]. Intratracheal administration of APC 
inhibits bleomycin-induced lung fibrosis and pro-
duction of PDGF, TNF-α, and IL-6 in the mouse 
lung, and anti-EPCR antibody suppresses these 
inhibitory activities of APC [57]. Inhaled APC 
attenuates antigen-induced eosinophil infiltra-
tion, Th2 cytokine production, and airway hyper-
reactivity in mouse lung, and anti-EPCR antibody 
suppresses these inhibitory activities [14]. 
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Intranasal instillation of APC inhibits thrombin- 
induced goblet cell metaplasia and mucus 
 production in rat nasal epithelium, and APC 
inhibits TNF-α or epidermal growth factor 
(EGF)-induced secretion of MUC5AC mucin 
from cultured airway epithelial cells [1]. APC 
inhibits thrombin-induced production of PDGF 
from cultured airway epithelial cells and from 
macrophages. EPCR is also expressed in airway 
epithelial cells and macrophages, and the inhibi-
tory effects of APC on PDGF production are sup-
pressed by anti-EPCR antibody [57]. APC also 
inhibits the chemotactic activity of eosinophils, 
neutrophils, and lymphocytes through the EPCR 
[78–80]. These results show that reduced activi-
ties of the protein C system contribute to the 
pathophysiology of airway inflammation, and 
APC has a variety of anti-inflammatory activities 
through its own receptor EPCR on airway epithe-
lial cells, macrophages, and leukocytes. Topical 
administration of APC may have therapeutic 
potential for the treatment of intractable 
rhinosinusitis.

2.6  Conclusions

Coagulation is regulated by multi-step processes, 
including platelet aggregation, the extrinsic and 
intrinsic coagulation cascade, fibrinolysis, and 
regulators such as TFPI, antithrombin, PAI-1, 
α2-antiplasmin, and the anticoagulant protein C 
pathway. Thrombin plays central roles in the 
coagulation cascade by converting fibrinogen to 
fibrin with positive and negative feedback sys-
tems. Airway inflammation activates the coagula-
tion system by facilitating the leakage of plasma 
coagulation factors into tissue and by enhancing 
TF activity of epithelial cells and infiltrating 
eosinophils. Increased coagulation and decreased 
fibrinolysis result in excessive fibrin deposition 
leading to tissue remodeling. The coagulation 
system modulates the inflammation by platelet 
activation and by coagulation factor-PAR- 
mediated responses, and the coagulation system 
contributes to the pathophysiology of rhinosinus-
itis. Further understanding of the interactions 

between coagulation and inflammation will pro-
vide possible therapeutic strategies, and antico-
agulant drugs with anti-inflammatory functions, 
such as heparin and APC, may have therapeutic 
potential for the treatment of intractable 
rhinosinusitis.
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3Cilia, Ciliary Movement, 
and Mucociliary Transport

Mark Jorissen and Martine Jaspers

Core Messages
• Cilia are extensions of the apical membranes 

and are characterized by a 9  +  2 axonemal 
structure.

• Ciliary beating depends on the ATPase activ-
ity in the dynein arms and is characterized by 
a specific beating pattern.

• Structural and functional ciliary abnormalities 
can be the results of external (secondary cili-
ary dyskinesia) or inherited factors (primary 
ciliary dyskinesia). An active, coordinated 
ciliary beating is essential for mucociliary 
transport. Mucociliary transport is the final 
result of the functional and ultrastructural 
organization of the cilia at different levels.

3.1  Cilia

3.1.1  General Description

Cilia are tiny hairlike cell organelles, found on 
the surface of most cell types in the vertebrate 
body [1]. There are two types of cilia: motile cilia 
and non-motile or primary cilia. Primary cilia or 
non-motile sensory cilia transmit signals to the 
interior of the cell. The second type of cilia, the 

motile cilia, is important for the movement of 
extracellular fluids. Motile cilia are found in the 
apical surface (ciliated epithelium) of the upper 
and lower respiratory tract, the oviducts of the 
female reproductive system, and ependymal cells 
lining the ventricles of the brain. These epithelial 
cells contain hundreds of motile cilia that beat 
together in a concerted manner to propel sub-
stances over the epithelial surface. Failure of 
these cilia to perform their normal function 
results in respiratory disease, sterility, or 
hydrocephalus.

Cilia, which line both the upper and lower air-
ways, are covered by a thin layer of mucus and 
beat in a coordinated fashion propelling particles 
trapped in the mucus layer to the pharynx. Cilial 
defects may be either primary or secondary.

3.1.1.1  Ciliated Cells
The respiratory epithelium consists mainly of 
four cell types: ciliated columnar cells, non- 
ciliated columnar cells or brush cells with 
microvilli (m), goblet cells secreting mucin (s), 
and basal cells (b). The different cell types of 
the respiratory epithelium are illustrated in 
Fig. 3.1.

A ciliated cell has a diameter of 5 μm at its 
apex and carries 100–200 cilia at a density of 
6–8/μm2, interspersed with ±400 short micro-
villi [2]. The length of a cilium in the nose is 
5 μm, in the larger airways 6–7 μm, and 5 μm in 
the smaller bronchiole [3]. The diameter of the 
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Fig. 3.1 Different cell types of the respiratory epithelium. m microvillar cell, s secretory cell, t ciliated cell, b basal cell, 
bm basal membrane

shaft or axoneme measures approximately 
0.25 μm at the base and 0.13 μm at the distal 
segment.

3.1.1.2  Cilia
Cilia are motile hair-like extensions of the epithe-
lial cells, surrounded by the ciliary membrane, a 
specialized extension of the cell membrane. The 
length of a cilium varies from 5 to 10 μm and the 
width between 0.1 and 0.3 μm. Each ciliated epi-
thelial cell has 100–200 motile cilia.

3.1.2  Ciliary Structure

The basic structure of cilia is “9 + 2 microtubuli.” 
The intermicrotubular connections determine the 
function.

The ultrastructure of a cilium consists of nine 
outer doublets of microtubules surrounding a 
central pair of microtubules. This characteristic 
9 + 2 organization of microtubules is called an 
axoneme, as viewed in cross-section with the 

electron microscope (Fig.  3.2). The two central 
microtubules are surrounded by a central sheath 
with spokes directed toward the peripheral micro-
tubular doublets. The outer doublets are con-
nected by nexin links and with the central pair by 
radial spokes. Each outer doublet microtubule is 
composed of two subfibers, A and B, of which 
the A tubule is a complete microtubule with 13 
protofilaments, while the B tubule is incomplete 
and contains only 10 protofilaments. Subfiber A 
bears inner and outer dynein arms with ATPase 
activity. The dynein arms are complex structures 
consisting of several heavy, intermediate, and 
light chains. The dynein heavy chains contain 
ATPase domains that act as molecular motors and 
slide the peripheral microtubular pairs relative to 
each other. Nexin links limit the relative motion 
of neighboring doublets and radial spokes control 
from the central pair. The basal body is a special-
ized centriole found at the base of the cilium that 
anchors the cilium in a specific orientation and is 
thought to be responsible for their formation. 
Ciliogenesis begins with the generation of basal 
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Fig. 3.2 Schematic drawing and photo of normal axone-
mal structure in transverse section. A microtubules A, B 
microtubules B, C central sheath, H spoke head, I inner 

dynein arm, M ciliary membrane, N nexin link, O outer 
dynein arm, P central pair of microtubules, S spoke

bodies in the cytoplasm that then traffic to the 
apical surface, dock with an anchor to the plasma 
membrane, and elongate a ciliary axoneme. Basal 
bodies consist of nine microtubular triplets but do 
not have central microtubules, as seen by cross- 
sectional views with electron microscopy. The 
basal body of a cilium is located just under the 
apical membrane and it is anchored in the cyto-
plasm by three types of accessory structures: (1) 
alar sheets, (2) a laterally directed basal foot, and 
(3) downward-directed ciliary rootlets at the base 
(see Fig. 3.3, left; [4]). The basal foot indicates 
the direction of the effective stroke and is the 
most reliable reference for measuring ciliary 
(dis)orientation [5]. Figure 3.3 shows a drawing 
of a longitudinal section of a ciliary axoneme and 
cross-sections such as those can be seen at the 
indicated levels of the cilia. The image of Fig. 3.2 
is a cross-section of the main central part of a cili-
ary axonema.

Ciliary activity is generated by the sliding 
movements of the microtubules. During a beat, 
the dynein arms undergo an attachment, retrac-
tion, and release with the adjacent doublet, which 

results in a sliding motion of the microtubule 
relative to each other. The energy needed for this 
is delivered by ATP hydrolysis by the ATPase 
domains of the dynein arms. The basal body 
anchors the microtubules, and the nexin links, the 
radial spoke, and probably the cell membrane 
restricts the degree of sliding between microtu-
bules, thereby converting this sliding into bend-
ing [1, 6].

3.1.3  Structural Components: 
Dynein

Most of our knowledge about outer and inner 
dynein arm composition originates from studies 
in Chlamydomonas. Chlamydomonas outer 
dynein arm is composed of three heavy chains (α, 
β, γ), two intermediate chains, nine light chains, 
three docking complex proteins, and at least two 
associated proteins. The heavy chains are the 
sites for ATP hydrolysis required for ciliary 
motility [7]. The dynein heavy chains are com-
posed of a head domain that produces a sliding 
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Fig. 3.3 (a) Drawing (left) and Transmission Electron 
Microscopy (TEM) photo (right) of a longitudinal section 
of a ciliary axonema; (b) longitudinal section of the tip 
and (c) until (g) are cross-sections such as those can be 
seen at the indicated levels namely (c) near the tip, (d) in 

the ciliary shaft, (e) just above the footplate and (f) in the 
upper part of the basal body; the image of Fig. 3.2 is a 
cross- section of the main central part of the axonema. 1 
fibers, 2 basal foot, 3 rootlets
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Fig. 3.4 The dynein motor unit or heavy chain consists 
of six tandemly linked AAA ATPase domains, which form 
a ring [8], with the linker emanating from AAA1 and the 
coiled-coil stalk with the microtubule (MT)-binding 
domain located between AAA4 and AAA5 (a). Following 
ATP hydrolysis, the AAA rings of the dynein motor units 

were observed to move 8 nm toward the distal end of the 
axoneme [9]. As the motor is connected temporarily to the 
adjacent B tubule via the MT-binding domain, located at 
the tip of the coiled-coil stalk, this would result in the B 
tubule being dragged distally (b)

force through an ATP-driven temporary interac-
tion with an adjacent doublet B tubule and a tail 
domain that is stably fixed to the outer doublet A 
tubule (Fig. 3.4).

3.1.4  Structural Abnormalities

Up to 5% abnormalities is normal.
In healthy persons, more than 95% of the cilia 

are ultrastructurally completely normal. Only in a 
minority of transverse section of cilia abnormali-
ties are found. The percentage of abnormalities 
may increase as a result of inflammation, infec-
tion, and exposure to toxic agents. This is called 
secondary ciliary dyskinesia (SCD) to distin-
guish from the inherited abnormalities: primary 
ciliary dyskinesia (PCD).

Dynein deficiency remains the most frequent 
ultrastructural abnormality in PCD. In up to 1/3, 
no ultrastructural abnormality is found.

Primary (genetic) defects in the structure and 
function of sensory and motile cilia result in 
 multiple ciliopathies. The most prominent genetic 
abnormality involving motile cilia (and the respira-
tory tract) is primary ciliary dyskinesia (PCD). PCD 
reflects abnormalities in the structure and function 
of motile cilia. The most common ultrastructural 
defects related to PCD are the total or partial 
absence of dynein arms and absence or dislocation 
of central tubules. Besides, a significant number of 
PCD patients have cilia with normal ultrastructure 
but abnormal ciliary mobility (CBF and coordina-
tion). Based on the structural abnormalities found in 
PCD, patients can be classified into different sub-
groups (see also Figs. 3.5 and 3.6):
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Fig. 3.5 Distribution of 
different ultrastructural 
subgroups in PCD based 
on a series of 312 
patients in the UZ 
Leuven database

a b c d

Fig. 3.6 Ultrastructural abnormalities in PCD: (a) dynein deficiency, (b) absent central pair, (c) eccentric central pair, 
and (d) eccentric central pair + transposition

• Outer dynein arms deficiency (ODD).
• Partial outer dynein arms deficiency (part 

ODD).
• Outer  +  inner dynein arms deficiency 

(ODD + IDD).
• Eccentric central pair  +  inner dynein 

deficiency.
• Central pair of microtubules absent.
• PCD with normal ultrastructure.
• Ciliary aplasia (no cilia and no basal bodies).

In the majority of patients, these abnormalities 
can be differentiated from the acquired abnor-
malities: secondary ciliary dyskinesia (SCD). 
However, there may be considerable overlap, and 
in PCD patients, frequently SCD abnormalities 
are found, because of inflammation and infec-
tions. The most frequent ultrastructural abnor-
malities in SCD are the compound cilia, 

peripheral microtubular abnormalities, blebs of 
the axonemal membrane, excess cytoplasm, 
absence of the axonemal membrane, and ciliary 
disorientation of the central pair microtubules 
(see Fig. 3.7).

3.1.5  Genetic Heterogeneity of PCD

The genetic heterogeneity of PCD is predicted by 
the complexity of the ciliary structure and the dif-
ferent structural component affected. Cilia con-
sist of more than 250 proteins and thus many 
genes are involved in ciliary structure and func-
tion. Currently, mutations in more than 40 differ-
ent genes coding for axonemal proteins have 
been described, which explain about 70% of 
PCD [10, 11]. Mutations in one of these genes 
known to be associated with PCD (ARMC4, 
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a b c
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Fig. 3.7 Ultrastructural abnormalities in SCD: (a) compound cilia, (b) and (c) peripheral microtubular abnormalities, 
(d) blebs of the axonemal membrane, (e) excess cytoplasm, and (f) absence of the axonemal membrane: naked cilium

CCDC103, CCDC114, CCDC151, CCDC39, 
CCDC40, CCDC65, CCNO, CFAP298, 
CFAP300, DNAAF1, DNAAF2, DNAAF3, 
DNAAF4, DNAAF5, DNAH11, DNAH5, 
DNAH8, DNAH9, DNAI1, DNAI2, DNAJB13, 
DNAL1, DRC1, GAS8, HYDIN, LRRC56, 
LRRC6, MCIDAS, NME8, OFD1, PIH1D3, 
RPGR, RSPH1, RSPH3, RSPH4A, RSPH9, 
SPAG1, SPEF2, STK36, TEKT1, TTC25, 
ZMYND10) underlie specific ciliary ultrastruc-
tural defects identified by transmission electron 
microscopy. For instance, DNAH5, DNAI1, and 
DNAI2 cause outer dynein arm (ODA) defects 
[12–14], while mutations in radial head spoke 
proteins (RSPH9, RSPH4A) and the coiled-coil 
domain-containing proteins (CCDC39, CCDC40) 
are linked to central pair defects [15, 16]. 
However, mutations in some genes such as 
DNAH11 do not result in a detectable 
 ultrastructural defect on transmission electron 
microscopy [17].

Half of PCD families with ODA defects har-
bored DNAH5 mutations. DNAH5 encodes a 
heavy chain of the ODA.  The prevalence of 

DNAI1 mutations is 10–13% in PCD patients 
with defined ODA defects, but only 2–4% in the 
whole cohort of PCD patients. All these genes 
combined explain approximately 70% of PCD 
cases; therefore, more genes need to be identified 
[10, 11, 18].

3.2  Ciliary Movement

3.2.1  Ciliary Beat Cycle

The ciliary beat cycle consists of an effective and 
a recovery stroke.

Respiratory cilia have a rhythmical beating 
pattern and beat in a synchronous waveform. 
Every beat cycle consists of two active compo-
nents: an effective stroke, during which the fully 
extended cilium moves in a plane perpendicular 
to the cell surface, and a recovery stroke, during 
which the bended cilium moves more parallel to 
the cell surface sideward and backward to its 
starting position; see Fig. 3.8. The duration of a 
recovery stroke is two to three times that of an 
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Fig. 3.8 Ciliary beat. The cilium performs an effective 
stroke (white cilium, thin arrow) and stays thereafter for 
some time in a resting position. The recovery stroke (black 
cilium, dotted arrow) is the start of a new cycle and takes 
place in a third dimension (courtesy of TESAV)

effective stroke. After the effective stroke, there 
is a short resting phase before the cilium starts its 
recovery stroke. The direction of the stroke 
depends on the orientation of the central microtu-
bules [6].

As mentioned above, the bending of the cilia 
is produced by sliding the outer microtubule dou-
blets against one another comparable to the actin- 
myosin system in muscles. The energy needed 
for the ciliary beat is produced by hydrolysis of 
ATP by the ATPase domains of the dynein arms. 
The velocity of the sliding movements and the 
frequency of the ciliary beat are correlated with 
the number of dynein arms and the concentration 
of ATP [19, 20].

A ciliated cell has approximately 200 cilia that 
beat in a coordinated way, and cilia on adjoining 
ciliated cells (unit of ciliated cells) are beating 
simultaneously. Ciliary beating is coordinated by 
calcium signaling between epithelial cells 
through gap junctions. Besides the regulatory 
effect of calcium on the ciliary beat, calcium is 
also involved in synchronizing the beat among 
cilia of one single cell as well as between cilia in 
different cells [21, 22]. Ciliary beat frequency 
increases from the more peripheral parts of the 
respiratory tract to the more central parts. In 
larger airways like the nose, trachea, and main 
bronchi, the frequency is 13–27  Hz; in smaller 
airways like the middle ear, small bronchi, and 

bronchiole, the frequency is 7–12 Hz. The beat 
frequency increases with temperature and 
decreases with a reduction in relative humidity of 
the air.

Regulation of cilia that play a role in muco-
ciliary clearance is complex, and any disturbance 
can lead to disease.

3.2.2  Factors Influencing Ciliary 
Activity

Several factors influencing the ciliary beat fre-
quency have been described, including tempera-
ture, pH, and osmolarity [23]. A constant medium 
temperature is essential for the accurate measure-
ments, since CBF is temperature-dependent. 
Ingels et al. [23] demonstrated a linear relation-
ship between CBF and temperature in the range 
from 22.5 to 40 °C. Changes in pH and osmolar-
ity do not influence CBF when kept within a cer-
tain range. A pH change from 7.5 to 6.5 did not 
affect CBF, below a pH of 6.5 CBF decreases. 
Concerning osmolarity, a gradient of 150–
225 mM (0.9–1.35%) NaCl did not affect CBF 
substantially. In hypotonic (0.45%) and hyper-
tonic (1.5%) saline solutions, CBF decreases by 
50% compared to the initial frequency [24], 
while at 3% saline cilia are complete immotile.

Βeta-adrenergic influences on the respiratory 
mucosa are well known to cause enhancement of 
ciliary activity and mucociliary clearance [25, 
26]. However, considering that isoproterenol 
stimulates secretory function in airways [27], the 
question remained whether this increase in cili-
ary activity was due to a direct and specific action 
on the ciliated cells. Verdugo et al. [28] demon-
strated that isoproterenol directly stimulates the 
activity of ciliated cells of the respiratory epithe-
lium and that this effect was β-adrenergic specific 
since the observed stimulation could be blocked 
by propranolol. Toxins derived from bacterial 
infections reduce ciliary activity of human nasal 
epithelial cells [29, 30], and reduced ciliary activ-
ity can aggravate inflammation. Mallants et  al. 
[31] found that after a toxin-induced decrease, 
both bacitracin and clindamycin resulted in a 
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complete recovery of CBF, suggesting that topi-
cal antibiotic treatment of nasal infections could 
result in a dual positive effect, namely, treatment 
of bacterial infection and recovery of the ciliary 
activity.

3.2.3  Abnormal Beating Patterns 
in the Context of PCD

Recent studies have confirmed that the ciliary 
beat pattern is associated with specific ultrastruc-
tural defects in PCD [32]. New high-resolution 
digital high-speed video (DHSV) imaging has 
allowed the precise beat pattern of cilia to be 
viewed in three different planes in slow motion or 
frame by frame. Using this technique, three pat-
terns were identified and correlated with ultra-
structural defects.

In the first pattern, the cilia are virtually 
immotile in large areas. Ciliary movement, when 
present, is restricted to slow, low-amplitude, stiff 
flickering motion. This is associated with either 
an isolated outer dynein arm defect or a com-
bined inner and outer dynein arm defect.

In the second pattern, the cilia have a very 
abnormal stiff forward power stroke with a mark-
edly reduced amplitude. This pattern is associ-
ated with an inner dynein arm defect or a radial 
spoke defect.

In the third pattern, the cilia beat in a large 
circular gyrating motion about the base of the 
cilium. This pattern is associated with transposi-
tion defects.

3.3  Mucociliary Transport

3.3.1  Structural and Functional 
Organization

Ciliary organization comprises four levels.
Mucociliary transport is the final result of the 

functional and ultrastructural organization of the 
cilia at different levels: single cilium, interciliary 
coordination, metachronal waveform, and muco-
ciliary pathways [33].

• First level: Single cilium.
A single cilium has a specific and well- 

characterized ultrastructure: a 9 + 2 microtu-
bular organization or axoneme. Morphological 
investigation at this level is mostly done with 
transmission electron microscopy (TEM). 
Ciliary beat frequency (CBF) is the most fre-
quently used parameter of a single ciliary 
function. Other parameters are the beating 
pattern, the amplitude, and the beat-to-beat 
variation (signal consistency [23]; intracellu-
lar variability [34]).

• Second level: Ciliary orientation and 
coordination.

Cilia have to beat in a coordinated way to 
produce mucociliary transport, within one 
ciliated cell and between different cells. 
Ciliary activity is coordinated when all cilia 
beat in phase and in the same direction. This 
intra- and intercellular ultrastructural coor-
dination can be studied using scanning elec-
tron microscopy (SEM) and transmission 
electron microscopy (TEM): ciliary (dis)ori-
entation. Ciliary orientation can be mea-
sured in TEM images of transverse sections 
in which the two central microtubules could 
be seen. A line is drawn through the central 
microtubular pair of each transversely sec-
tioned cilium. The angle between this line 
and a reference line is measured for all cilia 
seen in one photograph; see Fig.  3.9. The 
standard deviation of all these measured 
angles is the ciliary disorientation. A normal 
value is 15°; >20° may be considered disori-
entation; and >35° corresponds to random 
orientation [35–38].

• Third and fourth levels: Metachronal wave 
form and mucociliary transport pathways.

Finally, the coordination results in the 
metachronal wave form which can easily be 
seen in scanning electron microscopy and 
which is linked not only to the small phase dif-
ference between neighboring cilia within one 
cell but also intercellularly to a whole surface 
area. The metachronal waveform and the CBF 
are regulated by different intraciliary, intracel-
lular, and intercellular mechanisms [39].

3 Cilia, Ciliary Movement, and Mucociliary Transport
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Fig. 3.9 Normal orientation with perfect alignment of all cilia (left) and random disorientation of the central pair in the 
context of PCD (right)

At a macroscopical level, this is organized 
in various streams that can only be measured 
overall as mucociliary transport. Mucociliary 
transport is the process by which ciliary activ-
ity causes the transport of a thin film of mucus 
from the upper and lower respiratory tracts 
toward the digestive tract. Effective and coor-
dinated ciliary beating is of the utmost impor-
tance for mucociliary transport.

3.3.2  Mucociliary Transport

Healthy airway surfaces are lined by ciliated epi-
thelial cells and covered with an airway surface 
liquid, which is composed of two layers: the peri-
ciliary layer and the mucus layer. The low viscos-
ity periciliary layer approximates the height of 
cilia and provides an optimal environment for 
ciliary beating [40]. The protective mucus layer 
on top of it is the secretory product of the goblet 
cells and the submucosal glands. It is a nonhomo-
geneous, adhesive, viscoelastic gel composed of 
water, carbohydrates, proteins, and lipids. This 
mucus layer traps foreign particles like dust, 
allergens, toxic substances, bacteria, and viruses 

from the air. Mucus is transported from the respi-
ratory tracts into the pharynx by mucociliary 
clearance, where it is either swallowed or 
expelled via coughing. Mucociliary clearance in 
the airways is driven by the coordinated beating 
of ciliated cells in the airway epithelium. The 
permanent clearance of the mucus toward the 
pharynx is the most important defense mecha-
nism in the upper and lower respiratory tracts. 
The velocity of mucus clearance is 10–24 mm/
min in the trachea, 4.5–7  mm/min in the nose, 
and 0.5–2  mm/min in the bronchioli. There is 
great variability between individuals, but for each 
individual, the clearance rates are fairly constant. 
Airway diseases may influence mucociliary 
clearance by changes in the amount and in the 
viscoelastic properties of the mucus and the peri-
ciliary fluid and by changes in the number, the 
structure, and the activity of the cilia. These 
changes can be secondary and reversible or pri-
mary and nonreversible.

The mucociliary transport pathways are genet-
ically defined and rather specific for each loca-
tion. The different paranasal sinuses have specific 
pathways as well as the ostiomeatal complex and 
the nasal cavity.

M. Jorissen and M. Jaspers
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3.4  Conclusion

Cilia are extensions of the apical membranes. 
The cilium itself is characterized by a 9 + 2 axo-
nemal structure. An active, coordinated ciliary 
beating is essential for mucociliary transport. 
Ciliary beating depends on the ATPase activity 
in the dynein arms and is characterized by a spe-
cific beating pattern. In healthy persons, 95% of 
the cilia are ultrastructurally completely normal. 
Ciliary abnormalities can be the results of exter-
nal (secondary ciliary dyskinesia) or inherited 
factors (primary ciliary dyskinesia). Ciliary 
function and structure are organized at different 
levels from the individual cilia, over interciliary 
and intercellular interaction, to the macroscopic 
level of the ciliated tapestry and mucociliary 
transport.

References

1. Ferkol TW, Leigh MW. Ciliopathies: the central role 
of cilia in a spectrum of pediatric disorders. J Pediatr. 
2012;160(3):366–71.

2. Rhodin JAG.  Ultrastructure and function of human 
tracheal mucosa. Am Rev Respir Dis. 1966;93:1–15.

3. Jafek BW.  Ultrastructure of human nasal mucosa. 
Laryngoscope. 1983;93:1576–99.

4. Afzelius BA.  The immotile-cilia syndrome: a 
microtubule- associated defect. CRC Crit Rev 
Biochem. 1985;19:63–87.

5. Satir P, Christensen ST.  Overview of structure and 
function of mammalian cilia. Annu Rev Physiol. 
2007;69:377–400.

6. Merkus F, Verhoef J, Schipper N, et al. Nasal mucocil-
iary clearance as a factor in nasal drug delivery. Adv 
Drug Deliv Rev. 1998;29:13–38.

7. Pazour GJ, Agrin N, Walker BL, et al. Identification of 
predicted human outer dynein arm genes: candidates 
for primary ciliary dyskinesia genes. J Med Genet. 
2006;43:62–73.

8. Roberts AJ, Numata N, Walker ML, et al. AAA + ring 
and linker swing mechanism in the dynein motor. 
Cell. 2009;136:485–95.

9. King SM. Axonemal dyneins winch the cilium. Nat 
Struct Mol Biol. 2010;17:673–4.

10. Zariwala MA, Omran H, Ferkol TW.  The emerg-
ing genetics of primary ciliary dyskinesia. Proc Am 
Thorac Soc. 2011;8:430–3.

11. Leigh MW, Horani A, Kinghorn BA, et  al. Primary 
ciliary dyskinesia (PCD): a genetic disorder of motile 
cilia. Transl Sci Rare Dis. 2019;4:51–75.

12. Hornef N, Olbrich H, Horvath J, Zariwala MA, et al. 
DNAH5 mutations are a common cause of primary 
ciliary dyskinesia with outer dynein arm defects. Am 
J Respir Crit Care Med. 2006;174:120–6.

13. Zariwala MA, Leigh MW, Ceppa F, et al. Mutations 
of DNAI1 in primary ciliary dyskinesia: evidence of 
founder effect in a common mutation. Am J Respir 
Crit Care Med. 2006;174:858–66.

14. Loges NT, Olbrich H, Fenske L, et  al. DNAI2 
mutations cause primary ciliary dyskinesia with 
defects in the outer dynein arm. Am J Hum Genet. 
2008;83:547–58.

15. Castleman VH, Romio L, Chodhari R, Hirst RA, et al. 
Mutations in radial spoke head protein genes RSPH9 
and RSPH4A cause primary ciliary dyskinesia with 
central-microtubular-pair abnormalities. Am J Hum 
Genet. 2009;84:197–209.

16. Becker-Heck A, Zohn IE, Okabe N, et al. The coiled- 
coil domain containing protein CCDC40 is essential 
for motile cilia function and left-right axis formation. 
Nat Genet. 2011;43:79–84.

17. Knowles MR, Leigh MW, Carson JL, et al. Mutations 
of DNAH11  in patients with primary ciliary dys-
kinesia with normal ciliary ultrastructure. Thorax. 
2012;67:433–41.

18. Barbato A, Frischer T, Kuehni CE, et al. Primary cili-
ary dyskinesia: a consensus statement on diagnostic 
and treatment approaches in children. Eur Respir J. 
2009;34:1264–76.

19. Mallik R, Carter BC, Lex SA, et  al. Cytoplasmic 
dynein functions as a gear in response to load. Nature. 
2004;427:649–52.

20. Sakakibara H, Kamiya R. Functional recombination 
of outer dynein arms with outer arm-missing flagellar 
axonemes of a Chlamydomonas mutant. J Cell Sci. 
1989;92:77–83.

21. Sanderson MJ, Chow I, Dirksen ER.  Intercellular 
communication between ciliated cells in culture. Am 
J Phys. 1988;254:C63–74.

22. Schmid A, Salathe M. Ciliary beat co-ordination by 
calcium. Biol Cell. 2011;103:159–69.

23. Ingels K, Kortmann M, Nijziel M, et  al. Factors 
influencing ciliary beat measurements. Rhinology. 
1991;29:19–26.

24. van de Donk HJ, Zuidema J, Merkus FW.  The 
influence of the pH and osmotic pressure upon tra-
cheal ciliary beat frequency as determined with a 
new photo-electric registration device. Rhinology. 
1980;18:93–104.

25. Wood RE, Wanner A, Hirsch J, Farrell PM. Tracheal 
mucociliary transport in patients with cystic fibrosis 
and its stimulation by terbutaline. Am Rev Respir Dis. 
1975;111:733–8.

26. Sackner MA, Epstein S, Wanner A.  Effect of beta- 
adrenergic agonists aerosolized by freon propellant on 
tracheal mucous velocity and cardiac output. Chest. 
1976;69:593–8.

27. Melville GN, Horstmann G, Iravani J.  Adrenergic 
compounds and the respiratory tract. A physiologi-

3 Cilia, Ciliary Movement, and Mucociliary Transport



40

cal and electron-microscopical study. Respiration. 
1976;33:261–9.

28. Verdugo P, Johnson NT, Tam PY.  Beta-adrenergic 
stimulation of respiratory ciliary activity. J Appl 
Physiol. 1980;48:868–71.

29. Yun YS, Min YG, Rhee CS, et  al. Effects of alpha- 
toxin of Staphylococcus aureus on the ciliary activity 
and ultrastructure of human nasal ciliated epithelial 
cells. Laryngoscope. 1999;109:2021–4.

30. Kim CS, Jeon SY, Min YG, et al. Effects of beta-toxin 
of Staphylococcus aureus on ciliary activity of nasal 
epithelial cells. Laryngoscope. 2000;110:2085–8.

31. Mallants R, Jorissen M, Augustijns P.  Beneficial 
effect of antibiotics on ciliary beat frequency of 
human nasal epithelial cells exposed to bacterial tox-
ins. J Pharm Pharmacol. 2008;60:437–43.

32. Chilvers MA, Rutman A, O’Callaghan C.  Ciliary 
beat pattern is associated with specific ultrastructural 
defects in primary ciliary dyskinesia. J Allergy Clin 
Immunol. 2003;112:518–24.

33. Jorissen M.  Correlations among mucociliary trans-
port, ciliary function and ciliary structure. Am J 
Rhinol. 1998;12:53–8.

34. Jorissen M, De Brouwer J, Bessems A, Cassiman 
JJ.  Quantitation of ciliary beat frequency by com-

puterized microscope photometry  – a preliminary 
study on suspension cultures of human nasal epithelia 
showing spontaneous ciliogenesis in vitro. Leitz Sci 
Tech Info. 1992;10:88–93.

35. Jorissen M, Willems T. The secondary nature of cili-
ary (dis)orientation in secondary and primary ciliary 
dyskinesia. Acta Otolaryngol. 2004;124:527–31.

36. Rautiainen M, Collan Y, Nuutinen J.  A method for 
measuring the orientation (beat direction) of respira-
tory cilia. Arch Otorhinolaryngol. 1986;243:265–8.

37. Rautiainen M, Collan Y, Nuutinen J, et al. Ciliary ori-
entation in the ‘immotile cilia’ syndrome. Eur Arch 
Otorhinolaryngol. 1990;247:100–3.

38. Rayner CF, Rutman A, Dewar A, et  al. Ciliary dis-
orientation alone as a cause of primary ciliary dys-
kinesia syndrome. Am J Respir Crit Care Med. 
1996;153:1123–9.

39. Wong LB, Miller IF, Yeates DB. Nature of the mam-
malian ciliary metachronal wave. J Appl Physiol. 
1993;75:458–67.

40. Knowles MR, Boucher RC.  Mucus clearance as a 
primary innate defense mechanism for mammalian 
airways. J Clin Invest. 2002;109:571–7.

M. Jorissen and M. Jaspers



41

4Functional Defense Mechanisms 
of the Nasal Respiratory 
Epithelium

Robert C. Kern and Jennifer R. Decker

Core Messages
• Sinonasal epithelium provides both a physical 

and immunologic barrier to infection.
• Intracellular junctions, mucus composition, 

and mucociliary clearance compose the 
mechanical barrier to pathogen invasion.

• Innate and adaptive immune responses form 
the immunologic barrier.

• Innate immunity provides the first-line defense 
to pathogens that circumvent the physical 
mucosal barrier by recognizing conserved 
pathogen-associated markers and activating a 
nonspecific inflammatory response.

• Adaptive immunity confers memory to par-
ticular pathogens, providing a faster response 
to repeated infections.

• Sufficient stimulation of the innate immune 
system results in activation of and directs the 
type of subsequent adaptive immune response.

• Fungus and staphylococcal superantigens 
appear to be disease modifiers in chronic rhi-
nosinusitis rather than the direct cause.

• Dysregulation in the adaptive immune 
response is the key factor in the pathogenesis 
of chronic rhinosinusitis.

• Understanding of host-specific sinonasal 
immune defenses will influence future thera-
pies for CRS.

4.1  Overview

The sinonasal epithelium is an important biologi-
cal point of interface with the external environ-
ment, clearing foreign materials without significant 
collateral tissue inflammation. Multiple compo-
nents carry out this task, and while they are typi-
cally considered separately, they are functionally 
integrated. The first component is mucus produced 
by nasal glands and the epithelial goblet cells 
which trap particulate matter to be swept into the 
nasopharynx via mucociliary flow. The mucus also 
contains tonic levels of host defense molecules 
with antimicrobial properties, limiting microbial 
survival and proliferation. The next anatomic bar-
rier is the epithelial layer with cells bound together 
via junctional complexes. Breaching these 
mechanical barriers brings exogenous agents in 
contact with receptors that activate the innate 
response. Secretion of host defense molecules is 
augmented, and chemokines and cytokines are 
secreted. The latter initiates inflammation and fos-
ters the accumulation and activation of innate 
effector cells. If the stimulus is sufficiently strong, 
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dendritic cells are activated to initiate the adaptive 
response consisting of T and B lymphocytes. The 
nature of this adaptive response is shaped, in large 
measure, by input from the epithelial cells. In 
aggregate, this allows the response to be tailored 
against the particular pathogen(s) that breach the 
barrier. Three responses have been broadly 
defined: Type 1, Type 2, and Type 3 which address 
viruses, parasites, and bacteria/fungi, respectively. 
Hence the epithelium plays a pivotal role in main-
taining homeostasis as well as initiating and tailor-
ing the immune response across the nasal interface. 
In CRS, a chronic inflammatory response devel-
ops that, in large measure, utilizes these physio-
logical immunodefense mechanisms present in the 
mucosa. Most commonly, these CRS endotypes 
are characterized as Type 1, Type 2, and Type 3 
immune responses, which trigger the symptoms 
and remodeling changes associated with these 
CRS subtypes [1]. The components of this system 
will be reviewed with a focus on the epithelium, 
and potential areas of dysfunction will be dis-
cussed as these may play a role in the development 
of CRS.

4.2  Anatomic Barrier

4.2.1  Epithelium Structure

The anterior nasal epithelium consists of strati-
fied squamous epithelium with structural and 
barrier functions similar to skin. In addition to 
typical sebaceous and sweat glands, the nasal 
vestibule contains vibrissa—thick specialized 
hairs that assist in trapping particles—and many 
fine hairs for filtering smaller particles [2]. At the 
internal nasal valves, the sinonasal epithelium 
transitions to pseudostratified ciliated columnar 
epithelium; this respiratory-type epithelium is 
found throughout the remainder of the sinonasal 
tract [3].

Sinonasal epithelium is respiratory epithelium 
with the goblet, ciliated, and basal cells bound 
tightly to each other and the basement membrane.

Sinonasal epithelium consists primarily of 
ciliated cells, with variable concentrations of 
mucus-producing goblet cells and glands, and 

relatively few basal cells. The ciliated cells com-
prise approximately 70% of the sinonasal epithe-
lium and are responsible for mucous clearance 
from the sinonasal cavities. Each ciliated cell has 
hundreds of motile cilia at the apex that beat in 
unison as well as small, immotile microvilli that 
increase surface area and prevent drying [4]. 
Each ciliated cell extends from the basement 
membrane to the surface of the mucosa with the 
cilia extending into the overlying mucous layer. 
Goblet cells comprise approximately 20% of epi-
thelial cells, but their density is irregularly dis-
tributed throughout the sinonasal epithelium. 
Goblet cells have a narrow area of basement 
membrane attachment and are packed with 
mucin-containing secretory granules. Their api-
ces extend to the mucosal surface, are also cov-
ered with microvilli, and contain a large apical 
pore for the secretion of mucin. Basal cells com-
prise less than 5% of the respiratory epithelium. 
They do not have an epithelial surface component 
and thus are exposed to fewer inhaled particu-
lates and pathogens. Basal cells contain large 
numbers of hemidesmosomes that attach them 
firmly to the basement membrane and function as 
respiratory cell progenitors [5].

4.2.2  Cilia and Mucus

The sinonasal respiratory epithelium is special-
ized to effectively trap and remove foreign mate-
rials from the nasal cavity before it can cause 
inflammation or infection. When inspired partic-
ulates are removed, a reduction in irritation, aller-
gic response, and pathogen invasion is achieved. 
The rheologic and immunologic properties of 
nasal mucous composition combine with ciliary 
function to produce the phenomenon of 
 mucociliary clearance that maintains a healthy 
sinus tract.

Respiratory mucus is responsible for trapping 
and neutralizing inspired environmental particu-
lates. Nasal secretions from the goblet cells and 
submucous glands are augmented by fluid from 
the lacrimal glands and transudate from the 
underlying capillary bed to produce 600–
1800 mL of mucous per day. The composition of 
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mucus is designed to trap and bind to particulates 
and allow for transport by cilia [6]. Nasal mucous 
exists as a bilayer fluid overlying the epithelium 
comprised of an outer gel layer and pericellular 
sol layer. The gel layer is composed primarily of 
hydrated mucin, a thick mesh of glycoproteins 
produced by the respiratory goblet cells along 
with secretions from submucosal mucus glands. 
As the mucin is secreted, it hydrates and coalesces 
into mucin rafts overlying the watery pericellular 
sol layer. The viscous nature of the gel layer 
allows it to trap inspired pathogens and particu-
lates larger than 0.5 μm [7].

In addition, mucous also contribute to the 
respiratory host defense system directly. Mucins 
are known to recognize and bind to microorgan-
ism surface adhesins promoting the microorgan-
ism–mucin bond and promoting clearance. 
Mucin is known to bind to Mycoplasma pneu-
moniae, Streptococcus pneumoniae, 
Pseudomonas aeruginosa, influenza virus, and 
Escherichia coli. Mucins may bind and thus con-
centrate secreted innate immune defense mole-
cules such as lactoferrin and lysozyme, which 
recognize and kill bacterial pathogens [8].

Mucus contains a variety of innate defense 
molecules to bind and neutralize pathogens.

Ciliated cells in human respiratory mucosa 
each contain 50–200 motile cilia extending from 
the apical surface. In humans, these respiratory 
cilia are approximately 6 μm in length and are 
anchored by centriole-like basal bodies [6]. Each 
cilium consists of an axoneme covered by an 
extension of the cell membrane. The axoneme is 
comprised of the “9  +  2” microtubular pattern 
that is preserved in ciliated cells throughout the 
body. The nine outer microtubule doublets are 
each connected radially to the two central micro-
tubules and circumferentially to each other by 
dynein arms. It is these dynein arms that slide 
along the microtubules, generating force that is 
translated into microtubule movement [9].

Ciliary motility generates a forward power 
stroke with the cilium fully extended, delivering 
force through the tip into the overlying gel phase 
of the mucous layer. This is followed by a recov-
ery stroke with the cilium tip bent to sweep 
through the thin pericellular sol layer as it returns 

to its starting position [7]. Recovery is followed 
by a quiescent phase. Coordinated beating of the 
respiratory cilia creates a metachronous wave 
that propels the mucin rafts of the gel phase in the 
direction of the power stroke [10]. The combina-
tion of mucus composition and ciliary beating 
creates the phenomenon of mucociliary trans-
port, which is critical in the maintenance of 
healthy sinonasal mucosa.

4.2.3  Mucociliary Clearance

The remarkable phenomenon known as mucocil-
iary clearance (MCC) combines the biphasic 
properties of nasal mucus with coordination of 
the ciliated cellular beating to effectively clear 
the mucus blanket with trapped particulates from 
the nasal cavity. Nasal MCC function responds to 
environmental factors and is under continual 
dynamic modulation. Ciliary beat frequency 
increases as a reaction to stressors including 
increased breathing, cold air, exercise, or inflam-
mation to accelerate mucus clearance [11]. The 
mucus blanket is swept out of the sinus cavities in 
predefined patterns via natural ostia then into the 
posterior nasopharynx where it is swallowed and 
neutralized in the stomach.

Messerklinger classically described the 
defined mucus clearance patterns of the paranasal 
sinuses in 1966 [12]. In the maxillary sinuses, 
mucus is swept upwards against gravity along the 
walls and roof towards the superomedially based 
maxillary ostium, into the ethmoid infundibulum, 
and then into the middle meatus. The anterior 
ethmoid cells each drain through inferiorly based 
individual ostia into the middle meatus. The pos-
terior ethmoids drain into the superior meatus 
and then sphenoethmoid recess. The sphenoid 
sinus sweeps mucus anteriorly toward its natural 
ostium and also drains into the sphenoethmoid 
recess. The frontal sinus has the most complex 
clearance pattern. Mucus is cleared from the 
medial portion of the sinus in a retrograde fash-
ion superiorly along the posterior wall away from 
the natural ostium, laterally along the roof to the 
anterior wall, and then carried inferiorly and 
medially toward the ostium [13].

4 Functional Defense Mechanisms of the Nasal Respiratory Epithelium
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Ciliated cells beat in a coordinated metachro-
nous wave that rapidly clears the overlying mucus 
blanket.

The basis of modern endoscopic sinus surgery 
is to maintain functional MCC patterns. Surgical 
goals include relief of obstruction while utilizing 
mucosal-sparing techniques and preserving natu-
ral drainage pathways. Failure to incorporate 
natural ostia when opening a sinus can lead to 
recirculation particularly in the maxillary sinuses 
[14]. Preservation of normal mucosa promotes 
restoration of natural mucociliary flow patterns. 
This is particularly true at the narrow nasofrontal 
duct where disruption of normal mucosa can lead 
to circumferential scarring with narrowing of the 
frontal duct, obstruction, and mucostasis.

4.2.3.1  Diseases Affecting Mucociliary 
Clearance

The sinonasal epithelium utilizes a mechanical 
barrier, effective mucociliary clearance, and opti-
mal healing to maintain mucosal health. However, 
disease processes affecting ciliary function, rheo-
logic properties of mucus, or obstruction of natu-
ral ostia results in altered MCC effectiveness and 
resultant infection [15]. These include genetic 
conditions, allergy, asthma, and acute and chronic 
rhinosinusitis.

Mucociliary clearance efficiency declines 
with changes in mucus rheology, ciliary impair-
ment, or narrowed sinus ostia.

Primary ciliary dyskinesia (PCD) is a disorder 
of the ciliary dynein arms resulting in systemi-
cally immotile cilia. These patients may have 
infertility and are unable to effectively transport 
mucus out of the sinorespiratory tract. The resul-
tant mucus stasis results in chronic rhinosinusitis, 
bronchiectasis, and recurrent respiratory infec-
tions [16]. Cystic fibrosis (CF) is an autosomal- 
recessive disorder of the CFTR gene resulting in 
abnormal electrolyte transport. Clinically, there 
is an abnormal function of the goblet cells and 
highly viscous mucus. CF patients have defective 
MCC clearance due to the inability of the cilia to 
adequately transport the thick mucus rafts and 
are subject to bronchiectasis and severe sinopul-
monary infections [17]. Nasal polyps are found 
in approximately 40% of CF patients and show a 

neutrophilic rather than eosinophilic pattern [18]. 
However, these patients still display a wide spec-
trum in the severity of their sinus disease despite 
having identical CFTR gene mutations [19].

Nasal irritants, allergy, and acute infection 
result in inflammation and mucosal edema that 
negatively affect mucociliary clearance. Acute 
upper respiratory infection has been shown to 
alter mucus composition, reduce ciliary motility, 
and create mucosal edema [20]. When MCC 
function fails to clear sinuses in key areas such as 
the osteomeatal complex or eustachian tube ori-
fice, associated sinusitis results.

Allergic challenge has been shown to increase 
transudate levels in nasal mucus. As a result, the 
depth of the periciliary layer increases, and the 
cilia tips cannot reach the overlying gel phase to 
effectively propel the mucin rafts [21]. Swelling 
of the nasal mucosa in allergic rhinitis is also 
thought to obstruct sinus ostia leading to poor 
ventilation and mucostasis [22]. While the role of 
allergy in the causal development of chronic rhi-
nosinusitis is unclear, failure to address the aller-
gic component clearly lowers the success of 
surgical intervention in CRS [23].

Failure to address nasal allergies or smoke 
exposure leads to worse outcomes in the treat-
ment of CRS.

Exposure to cigarette smoke has been shown 
to significantly alter ciliary beat frequency and 
secretions resulting in reduced mucociliary clear-
ance [24]. Long-term exposure has been pro-
posed to cause epithelial and submucosal gland 
hyperplasia, squamous metaplasia, and increase 
epithelial permeability [25, 26] and to foster the 
formation of bacterial biofilms [27]. In addition, 
cigarette smoking and second-hand smoke have 
been shown to be independently associated with 
CRS [28, 29]. As such, exposure to cigarette 
smoke should obviously be avoided in patients 
with recurrent or chronic sinus disease.

In addition to relatively rare genetic disorders 
such as PCD and CF, multiple investigations have 
also demonstrated significant impairment of 
sinonasal mucociliary clearance in idiopathic 
CRS. Inflammatory changes seen in chronic rhi-
nosinusitis with and without nasal polyposis can 
cause secondary ciliary dyskinesia. Possible 
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pathophysiologic explanations include reduced 
ciliary beating, changing depth or viscosity of 
respiratory mucus, or alterations in epithelial 
integrity. CRS patients exhibit blunted ciliary 
beat frequency responses to adrenergic and cho-
linergic stimulation in explanted nasal epithelial 
cultures [30]. Additional studies showed that 
when removed from the chronic inflammatory 
environment, cilia resume normal basal and stim-
ulated beat frequency though recovery takes 
time. This suggests that a chronic inflammatory 
nasal environment reversibly suppresses normal 
ciliary function [31, 32].

4.2.4  Epithelial Integrity

Sinonasal cells contain several types of intercel-
lular junctions that serve both communication 
and attachment functions. Maintenance of epi-
thelial integrity is important for cellular commu-
nication and prevention of pathogen invasion or 
foreign protein exposure to the underlying tis-
sues. Sloughing of epithelial cells leaves a 
denuded basement membrane and evokes an 
inflammatory response.

Gap junctions primarily allow cell–cell trans-
fer of ions and signaling molecules; they do not 
contribute significantly to adhesion [33]. 
Respiratory cells are held together on their lateral 
surfaces with adherens junctions and desmo-
somes, both of which contain cadherin proteins. 
Hemidesmosomes, which contain integrin pro-
teins, attach cells tightly to the basement mem-
brane and prevent cellular sloughing. The most 
important junctions, tight junctions, are critical in 
epithelial barrier integrity against invasion. Tight 
junctions attach adjacent epithelial cells in a nar-
row band just beneath their apical surface [34]. 
The resultant epithelial surface is a watertight 
barrier to chemicals and particulates including 
proteins and pathogens at the surface.

Below the basement membrane lies the lamina 
propria, a network of blood vessels and loose 
fibrous stroma that contains immune cells respon-
sible for pathogen detection and initial inflamma-
tory response. Here reside the lymphocytes, 
plasma cells, macrophages, and dendritic cells 

which monitor the health of the epithelium. 
Pathogens that overcome the protective barriers 
of mucus and epithelium activate the innate and 
adaptive immune systems. Breakdown of the 
intracellular connections of the epithelium plays 
an important role in permitting stimulation of an 
immune response.

4.2.4.1  Diseases Affecting Epithelial 
Integrity

Invasion of pathogens into the underlying stroma 
requires disruption of the epithelium and penetra-
tion through the basement membrane. Viral patho-
gens, the initial cause of many upper respiratory 
tract infections, have developed mechanisms for 
epithelial disruption that target tight and adherens 
junctions, allowing for subsequent invasion into 
the underlying tissues [35, 36]. Respiratory 
viruses disrupt the upper airway epithelial barrier, 
resulting in inflammation and predisposing for 
additional exposure to foreign material and poten-
tial tissue invasion [37]. Nasal epithelial explant 
studies show that viruses loosen epithelial tight 
junction bonds and penetrate the basement mem-
brane within 24  h [38]. Rhinoviruses, a major 
cause of the common cold, bind to intercellular 
adhesion molecule-1 (ICAM- 1) on nasal epithe-
lial cells, allowing RNA entry into the cell [39].

Fungi, bacteria, and allergens all carry signifi-
cant intrinsic protease and virulence activity with 
the capacity of weakening tight junctions permit-
ting access into the underlying tissues [40, 41]. 
Intrinsic alterations in tight junction barrier func-
tion may be responsible for the increase in epi-
thelial permeability seen in allergic responses 
[42]. Penetration of antigenic proteins through 
the epithelium has been proposed as a major fac-
tor in asthma and atopy [43].

Respiratory viruses disrupt epithelial tight 
junctions and increase susceptibility to infection 
and inflammation.

Chronic inflammatory disorders may weaken 
the epithelial barrier function and predispose to 
infection. CRSwNP with a Type 2 cytokine envi-
ronment exhibits disruption of normal intercellu-
lar junctions including decreased levels of the 
desmosome cadherin proteins DSG2 and DSG3 
[44] as well as tight junction proteins claudin and 
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occludin [45]. Disruption of intercellular tight 
junction connections is seen in nasal polyposis 
[46]. Decreased production of protease inhibitors 
such as LEKT1, encoded by the gene SPINK5, 
has been found in CRSwNP [41]. This molecule 
acts as a proteinase inhibitor and regulates the 
processing of epithelial tight junctions critical to 
maintaining a barrier to infection. In addition, 
altered intercellular ion transport is seen in CRS 
and may interfere with the coordination of cili-
ated cells leading to ineffective mucociliary 
clearance [47]. Interestingly, it has been recently 
suggested that epithelial turnover may be altered 
by a Type 2 cytokine milieu that created a leaky, 
immature barrier. Furthermore, this leaky barrier 
may be responsible for the high rate of recurrence 
seen with T2 CRS. (EPOS 2020) Substantiating 
this concept are recent single-cell transcriptomic 
studies, which have suggested that the epithelial 
changes are epigenetically programmed and will 
therefore be durable [48]. Periostin is associated 
with this process and high levels of this protein in 
the serum may be a sign of the T2 endotype [49].

4.3  Immunologic Barrier 
Function of the Sinonasal 
Epithelium

In addition to forming a physical barrier and pro-
viding clearance of pathogens from the nasal cav-
ity, sinonasal epithelial cells (SNECs) contribute 
to the innate and adaptive immune responses. 
When the various mucosal barrier functions are 
circumvented by irritant or pathogenic particu-
lates, the mucosal immune system must distin-
guish between normal commensal organisms and 
invading pathogens. In addition, the immune sys-
tem must determine how to mount an appropriate 
level or intensity of response. The first of these 
responses, the innate immune system, consists of 
receptors, defense molecules, and cells that 
respond to microbial organisms in a relatively 
nonspecific manner. This innate response is an 
inborn, germ line-coded defense to generalized 
pathogen invasion and does not typically exhibit 
memory. Should the innate immune system be 
sufficiently challenged, it activates the adaptive 

arm of the immune system, with a delayed but 
highly specific T and B cell response capable of 
memory against specific pathogens. Emerging 
evidence also indicates that a diminished innate 
response coupled with a compensatory overacti-
vation of adaptive immunity may play a role in 
the pathogenesis of the chronic mucosal inflam-
mation seen in CRS.

Pathogen recognition by the innate immune 
system results in a cascade of cytokines and che-
mokines that determine the type and strength of 
the inflammatory response.

4.3.1  Receptor Molecules

Innate immune responses in the sinonasal epithe-
lium are initiated by membrane-bound and cyto-
plasmic pattern-recognition receptors (PRRs) 
that recognize highly conserved pathogen- 
associated molecular patterns (PAMPs) found in 
various bacteria, mycobacteria, viruses, and para-
sites as well as necrotic debris from cellular dam-
age [50]. PRRs are also expressed on various 
types of antigen-presenting cells including den-
dritic cells, macrophages, and B cells. In addi-
tion, SNECs express genes associated with 
antigen-presenting function [51]. Once the innate 
immune response is activated, SNECs may also 
serve as antigen-presenting cells, increasing local 
tissue inflammatory response. Overall, stimula-
tion of PRRs facilitates both the innate and the 
adaptive response.

Recognition of PAMPs by PRRs results in the 
secretion of the endogenous antimicrobial factors 
that directly aid in pathogen clearance. PRR acti-
vation also stimulates SNECs and antigen- 
presenting cells (APCs) to release inflammatory 
cytokines and chemokines that attract other 
innate cellular defenses such as phagocytes. 
Other receptors detect cellular injury through 
damage-associated molecular patterns DAMPs 
[52, 53]. If the combination of cellular damage 
and PRR activation is sufficiently strong, the 
resultant innate immune response triggers cyto-
kine patterns that initiate, and determine the 
nature of, the subsequent adaptive immune 
response [54] (see Fig. 4.1).
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Fig. 4.1 Innate immunity at the epithelial surface 
involves PAMP activation of epithelial PRRs leading to 
release of host defense molecules. Exogenous proteases 
may activate PAR receptors or degrade tight junctional 
proteins. Secreted IgA, mucins, antiproteases, and host 
defense molecules are released into the nasal mucus to 
form a second line of innate defense. Sufficient PRR stim-
ulation activates dendritic cells causing migration to local 

lymph nodes to present antigen fragments to naïve Th0 
lymphocytes. The type and strength of antigen stimulation 
drive the adaptive immunity through polarized Th1, Th2, 
Th17, or Treg responses. B cells are stimulated to undergo 
proliferation, class switch recombination, and differentia-
tion leading to production of IgE, IgA, and other immuno-
globulins as well as stimulation of the cells of the adaptive 
immune system. See text for details

PRRs can be separated into three main 
classes: endocytic, secreted, and signaling. 
Endocytic PRRs are found on the surface of 
phagocytes, which recognize pathogenic 
PAMPs, engulf the pathogens, and present the 
antigens to lymphocytes of the acquired immune 
system. One example is the mannose receptor 
found on macrophages [55].

Secreted PRRs are used as opsonins that trig-
ger the complement cascade or signal phagocyto-
sis. The most abundant of the secreted 
antimicrobial peptides in the nasal mucosa 
include lactoferrin, mannose-binding lectin, 
secretory leukocyte proteinase inhibitor, and 
lysozyme [56]. These are released into the mucus 
by nasal epithelial cells in response to activation 
of PRRs and confer protection by inhibiting epi-

thelial invasion or directly lysing the microorgan-
ism [57].

Signaling PRRs trigger the production of anti-
microbial peptides and cytokines by epithelial 
cells in response to PAMPs [58]. Signaling PRRs 
found in nasal epithelium include the toll-like 
receptor (TLR) family, the nucleotide binding 
and oligomerization domain (NOD)-like receptor 
family (NLRs), and the retinoic acid-inducible- 
like receptors (RLRs).

Important pathogen recognition receptors 
(PRRs) include the TLR, NOD, Bitter Taste 
receptors, and PAR families.

TLRs are transmembrane receptors expressed 
on various cell types including SNECs that rec-
ognize extracellular or intracellular PAMPs such 
as bacterial lipopolysaccharide (LPS) [59]. 
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TRL2, TRL3, TRL4, TRL9, and possibly others 
are expressed in sinonasal epithelium and con-
tribute to the host defense. TLR2 responds to 
gram-positive bacterial as well as fungal PAMPs, 
TLR 3 recognizes viral replication products, 
TLR4 recognizes bacterial endotoxin, and 
unmethylated CpG areas on pathogenic DNA 
activate TLR9 [33]. TLR activation triggers inter-
cellular signaling through proteins MyD88 and 
TRIF, which affects gene expression through 
transcription factors NF-κβ, AP-1, and IRF3 [60].

The NOD-like receptor family includes 
NOD-1 and -2, which have been shown to recog-
nize bacterial cell walls including staphylococci 
[61]. NOD levels were increased in CRSwNP 
and levels decreased after nasal steroid use [62]. 
RLRs are intracellular receptors important for 
recognizing RNA derived from RNA and DNA 
viruses, though their role in sinonasal epithelial 
response is still being investigated [63].

Bitter taste receptors (T2Rs) are recently iden-
tified group of pathogen recognition molecules 
also present on epithelial cells, function as non- 
classical PRRs. They are G protein-coupled 
receptors (GPCRs), which are widely expressed 
in host airway epithelial membranes. Airway 
T2R-mediated immune responses are activated 
by bacterial quinolones as well as acyl- 
homoserine lactones [64] secreted by gram- 
negative bacteria, including Pseudomonas 
aeruginosa [65]. Linkage studies have demon-
strated associations between taste receptor genet-
ics with CRS [66].

The protease-activated receptors (PARs) are a 
distinct set of receptors found on sinonasal epi-
thelial cells that are activated by endogenous and 
exogenous proteases including those from bacte-
ria, fungi, and allergens. Once activated, PARs 
evoke the NF-κβ signaling pathway, the results in 
chemokine and cytokine production, and phago-
cytic recruitment and potentially influence the 
subsequent acquired immune response based on 
the cytokine milieu [67]. PAR-2 activation by 
Staphylococcus aureus proteases results in 
increased levels of cytokine IL-8 [68]. Fungal 
proteases may drive the eosinophilic as well as 

neutrophilic response via PARs [69]. SNECs 
secrete antiproteases such as LEKT1 coded by 
the Spink 5 gene, which likely acts to protect 
PARs from both exogenous and endogenous pro-
tease stimulation. Reduced levels of LEKT1 have 
been associated with CRSwNP, suggesting that 
excessive PAR activation may play a role in polyp 
pathogenesis [70].

4.3.2  Host Defense Molecules

Sinonasal epithelial cells secrete a multitude of 
antimicrobial molecules into the surrounding 
mucus. Enzymes break down pathogen cell walls 
and include lysozyme, chitinases, and peroxi-
dases. Foreign material is marked for phagocyto-
sis by opsonins such as complement and 
pentraxin-3. Permeabilizing proteins include 
defensins and cathelicidins. Defensins are induc-
ible and provide broad antimicrobial activity and 
inhibit invasion of bacteria and viruses [71]. 
Cathelicidins are a family of secreted peptides 
that are active after extracellular cleavage. In 
humans, cathelicidin LL-37 directly disrupts 
bacterial membranes [72]. They are chemotactic 
for effector cells of both the innate and adaptive 
immune system including neutrophils, mono-
cytes, mast cells, and T cells and may modulate 
their activity [73]. Collectins include surfactant 
proteins (SP-A, SP-D) and mannose-binding 
lectin; these proteins, long studied in lower 
respiratory mucosa, are also found in sinonasal 
secretions. They are important in reducing nasal 
bacterial colonization, inflammation, and infec-
tion [74]. Decreased surfactant levels are found 
in patients with cystic fibrosis, poorly controlled 
COPD, allergic fungal sinusitis, and CRS [75–
77]. Binding proteins include mucin, discussed 
previously, and lactoferrin, which attaches to 
foreign material and facilitates its removal by 
MCC.  PLUNC, another secreted antimicrobial, 
has important anti-biofilm properties. 
Diminished secretion of many but not all of these 
host defense molecules has been proposed as a 
common mechanism broadly underlying the eti-
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Fig. 4.2 Inferior turbinate and uncinate process tissue 
from healthy patients were compared for levels of the 
mucosal innate defense molecules PLUNC, lactoferrin, 
pentraxin, S100A7, and hBD2. While levels of pentraxin 
remained the same between the two sites, polarization was 
noted with the remaining molecules. In nasal uncinate tis-

sue, low levels of PLUNC and lactoferrin but high levels 
of S100A7 and hBD2 were found. In inferior turbinate 
tissue, the converse was true, suggesting that host defense 
molecules show regional specialization in human nasal 
airways

ology and pathogenesis of CRS [41, 78] (see 
Fig. 4.2). The cause for this selective reduction is 
unclear but may be [1] a primary defect in the 
innate response or [2] a downstream secondary 
effect of the Type 2 cytokine milieu associated 
with some forms of CRS [79]. Mechanistic stud-
ies to evaluate this have not been completed, but 
IL-22 and the STAT 3 pathway appear to broadly 
govern innate nasal mucosal host defense and 
mechanical barrier integrity [80–82]. Diminished 
STAT 3 activity in the sinonasal epithelium has 
been identified in CRS supporting a primary 
innate defect [83].

A decrease in innate host defense molecules 
contributes to the pathogenesis of CRS

4.3.3  Epithelial Chemokines 
and Cytokines

In response to PRR and PAR stimulation, sinona-
sal epithelial cells produce a variety of cytokines, 
which are small proteins that regulate inflamma-
tion and mediate associated pain, swelling, and 
vascular dilatation [84]. A partial list include 
IL-1, TNF, IFN, GM-CSF, eotaxins, RANTES, 
IP-10, IL-6, IL-8, MDC, SCF, TARC, MCP-4, 
BAFF, osteopontin, IL-25, IL-33, and TSLP [85–
87]. These cytokines have a diverse array of func-
tions including triggering inflammatory 
responses, activating and recruiting innate effec-
tor cells, and facilitating and shaping the adaptive 
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response. To the last point, IL-1, IL-6, and IL-8 
have all been identified as particularly important 
in modulating the transition between the two 
arms of the immune response [86]. Newly identi-
fied epithelial-derived cytokines, including TSLP, 
IL-25, IL-33, and BAFF, help shape the local 
adaptive responses more directly. They foster B 
cell proliferation with immunoglobulin produc-
tion and shaping the T helper profile via dendritic 
cell polarization [88, 89]. Defective regulation of 
these processes has been proposed as playing a 
role in the pathogenesis of CRSwNP. It has been 
noted that corticosteroids, a mainstay for treating 
inflammation and CRS, act in part via the down-
regulation of epithelial cytokine secretion but 
spare or even augment the epithelial secretion of 
host defense molecules [90, 91]. In this fashion, 
corticosteroids effectively upregulate the innate 
immune response and downregulate the adaptive 
response.

Epithelial-derived molecules directly contrib-
ute to the innate immune defense and shape- 
associated B cell and T cell responses.

4.3.4  Epithelial Co-stimulatory 
Molecules and Inflammatory 
Enzymes

SNECs express co-stimulatory molecules, par-
ticularly homologs of the B7 family of cell- 
surface ligands [92]. Expression results in 
downregulation of T cell-acquired response and 
is induced by TNF-α and IFN-γ [93]. Increased 
B7 family expression is induced by viral infec-
tion and CRS [94]. Reactive oxygen species 
(ROS) are important in many of the processes 
discussed: mucin production, epithelial healing, 
response to toxins, and innate immunity [95]. 
They can be beneficial, generating hypothiocya-
nite and peroxide which aid in the microbial 
killing. In addition, they may be induced by tox-
ins, requiring neutralization by antioxidants in 
airway epithelial cells. ROS can also interact 
with reactive nitrogen species (RNS) to create 
tissue damage in disease [37]. Of particular 
interest is nitric oxide (NO), an intracellular 
messenger that mediates inflammation and anti-

microbial effects and regulates apoptosis. In 
particular, NO is produced in high concentra-
tions in the paranasal sinuses and may limit bac-
terial colonization [96].

4.3.5  Cells of the Innate Immune 
System

Important cells of the innate immune response 
that respond to cytokines secreted by the sinona-
sal epithelium include innate lymphocytes (ILC), 
dendritic cells, macrophages, neutrophils, eosin-
ophils, natural killer (NK) cells, basophils, and 
mast cells. The ILCs are divided into three sub-
sets (ILC 1, 2, and 3) and they help tailor the 
subsequent innate cellular and adaptive response 
to the address the particular inciting pathogen 
[1]. Macrophages and neutrophils are primary 
phagocytes which recognize and bind to patho-
gens that have been opsonized, or marked as for-
eign, by antibodies, complement, or collectins 
[57]. They then engulf the opsonized pathogens 
and neutralize them by a variety of methods 
including nitric oxide and radical oxygen spe-
cies. In addition, macrophages assist in tissue 
homeostasis, removal of particulates, and tissue 
repair and influence the adaptive immune 
response. Two pathways of macrophage differ-
entiation and activation exist: the M1, or classi-
cal, pathway and the M2, or alternative, pathway. 
The M1 pathway is driven by Type 1 cytokines 
and fosters macrophages directed against intra-
cellular pathogens. The M2 pathway is driven by 
Type 2 cytokines and fosters macrophages spe-
cialized against helminthes, with additional roles 
in tissue repair and antibody formation [97]. 
High levels of M1 macrophages are seen in sinus 
mucosa and polyps of CF patients, while high 
levels of M2 macrophages are seen in CRSwNP 
tissues [98, 99]. Neutrophils are among the first 
cells to respond to infection and are important in 
early phagocytosis of extracellular microbes. 
Mucosal recruitment is triggered by PRR stimu-
lation creating chemokines, particularly IL-8, 
which is also secreted in response to PAR-2 
stimulation [100]. Neutrophils kill using free 
radicals and many of the same antimicrobial 
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peptides that are secreted in the nasal mucus. 
Their overactivation may contribute to the patho-
genesis of CRS, inflammation related to tobacco 
smoking, and CF-associated polyposis [27, 101].

High numbers of eosinophils are seen in 
mucosal surfaces in allergy and asthma. 
Eosinophils are granulocytes that respond to 
mucosal inflammation by degranulating and 
releasing stored cytokines. They are prominent in 
fungal and parasitic responses and release major 
basic protein, eosinophil-derived neurotoxin, and 
neutrophil elastase [102]. Eosinophilia is also an 
important component of CRS where it contrib-
utes to mucosal damage and chronic inflamma-
tion [103]. Multiple studies have shown that 
tissue eosinophilia is correlated with severity of 
CRS and comorbid asthma [104, 105]. The high-
est levels of tissue eosinophils are seen in 
CRSwNP, particularly in Western populations 
[106]. Eosinophil recruitment and activation is in 
large measure via epithelial cytokines and che-
mokines, including eotaxins, RANTES, and 
MCP [36, 107–109]. The regulation of this secre-
tion is in part not only through PRR stimulation 
but also via Type 2 cytokines IL-4, IL-5, and 
IL-13 [110, 111]. The primary cellular sources of 
these Type 2 cytokines include Th 2 and ILC-2 
cells. (EPOS 2020) Other factors that may foster 
eosinophil activation and recruitment include 
staphylococcal superantigens, IL-25, IL-33, 
TSLP, SCF, and eicosanoids [112–115].

Upregulation of eosinophils is seen in allergy, 
asthma, and CRSwNP.

Mast cells are resident cells in the sinonasal 
mucosa that not only function in innate immunity 
and tissue repair but also play key roles in the 
pathogenesis of allergic rhinitis and possibly 
nasal polyposis. Stem Cell Factor (SCF), secreted 
by SNECs, is likely important in mast cell recruit-
ment [85]. Mast cell activation results in the 
secretion of preformed granules including hista-
mine, prostaglandins, serotonin, and serine prote-
ases. In addition, de novo synthesis and secretion 
of various cytokines, chemokines, and eico-
sanoids also takes place. They can be induced to 
phagocytose pathogens as well, though this is not 
their primary function. Physiological activation 
occurs typically through stimulation of PRRs. In 

nasal disease states such as allergic rhinitis, mast 
cells are activated strongly via surface IgE bound 
to antigen [116]. In CRSwNP, both IgE-dependent 
and IgE-independent pathways for mast cell acti-
vation likely contribute to pathogenesis [117, 
118]. Specifically, mast cells may be able to 
induce and maintain eosinophilic inflammation 
leading to polyposis as well as influence the sub-
sequent adaptive immune response.

Dendritic cells (DCs) are key cells in both the 
innate and adaptive responses via antigen cap-
ture, antigen presentation to immature T cells, 
and the secretion of soluble mediators. DCs 
phagocytose and thereby sample commensal 
organisms and pathogens at the sinonasal epithe-
lial surface. Cytokine cross talk between SNECs 
and DCs helps determine DC polarization [88]. 
Polarized DCs then migrate to local lymph nodes 
and present a fragment of the engulfed pathogen, 
via major histocompatibility complex (MHC) 
type II on the cell surface, to immature T cells. 
DC cytokines strongly influence the subsequent 
T cell profile, secondarily polarizing the helper 
response [119]. Overall, DCs act as a bridge from 
the innate to the adaptive immune response. 
SNECs acting through cytokines that influence 
DCs to play a significant upstream role in shap-
ing the subsequent adaptive response, which will 
be discussed below. Defects in this cross talk 
pathway may foster the development of CRSwNP.

4.3.6  Adaptive Immunity

The adaptive immune response is mediated by T 
and B cells and includes immunoglobulin and T 
effector processes that augment the faster, but 
less specific innate response. Sinonasal epithe-
lial responses connect with ILCs and together 
play a key upstream role in the adaptive response 
including the recruitment of cells of the T and B 
lineage. In addition, as mentioned above, the 
type, duration, and intensity of PRR activation 
by PAMP stimulus in SNECs, ILCs, DCs, and 
other cell types are believed to shape the resul-
tant T lymphocyte profile and to ensue antibody 
and cell-mediated response at the mucosal sur-
face [120].
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B lymphocytes secrete immunoglobulins, or 
antibodies, to specific antigens, playing an impor-
tant role in the memory of the adaptive immune 
response. Immunoglobulins help bind and trap 
commensal organisms and pathogens, aiding 
mechanical clearance and facilitating active kill-
ing via multiple mechanisms. In the nasal 
mucosa, B cells respond to antigen presentation 
by proliferating and undergoing differentiation 
into mature plasma cells that produce immuno-
globulin. In normal mucosal defense, the primary 
antibody class is secreted IgA from extrafollicu-
lar B cells. This response works to limit bacterial 
colonization with a minimum of inflammation, is 
T cell independent, and helps maintain mucosal 
homeostasis. SNECs and other cell types secrete 
cytokines and chemokines that foster this base-
line B cell activity with the capacity for upregula-
tion in response to an immune challenge.

Staphylococcal superantigens and fungal ele-
ments act as disease modifiers in CRS.

During frank mucosal infection, secretory IgA 
is joined by IgG, resulting in the development of 
a robust inflammatory response. This response 
exhibits high affinity for the invading pathogens, 
is T cell dependent, and utilizes immunoglobu-
lins generated by both tissue plasma cells and fol-
licular B cells. Other immunoglobulins play a 
role in mucosal inflammation including IgM, 
IgE, and IgD [121]. IgM is an early-response 
antibody that precedes the development of long- 
term IgG. IgE is important in allergic response, 
mast cell activation and survival, and homeosta-
sis as well as defense against pathogens, espe-
cially parasitic infections. IgD, though little 
understood, may influence antigen binding and 
basophil activation against respiratory bacteria 
[122].

In chronic inflammatory conditions such as 
CRS, immunoglobulin profiles are skewed from 
the normal, apparently in response to bacterial 
and fungal antigens. CRSwNP appears to show a 
particularly dysregulated B cell response. Higher 
levels of IgA, IgE, and IgG are seen in nasal 
polyp tissues compared to controls and to 
CRSsNP, and this may have pathophysiological 
significance. IgE facilitates mast cell degranula-
tion and IgA is a potent activator for eosinophil 

degranulation [123]. The combined presence of 
these antibodies with mast cells and eosinophils 
within nasal polyps may facilitate degranulation 
and tissue damage. It should be noted that these 
immunoglobulin levels do not reflect the sys-
temic profile, indicating a localized mucosal 
response [124]. Not surprisingly, higher levels of 
immunoglobulin-producing B cells and plasma 
cells are also found in nasal polyps, and the pro-
cess of polyp growth may be orchestrated by 
abnormal local B cell proliferation and recruit-
ment [125]. Evidence suggests that this process 
may be driven by the epithelial cytokine BAFF, a 
TNF family member that influences B cell prolif-
eration and class switching [89]. BAFF is found 
at higher levels in nasal polyps and correlates 
with the number of B cells within the tissue. In 
mouse models, excessive BAFF has been associ-
ated with the development of autoimmunity. This 
process has also been documented in recalcitrant 
CRSwNP with the presence of high levels of 
local autoantibodies in the polyp tissue [126].

Abnormal B cell proliferation creates inflam-
mation and tissue damage that may lead to 
polyposis.

Staphylococcal superantigenic toxins (SAGs) 
have been proposed as disease modifiers of nasal 
polyposis through the generation of a polyclonal 
IgE response including IgE directed against the 
SAGs themselves. The presence of IgE to these 
toxins within polyp tissue has been correlated 
with overall increases in polyclonal IgE, eosino-
phils, asthma, and severity of CRSwNP [126, 
127]. It is unclear whether this superantigen- 
driven process works through BAFF or another, 
superimposed, pathway.

4.3.7  T Cells and Cytokine Response

Homeostasis across the nasal mucosa is typically 
maintained via the mechanical barrier, innate 
immune responses, and tonic IgA secretion. 
When the mucosal barrier is breached, a protec-
tive response is initiated with SNECs, DCs, and 
other innate immune cells helping to guide the 
adaptive response and match it to the inciting 
stimulus. Minor damage is likely handled by acti-
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vation augmentation of innate responses from 
SNECs and migrating innate effector cells. A 
more substantial breach will activate the adaptive 
response; IL-6 has been proposed as a key cyto-
kine mediating the transition, suppressing innate 
responses and triggering production of chemo-
kines that promote the adaptive response [89]. At 
homeostasis, DCs still regularly phagocytize for-
eign material, but when activated and exposed to 
sufficient PAMP activation, such as would occur 
in a mucosal breach, they cease phagocytosis and 
acquire additional chemokine receptors. 
Chemokines, stimulated into production during 
the innate immune response, cause the DCs to 
migrate to nearby lymph nodes and to secrete the 
cytokine IL-1 [128]. Antigen from the phagocy-
tosed pathogens is presented to naïve CD4+ T 
helper (Th) cells in the lymph tissue. These lym-
phocytes will differentiate into a specific T cell 
lineage, determining the type of adaptive immune 
response. This process is further activated by 
IL-1. The types, duration, and intensity of the 
PRR activation by PAMP stimulus are believed to 
influence the resultant cytokine production and 
shape the resultant T lymphocyte profile [129]. 
As mentioned above, cytokines from SNECs and 
other innate cell types play a critical upstream 
role in this process matching the response to the 
pathogen.

Signaling cross talk between innate immune 
cells drives T cell differentiation.

Mature T cells migrate back to the sinonasal 
mucosa to mediate the adaptive response upon 
subsequent antigen challenge. T helper lympho-
cyte responses are divided based on cytokine pro-
files generated in response to the presented 
antigen stimulus. Classically, Th1 or Th2 
responses were thought to be the primary adap-
tive sinonasal inflammatory pathways. The Th1 
pathway shows high levels of IL-12 and IFN-γ 
and has a macrophage-rich cellular infiltrate. Th1 
responses facilitate defense against intracellular 
pathogens, particularly viruses and intracellular 
bacteria including mycobacteria. They appear to 
be blunted in chronic obstructive pulmonary dis-
ease (COPD), psoriasis, Crohn’s disease, and 
CRSsNP [130]. The Th2 pathway results in high 

levels of cytokines IL-4, IL-5, and IL-13 and has 
a more eosinophilic cellular response. Th2 
responses are important in parasitic infections 
and are also seen in frequently allergic and asth-
matic responses [79]. They are reduced in asthma, 
atopic dermatitis, ulcerative colitis, and CRSwNP 
[131]. More recent data indicate that additional 
Th profiles are important in mucosal immunity. 
Th17 responses aid in defense against extracel-
lular bacteria and fungi, particularly 
Staphylococcus aureus [132]. This response is 
fostered primarily by IL-17A as well as cytokines 
IL-6, TGF-β1, and IL-23 and has a neutrophilic 
cellular response [133]. Tregs are regulatory lym-
phocytes that foster immune tolerance with the 
goal of limiting excessive responses from other 
Th lineages; Treg differentiation is facilitated by 
TGF-β [131].

4.3.8  T Cell Response Modulation

Differentiation of CD4+ T cells into a specific 
lineage is determined in part by innate immune 
response, co-stimulatory signals, and the cyto-
kine profile [134]. Signaling cross talk between 
local DCs, SNECs, and resident innate immune 
cells, including eosinophils, mast cells, NK cells, 
and macrophages, generates the cytokines that 
drive the T cell differentiation [135, 136]. In 
addition, circulating innate lymphoid cells (ILCs) 
migrate to the local site of immune stimulus and 
also play a role. These cells are presumably 
responding to chemokine homing signals ema-
nating from resident cells and are termed “innate” 
because they recognize foreign substances via 
PRRs rather than immunoglobulin or T cell 
receptors. Capable of responding rapidly, ILCs 
bridge innate and adaptive immunity and may 
play the pivotal role in orchestration of the adap-
tive response as Th1, Th2, and Th17 ILC subsets 
have been described [137]. In terms of pathology, 
exceptionally high levels of ILC2s have been 
observed in polyp homogenates from Western 
CRSwNP patients [138, 139] (see Fig. 4.3).

Innate lymphoid cells play a key role in 
orchestrating Th1, Th2, and Th17 responses.
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Fig. 4.3 Environmental 
agents stimulate the 
immune system inciting 
an innate response. If 
strong enough, an 
adaptive response is 
recruited as well. 
Typical protective 
responses include 
activation of the T1 and 
T3 pathways which 
includes the Th1 and 
Th17 subsets. If a T2 
response (with Th2 or 
Treg activation) is 
generated, the innate 
response may be 
suppressed

4.3.9  NKT Cells, NK Cells, Cytotoxic 
T Cells, and Memory T Cells

In addition to the Th subsets discussed above, 
other T cell subsets play a role in mucosal immu-
nity. Naïve CD8+ T cells differentiate and prolif-
erate following exposure to antigen presented by 
DCs. Cytotoxic T cells are generated whose pri-
mary function is to eliminate intracellular 
microbes mainly by killing infected cells. These 
infected cells display microbial antigens on their 
surface, which the T cells recognize via their T 
cell receptors (TCR). Although not technically T 
cells, NK cells have a function similar to cyto-
toxic T cells but lack TCRs, recognizing foreign 
proteins by PRRs on their surface. NKT cells 
have characteristics of both T cells and NK cells 
with TCRs but with limited variability. Memory 
T cells are generated along with the effector T 
subsets and are numerically the predominant sub-
set in nasal polyps [140]. These cells are present 
in the mucosa and respond to subsequent antigen 
challenge.

4.4  Conclusion

The sinonasal mucosal defenses are a highly 
sophisticated interplay involving the local struc-
tural cells, resident innate response cells, and cir-

culating innate and adaptive immune cells. In 
approximately 10% of the Western population, 
this system fails in that foreign agents, while still 
cleared, trigger collateral inflammation of the 
mucosa of varying types and intensities. The 
associated clinical syndrome is broadly termed 
“CRS.” Recent research in the field of CRS has 
been geared toward a better understanding of the 
specific pathway defects in the host. These spe-
cific genetic and epigenetic defects in the local 
immunologic pathways should eventually be 
associated with the various CRS phenotypes. 
Ultimately, greater understanding of sinonasal 
immune defenses will lead to more effective ther-
apies for CRS in the future.
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5Local B-Cell and T-Cell Populations 
in the Pathophysiology of Chronic 
Rhinosinusitis with Nasal 
Polyposis

Kent K. Lam and Amber U. Luong

Core Messages
• The local immune system in the airway epi-

thelium of the nasal cavities and paranasal 
sinuses is well developed with contribution 
from both innate and adaptive arms to gener-
ate different phenotypic and endotypic mani-
festations of chronic rhinosinusitis.

• T cells consist of a diverse array of subpopula-
tions, including CD8+ cytotoxic T cells and 
CD4+ helper T cells with Type 1, Type 2, and 
Type 3 inflammatory responses, each of which 
participates in the inflammatory cascade 
through distinct pathomechanisms.

• The plasticity of T cells and resultant inflam-
matory responses are influenced by a combi-
nation of environmental and genetic factors.

• Nasal polyps generally function as tertiary 
lymphoid organs that demonstrate germinal 
center-like centers with high activity and dif-
ferentiation of B cells and the release of 
immunoglobulins.

• Endotyping of CRSwNP is based on charac-
teristic immunopathologic profiles and has 
helped improve clinical classifications of 
CRSwNP, but the process continues to require 
additional research to fully understand the 
diverse network of immunologic pathways 
that lead to sinonasal inflammation and thus 
nasal polyp development.

5.1  Introduction

Chronic rhinosinusitis (CRS) is a complex and 
heterogeneous inflammatory disease that involves 
the mucosal lining of the paranasal sinuses and 
results in a constellation of symptoms, including 
nasal congestion, discolored nasal drainage, facial 
pressure, and smell alterations, for a duration of at 
least 12 weeks [1, 2]. CRS is typically divided into 
two phenotypes based on the presence or absence 
of nasal polyps: CRS with nasal polyposis 
(CRSwNP) and CRS without nasal polyposis 
(CRSsNP). Over the past 30 years, research efforts 
have focused on the inflammatory mechanisms 
that drive the development and persistence of the 
two CRS phenotypes. CRSwNP and CRSsNP 
have traditionally been characterized by distinct 
immunologic patterns. CRSsNP has classically 
been characterized by Type 1 inflammation with 
the presence of interferon (IFN)-γ, T helper 1 
(Th1) cells, and neutrophils. CRSwNP, in contrast, 
has routinely been associated with a skewing 

K. K. Lam 
Department of Otolaryngology—Head and Neck 
Surgery, Eastern Virginia Medical School,  
Norfolk, VA, USA
e-mail: lamkk@evms.edu 

A. U. Luong (*) 
Department of Otorhinolaryngology—Head and 
Neck Surgery, McGovern Medical School, University 
of Texas Health Science Center at Houston,  
Houston, TX, USA
e-mail: amber.u.luong@uth.tmc.edu

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023 
Ö. Ö. Celebi, T. M. Önerci (eds.), Nasal Physiology and Pathophysiology of Nasal Disorders, 
https://doi.org/10.1007/978-3-031-12386-3_5

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-12386-3_5&domain=pdf
mailto:lamkk@evms.edu
mailto:amber.u.luong@uth.tmc.edu
https://doi.org/10.1007/978-3-031-12386-3_5


62

toward Type 2 inflammatory reactions consisting 
of Type 2 cytokines, T helper 2 (Th2) cells, and 
eosinophils [3, 4]. The general use of Types 1 and 
2 inflammatory profiles to characterize the immu-
nologic expression in CRSsNP and CRSwNP, 
however, has  increasingly become insufficient to 
fully describe CRS pathogenesis, as a wide diver-
sity of immunopathological mechanisms leading 
to sinonasal inflammation has been identified.

The ongoing research on CRS pathogenesis 
highlights the growing emphasis placed upon 
inflammatory endotypes for particularly 
CRSwNP, which have become clinically relevant 
to disease management due to inherent prognos-
tic implications with the development of targeted 
therapeutics. The immune cells in the adaptive 
immune system have specifically offered the 
most consequential breakthroughs in the clinical 
management of CRSwNP, although both the 
innate and adaptive arms provide fundamental 
contributions to the pathophysiology of CRSwNP 
and exhibit a high degree of cross talk in propa-
gating sinonasal inflammation. This chapter 
serves as a brief review of the recent insights into 
the local dysregulation attributed to T cells and B 
cells, which are central to adaptive immune 
responses, in the pathogenesis of nasal polyps.

5.2  Role of T Cells in CRSwNP 
Pathophysiology

T cells coordinate the cell-mediated responses in 
adaptive immunity, maintain the balance between 
the humoral and cell-mediated pathways, and 
provide immune regulation through negative 
feedback. T cells are further subdivided into 
CD4+ T cells and CD8+ T cells with specific 
roles in adaptive immunity (Table 5.1). CD8+ T 
cells, which are commonly referred to as cyto-
toxic T cells, provide immune defense against 
intracellular pathogens and tumor-transformed 
cells. Activated CD8+ T cells regulate cellular 
toxicity by secreting cytokines, primarily tumor 
necrosis factor (TNF)-α and IFN-γ, releasing 
cytotoxic granules with perforin and granzymes, 
and mediating apoptosis through interactions 
between their surface Fas ligands and Fas mole-

cules expressed on targeted cells. CD4+ T cells 
are the classical T helper cells, which consist of 
several subtypes, including Th1 cells, Th2 cells, 
T helper 17 cells (Th17), T follicular helper cells 
(Tfh), and regulatory T cells (Treg). Upon their 
activation and differentiation, CD4+ T cells mod-
ulate the activity of other effector cells involved 
with the innate, cell-mediated, and humoral 
immune systems via the secretion of cytokines 
that contribute to the local inflammatory milieu.

T-cell populations have been well studied for 
their role in the inflammation of CRSwNP, as T 
cells are believed to be the predominant lym-
phocyte population in the mucosa of nasal pol-
yps and thus key drivers of the disease. Overall, 
the nasal tissues in both CRSwNP and CRSsNP 
are characterized by significant increases in 
T-cell counts, but variations in the pathophysiol-
ogy and thus clinical features between CRSwNP 
and CRSsNP reflect and likely arise from immu-

Table 5.1 T-cell subsets and functions in nasal polyps

T-cell subset
Pro-inflammatory roles in nasal polyp 
formation

CD8+ T cells •  Generate and release cytokines that 
mediate Type 1, Type 2, and Type 3 
inflammatory responses

CD4+ T 
helper 1 cells

•  Generate and release cytokines that 
mediate Type 1 inflammatory 
responses in non-eosinophilic and 
eosinophilic nasal polyps

CD4+ T 
helper 2 cells

•  Generate and release cytokines that 
mediate Type 2 inflammatory 
responses

•  Activate and attract eosinophils to 
local tissue

•  Interact with myeloid dendritic cells, 
innate lymphoid cells, and epithelial- 
cell derived cytokines to direct Th2 
cell polarization

•  Respond to Staphylococcus aureus 
enterotoxins to direct Th2 cell 
polarization

CD4+ T 
helper 17 
cells

•  Generate and release cytokines that 
mediate Type 3 inflammatory 
responses in non-eosinophilic and 
eosinophilic nasal polyps

CD4+ T 
follicular 
helper cells

•  Promote extrafollicular B-cell 
differentiation in nasal polyp tissue

CD4+ 
regulatory T 
cells

•  Promote inflammatory responses 
when quantitative or qualitative 
levels are diminished
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nological processes modulated by different pop-
ulations of T-cell subtypes [5]. In their flow 
cytometry study, for example, Derycke et  al. 
showed a higher frequency of T cells in the sino-
nasal mucosa of CRSwNP patients than in the 
mucosa of both CRSsNP and healthy control 
patients [6]. Conversely, tissue from CRSsNP 
patients did not demonstrate increased levels of 
T cells compared to healthy control tissue. 
Within the T-cell population, Th1 immune cells, 
as measured by intracellular IFN-γ immunos-
taining, composed the predominant subtype in 
all healthy control, CRSsNP, and even CRSwNP 
patients, but only CRSwNP tissue was notable 
for Th2 immune cells. Tissues from control, 
CRSsNP, and CRSwNP additionally demon-
strated other populations of T helper cells, 
including Th17 and Tfh immune cells. Pant et al. 
further confirmed that CD4+ T cells are elevated 
in CRSwNP, but reported that two special 
CRSwNP subgroups—allergic fungal rhinosi-
nusitis (AFRS) and eosinophilic mucin CRS 
(EMCRS)—differ from other CRSwNP sub-
types with higher populations of CD8+ T cells 
[7]. In CRSwNP, the high percentage of CD8+ T 
cells, which demonstrate a terminally differenti-
ated, mature, effector memory phenotype, has 
also raised the question if CD8+ T cells are 
involved with the pathogenesis of CRSwNP or 
appear as a result of inflammation [8].

While the most recognized role of CD8+ T 
cells involves the mediation of cellular cytotox-
icity, CD8+ T cells may participate in the 
inflammatory pathways of CRSwNP as a source 
of important cytokines in the local immunologic 
environment. Like CD4+ T cells, CD8+ T cells 
have the capacity to differentiate into at least 
five different effector cell subsets, including 
Type 1 cytotoxic T cells (Tc1), Type 2 cytotoxic 
T cells (Tc2), IL-9-producing CD8+ T cells 
(Tc9), IL-17-secreting CD8+ T cells (Tc17), 
and CD8+ Treg cells, each with its own distinct 
expression of cytokines. A study by Ma et  al. 
investigated the cytokine-producing features 
and also the classic cytotoxic activity of CD8+ 
T cells in nasal polyp tissue [9]. The results of 
this study confirmed amplified infiltration of 
total CD8+ T cells as well increased Tc1, Tc2, 

and Tc17 subsets in tissue from eosinophilic 
and non-eosinophilic CRSwNP, when compared 
to sinonasal mucosa from control patients. A 
decreased percentage of CD8+ Treg cells in the 
isolated polyp tissue, however, was also 
reported. The CD8+ T cells from nasal polyps 
produced similar or even higher levels of Type 
1, Type 2, and Type 3 cytokines compared with 
their CD4+ T-cell counterparts. Type 3 immu-
nity encompasses innate and adaptive immune 
responses centered around the Th17 immune 
cells and the production of IL-17 and IL-22. 
Additionally, the CD8+ T cells in nasal polyps 
showed diminished cytotoxic activity with 
reduced expression of perforin and granzymes 
compared with their CD8+ T-cell counterparts 
in the peripheral blood. CD8+ T cells may thus 
participate in the pathogenesis of CRSwNP by 
producing pro-inflammatory cytokines, as 
opposed to a true cytotoxic function, but further 
research on such a potential inflammatory path-
way is warranted.

The usual methods to endotype CRS, how-
ever, has not necessarily relied on the presence of 
CD8+ T-cell populations, but has commonly 
focused on the various subtypes of CD4+ T cells 
underlying local inflammation [4]. The balance 
of T helper cells and the accompanying cytokine 
patterns have particularly been utilized to charac-
terize these CRS endotypes. As previously men-
tioned, CRSwNP is traditionally associated with 
a skewed Type 2 inflammatory profile, in which 
Th2-associated Type 2 cytokines, including inter-
leukin (IL)-4, IL-5, and IL-13, and immunoglob-
ulin (Ig)-E in nasal polyp tissue, have been 
implicated as potential factors in disease patho-
genesis. CRSsNP, in contrast, has been character-
ized by a relative skewing away from Type 2 
inflammatory responses and toward a mixture of 
Type 1 and Type 3 patterns [5, 10]. The proposed 
linkage of Type 2 inflammatory patterns with 
CRSwNP, nonetheless, has not been completely 
absolute in certain CRSwNP populations, under-
mined by the presence of non-Type 2 nasal pol-
yps in cystic fibrosis (CF) as an example [11]. 
These exceptions to Type 2 inflammatory nasal 
polyps underscore the challenges and limitations 
of endotyping CRSwNP subtypes with a univer-
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sal dichotomous system based on Type 2 and 
non-Type 2 inflammatory signatures.

Additionally, geographic variations have been 
found to contribute to differences in CRSwNP 
endotypes based on the CD4+ T-cell populations, 
suggesting that genetic and environmental factors 
also influence the pathophysiology of disease [12–
14]. One revealing study supporting these differ-
ences in immunologic profiles across different 
regions in the world was conducted by Wang et al., 
who evaluated the diversity of CD4+ T-cell- based 
cytokine profiles in CRS patients from Europe, 
Asia, and Australia [13]. For this investigation, 
nasal mucosal concentrations of Type 1, Type 2, 
and Type 3 cytokines in CRS patients and control 
subjects at different worldwide recruitment cen-
ters were specifically measured with identical 
methodological tools. The results showed that 
nasal polyp tissues from CRSwNP patients from 
Europe, Australia, and Japan demonstrated a Type 
2-skewed endotype, whereas those from China 
mainly demonstrated mixed patterns involving a 
combination of Type 1, Type 2, and Type 3 inflam-
matory responses. The eosinophilic endotype, 
moreover, accounted for over 50% of CRSwNP 
patients in Europe, Australia, and Japan, whereas 
less than 30% of CRSwNP patients in China 
exhibited the eosinophilic endotype. The results 
from Wang et al. have emphasized the diverse vari-
ety in particularly the CD4+ T-cell population 
involved with CRSwNP pathophysiology. The 
existence of so many CD4+ T-cell subsets further-
more raises questions about the significance and 
functional roles of these effector cell subtypes, as 
summarized in the following.

5.2.1  Th1/Th17 Immune Cells 
in Nasal Polyps

Th1 and Th17 immune cells are involved in Type 
1 and Type 3 inflammation, respectively, and are 
classically associated with CRSsNP, nasal polyps 
related to CF, and non-eosinophilic CRSwNP in 
the Asian population [15, 16]. IL-12 plays a sig-
nificant role in mediating Th1 cell polarization, 
resulting in the production of such cytokines as 
IFN-γ, TNF-β, and IL-2 and the activation of 

macrophages, neutrophils, CD8+ T cells, B cells, 
and other downstream effector cells. Th17 cell 
polarization, on the other hand, is stimulated by 
transforming growth factor (TGF)-β, IL-23, and 
IL-6. The activation of Th17 immune cells upreg-
ulates the production of primarily not only IL-17 
but also IL-17A, IL-22, and IL-26, all of which 
activate mononuclear phagocytes, recruit neutro-
phils, and induce epithelial antimicrobial 
responses [17, 18]. Th1 and Th17 cell polariza-
tions are thus related through their predominantly 
neutrophilic inflammation in the local nasal 
polyp microenvironment.

Increasing research, nevertheless, suggests 
that Th1 and Th17 immune cells are also impor-
tant drivers of immune signaling in not only non- 
eosinophilic CRSwNP, but also eosinophilic 
CRSwNP [16, 19]. Wang et al. have particularly 
shown that in CRSwNP patients, Th17 immune 
pathways may contribute to nasal polyp forma-
tion by enhancing the expression of Type 2 
inflammatory cytokines, including IL-4 and 
IL-13. The cross talk between the Type 2 and 
Type 3 immune pathways suggests that Th17 
immune cells play an activating role in Th2 cell 
polarization; though IL-4 and IL-13, nonetheless, 
have been found to inhibit Th17 immune cells 
[20]. While the exact pathophysiologic mecha-
nism of Th17 immune cells in CRSwNP remains 
unclear, Th17 cells are known as important com-
ponents of the host defense against extracellular 
pathogens at the mucosal barriers. Microbes and 
fungi have been linked to the pathogenesis of 
CRSwNP and AFRS, respectively, and may be 
influencing the activation of these Th17 
responses. In addition, dysfunctional activation 
of Th17 cells has been linked to the pathogenesis 
of autoimmune diseases through the disruption of 
the airway epithelial barrier which may also be 
contributing to the pathology of CRSwNP [21].

5.2.2  Th2 Immune Cells in Nasal 
Polyps

Type 2 inflammation in CRSwNP, as directed by 
Th2 immune cells, relies on its unique cytokine 
profile, which is characterized by predominantly 
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IL-4, IL-5, and IL-13, to activate essential down-
stream effector cells. These effector cells in T-cell 
immunity include eosinophils, mast cells, and 
basophils. Th2 immune cells furthermore control 
a strong humoral immune response by promoting 
B-cell proliferation, immunoglobulin production, 
and class switching of immunoglobulins to high 
levels of IgE.  Mucus production, goblet cell 
metaplasia, and airway hyperresponsiveness, reg-
ulated by the Th2 immune mediators, are also 
hallmarks of Th2 cell polarization. Asthma, 
atopic dermatitis, and CRSwNP are generally 
regarded as atopic comorbidities due to a high 
degree of pathophysiologic similarities in immu-
nologic patterns of Type 2 inflammation occur-
ring at the epithelial cell layers [22].

The functionality of Th2 immune cells is 
dependent on their initial activation and differen-
tiation from naïve T cells, which in part relies on 
myeloid dendritic cells (mDCs) to serve as anti-
gen presenting cells. While a second subset of 
human dendritic cells—plasmacytoid DCs—has 
also been recognized, plasmacytoid DCs are bet-
ter known for their role in antiviral immunity and 
are less effective at antigen presentation. As such, 
mDCs play an active role in influencing the 
polarization of T helper cells and are thus found 
at significantly elevated levels in CRSwNP [23, 
24]. Shi et al. have particularly evaluated the spe-
cific subsets of mDCs isolated from CRSwNP 
tissue and their capacity to skew naïve T cells 
toward either a Th2 phenotype or mixed Th1/
Th17 phenotypes based on the predominance of 
eosinophils in the local polyp tissue [25]. In this 
study, elevated local Th1 and T17 immune cells 
were noted in both eosinophilic and non- 
eosinophilic CRSwNP, but only eosinophilic 
CRSwNP exhibited increased levels of Th2 
immune cells. This Th2 cell polarization in eosin-
ophilic CRSwNP was linked to mDCs that spe-
cifically demonstrated an upregulation of two 
surface markers, OX40 ligand (OX40L) and pro-
grammed death ligand-1 (PD-L1). Conversely, 
mDCs with low expression of OX40L and PD-L1 
contributed to the Th1/Th17 cell skewing in non- 
eosinophilic CRSwNP. Blockade of OX40L and 
PD-L1 on mDCs from eosinophilic CRSwNP 
furthermore suppressed Th2 immune cell 

responses and induced a primary Th1/T17 cell 
polarization in the local inflammatory milieu. 
The mechanism by which mDCs can influence 
Th2 cell polarization in eosinophilic CRSwNP is 
thus speculated to involve a high expression of 
OX40L and PD-L1.

Other upstream activators of molecular and 
cellular mechanisms of Type 2 inflammation now 
increasingly include cytokines that are produced 
by innate lymphoid cells (ILCs), which lack 
antigen- specific receptors and are components of 
the innate immune system. Three ILC subgroups 
have been defined according to their profiles of 
secreted cytokines, which parallel the T helper 
subgroups in Type 1, Type 2, and Type 3 inflam-
mation. For CRSwNP, ILC2s particularly play an 
important role in Th2 cell polarization once they 
are activated by various environmental stress sig-
nals at the sinonasal respiratory epithelium. 
ILC2s have been found in increased numbers in 
nasal polyp tissue, especially in eosinophilic 
CRSwNP [26]. Epithelial cell-derived cytokines, 
such as IL-25, IL-33, and thymic stromal lym-
phopoietin (TSLP), have been well studied in 
their potentiation of ILC2s, which induces the 
expression and release of downstream Type 2 
inflammatory cytokines, including IL-4, IL-5, 
and IL-13 [27–29]. Overall, in the absence of 
antigen specificity, epithelial cell-derived cyto-
kines and ILC2s effectively influence acquired 
immune responses that drive Type 2 inflamma-
tory observed in CRSwNP.

Superantigenic enterotoxins produced by the 
Staphylococcus aureus bacteria, furthermore, 
play a role in the activation of Type 2 inflamma-
tion by amplifying local eosinophilic responses 
and thereby fostering nasal polyp formation [30]. 
Studies have demonstrated the presence of S 
aureus in a high percentage of CRSwNP patients, 
but not in the tissue of control or CRSsNP patients 
[31, 32]. These toxins trigger a massive and 
uncontrolled immunologic response activating as 
many as 30% of the T-cell population in affected 
individuals, compared to the 0.001% activated in 
a normal antigen-specific immune response [33]. 
By this mechanism, superantigens bypass the 
normal steps of antigen recognition and promote 
polyclonal T-cell proliferation and massive cyto-

5 Local B-Cell and T-Cell Populations in the Pathophysiology of Chronic Rhinosinusitis with Nasal…



66

kine release, which in the case of typical 
CRSwNP has a strong Th2 immune component. 
Many other cell types, including B cells, are 
affected by this exaggerated immunologic 
 process, resulting in a local polyclonal IgE 
response in nasal polyp tissue. The pathogenesis 
of CRSwNP thus likely involves an exogenous 
antigenic factor that can perpetuate Type 2 
inflammatory responses.

5.2.3  T Follicular Helper Cells 
in Nasal Polyps

Tfh immune cells are a specific subset of CD4+ T 
cells located within secondary lymphoid organs, 
where they serve the purpose of supporting B-cell 
populations to produce high-affinity immuno-
globulins as a part of the humoral immune 
response. In CRSwNP, development of lymphoid 
cell aggregations has been identified within nasal 
polyp tissue, which include B-cell and T-cell 
populations, leading to the formation of ectopic 
lymphoid structures, or tertiary lymphoid struc-
tures [34]. Here, within the germinal center-like 
structures, Tfh cells further promote B-cell pro-
liferation, local cellular differentiation, and 
robust immunoglobulin production through 
somatic hypermutation and class-switch recom-
bination. Tfh immune cells are defined by the 
master transcription factor B-cell lymphoma 6 
(BCL-6), which controls the differentiation of 
Tfh cells themselves, while IL-21 is the signature 
Tfh cytokine represented in high levels in 
CRSwNP [35]. Tfh cells may particularly be 
stimulated by S aureus enterotoxins, as upregu-
lated levels of BCL-6 and IL-21 are demonstrated 
when nasal polyp tissue is incubated with frag-
ments of S aureus enterotoxin B (SEB) in vitro 
[36]. Additionally, the presence of Tfh immune 
cells in eosinophilic polyp tissues positively cor-
relate with the local IgE levels, signifying the 
important role that Tfh immune cells play in the 
induction of local IgE in CRSwNP [34]. Tfh 
immune cells thus provide a vital link between 
T-cell and B-cell activity in the inflammatory 
responses that contribute to nasal polyp forma-
tion and perpetuation.

5.2.4  Regulatory T Cells in Nasal 
Polyps

Treg cells are important adaptive immune cells 
with the capacity to modulate immune responses, 
thereby maintaining tolerance to self-antigens 
and preventing the over-activation of the immune 
system. Suppression of the inflammatory 
responses occurs through the release of soluble 
cytokines TGF-β and IL-10 and through the 
upregulation of CTLA-4, which is a T-cell inhib-
iting protein [37]. Given the protective roles of 
Treg cells in preventing an overabundance of 
harmful inflammatory processes, quantitative 
and qualitative losses of Treg cells have been 
suggested as important factors that may permit 
nasal polyp formation in CRSwNP. Studies have 
demonstrated that cellular counts of Treg cells 
and expression of regulatory cytokines, TGF-β 
and IL-10, are both decreased in both eosino-
philic and non-eosinophilic CRSwNP patients 
[9]. Likewise, nasal polyp formation may be 
associated with depressed levels of mRNA and 
protein for the gene expression of FoxP3, which 
is the master transcriptional regulator of Treg 
cells [14]. Still, other studies, including one by 
Miljkovic et  al., have found that Treg cells are 
elevated in the nasal tissue of CRSwNP com-
pared to that of CRSsNP; however, these findings 
may suggest that a dysfunction of Treg cells, as 
opposed to a drop in cellular number, also affects 
the inflammatory environment that drives 
CRSwNP [38]. Additional investigation regard-
ing the exact role of Treg cells in CRSwNP 
pathogenesis is required, but the current evidence 
highlights their contributions through the modu-
lation of extreme immune responses in chronic 
inflammatory diseases like CRSwNP.

5.3  Role of B Cells in CRSwNP 
Pathophysiology

As T cells have demonstrated an active role in the 
inflammatory responses in CRSwNP, evidence is 
increasing that reinforces the importance of 
B-cell populations in nasal polyp pathogenesis. B 
cells significantly contribute to the humoral 
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response of the adaptive immune system through 
the production of immunoglobulins. B cells fur-
thermore serve as antigen-presenting cells, and in 
response to antigen presentation, undergo differ-
entiation and clonal selection through somatic 
recombination in germinal centers. Activated B 
cells can differentiate into immunoglobulin- 
secreting plasmablasts, plasma cells, or memory 
B cells. In addition to antibody expression and 
immune memory, B cells are integral to the acti-
vation of T cells through co-stimulation, antigen 
presentation, and propagation and regulation of 
immune activity by expressing a diverse array of 
cytokines.

Increasing evidence has recognized that nasal 
polyps function as tertiary lymphoid organs, in 
which Tfh immune cells can locally enhance the 
differentiation of B cells and thus boost inflam-
matory responses with the production of immu-
noglobulins. Early studies in this area 
demonstrated elevated levels of CD138, which is 
a specific immune marker for plasma cells, and 
B-cell activating factor of the TNF family (BAFF) 
in CRSwNP tissues [5, 39]. BAFF is particularly 
essential in B-cell immunity for cellular survival 
and differentiation of B cells to plasma cells. Van 
Zele et al. further reported that besides elevated 
CD138 and plasma cell counts, higher levels of 
naïve B cells with CD19 staining are also charac-
teristic of CRSwNP tissue when compared to 
non-polyp tissue [40]. B-cell populations in nasal 
polyp tissue have currently been found to consist 
of the various stages of differentiation, including 
naïve B cells, plasmablasts, plasma cells, and 
memory B cells; in fact, nasal polyp tissue sup-
ports a higher frequency of B cells at different 
stages of maturation than peripheral blood [41, 
42]. Even more recently, reports have emerged 
that the inflammatory environment within nasal 
polyp tissue upregulates the expression of 
Epstein-Barr virus-induced protein 2 (EBI2) in 
plasmablasts, which produce and activate immu-
noglobulins at high levels [43]. EBI2 is critical 
for the development of extrafollicular B-cell 
responses and may be upregulated by ILC2. The 
relationship between EBI2 and innate lymphoid 
cells provides a mechanism for B-cell activation 
by innate immune cells in nasal polyps, high-

lighting potentially overlapping immunologic 
pathways that lead to nasal polyp formation [43]. 
As a whole, the data support the high frequency 
and infiltration of B-cell subtypes in CRSwNP 
and suggest a likely role for B cells in the inflam-
matory disease state.

As B cells are immunoglobulin-producing 
immune cells, elevated counts of B cells in nasal 
polyps have also correlated with local elevations 
of immunoglobulins in CRSwNP, although such 
high concentrations of immunoglobulins in polyp 
tissue are not correspondingly reflected in the 
serum [40]. These immunoglobulins from B cells 
derived from nasal polyps characteristically 
include IgG, IgA, and IgE, as the process for B 
cells to undergo class switch recombination has 
been found to occur at the local tissue level in 
CRSwNP [40, 43]. In contrast to allergic rhinitis, 
which is characteristically defined by an oligo-
clonal repertoire of IgE to specific antigens, the 
collection of immunoglobulins in CRSwNP is 
usually polyclonal. This particular difference 
between allergic rhinitis and CRSwNP may be 
partially rooted in the increased expression of 
recombination activating genes (RAG) 1 and 2 in 
the sinonasal tissues of CRSwNP.  RAG1 and 
RAG2 critically support local class switch recom-
bination by B cells in polyp tissue and are signifi-
cantly expressed at elevated rates in CRSwNP 
[44]. While antigen specificity of these immuno-
globulins remains largely unclear, studies have 
supported the importance of S aureus enterotox-
ins as a robust source of IgE in nasal polyps [40]. 
Other IgA and IgG in nasal polyp tissue have 
been found to be specific to autoantigens, includ-
ing double-stranded DNA (dsDNA) and BP180 
[45, 46]. The accumulation of these various 
immunoglobulins within nasal polyp tissue pro-
vides a means for B-cell immunity to promote the 
harmful inflammatory responses of CRSwNP.

All downstream effector functions that B 
cells ultimately mediate in CRSwNP patho-
physiology are not fully understood, but a vari-
ety of immunopathogenic responses from B-cell 
activation likely occur in the development of the 
chronic inflammation along the sinonasal 
mucosa. To start, besides producing large 
amounts of immunoglobulins in nasal polyp tis-

5 Local B-Cell and T-Cell Populations in the Pathophysiology of Chronic Rhinosinusitis with Nasal…



68

sue, B cells  themselves serve important roles as 
antigen- presenting cells and produce numerous 
cytokines that provide essential cross talk with 
T cell and innate immune cells. Immunoglobulins 
in nasal polyps are also responsible for the acti-
vation of various immune effector cells, such as 
eosinophils, basophils, and mast cells, which 
have further been implicated in the pathogenesis 
of CRSwNP, through interactions with the Fc 
receptors expressed on the granulocytes. The 
identification of elevated levels of anti-dsDNA 
and anti-BP180 autoantibodies in nasal polyp 
tissue further suggests that unregulated autoim-
mune responses contribute to chronic inflamma-
tion. Recent evidence has shown that activation 
of the classical, or antibody-mediated, comple-
ment pathways at the basement membrane of 
the nasal polyp epithelium provides an addi-
tional mechanism for local immunoglobulin 
responses to result in  local tissue injury [47]. 
Such an insult to the mucosal barrier integrity 
can further generate additional inflammatory 
responses from the innate and adaptive immune 
cells.

5.4  Summary and Conclusions

Evolving endotypes of CRSwNP are increasingly 
based upon different inflammatory patterns that 
underscore the heterogeneous pathophysiologic 
pathways of disease. Nasal polyps are enriched 
by high levels of T cells and B cells, which pro-
vide important contributions to these inflamma-
tory patterns. T cells demonstrate a significant 
amount of plasticity. Combined with both envi-
ronmental and genetic factors, the differentiation 
of naïve T cells into a variety of specific T-cell 
subsets, including Th1, Th2, Th17, Tfh, and Treg 
cells, influence the downstream signaling of 
effector mechanisms that ultimately shape the 
clinical manifestations of CRSwNP.  Nasal pol-
yps likewise function as tertiary lymphoid organs 
to generate a robust inflammatory response by B 
cells and their associated immunoglobulins. 
There are nonetheless significant gaps in the 
understanding of the full roles of the diverse 
array of T cells and B cells involved in the devel-

opment of CRSwNP.  The potential to improve 
the clinical management of CRSwNP on diag-
nostic and therapeutic fronts emphasis the need 
for continued research into the immunologic fac-
tors that drive this complex disease.
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Abbreviations

CPA3 Carboxypeptidase A3
cys-LT Cysteinyl leukotriene
FcεRI High-affinity receptor for IgE
GC  Glucocorticoid
GM-CSF  Granulocyte-macrophage colony- 

stimulating factor
IL  Interleukin
MCs  Mast cells
MCT  T-type mast cells
MCTC TC-type mast cells
MIP  Macrophage inflammatory protein
NFAT Nuclear factor-activated T
NF-κB Nuclear factor-κB
PAF  Platelet-activating factor
PGD2 Prostaglandin D2

SCF  Stem cell factor
TLR  Toll-like receptor
TNF-α Tumor necrosis factor
TSLP Thymic stromal lymphopoietin

Core Message
• Mast cells trigger not only the immediate-type 

allergic reactions in an IgE-mediated manner 
but also the late-phase allergic response and 
chronic allergic inflammation.

6.1  Introduction

Mast cells (MCs) serve as essential effector cells 
for acute IgE-mediated allergic reactions by 
releasing histamine and other vasoactive media-
tors, as seen in allergic rhinitis, for example. MCs 
are also recognized as important source of a vari-
ety of cytokines and chemokines. Thus, MCs 
trigger not only the immediate-type allergic reac-
tions in an IgE-mediated manner but also the 
late-phase allergic response and chronic allergic 
inflammation, thereby regulating the function of 
other immune cells. MCs are present throughout 
connective tissues and mucosal surfaces, particu-
larly at the interface with the external environ-
ment such as the skin and respiratory tract [1]. 
The nasal mucosa is the first barrier of the entire 
respiratory tract that encounters various patho-
gens or allergens. In this review, we will summa-
rize the roles of MCs in allergic airway diseases 
by focusing on the role of human MCs in the 
airways.H. Saito (*) 
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6.2  Origin and Distribution 
of MCs

MCs originate from hematopoietic progenitors. 
Kitamura et  al. discovered two different mice 
strains genetically lacking MCs: Sl/Sld mice lack-
ing SCF, which turned out to be the mast cell 
growth factor, and W/Wv mice lacking KIT, which 
is the receptor for SCF. By using these “natural” 
MC-deficient mice, it was established that 
 immature MC progenitors can migrate from the 
bone marrow into the tissue through blood circu-
lation, unlike immature granulocytes which are 
kept in the bone marrow. Then, these cells 
undergo maturation in the tissues under specific 
factors like stem cell factor (SCF) present within 
the microenvironment [2–4].

Phenotypically distinct subsets of MCs are 
present in rodents, based on their distinct staining 
characteristics, T-cell dependency, and functions, 
namely, connective tissue MCs and mucosal MCs 
[5, 6]. Regarding T-cell dependency, it is well 
established that mucosal MCs can grow in the 
presence of interleukin (IL-)3 [7]. However, 
human MCs do not grow when hematopoietic 
cells are cultured with IL-3 [8]. Although human 
IL-3 has a significant sequence homology with 
murine IL-3, the degree of homology between 
human and murine IL-3 is almost similar 
(approximately 26–28% at amino acid sequence) 
to that between human IL-3 and granulocyte- 
macrophage colony-stimulating factor 
(GM-CSF). Also, the receptor structure for IL-3 
is distinct between human and mouse. While 
human has a common β-subunit of the receptors 
for GM-CSF, IL-3, and IL-5, the mouse has two 
distinct β-subunits; one is specific for the IL-3 
receptor and exists only on mouse MCs, and the 
other is equivalent to the human common 
β-subunit [9].

Regarding human MC phenotypes, two types 
of MCs have been recognized based on the neu-
tral proteases they express. TC-type MCs (MCTC) 
contain tryptase together with chymase, and 
other neutral proteases, whereas T-type mast cells 
(MCT) contain tryptase but lack the other neutral 
proteases present in MCTC [10]. Also, MCTC pref-
erentially dwell in the connective tissue such as 

skin, while MCT are often found in mucosa such 
as airway epithelium. In allergic rhinitis and 
asthma, MCs are known to accumulate within the 
epithelial compartment of the target organ. In 
fact, there is a selective increase of MCT in the 
epithelial compartment of the nasal mucosa of 
the patients with allergic rhinitis [11, 12].

Asthma can be divided into two subgroups 
(“Th2 high” and “Th2 low” asthma) based on 
epithelial cell gene signatures for the activity of 
type 2 cytokines such as IL-13 [13]. The patients 
with Th2 high asthma have more infiltration of 
MCs into the airway epithelium. These sub-
groups can be diagnosed based on the level of 
serum periostin, which production is specifically 
induced by IL-13, and that the patients with Th2 
high asthma subtype are more sensitive to anti- 
IL- 13 therapy [14]. These intraepithelial MCs 
express both tryptases and carboxypeptidase A3 
(CPA3) but not chymase [13]. According to clas-
sical definition [10], MCT were not supposed to 
express CPA3. However, according to subse-
quent reports [15, 16], all human MCs, even 
MCT may express CPA3. MCs exposed to condi-
tioned media from IL-13-activated epithelial 
cells showed downregulation of the chymase 
expression but no change in tryptase or CPA3 
expression [13]. This may relate to the reason 
why MCT are preferentially found in the mucosa 
and are deficient in primary immunodeficiency 
patients [1].

As shown in Table 6.1, MCTC can respond to 
various non-immunological stimuli such as C5a 
or substance P, while MCT do not [1]. Kajiwara 
et al. reported that MCT, but not MCTC, express 
functional receptor for platelet-activating factor 
(PAF). It was found by searching preferentially 
expressed genes in lung MCs (MCT) compared to 
skin MCs (MCTC). Interestingly, these MC phe-
notypes, i.e., expression of chymase and recep-
tors for these non-immunological stimuli, are 
retained over weeks even when these MCs are 
cultured in the standard MC culture condition 
(supplemented with SCF and IL-6) [15, 17]. This 
is contrasting to the results showing that MCs 
lose chymase by the factor(s) produced in the 
IL-13-activated epithelial cells [13]. It would be 
interesting to know whether MCs, which have 
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Table 6.1 Characteristics of two phenotypes of human mast cells

Phenotype MCTC MCT

Proteases Tryptase (+++) Tryptase (++)
Chymase (+) Chymase (−)
Carboxypeptidase A3 (++) Carboxypeptidase A3 (+)
Cathepsin G (+)

Distribution Skin (++) Skin (−)
Intestinal submucosa (+) Intestinal submucosa (++)
Intestinal mucosa (−) Intestinal mucosa (++)
Alveolar wall (++) Alveolar wall (−)
Bronchial subepithelium (+) Bronchial subepithelium (+)
Dispersed lung mast cells (−) Dispersed lung mast cells (++)
Tonsils (++) Tonsils (++)
Nasal mucosa (−) Nasal mucosa (++)

Relation to pathology Increased in fibrotic diseases Increased around the site of T cell 
aviation

Unchanged in allergic and parasitic 
diseases

Increased in allergic and parasitic 
diseases

Unchanged in chronic 
immunodeficiency diseases

Decreased in chronic 
immunodeficiency diseases

Response to non-immunological 
stimuli

Substance P (+) Substance P (−)
C5a (+) C5a (−)
PAF (−)a PAF (+)a

Adapted from [1])
aKajiwara et al. [17]

lost chymase by the IL-13-activated epithelial 
cell-derived factor(s), respond to substance P or 
PAF.

6.3  Role of MCs in Acute Allergic 
Reactions

MCs express more than 105 high-affinity IgE 
receptor (FcεRI) per cell. When MCs that have 
been sensitized with some specific IgE antibody 
are challenged with the specific allergen, they are 
activated by cross-linking of FcεRI molecules. 
Thus, activated MCs evoke immediate-type reac-
tion by releasing their granules in which hista-
mine, neutral proteases, and heparin had been 
stored. Then, lipid mediators such as cysteinyl 
leukotriene (cys-LT) or prostaglandin D2 (PGD2) 
are synthesized on their membranes and are 
released into microenvironment within several 
minutes.

Released histamine and lipid mediators cause 
acute allergic symptoms such as nasal discharge, 
bronchospasms, and urticaria. Histamine plays 
an essential role in acute skin allergic reactions, 
whereas cys-LT plays a pivotal role in broncho-
constriction. MCs almost exclusively express 
PGD2 synthase compared to all other cell types. 
Although the role of PGD2 in immediate-type 
reaction is unclear, it serves as chemoattractant 
for eosinophils, basophils, and Th2 cells.

Human MCs also exclusively express tryptase, 
one of the neutral proteases, among all human cell 
types. Tryptase constitutes 10% of the MC by 
protein weight [1]. Proteoglycan (human MCs use 
“eosinophil” major basic protein instead of pro-
teoglycan molecules) serves as a core protein in 
the crystalloid structure of the MC granules by 
binding to heparin and neutral proteases [18]. The 
MC tryptase acts as trypsin-like enzyme and 
thereby causes tissue remodeling such as abnor-
mal proliferation of airway smooth muscles [19].
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6.4  Role of MCs in Allergic 
Inflammation

MCs secrete a variety of cytokines and chemo-
kines several hours after allergen-induced 
degranulation via transcription of these genes. 
The representative cytokines/chemokines which 
are produced by activated human MCs are type 2 
cytokines such as IL-5, IL-13, and GM-CSF and 
CC chemokines such as CCL1/I-309, CCL2/
monocyte chemoattractant protein-1, CCL3/
macrophage inflammatory protein (MIP-)1α, 
and CCL4/MIP-1β. Activated human MCs also 
secrete a substantial amount of CXCL8/IL-8 
[18, 20]. MCs can store and release some of 
cytokines such as tumor necrosis factor (TNF)-α 
during degranulation process. Regarding IL-4 
production, the results are reproducible using 
mouse MCs. However, only a few groups suc-
ceeded to immunohistochemically demonstrate 
the presence of IL-4 on human MCs [21, 22]. In 
any case, at least in human, basophils are more 
potent producers of IL-4. Instead, IL-4 potently 
activates human MC function and maturation. 
Human MCs can produce a substantial amount 
of another type 2 cytokine, IL-13, in response to 
IgE-mediated stimuli, and the IL-13 production 
is markedly enhanced by preincubation with 
IL-4 [20]. However, these cytokines and chemo-
kines are not unique to MCs and are produced by 
other cell types [23]. During antigen stimulation, 
more type 2 cytokines would be produced by 
proliferating T cells. Moreover, group 2 innate 
lymphoid cells (ILC2s) were recently found to 
produce higher levels of type 2 cytokines [24] 
and are currently considered to be the culprit for 
the innate phase of allergic inflammation [25]. In 
a certain experimental setting in vitro, however, 
human mast cells seem to produce IL-13, which 
plays an essential role in the pathogenesis of 
asthma or other allergic inflammatory diseases, 
at the level comparable to that produced by 
human ILC2s. It would be useful if we could dis-
sect the role of mast cells and ILC2s in the late 

phase asthmatic responses accompanied by 
eosinophilic inflammation in the same experi-
mental setting (Fig. 6.1).

Although human MCs do not normally produce 
cytokines in response to other cytokines such as 
IL-4 without FcεRI cross-linking, it should be 
noted that IL-33, which are released during necro-
sis of epithelial-mesenchymal tissue, can stimulate 
MCs to release a variety of cytokines such as IL-13 
[26]. Regarding other innate immune responses, 
mouse MCs are proven to play an essential role in 
protection against microbial infection via Toll-like 
receptors (TLRs) [27–29]. Human MCs can 
express functional TLR4 after preincubation with 
IFN-γ. These MCs can produce more TNF-a, 
CCL5, CXCL10, and CXCL11 compared to IgE 
dependently activated MCs [30].

Topical use of glucocorticoid (GC) is the first- 
line therapy for allergic diseases such as asthma 
and allergic rhinitis. Although GC does not block 
the degranulation of MCs, these drugs downregu-
late the gene expression of FcεRI in MCs and 
thereby downregulate IgE-mediated activation of 
MCs. More notably, glucocorticoid can inhibit 
gene expression of a variety of cytokines in MCs. 
Even in short time incubation, GC blocks the 
nuclear factor-κB (NF-κB)-dependent gene 
expression of cytokines, such as IL-13, CXCL8/
IL-8, and GM-CSF. On the other hand, GC does 
not inhibit nuclear factor-activated T (NFAT)-
dependent gene expression of cytokines, such as 
CCL1, CCL3, and CCL4.

Interestingly, an immunosuppressive agent, 
FK-506 inhibits NFAT-dependent-, but not 
NF-κB-dependent-, gene expression [31]. If GC 
and FK-506 are added simultaneously into the 
reaction buffer for MC activation, the expression 
of cytokines is almost completely blocked. 
Among cytokine or growth factor genes, only 
IgE-mediated amphiregulin gene upregulation is 
not blocked by preincubation with GC and 
FK-506. It would be difficult to surpass the effect 
of GC plus FK-506 even if we could develop a 
new anti-MC drug.
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Fig. 6.1 Suggested roles of mast cell-derived and ILC2s-derived cytokines on the late phase allergic reactions. Mast 
cell-derived cytokines are shown in red, and ILC2s-derived cytokines are shown in blue

6.5  Conclusion

MCs trigger not only the immediate-type allergic 
reaction in an IgE-mediated manner but also the 
late-phase allergic response and chronic allergic 
inflammation, thereby regulating the function of 
other immune cells. While histamine, tryptase, 
and PGD2 released in the immediate-type reac-
tion are unique to MCs (or basophils), most cyto-
kines and chemokines are produced by other cell 
types as well as MCs. It is necessary to determine 
the relative role of MCs in the allergic or innate- 
type inflammation by understanding cytokines/
chemokines produced by other immune cell types 
and epithelial-mesenchymal tissues. The 
 expression of these cytokines is almost com-
pletely blocked when GC and FK506 are added 
simultaneously into the reaction buffer for MC 
activation. It would be difficult to overwhelm this 
effect even if we could develop a new anti-MC 
drug.
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7Macrophage and Mast Cell

Hideyuki Kawauchi

Core Message
• There are various immunocompetent cells 

including the so-called macrophages in human 
nasal mucosa. Those cells are essential for a 
defense system against various invading 
pathogens such as bacteria and viruses. Those 
cells are also key players in the pathogenesis 
of rhinosinusitis and allergic rhinitis at the 
epithelial linings of nasal cavity and paranasal 
sinuses. Among them, macrophages are well 
known to have immunologically an important 
role as scavenger cells and antigen-presenting 
cells (APCs), in order to mount innate and 
acquired immunity in the upper and lower 
respiratory tract.

7.1  Part I: General Concept 
of Macrophage

7.1.1  Origin and Classification 
of Macrophages

Macrophage lineage cells are produced from plu-
ripotent progenitor cells in the bone marrow [1]. 
These cells require a combined stimulus from 
colony-stimulating factor-1 (CSF-1) and factors 

including interleukin-1 (IL-1), IL-3, GM-CSF, 
and interferon-gamma so far to differentiate to 
mature functional macrophages distributed to 
peripheral tissues through the blood vessel and 
lymphatic circulation. The definition and nomen-
clature of tissue-resident macrophage or recruit-
ing inflammatory macrophage are taken into 
account with evidence that the monocyte subpop-
ulations may possess different propensities to 
give rise to particular resident populations, par-
ticularly in the mucosal surface such as the respi-
ratory and digestive tract. It is clearly 
demonstrated that blood monocytes are heteroge-
neous in terms of their expression of key mole-
cules, chemokine receptors, and cell adhesion 
molecules [2]. But it is yet to remain to catego-
rize the monocyte subsets and how to further 
divide them in terms of their effector functions 
with distinct stimuli and locations.

7.1.2  Heterogeneity and Markers

Tissue macrophages have many characteristics, 
including extensive lysosomes and stellate mor-
phology and location, and they are heteroge-
neous in terms of function and surface marker 
expression, although we already know their 
phagocytic and antigen-presenting cell (APC) 
function. For example, CD11c in humans is a H. Kawauchi (*) 
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Fig. 7.1 The mechanisms of host defense system from innate to adaptive immunity. PMN polymorphonuclear cells, 
CTL cytotoxic lymphocytes, Mo macrophages, DC dendritic cells

marker for the mononuclear phagocyte system 
and was later shown to be an active complement 
receptor 4 (CR4) that is induced during macro-
phage maturation, although CD11c is clearly 
not linked to APC function. More importantly, 
various cell surface molecules in response to 
Toll-like receptor (TLR) signaling are function-
ally of particular interest because they deter-
mine the ability of macrophage lineage cells to 
interact with pathogens, and with other cell 
types, to generate appropriate innate and 
acquired immune responses (Fig.  7.1). But, 
there are no markers that are expressed specifi-
cally and ubiquitously on all macrophage lin-
eage cells except CSF-1 receptor. Co-stimulatory 
molecules (CD80, CD86, CD40) are considered 
to be essential for antigen uptake and antigen 
presentation from macrophages to T and B cells. 
And chemokine receptors and integrin family 
on macrophages may determine the recruitment 
and locations in tissues. However, for many rea-
sons, surface marker expression cannot be taken 
as the sole indication of lineage, function, or 
destiny among macrophages [3].

7.1.3  Recruitment of Macrophages 
into Peripheral Mucosal 
Inflammatory Sites

Macrophages are recruited into peripheral muco-
sal inflammatory sites with a wide range of dif-
ferent stimuli. If microbial infection takes place, 
neutrophil infiltration precedes and releases toxic 
agents designed to kill extracellular pathogens, 
and then macrophages come and evacuate 
degraded pathogens and apoptotic neutrophils. 
The tissue-entering process of these cells is called 
chemotaxis. Chemokines are essential for the 
recruitment of inflammatory cells into the periph-
eral mucosal inflammatory sites [4]. Chemokines 
are subdivided based on the core cysteine motifs 
that form disulfide bonds to fold the molecule. 
CC chemokines have two adjacent cysteines, 
while in CXC chemokines, there is an interven-
ing amino acid. Chemokine receptors are classi-
fied in accordance with CCR, CXCR, and 
CX3CR families. The expression of specific che-
mokine receptors on different populations of 
macrophages and dendritic cells provides differ-
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Fig. 7.2 (a) Pattern 
recognition receptors on 
macrophages. (b) 
Cytokines and 
chemokines produced by 
macrophage via Toll-like 
receptors

ent kinds of effector mechanisms for their differ-
ential recruitment in response to different signals 
and, consequently, might modify inflammatory 
reactions in mucosal sites such as the respiratory 
or digestive tract.

7.1.4  Phagocytosis

Phagocytosis is a front-line defense against patho-
gen attack, so almost by definition, a pathogen is an 
infectious agent that avoids being killed by phago-
cytosis. Phagocytosis is a process that requires a 
mechanism for self–nonself discrimination [5]. 
Macrophages possess numerous receptors that 
allow the direct recognition of particles based on 
novel sugars, lipids, protein sequences, and concen-

trations of charge that are unique to pathogens (so-
called  pathogen- associated molecular patterns) 
(Fig. 7.2a, b). Particles may also be recognized indi-
rectly if they are coated with opsonins such as spe-
cific antibodies or complement components.

7.1.5  Antigen Presentation by 
Macrophages and Dendritic 
Cells

It is generally accepted that antigens derived 
from extracellular sources must be taken up, pro-
cessed by macrophages (phagocytic antigen- 
presenting cells) and dendritic cells 
(nonphagocytic or much less-phagocytic antigen- 
presenting cells), and afterward presented to T 
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Fig. 7.3 Schematic function of dendritic cells

lymphocytes (Fig.  7.3). The process of uptake, 
processing, and presentation is now well under-
stood [6, 7]. However, recognition of the antigen 
major histocompatibility complex (MHC)-II by 
the T cell receptor is not sufficient to trigger T 
cell activation. Moreover, T cell activation needs 
second co-stimulatory signals from the APC in 
the form of specific cytokines and coreceptors.

7.1.6  Macrophage Activation

Activated macrophages are strongly positive for 
class II-MHC molecules and adapted to kill 
microorganisms and tumor cells and present anti-
gen to T lymphocytes. The classical macrophage 
activating factor, produced by stimulated Th1 
lymphocytes and NK cells, is interferon-gamma 
[8]. Classical macrophage activation, involving a 
synergistic interaction between interferon- 
gamma and a pathogen molecule such as lipo-
polysaccharide (LPS), is just one of the numerous 
interactions that occur between distinct stimuli. 
We know that LPS acts on macrophages to initi-
ate a cascade of inflammatory processes that are 
essential for innate immunity in the upper respi-

ratory tract such as middle and inner ear as well 
[9, 10]. T cell products are, of course, only part of 
the story of macrophage activation. Macrophages 
respond directly to pathogen-associated molecu-
lar patterns (PAMPs). They recognize them 
through the plasma membrane and cytoplasmic 
receptors such as the Toll-like receptors and 
intracellular receptors of the NOD-like receptor 
(NLR) family [11].

7.1.7  Role of Macrophages 
in Induction of Immune 
Tolerance

Immunological tolerance is described as no abil-
ity of acquired immunity to respond to specific 
antigens. Central tolerance induction occurs in 
the thymus for T cells and the bone marrow for B 
cells. The main mechanism for central tolerance 
in T cells is the induction of T cell death. 
Dendritic cells (DCs) are found in abundance in 
the thymus, where newly produced T cells are 
educated to become functional CD4+ T or CD8+ 
T cells and undergo selection to eliminate clones 
against self. Low-affinity reactive T cells are pos-
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itively selected and allowed to survive and reach 
the periphery. The mechanism of peripheral tol-
erance is a little different from the central one but 
includes T cell death, anergy, and active suppres-
sion by regulatory T cells (Tregs). In this mecha-
nism, DCs could contribute by inducing apoptosis 
in T cells and by producing IL-10 that induces 
Tregs [12].

7.2  Part II: Distribution 
of Macrophages in Murine 
and Human Nasal Mucosa

There are so many reports as regards the actual 
distribution of macrophages and dendritic cells in 
murine and human nasal mucosa, by employing 
immunohistochemistry with various specific 
antibodies to those cells. Ichimiya and Kawauchi 
reported in their article that in nasal mucosa of 
conventional (CV) mice, Mac-1 positive macro-
phages, mast cells, and all cell types of lympho-
cyte subsets were present [13]. But, in the nasal 
mucosa of specific pathogen-free mice, all cell 
types were fewer in number than those of CV 
mice. And they concluded that macrophages and 
lymphocytes are mobilized to nasal mucosa, 
responding to continuous antigenic stimuli, and 
play an important role in the local defense mech-
anism of the upper respiratory tract. The analysis 
of macrophages in human nasal mucosa is abun-
dant, and all published articles demonstrated the 
significant contribution of macrophages to pro-
voke immune responses and control inflamma-
tion in nasal mucosa. Albegger investigated to 
find out macrophages and lymphocytes in the 
cluster formation of human nasal polyps, employ-
ing light and electron microscopy [14]. And his 
data indicated that cell clusters consisted mainly 
of macrophages and lymphoid cells. In their 
study, within the clusters, the cells showed inti-
mate physical contacts being performed by 
microvilli with varying lengths, suggesting cell- 
to- cell interaction. These cell clusters may remind 
us of morphologically those found in  vitro and 
in  vivo in the course of immune responses. 
Jahnsen et al. in their histological study of human 
nasal mucosa demonstrated the dense network of 

human leukocyte antigen-DR+ cells with den-
dritic morphology not only in the epithelium but 
also in the lamina propria [15]. In addition, they 
also reported that, in both compartments, these 
cells could be divided into two main populations 
based on their phenotypic characteristics: the 
majority expressed a macrophage-like phenotype 
(CD11b+CD14+CD64+CD68+RFD7+), whereas 
the smaller population was predominantly consti-
tuted by CD1c+CD11c+ immature DCs. Krysko 
and Bachert aimed to determine macrophage 
phenotypes in nasal mucosa of chronic rhinosi-
nusitis with nasal polyp (CRSwNP) and chronic 
rhinosinusitis without polyp (CRSsNP) and to 
examine phagocytosis of Staphylococcus aureus 
(S. aureus) in these pathologies [16]. They 
reported that more M2 macrophages were pres-
ent in CRSwNP than in CRSsNP. This also was 
positively correlated with increased levels of 
IL-5, ECP, and locally produced IgE and 
decreased levels of IL-6, IL-1β, and IFN-γ. In 
their study, phagocytosis of S. aureus by human 
tissue-derived macrophages was reduced in 
CRSwNP as compared to macrophages from the 
control inferior turbinates. Furthermore, they 
concluded that decreased phagocytosis of S. 
aureus and an M2 activation phenotype in 
CRSwNP could potentially contribute to the per-
sistence of chronic inflammation in CRSwNP.

7.3  Part III: Modification 
of Macrophages 
and Dendritic Cells and Its 
Clinical Impact 
on Inflammatory Disorders 
Such as Allergic Rhinitis

In this part, we would like to introduce a couple 
of our experimental data in mice as regards how 
macrophages or dendritic cells are modifying the 
sinonasal inflammation such as allergic rhinitis 
and rhinosinusitis. Mature DCs are established as 
unrivaled APCs in the initiation of immune 
responses, whereas steady-state DCs are demon-
strated to induce peripheral T cell tolerance and 
consequently attenuate autoimmune-mediated 
inflammation in animal experiments [17, 18].
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In our series of animal experiments, macro-
phage activation with OK-432 and its effect on 
allergic rhinitis [19] and regulatory role of lym-
phoid chemokines CCL19 and CCL21  in the 
control of allergic rhinitis [20, 21] are introduced 
as examples, in order, to explain how macro-
phages or DCs modify the sinonasal inflamma-
tion such as allergic rhinitis and rhinosinusitis.

7.3.1  Endogenous IL-12 Induction 
from Macrophages by OK-432 
and Its Effect on the Murine 
Allergic Rhinitis Model

OK-432, preparation of a low-virulence strain 
(Su) of Streptococcus pyogenes (Group A) killed 
by a penicillin and lyophilized, is a stiff inducer 
of Th1 cytokines and brings out anticancer effect 
in cancer-bearing mice. OK-432 has been 
reported to consist of many bacterial compo-

nents, such as peptidoglycan and M-protein. 
Recently, Toll-like receptor (TLR) family pro-
teins are reported to play a role of recognition of 
bacterial components and induce interleukin-12 
(IL-12) from macrophages. So, we have exam-
ined the role of TLR2 for the recognition of 
OK-432 by macrophages and the effects of 
OK-432 on allergic rhinitis model. As results, 
interestingly, IL-12 production by macrophages 
derived from TLR2 knockout mice was markedly 
reduced in comparison with that of macrophages 
derived from wild type of mice (Fig.  7.4). 
Besides, no regulatory effect of OK-432 was 
observed on allergic rhinitis model in TLR2 
knockout mice, although nasal symptom of wild 
type of mice was attenuated upon nasal antigen 
challenge after systemic sensitization with 
OK-432 pretreatment (Figs. 7.5 and 7.6). These 
findings strongly suggest that OK-432 pretreat-
ment provokes macrophage activation to induce 
IL-12 via TLR2 signaling pathway and conse-
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Fig. 7.4 IL-12 production from macrophages with OK-432 stimulation in C3H/HeN, C3H/HeJ, and TLR2 knockout 
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Fig. 7.6 Antigen-specific Th1 and Th2 antibody titers in sera of TLR2 knockout and wild-type mice

quently suppress Th2-mediated allergic inflam-
mation in nasal mucosa (Fig. 7.7).

7.3.2  Regulatory Role of Lymphoid 
Chemokines CCL19 and CCL21 
in the Control of Allergic 
Rhinitis

The lymphoid chemokines CCL19 and CCL21 are 
known to be crucial both for lymphoid cell traf-
ficking and for the structural organization of lym-

phoid tissues such as nasopharynx-associated 
lymphoid tissue (NALT). However, their role in 
allergic responses remains unclear, and so our cur-
rent study aims to shed light on the role of CCL19/
CCL21  in the development of allergic rhinitis. 
After nasal challenge with OVA, OVA- sensitized 
plt (paucity of lymph node T cells) mice, which 
are deficient in CCL19/CCL21, showed more 
severe allergic symptoms than did identically 
treated wild-type mice [22] (Fig.  7.8). OVA-
specific IgE production, eosinophil infiltration, 
and Th2 responses were enhanced in the upper air-
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Fig. 7.7 Summary of the effect of OK-432, which is a 
potent Th1 inducive biological response modifiers, on the 
murine allergic rhinitis model. (1) OK-432 seems to 
induce IL-12 production from macrophages via TLR2 and 

activate Th1 response and consequently downregulate 
antigen-specific Th2 response. (2) Prophylactic treatment 
with like as OK-432 (Th1 inducer) may be anticipated to 
regulate the induction phase of type-I allergic response

Fig. 7.8 Features of plt (paucity of lymph node T cells) mice

way of plt mice. Moreover, in plt mice, the number 
of CD4+CD25+ regulatory T cells declined in the 
secondary lymphoid tissues, whereas the number 
of Th2-inducer-type CD8+CD11b+ myeloid den-
dritic cells (m-DCs) increased in cervical lymph 

nodes and NALT.  Nasal administration of the 
plasmid- encoding DNA of CCL19 resulted in the 
reduction of m-DCs in the secondary lymphoid 
tissues and the suppression of allergic responses in 
plt mice. These results suggest that CCL19 and 
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CCL21 act as regulatory chemokines for the con-
trol of airway allergic disease and so may offer a 
new strategy for the control of allergic disease. In 
a different study to focus on dendritic cells of 
regional lymph node, we constructed an effective 
murine model of sublingual immunotherapy 
(SLIT) in allergic rhinitis, in which mice were sub-
lingually administered with ovalbumin (OVA) fol-
lowed by an intraperitoneal sensitization and nasal 
challenge of OVA [20]. Sublingually treated mice 
showed significantly decreased allergic responses 
as well as suppressed Th2 immune responses 
(Fig. 7.9). Sublingual administration of OVA did 
not alter the frequency of CD4+CD25+ regulatory 
T cells (Tregs), but led to the upregulation of 
Foxp3- and IL-10-specific mRNAs in the Tregs of 
cervical lymph nodes (CLN), which strongly sup-
pressed Th2 cytokine production from CD4+CD25- 
effector T cells in vitro. Furthermore, sublingual 
administration of plasmids encoding the lymphoid 

chemokines CCL19 and CCL21-Ser DNA 
together with OVA suppressed allergic responses 
(Fig. 7.10) [23]. These results suggest that IL-10-
expressing CD4+CD25+Foxp3+ Tregs in CLN are 
involved in the suppression of allergic responses 
and that CCL19/CCL21 may contribute to it in 
mice received SLIT (Figs. 7.11a–c).

To summarize our recent data, the important 
regulatory role of macrophage or dendritic cells 
and their interaction with T cells in nasal mucosa 
and its regional lymphoid organ are extensively 
demonstrated in accordance with human studies 
on these cells. However, further extensive basic 
and clinical research is required for pursuing the 
ideal treatment strategy.

Effect of Lipopolysaccharide (LPS) on 
Eliciting Phase of Murine Allergic Rhinitis 
Model in Relation with Toll-Like Receptor

Mast cells which are the key player at the elic-
iting phase of allergic rhinitis have been reported 
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Fig. 7.9 Antigen-specific serum IgE production and Th1/
Th2 profile in spleen of mice which received therapeutic 
sublingual OVA treatment after induction of allergic rhini-
tis. Mice were sublingually administered with either PBS 
or OVA after intraperitoneal sensitization and nasal chal-
lenges with OVA. Thereafter, the mice received consecu-
tive nasal challenges with OVA again and examined for 
their allergic responses. (a) OVA-specific IgE levels in 

serum were assayed by sandwich ELISA. (b) Culture 
supernatants of CD4+T cells of spleen obtained from sub-
lingually treated mice with allergic rhinitis were assessed 
for Th1 and Th2 cytokine production levels by 
ELISA. These data are representative of two independent 
experiments containing three to five mice in each group. 
Significance was evaluated by an unpaired t test. 
*p < 0.05, **p < 0.01
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Fig. 7.10 Chemokine expression in CLN of sublingually 
treated mice and the effect of sublingual administration of 
pCCL19/pCCL21 with antigen on Th2-mediated allergic 
responses. (a) Semiquantitative RT-PCR was performed 
to assess mRNA expression pattern of chemokines, 
CCL19 and CCL21 in whole cells isolated from CLN of 
mice sublingually treated with either PBS or OVA. (b) 
Mice were sublingually administered with either PBS, 
OVA alone, 100 mg of pCCL19 together with OVA, and 
100 mg of pCCL21 with OVA for total three times before 
systemic sensitization and nasal challenge. OVA-specific 
IgE levels in serum were assayed by sandwich ELISA

to produce Th2 cytokines in vitro with lipopoly-
saccharide (LPS) stimulation via TLR4, but 
in vivo study remains to be performed [24, 25]. 
As it is reported in the hygiene hypothesis that 
neonatal exposure with LPS prevents allergic air-
way diseases, allergic inflammation is generally 
reported to be downregulated at the induction 
phase with the existence of bacterial LPS [26–

29]. However, it is still controversial that LPS 
effect on the eliciting phase of allergic inflamma-
tion. Therefore, we investigated the LPS effect on 
the eliciting phase of murine allergic rhinitis 
model.

As recently reported by Aoi et  al., in our 
murine allergic rhinitis model, LPS instillation 
into the nasal cavity with ovalbumin (OVA) 
resulted in exacerbated nasal symptom and 
eosinophil infiltration of wild type of mice (LPS- 
responsive BALB/c strain) [30]. On the other 
hand, nasal symptom and eosinophil infiltration 
were evident in C3H/HeN (LPS-responsive) 
mice, but neither in C3H/HeJ (LPS-non- 
responsive) mice, nor mast cell-deficient 
WBB6F1 W/Wv mice. IL-5 production by mast 
cells in the nasal mucosa of wild type of mice 
(BALB/c) was enhanced by LPS co-instillation. 
But it was enhanced neither in those of C3H/HeJ 
mice nor WBB6F1 W/Wv mice. These data 
obtained with mast cell-deficient WBB6F1 W/
Wv mice may indicate that LPS aggravated nasal 
symptom, upregulating Th2 cytokine production 
of mast cells via TLR4.

Therefore, we are summarizing our experi-
mental data as follows. LPS instillation into nasal 
cavity, at the eliciting phase of murine model of 
allergic rhinitis, actually exacerbates nasal symp-
tom, which is accompanied by mast cell activa-
tion and enhanced Th2 responses. These 
observations can be extrapolated into the human 
condition with better understanding the mecha-
nisms of bacterial infection-induced exacerbation 
of the clinical features of allergic rhinitis. 
However, LPS concentration should be taken into 
account how does it affect on the nasal symptom 
at the eliciting phase as well as the induction of 
allergic rhinitis. Most our recent experimental 
data came to the conclusion that a low dose of 
LPS at eliciting phase of allergic rhinitis can 
exacerbate allergic nasal symptom but high dose 
of LPS at eliciting phase of allergic rhinitis con-
versely downregulate nasal allergic symptom 
(Unpublished data). So, mast cell can be con-
cluded also the key player as well as macrophage 
to modify upper respiratory allergic reactions.
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Fig. 7.11 (a) Chemokine receptor CCR7 and its ligands 
CCL19 and CCL21 are involved in the chemotaxis of T cells 
and DCs. (b) In steady state, naturally occurring Tregs have 
inhibitory effects to the interaction of naïve T cells and 
m-DCs for the suppression of excessive Th2 differentiation 

to inhaled allergen. (c) The deficiency of CCL19/CCL21 
somehow inhibits the accumulation of Tregs, which work as 
suppressor of Th2 environment induced by m-DCs in the 
secondary lymphoid tissues, resulted in the establishment of 
Th2-dominant allergic disease

a

b
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8The Neutrophil and Chronic 
Rhinosinusitis

Martin Y. Desrosiers and Shaun J. Kilty

Core Messages
• Chronic rhinosinusitis (CRS) is a complex 

heterogeneous inflammatory disease that has 
traditionally been characterized as primarily 
“eosinophilic” in nature but in which contri-
butions from other cell types may lead to dif-
ferent sub-phenotypes of disease.

• Neutrophils are key inflammatory cells in the 
immune response, and while their role is less 
well understood in CRS, it may nevertheless 
be significant.

• A better understanding of neutrophilic inflam-
mation in CRS could lead to the development 
of new therapeutic strategies for CRS.

Descriptions of chronic rhinosinusitis (CRS) are 
frequently characterized by references to the 
eosinophilia present in CRS and in allergic dis-
eases. However, the focus in the assessment of 
inflammation in chronic rhinosinusitis is increas-
ingly shifting away from Th2-dominated mecha-
nisms to a consideration of the contributions by 
Th1 and Th17 mechanisms as well. This has led 

to an increased focus of interest in the assessment 
of lymphocyte subpopulations and of cytokines 
associated with these inflammatory pathways.

Throughout this, the neutrophil, a somewhat 
ubiquitous inflammatory cell associated with 
both Th1 and Th17 patterns of inflammation, has 
been somewhat ignored. In this chapter, we 
review the structure and function of the neutro-
phil and review evidence for its potential implica-
tion in chronic rhinosinusitis.

8.1  Histologic Description

Neutrophils are the most abundant leukocyte in 
humans representing up to 60% of the circulating 
white blood cells. It is a member of the family of 
granulocytes, which also includes basophils and 
eosinophils. Neutrophils are considered an essen-
tial component of the innate immune system by 
virtue of their multiple actions in bacterial killing 
and sequestration. Neutrophils cause microbial 
death by three means: phagocytosis, by generat-
ing neutrophil extracellular traps (NETs), and 
through the release of soluble antimicrobials 
from their primary and specific granules [1].

Neutrophils derived their name from their dif-
ferential response in staining from other granulo-
cytes with hematoxylin and eosin or Wright’s 
Giemsa staining. Eosinophils intensely capture 
eosin, giving them their characteristic appearance 
under the microscope. The abundant azurophilic 
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Fig. 8.1 Neutrophil on blood smear, Wright’s Giemsa 
stain. Original magnification 100× oil immersion. Note 
the characteristic multi-segmented nucleus and mostly 
lilac-staining specific (secondary) granules and a few azu-
rophilic primary granules. Surrounding cells are mature 
erythrocytes. (Credit: Ruth F.  Padmore MD, FRCPC, 
PhD, Ottawa, Canada)

granules of the basophils give them a bluish hue. 
The neutrophil is instead characterized by the 
neutral aspect of its cytoplasmic staining and its 
multiply segmented nucleus (Fig. 8.1).

Neutrophils have a diameter of 12–15 μm. In 
circulating blood, neutrophils are in a quiescent, 
or resting state, and have a vaguely circular form. 
However, when activated, the shape changes, 
with the cell becoming more amoeba-like, with 
pseudopods extending in search of antigens.

The granules present in neutrophils contain a 
number of substances with either bactericidal or 
proteolytic actions. Primary (azurophilic) gran-
ules typically contain the bactericidal enzyme 
defensins and cationic proteins. They also con-
tain proteolytic enzymes, cathepsin G, lysozyme, 
and myeloperoxidase. The specific (secondary) 
granules contain lysozyme, lactoferrin, as well as 
compounds involved in the formation of toxic 
oxygen species [2].

8.2  Hematologic Progenitors

As granulocytes, neutrophils share their origins 
with basophils and eosinophils. These are 
derived from progenitor cells in the bone mar-

row and then differentiate through myelocytes 
into promyelocytes and then into the final dif-
ferentiated cell.

Neutrophils have a relatively short half-life, 
up to 6 days. This is believed both to prevent the 
spread of pathogens that may parasitize within 
neutrophils to facilitate survival and dispersion 
and also to limit local tissue damage caused by 
the intense antibacterial activity of the neutrophil 
in a tissue.

8.3  Physiology and Function

Neutrophils are principally responsible for bacte-
rial killing, which they enact through a variety of 
mechanisms. Prior to serving this role, neutro-
phils are primarily present in the circulation in an 
inactivated form. They then migrate into target 
tissues to exert their effects following activation 
by a variety of pro-inflammatory signals.

The transit from the bloodstream to tissue 
begins with a process called diapedesis. This leu-
kocyte extravasation process occurs when the 
activated neutrophil approaches the periphery of 
the blood vessel and then becomes attached to 
and migrates through the blood vessel wall in a 
process called diapedesis. This involves an inter-
action with receptors called intracellular adhe-
sion molecules (ICAMs) and various selectins 
and integrins.

Arrived at the site of infection, the neutrophil 
exerts its antibacterial action through the follow-
ing mechanisms:

 1. Phagocytosis and killing of pathogens.
 2. Neutrophil extracellular trap (NET).
 3. Protease digestion through the release of 

granule contents.

The activated neutrophil can phagocytose bac-
teria by engulfing them and killing them within 
the cell through the generation of toxic sub-
stances. This process called the “oxidative burst” 
creates a high concentration of reactive oxygen 
species (ROS) through a process involving 
NADPH oxidase activation and the creation of 
superoxide dismutase (SOD). Through several 
steps, this leads to the production of hypochlo-
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rous acid (HClO), which may be bactericidal in 
itself and/or lead to the activation of the neces-
sary proteases [3].

More recently, a role for extracellular trap-
ping and killing of bacteria by neutrophils has 
been described by the formation of “extracellu-
lar NETs.” In this mechanism, neutrophils 
secrete a mesh composed of DNA and various 
proteins outside the neutrophil, which serves to 
trap and destroy bacteria (Fig.  8.2). This may 
also limit the propagation of infection as well. 
NETs which form intravascularly are responsi-
ble for many of the clinical manifestations of 
sepsis.

The neutrophil also plays a role in limiting 
potentially negative effects of inflammation 
through the secretion of various serine proteases. 
The most well known of these is alpha-1- 
antitrypsin, which serves to limit the extent of 
damage caused by neutrophil elastase released 
from granules in tissue. Individuals with low lev-
els of alpha-1-antitrypsin may have inordinate 
responses to trauma. In smokers, this may lead to 
the development of emphysema.

8.4  Implication in Disease

Low levels of circulating neutrophils, or neutro-
penia, may occur from genetic causes or from 
infectious or toxic causes, one of which the most 
familiar is chemotherapy. Individuals with neu-
tropenia are particularly susceptible to infection 
by bacterial pathogens.

The neutrophil may also be involved primarily in 
inflammatory diseases. Familial Mediterranean 
fever is a relapsing disorder where individuals pres-
ent with bouts of acute inflammation characterized 
by hyperthermia, arthralgia, and peritonitis. Due to 
a dysfunction in the MEFV gene, individuals have a 
reduced amount or structural malformations of a 
protein called pyrin which makes up part of the 
cytoskeleton of leukocytes. Pyrin abnormalities 
lead to defective inflammation regulation and, sub-
sequently, to inappropriate or prolonged inflamma-
tory activity [4]. It is a disorder not directly linked to 
neutrophil level, but rather to function, as described 
for alpha- 1- antitrypsin deficiency above.

8.5  Implications in Respiratory 
Disease

While interest in the role of granulocytes in the 
development of chronic respiratory disease has 
principally focused on the role of the eosinophil 
in the pathogenesis of asthma, evidence is 
increasing to support the role of the neutrophil in 
the development of both asthma and chronic 
obstructive pulmonary disease.

Assessment of a large cohort of individuals 
with hard-to-treat asthma has identified pheno-
types characterized by neutrophilic inflammation 
in expectorated sputum. This has led to a consid-
eration of neutrophilia in the pathogenesis of ste-
roid resistance in asthma [5, 6].

The neutrophil has also been implicated in 
chronic obstructive pulmonary disease. Apart 
from alpha-1-antitrypsin deficiency, as mentioned 
above, neutrophil elastase has been shown to be 
increased in individuals with COPD [7]. This is 
even more pronounced in individuals with COPD 
and also presents symptoms of bronchitis. 
Experimental evidence implicating the neutrophil 

Fig. 8.2 Neutrophil extravasation trap (NET). In this 
scanning electron microscope image, an Anthrax bacteria 
(orange) is being engulfed by a single neutrophil (yellow), 
by the generation of a NET. (By Volker Brinkmann [CC- 
BY- 2.5 (http://creativecommons.org/licenses/by/2.5)], via 
Wikimedia Commons)
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in COPD exists [6]. It has also been demonstrated 
that the administration of aerosolized neutrophil 
elastase in mice leads to rapid damage to the sur-
face epithelium with loss of ciliated respiratory, 
mucosa, and resultant mucosal hyperplasia [8].

8.6  Implication in CRS

As for lower respiratory tract disease, interest in 
the inflammation in CRS has focused mainly on 
Th2-mediated inflammation due to the postulated 
importance of the eosinophil, and therapeutic 
strategies have focused mainly on the Th2 axis. 
However, an increasing body of work is emerg-
ing to suggest that the neutrophil may play a role 
in the development of CRS in a subpopulation of 
patients with this disorder.

The first attention to neutrophils in CRS was 
derived from reports of predominant neutrophilia 
in nasal polyps from Asian subjects and in patients 
with cystic fibrosis [9, 10]. However, later reports 
have demonstrated pronounced heterogeneity in 
these groups, with both high- neutrophil and low-
neutrophil subgroups being present. Interestingly, 
a focus on differences between Asian and 
Caucasian neutrophils in polyps has identified the 
existence of two groups, one roughly character-
ized by high IL-5 levels and the second by a pre-
dominantly Th1/Th17 activation pattern [11].

Work in our laboratory with cultured sinus epi-
thelial cells harvested from CRS patients and con-
trols without CRS has identified a molecular 
signature with high spontaneous inflammation 
present in only a subgroup of CRS cells. 
Interestingly, simultaneously obtained biopsy 
specimens from patients where cultures were 
obtained show similar levels of tissue eosinophilia 
in both populations. However, neutrophilic infil-
trate is present in only the group with the high-
inflammation molecular expression signature.

8.7  Therapeutic Implications

Implications for the importance of this finding 
are characterized by recent studies outlining poor 
prognosis and lesser response to steroid therapy 
in individuals with “neutrophilic” CRS.  In a 

study from Brazil, [12]) report that high NFkB 
activation, a characteristic feature of Th1 axis 
activity, results in a poorer response to steroids 
and a rapid recurrence of the disease.

The impact on response to therapy has also 
potential importance, as a Chinese group recently 
identified a lesser response to oral steroids in 
individuals with neutrophilia on biopsy of their 
nasal polyps. In a similar direction, Al-Mot et al. 
[13] identified a predominant neutrophilia in the 
sinus pathology of post-ESS patients who dem-
onstrated a poor response to topical steroid irriga-
tions, whereas patients whose polyps had a low 
neutrophil level had a favorable response to topi-
cal steroid therapy.

8.8  Summary

Taken together, these findings suggest that the 
neutrophil may play an important role in the sub-
group of patients with a “neutrophil” predominant 
phenotype of CRS. New methods for recognizing 
the presence of this disease will be important, as 
this “neutrophil” phenotype is independent of 
currently used clinical phenotypic markers, the 
presence or absence of nasal polyposis. This may 
require novel diagnostic approaches to tailor ther-
apy to individual disease status.

Lastly, recognition of the potential importance 
of this subgroup may require a different therapeutic 
approach than has been employed to date for “rou-
tine” CRS, possibly requiring the use of alternative, 
nonsteroid-based anti-inflammatory treatments for 
the management of disease in these individuals.
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9Eosinophils in Rhinologic Diseases

Jens Ponikau, Mary Twarog, David Sherris, 
and Hirohito Kita

Core Messages
• Eosinophils are the key effector cells in 

chronic rhinosinusitis (CRS) and also play an 
important role in allergic rhinitis.

• Eosinophils degranulate in CRS the mucus 
and not in the tissue.

• Eosinophil granular proteins, especially 
major basic protein (MBP), mediate the epi-
thelial damage in CRS.

• Secreted protein(s) from the airborne fungus 
Alternaria alternata have been identified as a 
trigger for the eosinophilic inflammation and 
degranulation in CRS patients.

9.1  Introduction

The eosinophil granulocyte, although likely first 
observed by Wharton Jones in 1846 in unstained 
preparations of peripheral blood, was so named 
by Paul Ehrlich in 1879 because of the intense 
staining of its granules with the acidic dye eosin 
[1]. Since that time the eosinophil has been the 
subject of extensive investigation. Its occurrence 

in such disparate conditions as parasitic infec-
tions, presumably for the benefit of the human 
host, and hypersensitivity diseases, perhaps to 
the detriment of the patient, although paradoxi-
cal, has become better understood as a conse-
quence of newer information. Eosinophils are 
resident and non-pathologic in various organs 
such as gastrointestinal tract and mammary 
glands, and they may play roles in the tissue and 
immune homeostasis of these organs.

However, eosinophils are strikingly absent in 
the nose and paranasal sinuses in healthy indi-
viduals, which is in contrast to their presence in 
three distinct rhinologic diseases:

 1. Chronic rhinosinusitis (CRS).
 2. Allergic rhinitis (AR).
 3. Upper respiratory viral infection (common 

cold).

In addition, nonallergic rhinitis with eosino-
philia (NARES) has been described as a syn-
drome. However, it is poorly defined only as a 
lack of detectable IgE combined with evidence 
of eosinophils present in the nasal cavity. 
Coupled with the understanding that CRS is not 
limited to the sinuses but usually also involves 
the nasal cavity (and consequently the terminol-
ogy change from chronic sinusitis to chronic rhi-
nosinusitis), and the similarity of symptoms, no 
evidence exists to distinguish NARES from a 
mild or early stage of CRS, and for the purpose 
of this chapter, is assumed as such.
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In the above immune responses, eosinophils 
are recruited into the sites of inflammation where 
they produce an array of cytokines and lipid 
mediators, and release toxic granule proteins. 
These molecules may regulate immune response, 
cause tissue damage, and facilitate tissue repair. 
Eosinophils can also present antigens to naïve 
and memory T cells and initiate/amplify antigen- 
specific immune responses. This review summa-
rizes the biological and immunological 
properties of eosinophils and discusses the roles 
of  eosinophils applied in the field of rhinology, 
with a focus on chronic rhinosinusitis (CRS).

9.2  Eosinophils at Baseline 
Condition

9.2.1  Eosinophils Are Resident 
in Several Tissues at Baseline 
Condition

The life cycle of the eosinophil is divided into 
bone marrow, blood, and tissue phases. 
Eosinophils are produced in bone marrow from 
pluripotential stem cells. The stem cells differen-
tiate into a progenitor, which is capable of giving 
rise to mixed colonies of basophils and eosino-
phils, pure basophil colonies, or pure eosinophil 
colonies. Among various hematopoietic factors, 
those important for eosinophil proliferation and 
differentiation are interleukin (IL)-3, granulocyte- 
macrophage colony-stimulating factor (GM-CSF), 
and IL-5. IL-3 and GM-CSF are relatively non-
specific and stimulate the proliferation of neutro-
phils, basophils, and eosinophils. In contrast, IL-5 
potently and specifically stimulates eosinophil 
production [2].

Although the eosinophil is a formed element 
of the peripheral circulation, it is primarily a 
tissue- dwelling cell. In healthy individuals, most 
eosinophils are found in the gut (but not in the 
esophagus), mammary gland, uterus, thymus, 
and bone marrow; the gastrointestinal eosinophil 
is the predominant population of eosinophils [3]. 
At baseline conditions, eosinophils are present 
in the gastrointestinal tract independent of adap-

tive immunity and enteric flora, and the eosino-
phil levels are regulated by the constitutive 
expression of eotaxin-1 and eosinophil chemo-
kine receptor, CCR3 [4, 5]. Eosinophils also 
home into the thymus, mammary gland, and 
uterus, as controlled by eotaxin-1 [6].

As mentioned above, the eosinophil is absent 
in the nose and paranasal sinuses and only pres-
ent in disease stages, suggesting a crucial role as 
an effector cell in the above diseases.

9.3  Immunoregulatory Roles 
of Eosinophils

Previously, eosinophils have been considered an 
end-stage effector cell. However, accumulating 
evidence suggest that eosinophils can perform 
various immune regulatory functions likely 
through presentation of antigens and production 
and release a range of cytokines and other immu-
nomodulatory molecules.

9.3.1  Eosinophils Present Antigens

Eosinophils possess the ability to internalize, 
process, and present antigenic peptides within 
the context of surface-expressed receptors. It 
also has the capacity to provide costimulatory 
signals to T cells through surface expression of 
molecules such as CD80, CD86, and CD40, and 
ability to physically interact with CD4+ T cells 
[7]. Similarly, following airway allergen chal-
lenge of mice, eosinophils traffic to and accu-
mulate within draining lymph node, where they 
upregulate MHC II, CD86, and CD54 [8]. 
Murine eosinophils process and present antigen 
to T cell clones and hybridomas [9] and to anti-
gen-primed and naïve CD4+ T cells in  vitro 
[10]. In humans, although circulating eosino-
phils from healthy donors are generally devoid 
of surface MHC II expression, they are induced 
to express MHC II [11] and costimulatory mol-
ecules [12, 13] with appropriate cytokine stim-
ulation and after transmigration through 
endothelial cell monolayer [14].
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9.3.2  Production of Cytokines 
and Other 
Immunomodulatory 
Molecules by Eosinophils

Eosinophils are a source of a number of regula-
tory or pro-inflammatory cytokines and chemo-
kines [15, 16]. For example, eosinophils produce 
cytokines, which are able to act on eosinophils 
themselves, the so-called “autocrine” cytokines, 
including IL-3 and GM-CSF [17, 18]. 
Eosinophils from CRS patients with nasal pol-
yps also express TGF-β1, suggesting that TGF-
β1 synthesis by eosinophils may contribute to 
the structural abnormalities of nasal polyps, such 
as stromal fibrosis and basement thickening [19]. 
Indeed, eosinophil-derived TGF-β enhances pro-
liferation and collagen synthesis of lung and der-
mal fibroblasts [20]. TGF-α produced by 
cytokine- activated eosinophils increases mucin 
production by airway epithelial cells [21]. Thus, 
a number of evidences exist to demonstrate the 
ability of eosinophils to influence the tissue 
cells, leading to remodeling of tissues and 
changes in their physiological properties (e.g., 
hyperreactivity to exogenous stimuli).

By producing cytokines and chemokines, 
eosinophils may modulate the functions of other 
immune cells. Human eosinophils can produce 
IL-4 [22, 23], and IL-4 protein has been local-
ized to eosinophils in airway [24] and skin [22] 
tissue specimens from patients with IgE-
mediated allergic diseases. Furthermore, when 
stimulated with eotaxin (CCL11) or RANTES 
(CCL5), human eosinophils rapidly release 
stored IL-4 by vesicular transport to the local 
milieu [25]. Thus, eosinophils can provide a 
strikingly wide variety of cytokines and chemo-
kines, suggesting that eosinophils are potentially 
involved in diverse biological responses, from 
tissue remodeling to activation of resident and 
infiltrating immune cells.

In addition to producing these cytokines, 
eosinophils secrete mediators with the potential 
to promote Th2-type immune responses. Another 
immunomodulatory factor generated by human 
eosinophils is one of their granule proteins, 
namely eosinophil-derived neurotoxin (EDN) 

(see below for more details). EDN is an RNase A 
superfamily member and, in addition to its anti-
viral properties, EDN is a chemoattractant [26] 
and activator [27] of dendritic cells (DCs). As a 
consequence, EDN enhances Th2 responses 
through a TLR2-dependent mechanism [28].

9.3.3  Immunoregulatory Functions 
of Eosinophils In Vivo

The immunomodulatory functions of eosino-
phils in vivo are demonstrated in murine models 
of allergen sensitization and challenge with oval-
bumin (OVA) and helminth infection. 
Eosinophils recruitment into the sites of Th2-
type inflammation was considered previously a 
result of activation of adaptive immune response 
that produces IL-5 and eotaxin [29]. However, 
in  vivo studies with helminth infection models 
revealed that an early wave of eosinophil influx 
into inflammation sites precedes that of lympho-
cytes [30–32] and that it occurs even in mice 
deficient in adaptive immunity [33, 34]. Notably, 
in IL-5/eotaxin double- knockout mice, in which 
eosinophil numbers in both blood and tissues are 
severely decreased, IL-13 production of Th2 
cells in response to OVA challenge is attenuated. 
This defect in Th2 cells was restored by eosino-
phil reconstitution [35], suggesting regulation of 
adaptive Th2-type immune response by 
eosinophils.

The roles of eosinophils in asthmatic airway 
inflammation were subsequently addressed 
directly by using eosinophil-deficient animals. 
Both Lee et al. [36] (PHIL mice) and Yu et al. 
[37] developed mice depleted of eosinophils 
through different genetic alteration. When sensi-
tized and challenged with OVA, Th2-type airway 
inflammation and asthma-like pathology (e.g., 
airway hyperreactivity, airway remodeling, and 
mucus production) were attenuated in both 
mouse models, and these responses were restored 
by reconstitution of eosinophils alone [38] or a 
combination of eosinophils and antigen-specific 
T cells [39]. Likewise, airway production of Th2 
cytokines and asthma-like pathology were 
diminished and exposed intranasally to the prod-
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uct of fungus Aspergillus fumigatus [40]. This 
demonstrates that eosinophils are necessary to 
induce the pathophysiologic changes associated 
with bronchial asthma.

9.4  Effector Functions 
of Eosinophils

As summarized in the reviews [1, 15, 29], eosin-
ophils contain numerous highly basic and cyto-
toxic granule proteins that are released upon 
activation. They also produce an arsenal of 
enzymes and lipid mediators, which are impli-
cated in effector functions of eosinophils.

9.4.1  Granule Proteins

Human eosinophil granules contain major 
basic protein (MBP), eosinophil cationic pro-
tein (ECP), eosinophil peroxidase (EPO), and 
eosinophil derived neurotoxin (EDN). Those 
proteins are located in the characteristic sec-
ondary granules of the eosinophils (Fig. 9.1a, 
b). MBP is stored in a crystalline stage, form-
ing the characteristic rectangle core of the 
granule, whereas the other proteins are stored 
in the surrounding matrix of the granule 
(Fig.  9.1b). Its name is derived from the fact 

that MBP is the most basic protein in the 
humans with a pH of 11.3, and it makes up 
over 50% of the entire granular protein load of 
the eosinophil. Human MBP binds to and 
directly damages and destroys the surfaces of 
parasites [1], and is also directly toxic to tumor 
cells and other mammalian cells by disrupting 
the integrity of lipid bilayers [41].

Human ECP is a basic neurotoxic protein, 
with antiviral and antiparasitic properties; and 
human EDN is a powerful neurotoxin that can 
severely damage myelinated neurons in experi-
mental animals [1]. EDN as well as ECP have 
antiviral activities and decrease the infectivity in 
RSV suspensions [42, 43]. When purified EDN 
or ECP were added to RSV viral suspensions, 
the viral titer are reduced, dependent on the ribo-
nuclease activities of EDN and ECP [42]. 
Interestingly, ribonuclease A lacked this antivi-
ral activity, suggesting that ribonuclease activity 
is necessary but not sufficient for the anti-viral 
effects of EDN and ECP. Furthermore, in guinea 
pigs infected with parainfluenza, pretreatment 
with anti-IL-5 and reduction of eosinophils strik-
ingly increased the viral content in the airways 
[44], suggesting a potential role for eosinophils 
in viral immunity and explaining the influx of 
eosinophils in upper viral infections and the sub-
sequent clinical relevant exacerbation of CRS 
and asthma during common colds.

a b

Fig. 9.1 (a) Electron microscopy of tissue eosinophil in 
CRS.  Note the black arrow pointing to a characteristic 
secondary granule (transmission electron microscopy, 
original magnification ×7000). (b) Electron microscopy 

of an eosinophil secondary granule with its characteristic, 
rectangle crystal core, which is entirely made up of MBP 
(transmission electron microscopy, original magnification 
×55,000)
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EPO is a member of a mammalian peroxidase 
family. EPO is a central participant in generating 
reactive oxidants and radical species by activated 
eosinophils [45]. Eosinophil activation in  vivo 
shows oxidative damage of proteins through bro-
mination of tyrosine residues [46]. Furthermore, 
eosinophils are a major source of nitric oxide- 
derived oxidants in specimens from patients with 
severe asthma [47].

Considerable evidence exists to link these 
eosinophil granule proteins and human diseases. 
For example, the concentrations of MBP in the 
bronchial alveolar lavage (BAL) fluids from 
patients with asthma and from monkeys are cor-
related with the severity of bronchial hyperreac-
tivity [48, 49]. MBP has been localized to 
damaged sites of bronchial epithelium in patients 
with asthma and chronic rhinosinusitis [50, 51]. 
Instillation of human MBP and human EPO pro-
vokes bronchoconstriction, and MBP increases 
airway responsiveness to inhaled methacholine 
[50]. Interestingly, polyglutamic acid antago-
nizes MBP’s ability to increase respiratory resis-
tance and bronchial hyperreactivity in 
cynomolgus monkeys [52], suggesting that the 
cationic nature of MBP contributes to the dam-
age and physiologic changes. In vitro, MBP acts 
as an antagonist for M2 muscarinic receptors. 
Many eosinophils localized close to nerves with 
extracellular MBP adhering to the nerves [53]. 
Finally, neutralization of endogenously secreted 
MBP, either with a polyanionic peptide or with 
antibodies to MBP, can prevent antigen-induced 
bronchial hyperreactivity in guinea pigs [54]. 
Marked deposition of free EDN is also observed 
in affected tissues from patients with eosino-
philic esophagitis (EoE) [55]. Deposition of 
EDN is reduced in certain patients with EoE who 
are treated with anti-IL-5 antibody [56].

Several pro-inflammatory enzymes have been 
associated with the eosinophil [1]. Arylsulfatase 
B is located predominantly in the small granules 
of the eosinophil. β-glucuronidase activity in 
eosinophils is about twice that in neutrophils, 
and exposure of eosinophils to opsonized zymo-
san particles releases up to 24% of the total cel-
lular β-glucuronidase.

9.4.2  Activation of Human 
Eosinophils Takes Multiple 
Stages

In early 1980s, increased number of unusual 
human eosinophils with a specific gravity 
<1.085  g/mL [57] was reported in peripheral 
blood of patients with eosinophilic disorders, 
such as hypereosinophilic syndrome [58] and 
asthma [59]. These eosinophils, called 
“hypodense eosinophils,” were highly reactive to 
stimuli and showed increased survival, adhesion, 
leukotriene synthesis, superoxide production 
and antibody-dependent cytotoxicity as com-
pared to “normodense eosinophils” [60, 61]. 
Thus, eosinophils in human blood are not a 
homogenous population but represent various 
magnitudes of activation. It was found later 
eosinophil exposure to activating cytokines, 
such as IL-3, IL-5, and GM-CSF, leads to devel-
opment of the hypodense eosinophil.

IL-3, IL-5, and GM-CSF, besides being 
growth and maturation factors for eosinophils, 
stimulate several functions of mature human 
eosinophils. Among human peripheral blood 
leukocytes, eosinophils are the only cells having 
detectable levels of IL-5 receptors in agreement 
with the specific action of IL-5 on human eosin-
ophils [62, 63]. Other Th2 cytokines, such as 
IL-4 and IL-13, also activate eosinophils. IL-4 
upregulates the binding of eosinophils to IgA 
[64]. IL-4 or IL-13 act synergistically with 
TNF-α or IL-5 for increased expression of CD69.

9.4.3  Eosinophil Activation 
in Innate Immunity

Fully activated human eosinophils appear to 
defend against large, non-phagocytosable organ-
isms, most notably the multicellular helminthic 
parasites. Some of the mechanisms used by 
eosinophils in host defense against these organ-
isms may also produce detrimental effects on the 
host. Several lines of evidence have indicated 
that bacterial and/or viral infections may exacer-
bate allergic inflammation. Direct activation of 
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eosinophils by microbe-derived molecules may 
explain the mechanism.

Importantly, eosinophils are activated by a 
natural cysteine protease from mite allergens, 
Der f 1, and release granule proteins [65]. 
Eosinophils also recognize the aspartate prote-
ase activity and cysteine protease activity that 
are produced by fungus Alternaria alternata 
[66] and cockroaches [67], respectively, and 
they release granule proteins and cytokines. 
Thus, human eosinophils are equipped with 
machineries that recognize and respond to pro-
teases, such as those found in microbes and at 
allergic response sites, resulting in active 
release of pro- inflammatory mediators.

An association between fungal exposure and 
asthma has been widely recognized [68]. 
Moreover, exposure to Alternaria is a risk factor 
for respiratory arrest in patients with asthma 
[69]. These airborne fungi and their products 
may contribute to the development and exacer-
bation of allergic airway diseases. For example, 
fungal products, e.g., proteases, induce immuno-
logic and inflammatory reactions, resulting in a 
Th2- like cytokine response and the destruction 
of mucosal barrier functions [70]. Extracts of 
Alternaria alternata and Aspergillus flavus 
potently induces eosinophil degranulation [71, 
72], as a matter of fact they are the only known 
triggers to induce release of toxic eosinophil 
Major Basic Protein (MBP) which is detectable 
in toxic concentration in CRS mucus. Alternaria 
also strongly induces other activation events in 
eosinophils, including increases in intracellular 
calcium concentration, cell surface expression of 
CD63 and CD11b, and production of IL-8 [71]. 
Interestingly, Alternaria does not induce neutro-
phil activation, suggesting specificity for fungal 
species and cell type. In addition, when human 
eosinophils are exposed to live Alternaria alter-
nata fungus, eosinophils release their cytotoxic 
granule proteins into the extracellular milieu and 
onto the surface of fungal organisms and kill the 
fungus in a contact-dependent manner [73]. 
Eosinophils do not express common fungus 
receptors, such as dectin-1, but use their versatile 
β2 integrin molecule, CD11b (see below for 

more details), to recognize and to adhere to a 
major cell wall component, β-glucan.

The role of IgE in mediating eosinophil acti-
vation is controversial. Eosinophils isolated 
from patients with eosinophilia degranulated in 
response to anti-IgE antibody or IgE-coated 
parasites [74, 75]. Eosinophils can potentially 
express three types of IgE receptors, the low-
affinity IgE receptor, lectin-type IgE-binding 
molecule [76], and high-affinity IgE receptor. It 
has been claimed that the high-affinity IgE 
receptor, FcεRI, is present on eosinophils from 
patients with eosinophilia and that various 
functions of eosinophils, including degranula-
tion and parasite cytotoxicity, are mediated 
through this receptor [77]. On the other hand, 
the number of high-affinity receptors expressed 
on the surfaces of eosinophils from patients 
with allergic diseases or airway eosinophilia 
was minimal or undetectable [78]; and the liga-
tion of IgE FcεRI receptor did not result in 
detectable eosinophil degranulation [79].

9.5  Differences 
in the Eosinophilic 
Inflammation Between 
Allergic Rhinitis and Chronic 
Rhinosinusitis

The events and the pathophysiology of allergic 
rhinitis have been well understood. The inhala-
tion of an allergen where an individual has pro-
duced corresponding, circulating IgE antibodies 
will cause (within 10 min) a crosslink of the IgE 
FcεRI receptors situated on the mast cells. This 
will result in an immediate degranulation and 
histamine release from the mast cells, resulting 
in histamine-mediated symptoms of sneezing, 
clear anterior rhinorrhea, and nasal obstruction. 
About 2–8 h after antigen challenge, eosinophils 
enter the nasal tissue as part of the so-called late 
phase allergic reaction (together with further 
mast cells, B and T lymphocytes), leading to fur-
ther nasal obstruction.

In contrast to allergic rhinitis, the early phase 
immediate reaction is missing in CRS, explain-
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ing the lack of allergic rhinitis specific, 
histamine- related symptoms (sneezing, anterior 
clear rhinorrhea). Another clinical distinction 
between CRS and AR is that CRS can occur with 
or without nasal polyps, while AR never leads to 
nasal polyposis. While some investigators follow 
the notion that due to different severities in the 
 cytokine pattern, CRS with and without nasal 
polys should be viewed as two different entities, 
while others see it as a different spectrum of dis-
ease, with inflammatory mucosal thickening on 
one side of the spectrum, to gross nasal polyps 
on the other side. The severity of the inflamma-
tion can be easily overlooked if patients are 
given systemic steroids or other anti-inflamma-
tory medication before harvesting the tissue for 
examination, like pre-operatively. This distinc-
tive eosinophilic inflammation is also very het-
erogeneous, without eosinophilic infiltration in 
one area of a nasal mucosal tissue specimen, but 
with intense eosinophilic infiltration in another 
area of the same specimen [80]. Thus, reports in 
which only single biopsies are examined and in 
which it was unclear whether patients had 
received steroids before the biopsies were taken 
need to be interpreted carefully regarding the 
intensity of the eosinophilic infiltrate.

The eosinophilic inflammation in CRS occurs 
independently of an IgE-mediated inflammation, 
as evident by the fact that more than 50% of CRS 
patients have no detectable IgE-mediated aller-
gies. This in return suggests non-allergic mecha-
nism driving recruitment, migration activation 
and degranulation. Indeed, very different mecha-
nisms have been identified.

Central to the migration of eosinophils from 
the vasculature into the tissue is the expression 
of vascular cell adhesion molecule-1 (VCAM-
1), which has been identified in the vascular 
endothelium in CRS patients [81]. This expres-
sion occurred independent of any IgE-mediated 
allergy and explains the presence of eosinophils 
in allergic as well as non-allergic patients with 
CRS. VCAM-1 is known to specifically bind to 
the VLA-4 (very late-appearing antigen-4) on 
eosinophils, thus causing selective adhesion and 
migration of eosinophils from the vasculature to 
the sinus and nasal tissue. VCAM-1 expression 

is induced via either IL-4 or IL-13, which share 
the same receptor on the endothelial cells. IL-4 
is present and IL-13 is absent in allergic rhinitis, 
which is in contrast to non-allergic CRS, where 
only IL-13 is present in the tissue, but IL-4 is 
absent [82]. In patients with CRS and allergies, 
both IL-4 and IL-13 are present. This cytokine 
pattern indicates that eosinophils are recruited 
via two distinct cytokines, IL-4  in AR and 
IL-13 in CRS; however, both diseases can coex-
ist as CRS with allergies (comorbidity), with 
both IL-4 and IL-13 present.

Significantly elevated levels of IL-5, the key 
cytokine that mediates eosinophil differentia-
tion, survival and activation, are present in tissue 
specimens of CRS patients and AR patients, and 
not in those of healthy controls [2, 83–85]. A 
majority of the IL-5 staining cells are lympho-
cytes (68%), followed by eosinophils (18%) and 
mast cells (14%) [83]. The exact combination of 
source cells for IL-5 in AR is not known.

The importance of IL-5, IL-13, and eosino-
phils in the CRS pathophysiology is empha-
sized though the first approval of a therapeutic 
monoclonal IL-13 antibody (dupilumab) for the 
treatment of CRS with nasal polyps. In two 
large phase 3 trials, dupilumab was efficacious 
in reducing nasal symptoms including conges-
tion, improved CT scans, and reduced nasal 
polyp size [86].

In addition, IL-5 antibodies are already FDA 
approved for eosinophilic asthma, and are cur-
rently in clinical trials for CRSwNP.

9.6  What Are the Known 
Triggers for the Cytokine 
Response Leading 
to the Eosinophilic 
Inflammation?

While many different allergens can lead to the 
release of IL-5 in AR via the IgE-mediated path-
way, any trigger for the non-allergic production 
of IL-5 and IL-13 in CRS (and other cytokines 
leading to eosinophilia) was thus far unknown.

This changed when certain molds were found 
to induced the elevated production of IL-5 in iso-
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lated peripheral blood mononuclear cells 
(PBMCs), which contained lymphocytes and 
other cells that can serve as antigen-presenting 
cells from 16 out of 18 CRS patients stimulated 
with Alternaria antigens [87]. More importantly, 
PBMCs from none of the 15 healthy controls did 
release IL-5 in response to Alternaria alternata. 
PBMCs from allergic and non-allergic CRS 
patients produced similar amounts of IL-5, indi-
cating that this reaction is independent from an 
IgE-mediated allergic reaction. In addition, 
PBMCs from 33% of CRS patients stimulated 
with Cladosporium and 22% of CRS patients 
stimulated with Aspergillus antigens also show 
increased production of IL-5; no response is 
seen with stimulation with Penicillium antigen, 
and none of the healthy control subject responded 
to any fungal stimulus.

But not only IL-5 was produced by the CRS 
patients’ immune cells in response to Alternaria. 
The mold also induced the release of large 
amounts of IL-13 in all the CRS patients studied, 
the cytokine triggering the recruitment of eosin-
ophils from the vasculature into the tissue in 
CRS. Again, none of the healthy controls were 
producing any detectable IL-13 [87].

Furthermore, production of interferon-γαμμα 
(IFN-γ), a Th-1 cytokine which facilitates 
destruction of parasites by eosinophils, was 5.5 
times higher in PBMCs from CRS patients stim-
ulated with Alternaria antigen compared with 
production by healthy control PBMCs [87]. 
When nasal secretions from nine healthy con-
trols and nine CRS patients were examined, 
there were no differences in their levels of total 
Alternaria proteins, indicating that both groups 
had similar levels of Alternaria in their nasal 
mucus. This study was important since it was the 
first to demonstrate a non-allergic pathway in 
CRS leading to the production of the crucial 
cytokines for the eosinophilic inflammation, 
which was absent in healthy controls. In addi-
tion, it also showed a specific trigger for the 
cytokine production, a common mold being 
present in nose of every person tested.

Now that a trigger (Alternaria alternata 
(ALT)) had been identified, two more break-
throughs were made: (1) the discovery of innate 

Lymphocyte Cells Type 2 (ILC-2) and their cru-
cial role in initiating the cytokine cascade lead-
ing to Th-2 shifting and eosinophil-mediated 
immunity, and (2) the discovery of IL-33 as a 
regulating cytokine which is produced the basal 
layer of the airway epithelial cells.

When now mice were sensitized to Alternaria 
alternata (ALT), and then challenged with ALT, 
they produced severe airway eosinophilia, 
including airway reactivity (asthma). Alternaria 
challenge caused the release of IL-33 which 
peaked after 1 h, followed by the release of IL-5 
and IL-13 which peaked after 6  h; thus, IL-33 
preceded the IL-5/-13 release [88, 89].

The next step was to knock out the IL-33 
receptor (ST2−/−), which resulted in the elimina-
tion of IL-5/-13 release, and showed that IL-5/-
13 production was IL-33 dependent [89].

Surprisingly, the control group, which did not 
get the ALT sensitization, but got only the ALT 
challenge, produced a similar airway eosino-
philia. To further investigate this, mice which 
had the CD4+ acquired immunity knocked out 
(Rag1−/−) where challenged with ALT, but 
despite them having no CD4+ acquired immu-
nity produced similar levels of Th2 cytokines 
IL-5/-13/-33 [89]. Thus, the source for the cyto-
kines had to be innate. Indeed, knocking out the 
innate lymphocytes (Myd88−/−) completely 
depleted the ALT-induced IL-5/-13/-33 cytokine 
production. Thus, the initial source for the cyto-
kines leading to airway eosinophilia was indeed 
innate, and Alternaria alternata was a reliable 
trigger [89].

Recently discovered innate lymphocyte cells 
type 2 (ILC-2) were suspected to play a role. 
Consequently, when ILC-2 knockout mice 
(II7r−/−) where challenged with ALT the eosino-
philic air way inflammation did not occur. 
However, when ILC-2 cells were isolated from 
normal mice and transplanted into the ILC-2 
knockout mice, the eosinophilia was back to full 
strength, which demonstrated that ILC-2 cell 
mediates the initial (innate) Th2 response to ALT 
[90].

Other allergens by itself, such as Aspergillus 
fumigatus (ASP), or house dust mites (HDM), 
did not induce any eosinophilic airway inflam-
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mation, which was in contrast to ALT. However, 
when ALT was combined with ASP and HDM, 
the intensity of eosinophilia more than doubled 
compared ALT alone. Thus, other allergens were 
not able to initiate an eosinophilic inflammation 
like ALT did, but when combined with ALT, they 
intensified the ALT-induced eosinophilia [91].

The critical involvement of IL-33  in ILC-2 
cells in CRS with eosinophilia (ECRS) was then 
strengthened by showing significant elevation of 
IL-33 in patients with eosinophilia compared to 
patients without tissue eosinophils [92, 93], and 
showing that the ILC-2 cells are responsive to 
the IL-33 stimulus by releasing IL-13, which 
controls eosinophil recruitment from the vascu-
lature into the tissue [94].

It was again Alternaria identified as a trigger, 
which significantly stimulated the release of 
IL-33 from cultured nasal epithelial cells from 
ECRS patients, compared with no IL-33 release 
from non-ECRS patients and other control sub-
jects [95].

A secreted enzyme from Alternaria, which 
was a serine protease, was identified as a poten-
tial molecular culprit to mediate the IL-33- 
dependent eosinophilic inflammation [96].

Even more importantly, ALT was found to 
cause a processed version of IL-33 to be released 
by epithelial cells, which is cleaved and has only 
a molecular weight of 19 KDa, which is signifi-
cantly less than the 30 KDa of the natural, full 
length form [97]. The clinical significance is that 
the cleaved 19  KDa long processed version is 
about 30 times as potent than the natural 30 KDa 
form [97]. Thus, the ALT stimulus causes a sig-
nificantly more potent version of the crucial 
IL-33 to be released by epithelial cells.

It was interesting that, while the initial innate 
response to ALT was mediated by ILC-2 cells, 
mice exposed to the Alternaria dominated aller-
gen cocktail had developed a CD4+ mediated 
acquired immune response after 4 weeks of con-
tinuous exposure [91].

Thus, their immune system appears to have 
shifted from a solely innate, ILC-2-mediated ini-
tial immunity triggering the eosinophilic inflam-
mation, to a CD4+ Th-2 type immunity which is 
mediating the long-term IL-5, -13 and -33 cyto-

kine production, which in turn is mediating the 
eosinophilic inflammation. Importantly, while 
ALT was the essential trigger, other allergens 
such as ASP and HDM were able to contribute to 
ALT-induced inflammation, without being able 
to incite the eosinophilia itself [91].

9.7  Initiation of IgE Production

If Alternaria alternata exposure or stimulation is 
able to induce Th-2 shifting in mouse models, 
shifting naïve mammals toward a Th-2 hypersen-
sitivity (allergic) subtype, how would IgE- 
mediated allergy and aspirin sensitivity fit in?

When naïve mice were exposed intranasally 
to Ovalbumin (OVA), a very strong allergen, for 
8 weeks, they did not respond with an IgE pro-
duction to OVA. However, when OVA was com-
bined with Alternaria alternata (ALT), mice 
started to produce IgE to OVA. Other combina-
tions, like OVA + Aspergillus (ASP), or OVA + 
House dust mites (HDM), did not trigger any 
OVA specific IgE production. However, if ALT, 
ASP, HDM, and OVA were combined, the OVA- 
specific IgE production was over 700% higher 
compared to ALT + OVA alone [91].

In a follow-up study, JH−/− (B cell) knock out 
mice showed and attenuated response, suggesting 
that B cells are necessary to mediate this 
Alternaria-induced pathway to IgE production 
[98].

This suggests that inhaled allergens work 
synergistically to trigger IgE production aller-
gens, in this case OVA, with again Alternaria 
being the key and necessary ingredient for the 
development of an IgE-mediated allergy to 
another allergen.

9.8  Aspirin-Exacerbated 
Respiratory Disease (AERD)

It is clinically well known that certain patients react 
after Aspirin (ASS) intake with an exacerbation of 
their asthma symptoms, and the triad of CRS with 
nasal polyposis, asthma, and aspirin intolerance is 
named after Samter, who first described it in 1968. 
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It is now understood that arachidonic acid is metab-
olized to prostaglandins in a cyclooxygenase (CoX 
1+2) dependent pathway. However, if that pathway 
is blocked by CoX inhibitors, such as Aspirin, the 
arachidonic acid is metabolized through the 
5-Lipooxygenase pathway instead, producing leu-
kotrienes, which significantly magnify existing 
eosinophilia, but cannot induce the eosinophilia by 
themselves. Human Th2 cells (in contrast to Th1 
cells) selectively express the high-affinity Cysteinyl 
leukotriene receptor 1 (CysLT1R), which is the 
receptor for leukotriene D4 (LTD4), and stimula-
tion of Th2 cells with leukotrienes-induced chemo-
taxis of eosinophils, and IL-13 production that was 
dependent on CysLT1R [99].

Again, the fungus Alternaria alternata was 
found to induce CysLT1R expression on both 
innate lymphocyte cells type-2 (ILC-2) as well 
as Th2 cells, potently induced CysLT1R depen-
dent IL-5, and IL-13, as well as the associated 
eosinophilia. Additionally, LTD4 then potenti-
ated Alternaria induced eosinophilia and ILC-2 
proliferation and accumulation [100].

In a follow-up study, airway challenges with the 
parent leukotriene C4 (LTC4) potentiated the effect 
of IL-33 to naive wild-type mice, and led to syner-
gistic increases in airway IL-13 and IL-5 cytokines 
and resulting eosinophilia, compared to IL-33 
alone. This immune response was mediated by 
innate lymphocyte cells type 2 (ILC-2), indepen-
dent of the acquired immune system. The synergis-
tic effect of LTC4 with IL-33 was again completely 
dependent upon CysLT1R. CysLT1R−/− (knockout) 
mice had reduced lung eosinophils and ILC2 cyto-
kine responses (IL-13/IL-5) after exposure to 
Alternaria alternata, which again induced a robust 
eosinophilic airway inflammation via the Th2 cyto-
kine pathway. Thus, CysLT1R promotes LTC4 and 
Alternaria-induced ILC2 activation and eosino-
philic airway inflammation [101].

9.9  Eosinophil-Mediated 
Damage in CRS, But Not 
in Allergic Rhinitis

CRS patients exhibit severely damaged epithe-
lium and thickened basal membrane, features of 
airway remodeling seen as also seen in asthma, 

which is in contrast to the absence of airway 
remodeling in AR. It has been demonstrated that 
eosinophilic MBP is capable to produce those 
changes, and indeed MBP has been localized 
with the epithelial damages found in CRS [51, 
80]. Interestingly, toxic MBP levels have mea-
sured in CRS, but free MBP could not be mea-
sured in AR mucus, explaining the damage in 
CRS, and its absence in AR [102]. This suggest 
that MBP is released in the mucus in CRS but 
not in AR.

Two prospectively designed histologic stud-
ies of tissue and mucus obtained during CRS 
surgery used extra caution to preserve the 
mucus. While eosinophils were intact in the tis-
sue and in the epithelium, eosinophilic-rich 
mucus with clusters of aggregated eosinophils 
was found in 96% (97/101) and 94% (35/37) of 
consecutive CRS patients [103, 104]. Another 
study demonstrated that eosinophils released 
their toxic MBP in the mucus within these clus-
ters, and not in the tissue [51]. Estimated con-
centrations of MBP within the clusters, based 
on digital analysis of the intensity of the MBP 
staining, were as high as 2 mM and far exceeded 
those capable of mediating epithelial damage. 
Overall, the clusters of eosinophils and intense 
eosinophil degranulation in the mucus suggest 
that eosinophils merely travel through the CRS 
tissue to the mucus where they degranulate and 
release their toxic proteins (Fig. 9.2a, b).

These in vivo observations explain the pat-
terns of damage in CRS, where only the outer 
layers of tissue are damaged (Fig. 9.3a), sug-
gesting that the damage to the epithelium is 
inflicted from the outside (luminal side). This 
epithelial damage may predispose CRS 
patients to be susceptible for the secondary 
bacterial infections, leading to acute exacerba-
tions, which are observed clinically, and 
absent in AR (Fig.  9.3b). Because bacteria 
always elicit a neutrophilic inflammation in 
hosts, these acute exacerbations of CRS are 
presumed to be of bacterial origin. However, 
bacteria are not known to elicit an eosinophilic 
inflammation that predominates in CRS, 
which suggests a nonbacterial etiologic mech-
anism for CRS.
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Fig. 9.2 (a) CRS tissue and attached eosinophilic mucin 
show massive eosinophilic migration of eosinophils from 
the tissue (left side of the image) into the mucus (right 
side of the image). The white arrows mark the eroded epi-
thelium typical in CRS. The mucus contains large sheets 
(clusters) of eosinophils and eosinophilic debris (original 
magnification ×800, HE). (b) Serial section of 2a with 
immunofluorescent staining with an antibody against 
MBP reveals intact eosinophils in the tissue (left side of 
the image) and free eosinophil granules. In contrast, once 
the eosinophils have reached the mucus, MBP is diffusely 

released in toxic concentrations. Note that MBP staining 
reaches brightness in the mucus exceeding the one inside 
the intact tissue eosinophils, indicating continuous depo-
sition of free MBP into the same eosinophilic clusters in 
the mucus. (original magnification ×800, anti-MBP). 
(c) Serial section of 2a with immunofluorescent staining 
with an antibody against Alternaria alternata. Note the 
absence of fungal antigens in the mucus. The red arrows 
mark some examples of fungal hyphae in cross-section; 
however, disseminated fungal debris is also visible (blue 
arrows, original magnification ×800, anti-ALT)

ba

Fig. 9.3 (a) Tissue from CRS patient shows intact tissue 
eosinophils (blue arrows) and eosinophils traveling 
through the severely damaged epithelium (yellow arrows). 
Note the missing upper layers of epithelial cells and miss-
ing cilia, suggesting that the damage is inflicted from the 
luminal side. The white arrow highlights the thickened 

basal membrane. (original magnification ×1000, HE). (b) 
Tissue from AR patient reveals intact epithelium includ-
ing cilia and scattered eosinophils (white arrow). Note 
also the absence of basal membrane thickening (original 
magnification ×400, Hematoxylin Eosin)
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9.10  What Causes Eosinophil 
Degranulation?

In a recent study, eosinophils from healthy 
people that were incubated with Alternaria 
alternata antigens released significant amounts 
of eosinophil- derived neurotoxin (EDN) and 
Major Basic Protein (MBP), the latter known 
to mediate epithelial damage and basal mem-
brane thickening, being part of airway remod-
eling in CRS.

When eosinophils from patients with asthma 
or allergies were used, they even released about 
70% more EDN compared to the healthy con-
trols. The fraction from Alternaria alternata, 
which induced the degranulation, had a molec-
ular weight of ≈60 kDa, was highly heat labile, 
and worked protease-dependent through a G 
protein- coupled receptor, identified as the 
beta2- integrin of the CD11b receptor [71]. 
Other fungal antigens, including Aspergillus, 
Cladosporium, and Candida, did not induce 
eosinophil degranulation, nor did neutrophils 
respond to Alternaria extracts, suggesting the 
presence of a fungal species and cell type spe-
cific novel innate immune response to certain 
fungi in human.

Another study from India identified also 
Aspergillus Flavus as a trigger for MBP 
release, demonstrating that other fungi besides 
Alternaria alternata (tenuis) can also induce 
MBP release [72].

Those studies have significance, since no 
other triggers (except fungal organisms) for 
eosinophilic MBP release from inhaled allergens 
or microorganism (bacteria) are known. 
However, CRS patients have large and toxic 
amount of MBP in their nasal and paranasal cav-
ity (Fig. 9.2b), especially where fungal antigens 
can be detected (Fig. 9.2c).

Thus, both innate and acquired immune 
responses to environmental fungi, such as 
Alternaria alternata may increase production of 
the cytokines and provide cellular activation sig-
nals necessary for the robust eosinophilic inflam-
mation in CRS patients.

9.11  Summary and Future 
Directions

Eosinophils fulfill distinctive and different func-
tion in CRS versus AR, although frequently 
overlapping clinically. Those differences pre-
sumably result in two different pathophysiologi-
cal mechanisms, mainly distinguishable through 
the clustering of eosinophils and the subsequent 
release of the eosinophil specific toxic major 
basic protein (MBP) into the mucus in CRS. In 
contrast, in allergic rhinitis, the eosinophils 
appear to follow more a process of a controlled 
cell death, without the release of toxic Major 
Basic Protein (MBP), and without the subse-
quent epithelial damage. This difference in the 
degranulation patterns explains the different 
clinical and pathophysiologic presentation 
between CRS and AR.

The fungus Alternaria alternata (ALT) has 
emerged as a key trigger for the eosinophilic 
inflammation. Its antigens induce epithelial cells 
to release a cleaved version of IL-33, which is 
about 30 times as potent as the natural occurring 
IL-33, and which cause the activation of the 
innate immune system via ILC-2 cells to not 
only produce crucial IL-13 (eosinophil recruit-
ment) and IL-5 (eosinophil activation and life 
prolongation), but also shift a naïve immune sys-
tem toward a Th2-type, allergic subtype, includ-
ing the initiation of IgE-mediated allergy to 
other airborne allergens.

ALT also allows other allergens to act syner-
gistic, worsening the eosinophilic inflammation, 
which they cannot do by themselves alone. This 
initial innate immunity (ILC-2) appears to be 
replaced after continuous challenge by the 
acquired immune system and mediated by CD4+ 
lymphocytes, resulting in chronicity of airway 
inflammation. Last by not least, Alternaria alter-
nata induces activation and degranulation, 
including the detrimental MBP release, of human 
eosinophils.

Thus Alternaria alternata is thus far the only 
trigger known to cause a concerted immune 
response in epithelial cells and regulatory lympho-
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cytes representing the innate and acquired immune 
system. In addition, the eosinophils act as effector 
cells themselves, with ALT causing their degranu-
lation and toxic MBP release. ALT also links 
together the development of IgE- mediated allergy, 
Th2-shifting, and aspirin sensitivity, and gives new 
insides into the mediating receptors.

Understanding the details of those mecha-
nisms and the eosinophil’s function has now led 
to the development and the approval of anti-
IL-13 antibody therapy for the treatment of CRS 
with nasal polyposis, with Alternaria alternata 
being the only known trigger thus far for IL-13 
production in CRS patients. Thus, those novel 
insides into the immunologic reaction produce 
targets to further improve the care of patients 
suffering from these chronic, eosinophil-medi-
ated, inflammatory diseases in rhinology.

Take Home Pearls
• Eosinophils show different behavior patterns 

in chronic rhinosinusitis versus allergic rhini-
tis, resulting in different pathophysiologies.

• Anti-IL-13 antibody treatment is the first 
immunologic therapy for CRS with nasal 
polyps.

• The fungus Alternaria alternata causes a con-
certed immune response, shifting the immune 
system towards a Th2 subtype.

• Alternaria triggers a concerted immune 
response, including epithelial cells, innate 
and acquired lymphocytes, to activate and 
recruit eosinophils.

• Alternaria triggers activation and degranula-
tion of eosinophils.

• Aspirin sensitivity and the development of IgE-
mediated allergy is inducible by Alternaria.
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10Biologic Therapies for Chronic 
Rhinosinusitis

Michael J. Aw and Shaun J. Kilty

Core Points
• Chronic rhinosinusitis (CRS) is a complex 

heterogeneous inflammatory disease that is 
characterized by type 1 and type 2 inflamma-
tion, with type 2 inflammation predominating 
in patients with CRS with polyps.

• Despite the efficacy of current medical and 
surgical therapies, there are many patients for 
whom disease control remains elusive.

• Biologic therapies are biologically targeted 
treatments that offer patients with recalcitrant 
CRS disease, a new treatment option.

Chronic rhinosinusitis (CRS) is a complex multi-
factorial inflammatory disease of the nose and 
paranasal sinuses that impacts 5–12% of the 
worldwide adult population [1–3]. Often diag-
nosed later in life, the onset of primary CRS occurs 
generally between 40 and 60 years of age [4]. The 
diagnosis of CRS is based on both clinical symp-
toms and mucosal changes observed with either 
endoscopy or computed tomography (CT) [2]. 
This disease is associated with significant morbid-
ity and has been associated with a substantially 
reduced health-related quality of life [4]. In North 

America, a majority of people with CRS report 
facial pain (60–92%), nasal congestion (95–
100%), loss of olfaction (56–84%) and headache 
(33–90%) [5]. The costs of managing CRS are not 
insignificant, with the annual direct cost of CRS 
treatment ranging from 5560 to 5955 USD per 
patient, and annual indirect costs estimated at 
10,077.07 USD per patient [6, 7]. The annual total 
direct cost attributed to CRS treatment in the 
United States has been previously estimated at 
upwards of from 60.2 billion USD [6].

The commonly used treatments for CRS focus 
on the control of inflammation by either regulat-
ing mucosal inflammation with topical or sys-
temic corticosteroids, reducing planktonic 
bacterial burden with antibiotics and the improve-
ment of sinus ventilation and access for topical 
therapies, with endoscopic surgeries. However, 
despite medical and surgical therapy, a subset of 
patients, often labelled as difficult-to-treat, do not 
achieve adequate inflammation, and subse-
quently, symptom control [8, 9]. The use of bio-
logic therapies originally developed for other 
inflammatory diseases, such as asthma, have 
demonstrated that they may have an important 
role to play in CRS care, particularly for difficult- 
to- treat patients. The significant implications on 
health and healthcare attributed to this prevalent 
disease warrants the study of disease-modifying 
agents to better control mucosal inflammation to 
reduce the burden of disease. Here, we discuss 
recent advances in CRS treatments.
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10.1  Pathophysiology

Classically, CRS is dichotomized by the follow-
ing clinical phenotypes: chronic rhinosinusitis 
with nasal polyps (CRSwNP) and chronic rhino-
sinusitis without nasal polyps (CRSsNP) [10]. 
Specifically, CRSwNP represents 25–30% of 
CRS cases and is associated with substantial 
morbidity and disease outcomes [2]. Evidence 
now suggests this represents an oversimplified 
understanding of disease and greater emphasis 
should be placed on CRS endotypes [10, 11]. 
While the aetiology of CRS remains poorly 
understood, multiple factors including fungal 
colonization, bacterial superantigens and host 
barrier deficiencies have been implicated in the 
loss of regulation over the normal inflammatory 
responses, toxic mucosal inflammation and the 
development and persistence of CRS [12]. More 
importantly, CRS pathophysiology appears to 
follow one of the three types of immunological 
responses, either in isolation or in parallel [13]. 
Notably, type 2 inflammation, which represents 
an eosinophilic inflammation, is the most preva-
lent, strongly associated with CRSwNP [13].

Both fungal and bacterial colonization, 
namely Alternaria and Staphylococcus aureus, 
have been implicated in CRS disease severity. 
Fungal organisms have been found to inhabit 
nearly 100% of persons with CRS and these indi-
viduals demonstrate exaggerated peripheral 
blood mononuclear cell responses following 
Alternaria exposure compared to healthy con-
trols [14, 15]. Alternaria antigen can elicit eosin-
ophil degranulation and fungal wall components, 
chiefly chitin, can promote type 2 inflammatory 
responses [16, 17]. However, antifungal therapies 
have been largely unsuccessful in treating CRS, 
which may indicate that fungal infection only 
represents a major disease modifying factor for a 
subset of patients [12, 18, 19]. Additionally, the 
intranasal bacterial microbiome of patients with 
CRS differs from healthy controls [20]. 
Specifically, Staphylococcus aureus is found in 
greater abundance. While traditionally associated 
with eliciting Th17 responses, it is hypothesized 
that S.  Aureus enhances type 2 inflammation 
through superantigenic effects [12]. These supe-

rantigenic exotoxins can increase eosinophilic 
degranulation and bypass traditional antigen- 
presenting mechanisms to incite massive T cell 
activation [21, 22]. Furthermore, a significant 
portion of nasal polyps from CRSwNP patients 
are colonized with S.  Aureus [23]. Albeit it 
remains unclear whether bacterial infection pre-
cedes CRS development or merely exacerbates 
the established inflammation. Currently, it is 
believed that these microorganisms play an role 
in disease presentation, but are not directly impli-
cated in CRS development [12].

The prevailing theory for CRS pathophysiol-
ogy is that deficiencies in host barrier defences 
permit infectious invasion and the resultant skew-
ing of inflammatory responses [12]. This theory 
is substantiated by the fact that patients with cys-
tic fibrosis and carriers of the CFTR gene muta-
tion, who have impaired mucociliary function, 
have high CRSwNP and CRSsNP prevalence 
[24, 25]. Dysfunction of sinonasal epithelial cells 
is associated with an impairment of the barrier 
function, mucociliary clearance, the regulation of 
eosinophils, dendritic cells, T cells and comple-
ment synthesis as well as taste receptor function 
[26]. Interesting, bitter taste receptors are 
impaired in a subset of patients with CRS and 
these receptors have been implicated in respond-
ing to bacterial presence [27]. Furthermore, the 
sinonasal epithelium in CRSwNP is more porous 
than healthy tissue, which increases its suscepti-
bility to exogenous antigen stimulation [28]. 
Moreover, the expression of innate antimicrobial 
proteins such as lactoferrin and S100 are 
decreased in CRSwNP and CRSsNP and PLUNC 
are decreased in CRSwNP [29–31]. Ultimately, it 
is possible that host barrier defects facilitate 
exogenous antigen exposure, which perpetuates 
inappropriate inflammatory responses. Notably, 
the release of epithelium-derived alarmins, IL-33 
and thymic stromal lymphopoietin (TSLP) pro-
motes type 2 inflammatory responses [32].

Amongst North American and European pop-
ulations, eosinophilic type 2 CRS represents the 
prevailing disease endotype. By contrast, indi-
viduals of Asian decent and those with cystic 
fibrosis often demonstrate dominant type 1 or 
type 3 inflammatory profiles [10, 33, 34]. It is 
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estimated that 80% of nasal polyps follow a type 
2 profile from Western populations, whereas only 
20–60% of nasal polyposis is attributed to type 2 
inflammation in Eastern Asia [35]. Consequently, 
CRS endotypes are generally classified as either 
type 2 or non-type 2 inflammation [10]. In type 2 
CRS, exogenous antigen stimulation of nasal epi-
thelium triggers the release of the alarmins IL-25, 
IL-33 and TSLP [36]. These cytokines stimulate 
and activate myeloid dendritic cells [37] to 
migrate to lymphoid tissue and present antigen in 
the context of IL-4 to favour the differentiation of 
naïve CD4 T cells into effector Th2 cells [38]. 
Th2 cells secrete hallmark cytokines associated 
with type 2 inflammation including IL-4, IL-5, 
IL-13 and encourage isotype class-switching of 
B cells towards immunoglobulin E (IgE). 
Furthermore, IL-25, IL-33 and TSLP encourage 
IL-4, IL-5 and IL-13 production in type 2 innate 
lymphoid cells [39], which create a local type 2 
inflammatory profile in situ [39]. IgE binds to 
mast cells via FcϵRI receptor, which when cross- 
linked with antigen, then degranulate and release 
inflammatory markers including histamine, cyto-
kines, pro-angiogenic factors and proteases [40]. 
Additionally, IL-5 recruits and activates eosino-
phils which play a pivotal role in nasal tissue 
remodelling [10, 41]. Tissue remodelling in CRS 
consists of fibrosis, collagen deposition, osteitis, 
angiogenesis and mucosal hypertrophy. 
Clinically, type 2 CRS more frequently impacts 
the ethmoid sinuses and is associated with head-
aches, nasal polyposis and anosmia, asthma, 
allergic rhinitis and or Aspirin Exacerbated 
Respiratory Disease (AERD) [10].

Non-type 2 CRS is characterized by neutro-
phil invasion and represents a mix of type 1 (Th1) 
and type 3 (Th17) inflammation [10]. Following 
irritant or pathogen exposure, epithelial cells and 
macrophages secrete IL-6, IL-8, tumour necrosis 
factor alpha [42] and interferon gamma [13, 43]. 
The presence of IFN-γ in the context of dendritic 
cell [37] stimulation of naïve T cells promotes 
Th1 differentiation, which produces Il-2 and 
IFN-γ and propagates type 1 inflammation. 
Alternatively, IL-6 triggers the differentiation of 
Th17 cells, which produce IL-17 and promote 
neutrophilic responses [44]. Moreover, IL-6 and 

IL-8 recruit and activate neutrophils, which 
release inflammatory mediators and chronically 
mediate tissue remodelling [10]. Clinically, non- 
type 2 CRS favours the maxillary sinus and is 
attributed to pollution and bacterial exposure 
with purulent nasal discharge [10]. Of note, in the 
last 20 years, there has been a significant shift in 
some Asian countries towards greater prevalence 
of eosinophilic CRS, which further highlights the 
importance of type 2 CRS endotype [35].

10.2  Current Therapies

Treatment for CRS includes medical and surgi-
cal interventions: nasal saline irrigation, cortico-
steroids, antibiotics and endoscopic sinus 
surgery [45, 46]. While ineffective as a disease 
modifying therapy in isolation, nasal saline irri-
gation represents a cheap and accessible adju-
vant therapy for symptom management. Nasal 
irrigation has been shown to facilitate debris and 
irritant clearance, enhance intranasal medication 
delivery and improve mucociliary clearance 
[47–49]. Topical and oral corticosteroids repre-
sent hallmark first- line therapies for CRS [50]. 
Topical corticosteroid monotherapy may be suf-
ficient for mild cases; however, it may not pro-
vide long-term symptom control in more severe 
manifestations of the disease [50]. It is hypothe-
sized that topical steroids ineffectively penetrate 
the ostiomeatal complex, which is implicated in 
sinus ventilation and drainage, due to the mecha-
nism of application and inherent anatomic com-
plexity of the area [51]. Combined topical and 
oral treatment can reduce polyp size and improve 
disease symptomatology, including hyposmia 
and post-nasal drip [51–53]. Yet, a subset of 
patients fail to meaningfully respond to cortico-
steroid treatment and while steroids reduce 
polyp size, they do not effectively ablate nasal 
polyps. Tuncer et  al. treated patients with 
CRSwNP with dual corticosteroid therapy and 
discerned that 12% of patients were unrespon-
sive to treatment [52]. Moreover, polyp ablation 
was unachievable in 88% of patients [52]. While 
emerging evidence implicating bacteria and the 
microbiome as negative effectors of the mucosal 
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barrier in CRS, the use of antibiotic treatment 
remains controversial [54, 55]. Soler et al. con-
ducted a systematic review evaluating eight 
classes of antimicrobial treatments for CRS 
using the methodology of the Center for 
Evidence-Based Medicine [54]. The investiga-
tion identified short-term use (<3  week) oral 
antibiotics and long-term macrolide antibiotics 
as viable options for routine CRS treatment. 
Based on insufficient evidence and lack of clini-
cally meaningful effects, topical antibiotics, 
long-term (>3  weeks) oral/IV antibiotics and 
antifungals were recommended against [54]. 
Nonetheless, further understanding of microor-
ganism involvement in CRS is necessary to elu-
cidate the potential role of current or emerging 
antimicrobial therapies [46]. Surgery is the most 
invasive approach to disease modification and 
symptom treatment and is generally considered 
when CRS is refractory to medical therapy [2]. 
ESS is generally reserved for more severe pre-
sentations since preoperative symptom scores 
correspond with postoperative success and 
patients with the most serious preoperative 
symptom scores generally gain the most benefit 
from ESS [56–58]. Unfortunately, a significant 
proportion of patients have refractory polyposis 
following surgery. Bassiouni and Wormald 
reviewed 338 operations and found that 19.8% 
and 22.7% of patients had polyp recurrence post-
operatively 6 and 12 months, respectively [59]. 
Notably, asthma and AERD comorbidity were 
the most significant risk factors for polyp recur-
rence. At 40  months postoperatively, nearly 
60% of patients with CRSwNP and asthma had 
polyp recurrence and 90% of patients with the 
triad of CRSwNP, asthma and NSAID intoler-
ance (AERD) had polyp recurrence. A recent 
systematic review of 45 studies evaluating post-
operative outcomes for CRS, identified asthma 
(22.6%), AERD (28.7%) and allergic fungal 
rhinosinusitis (28.7%) as factors associated 
with polyp relapse in CRSwNP [60]. Moreover, 
the literature suggests allergic rhinitis may be 
as prevalent as 50–84% in patients with 
CRSwNP [61]. Type 2 inflammation and atopy 
appear to be a common theme amongst difficult 
to treat patients. Consequently, a significant 

effort has been made to explore the use of bio-
logics originally designed to treat other inflam-
matory diseases, particularly asthma, for CRS 
management.

10.3  Biologic Therapies

10.3.1  Anti-IgE Antibodies

One of the first biologics developed and approved 
for the treatment of atopic diseases is omali-
zumab, an anti-IgE humanized monoclonal anti-
body. IgE, which is produced by IgE 
class-switched B cells binds to mast cells and 
basophils via FcϵRI, which when cross-linked 
with antigen degranulate and release inflamma-
tory markers including histamine, cytokines, pro- 
angiogenic factors and proteases [40]. Currently, 
omalizumab is indicated in patients with moder-
ate to severe allergic asthma who are not well 
controlled with inhaled corticosteroids and 
inhaled long-acting β2 agonist bronchodilators 
[62]. There is compelling evidence that omali-
zumab may represent an effective treatment for 
eosinophilic CRSwNP.  An early randomized 
double-blinded clinical trial of 24 participants in 
Belgium found that subcutaneous (SC) omali-
zumab (max dose 375 mg) every 2 weeks signifi-
cantly reduced total nasal endoscopic polyp 
scores (TPS) as early as 8 weeks (p = 0.001); this 
polyp size difference was significantly different 
than in the placebo group (p  =  0.005) [63]. 
Moreover, the Lund-MacKay computed tomog-
raphy score, a radiologic measure of paranasal 
sinus inflammation, significantly improved in the 
study group compared to placebo after 16 weeks 
[63]. These positive findings have been validated 
by two recent phase 3 multicentre clinical trials, 
POLP1 and POLYP2 [64]. Collectively, 265 
patients were randomized 1:1 to receive 600 mg 
SC omalizumab every 2 or 4 weeks and intrana-
sal mometasone or intranasal mometasone alone 
for 24 weeks. The mean TPS treatment arm dif-
ferences between the omalizumab and placebo 
groups were − 1.14 (95% CI = −1.59 to −0.69; 
p < 0.0001) and −0.59 (95% CI = −1.05 to −0.12; 
p  =  0.0140) in POLYP1 and POLYP2 respect-
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fully [64]. Sino-Nasal Outcome Test 22 (SNOT- 
22) scores improved between the two cohorts as 
early as 4 weeks and were clinically different in 
both POLYP1 and POLYP2 trials at the 24-week 
endpoint for the treatment and placebo cohorts 
(−16.12 [95% CI = −21.86 to −10.38], p < 0.0001 
and −15.04 [95% CI  =  −21.26 to −8.82], 
p  <  0.0001 respectfully). The University of 
Pennsylvania Smell Identification Test (UPSIT) 
[65] scores improved from baseline to 24 weeks 
in the omalizumab groups and the improvement 
was significant compared to placebo. Similar 
findings were reported for loss of smell scores, 
postnasal drip scores and nasal congestion scores 
(NCS) [64]. Interestingly, patients with comorbid 
asthma and AERD experienced comparable 
improvements in TPS and TPS to those without 
either comorbidity, when treated with omali-
zumab. Patients with comorbid asthma in the 
treatment arm saw significant improvements in 
asthma quality of life questionnaire scores [66] 
compared to placebo [64]. Omalizumab appears 
to be well tolerated, with few adverse events 
reported, the most common being headache, 
nasopharyngitis and injection site reaction [63–
65]. Overall, these results demonstrate promising 
support for the use of omalizumab for CRSwNP 
with comorbid asthma. Currently, omalizumab 
has been approved in Canada for the treatment of 
severe CRSwNP refractory to inhaled nasal 
corticosteroids.

10.3.2  Anti-IL-5 Antibodies

Eosinophilia is a hallmark cellular infiltrate in the 
majority of CRSwNP cases and is believed to 
play a significant role in disease propagation and 
tissue-remodelling associated with polyp forma-
tion [10]. Specifically, IL-5 is considered the 
most important cytokine in the recruitment and 
activation of eosinophils, which makes it an ideal 
target for reducing eosinophilia [10, 41]. A num-
ber of humanized anti-IL-5 antibodies have been 
developed including: Reslizumab, Mepolizumab 
and Benralizumab. A randomized 2-centre study 
of Reslizumab in CRSwNP determined that a 
single 1 mg/kg or 3 mg/kg SC dose of Reslizumab 

was able to significantly reduce blood eosino-
philia for up to 8 weeks [67]. However, this effect 
was transient and there was rebound eosinophilia 
noted 24 weeks post-injection. Moreover, while 
there was evidence of improvement in TPS in the 
treated cohort, there was unconvincing clinical 
improvement with regards to other symptom 
improvements [67]. More promising results have 
been found with the use of mepolizumab. Gevaert 
et al. demonstrated that 2 IV injections of 750 mg 
of mepolizumab one month apart were able to 
reduce nasal burden in 20 patients with CRSwNP 
refractory to corticosteroids [68]. There was a 
treatment difference of −1.30 (standard deviation 
(SD) +/−1.51; p = 0.028) in TPS scores between 
the treatment and placebo cohorts at 8  weeks. 
Moreover, Mepolizumab use was associated with 
a significant reduction in blood eosinophils 
(p  <  0.01), serum eosinophil cation protein 
(p = 0.022) and serum IL-5Rα (p < 0.001) com-
pared to placebo [68]. While there were changes 
favouring treatment-related improvements in 
postnasal drip, loss of smell and nasal congestion 
in the treated group compared to placebo these 
findings were neither clinically nor statistically 
significant [68]. A subsequent randomized con-
trolled study of 105 patients with bilateral recur-
rent CRSwNP requiring surgery found that 
750  mg Mepolizumab every 4  weeks (6 doses 
total) significantly reduced the need for ESS and 
reduced nasal polyposis severity visual analogue 
scores (VAS) (treatment difference at week 25 
favouring mepolizumab −1.8, 95%CI −2.9 to 
−0.8; p = 0.001) [69]. While the SNOT-22 scores 
improved over the study period for both the inter-
vention and control groups, there was a signifi-
cant difference from baseline in the SNOT-22 
scores between the cohorts at 25 weeks favouring 
the mepolizumab group (−13.2, 95%CI −22.2 to 
−4.2, p = 0.005). Additionally, at the study end-
point of 25 weeks, the mepolizumab group dem-
onstrated significant improvements in loss of 
smell VAS (p  <  0.001), peak nasal inspiratory 
flow (p = 0.027) and rhinorrhea (p < 0.001) com-
pared to placebo [69]. Overall, anti-IL-5 biolog-
ics appear well tolerated with no serious adverse 
events reported from the aforementioned studies. 
The most common adverse events include upper 
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respiratory tract infections, pyrexia oropharyn-
geal pain and injection site reactions [67–69]. 
More recently, Benralizumab has been devel-
oped, which may have greater anti-eosinophilic 
effects by directing targeting IL-5Rα expressing 
cells independent of ligand as a humanized 
 anti- IL- 5Rα monoclonal antibody [70]. Further, 
the antibody is afucosylated, which enables it to 
induce cell-mediated cytotoxicity of eosinophils. 
Benralizumab has demonstrated therapeutic ben-
efits for severe asthmatics; however, no direct 
CRS clinical trials have been conducted [71]. 
There is evidence to suggest that patients with 
comorbid asthma and CRSwNP are more likely 
to respond to Benralizumab after Mepolizumab 
treatment compared to those with asthma alone 
[72]. A small study of 10 patients with eosino-
philic CRSwNP and severe asthma received 
30  mg SC Benralizumab every 4  weeks. After 
24 weeks, all clinical parameters improved com-
pared to baseline [73]. Specifically, the following 
markers of disease severity decreased including 
SNOT-22 scores (p  <  0.001), TPS (p  <  0.001), 
Lund-Mackay CT scores (p < 0.001) and blood 
eosinophilia (807.3  ±  271.1 cells/μL to 0 cells/
μL, p  <  0.0001) [73]. Likewise, Matsuno and 
Minamoto report that Benralizumab treatment 
exerted more rapid therapeutic action in patients 
with eosinophilic asthma and comorbid CRSwNP 
compared to those with asthma alone [66]. 
Rigorous clinical trials evaluating Benralizumab 
in CRSwNP are warranted to elucidate whether 
this biologic is beneficial for CRS alone.

10.3.3  Anti-IL-4/Il-13 Antibodies

Type 2 inflammation in CRS is mediated by 
effector ILC2 and Th2 cells, with the latter pro-
moting B cell class switching and eosinophil 
recruitment. Specifically, IL-4 signalling encour-
ages differentiation of naïve T cells to Th2 cells 
and is necessary for IgE B-cell class switching. 
Dupilumab is a humanized monoclonal antibody 
that binds to the alpha subunit of the IL-4 recep-
tor alpha (IL-4Rα). It has been shown to be effec-
tive in the treatment of eosinophilic asthma and 
atopic dermatitis [74, 75]. Targeting IL-4Rα rep-

resents a promising target for the treatment of 
CRSwNP [76]. Moreover, the blockade of 
IL-4Rα targets two critical type 2 inflammatory 
cytokines as IL-4 and IL-13 both use this recep-
tor to elicit their effects [74]. IL-13 is implicated 
in further modulating type 2 inflammation and 
both cytokines are directly involved in the tissue 
remodelling seen in CRSwNP [76]. Currently, 
dupilumab has been studied in CRSwNP in a 
single Phase 2a study and two phase 3 clinical 
trials [77, 78]. Two pivotal multicentre, interna-
tional phase 3 trials, SINUS24 and SINUS52 
have elucidated the therapeutic benefit of dupil-
umab for CRSwNP [78]. In SINUS24, 276 par-
ticipants were randomized 1:1 to receive 300 mg 
SC dupilumab every 2 weeks plus nasal steroids 
or steroids alone for 24 weeks. In SINUS52, 448 
participants were randomized 1:1:1 to receive 
300 mg SC dupilumab every 2 weeks plus nasal 
steroids or 300 mg SC dupilumab every 2 weeks 
for 24 weeks followed by 28 weeks of 300 mg SC 
dupilumab every 4 weeks or placebo. Both stud-
ies demonstrated strong NPS improvement com-
pared to placebo at 24 weeks (the least squares 
mean change (LMSD) −2·06 [95%CI, −2·43 to 
−1·69], P < 0·0001) and (LSMD −1·80 [95%CI 
−2·10 to −1·51], P < 0·0001) for SINUS24 and 
SINUS52 respectfully. At 52 weeks, the collec-
tive dupilumab groups continued to demonstrate 
improved NPS compared to placebo (LSMD 
−2·40 [95%CI, −2·77 to −2·02], P  <  0·0001) 
[78]. Similarly, SNOT-22 scores were signifi-
cantly improved compared to placebo at both 
24 weeks for SINUS24 (LSMD −21·12 [95%CI 
−25·17 to −17·06] p  <  0·0001) and SINUS52 
(−17·36 [95%CI −20·87 to −13·85], p < 0·0001) 
respectfully. Moreover, both studies demon-
strated that at 24  weeks and 52  weeks UPSIT 
scores, Lund-MacKay CT scores and total symp-
tom scores were significantly improved in the 
dupilumab cohorts compared to placebo [78]. 
Interestingly, biomarkers of inflammation includ-
ing total serum IgE, eotaxin-3, eosinophil cat-
ionic protein and nasal IL-5 levels decreased at 
week 24 in SINUS24 and SINUS52 in the dupil-
umab groups. However, the improvements in 
eosinophilia appeared transient as discontinua-
tion of dupilumab were associated with the return 
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of baseline blood eosinophils. Subgroup analyses 
of persons with comorbid CRSwNP and asthma 
found that dupilumab treatment improved asthma 
symptoms and lung function. Moreover, improve-
ments in lung function and asthma control were 
independent of whether participants had high or 
low blood eosinophils. Additionally, the data 
showcased that the effects of dupilumab of CRS 
symptom control were comparable for those with 
comorbid AERD and or asthma [78]. With 
regards to adverse events, dupilumab appears to 
be well tolerated with the most frequent issues 
including nasopharyngitis, epistaxis, headache 
and injection-site reactions being more common 
in the placebo arms; however, vigilance with new 
medications is always warranted [77, 78]. Given 
the high level of evidence, dupilumab represents 
a viable option for steroid-resistant CRSwNP and 
has been recently approved for CRSwNP care in 
Canada.

10.3.4  Future Therapeutic Targets

Relatively recent developments in atopic research 
have implicated the alarmins, IL-25, IL-33 and 
TSLP as key regulators of type 2 inflammation. 
These mediators are expressed by epithelial and 
innate lymphoid cells and favour activation and 
recruitment of ILC2s, eosinophils and Th2 cells 
[79]. Specifically, animal studies have demon-
strated that anti-Il-33 treatment reduces mucus 
thickness, subepithelial collagen deposition and 
neutrophil infiltration within the nares [42]. 
Currently, the ECLIPSE phase 2 clinical trial of 
subcutaneous Etokimab (anti-IL-33 mAb) is 
being conducted with 106 patients with CRSwNP 
[80]. Unfortunately, a press report by AnaptysBio, 
Inc. revealed that Etokimab treatment every 4 or 
8 weeks failed to achieve statistically significant 
improvements in NPS or SNOT-22 scores at the 
8-week midpoint [81]. They plan on reassessing 
their findings at the 16-week study endpoint. 
While implicated in type 2 inflammation, a 
murine study reported that anti-IL-33 treatment 
reduced neutrophilic infiltration but failed to 
reduce eosinophilic infiltration [42]. As the 
majority of CRSwNP presentations are eosino-

philic, this may explain the failed treatment effect 
observed with Etokimab. This biologic may have 
a niche role in the treatment of neutrophilic 
CRS.  TLSP levels are greater in the nares of 
patients with CRSwNP and have been shown to 
promote macrophage IL-5 production [37]. A 
phase 2b clinical trial investigating Tezepelumab 
(anti-TLSP mAb) in patients with severe asthma 
with or without nasal polyps found the treatment 
to be well tolerated. Five hundred and fifty 
patients were randomized 1:1:1:1 to receive SC 
Tezepelumab 70 mg every 4 weeks, 210 mg every 
4 weeks, 280 mg every 2 weeks or placebo. At 
the 52-week endpoint, the Tezepelumab-treated 
cohorts had significant reductions in annualized 
asthma exacerbation rates, reductions in blood 
eosinophils, FeNO, IL-5 and IL-13 levels irre-
spective of nasal polyp status compared to con-
trols [82]. Currently, a multicentred phase 3 trial 
evaluating the efficacy of Tezepelumab for 
CRSwNP is underway [83]. As a relatively novel 
therapeutic avenue, it is important to assess the 
relative effectiveness of the varying biologics. 
While many biologics are currently available, no 
study to date has systematically compared the 
relative effectiveness of one biologic against 
another. For example, a case report found that 
dupilumab clinically improved CRSwNP symp-
toms in a patient with severe asthma, AERD and 
CRSwNP, despite Benralizumab treatment fail-
ing to provide clinical improvements even though 
it reduced blood eosinophil levels [84]. 
Unfortunately, this represents low-level evidence 
and cannot be generalized to other patients.

10.3.5  Biologic Therapy Guidelines

The cost-effectiveness of biologics dictates the 
use of guidelines for their use in CRSwNP [85]. 
In 2014, the estimated annual cost of endoscopic 
sinus surgery is 3510.31CAD, in contrast, with 
current annual costs for CRS biologics varying 
from $31,000 to $40,000 [86, 87]. Scangas et al.
(year) used a Markov decision-tree economic 
model to estimate the long-term cost of endo-
scopic sinus surgery versus dupilumab as a func-
tion of quality-adjusted life years [88]. They 
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estimate dupilumab to be less effective and more 
costly than surgery even when considering revi-
sion surgeries [88]. It is likely that biologic costs 
will have to reduce significantly before they can 
be more broadly integrated into a publicly funded 
CRS treatment model [89]. While the short-term 
cost of biologic therapy is substantially greater 
than that of alternative treatments, it is difficult to 
truly estimate the long-term value of biologic 
use. Further studies are required to appreciate the 
long-term implications and impact of biologic 
management. At this time, biologics should only 
be considered for patients with CRSwNP with 
moderate to severe disease who have failed maxi-
mal medical and surgical therapy, with sufficient 
surgery having been previously undertaken. 
Comorbid type 2 diseases are not required to con-
sider biologic therapy in the setting of 
CRSwNP.  Physicians should evaluate patient 
responses regularly and annually with a determi-
nation made at 16 weeks after treatment onset to 
determine treatment continuation, using both 
objective and subjective measures of disease 
improvement [85].

10.4  Conclusion

CRS represents a prevalent chronic disease neg-
atively impacting a notable proportion of adults 
and it represents a significant burden from both 
quality of life and financial perspectives. Despite 
conventional therapy, difficult-to-treat patients 
with recurrent CRSwNP represents a population 
requiring further therapeutic intervention. 
Biologic therapies, which largely target the sig-
nalling mechanisms of type 2 inflammation, 
represent novel disease modulators which have 
been shown to be effective at improving objec-
tive and subjective disease clinical signs and 
symptoms and reduce inflammatory markers. 
There is evidence to suggest that targeting 
alarmins represents another avenue to regulate 
CRSwNP.  However, current evidence suggests 
that biologic therapy treatment effects are largely 
transient, and relapse occurs following termina-
tion of biologic treatment. Further evidence is 
needed to evaluate the long-term effects of bio-

logic therapy and the impact of various combined 
therapies. Specific endotyping of patients may 
prove to be beneficial to maximize the benefit 
seen from biologic therapies.
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11Nasal NO and Its Role 
in the Physiology of the Nose 
and Diagnosis

Peter W. Hellings and Glenis K. Scadding

Core Messages
• NO is a gas primarily produced within the 

paranasal sinus cavities, playing a role in air-
way homeostasis.

• Nasal NO levels may be normal, increased, or 
decreased in upper airway diseases.

• Nasal NO represents a screening test for pri-
mary ciliary dyskinesia.

11.1  Introduction

Since the last decade, growing attention has been 
paid to nitric oxide (NO) as a noninvasive marker 
of inflammation of the airways. Exhaled NO 
(eNO) measurement has become a routine diag-
nostic tool in monitoring lower airway inflamma-
tion since it had been shown to be a noninvasive 
parameter for monitoring lower airway inflam-
mation [1]. However, most of the NO is being 
produced in the sinonasal cavities, without clear 
insight into its precise role in upper airway 
homeostasis. Nasal NO (nNO) may be involved 
in the innate antibacterial effects of the airway 

mucosa, regulation of ciliary beat frequency, and/
or local regulation of blood flow. In addition, 
nNO is believed to contribute to lower airway 
homeostasis. The measurement of nNO is nowa-
days a good screening test for primary ciliary 
dyskinesia and, therefore, has diagnostic value.

11.2  Nitric Oxide (NO)

Nitric oxide (NO) is a colorless and odorless gas 
that is present in the air exhaled through the 
mouth or nose. NO is produced from arginine and 
oxygen by nitric oxide synthase (NOS) [2]. 
Constitutively expressed neuronal and endothe-
lial forms exist as well as an induced form, iNOS, 
which appears to be upregulated within the respi-
ratory tract in response to pro-inflammatory sig-
nals. NO came to prominence for its role in 
vasodilatation and subsequently as a neurotrans-
mitter and inflammatory mediator. The role of 
NO in the airways is complex [3], possibly 
including antibacterial effects, pro-inflammatory 
effects, and regulation of blood flow and ciliary 
beat frequency. Exhaled NO (eNO) levels are 
raised in eosinophilic asthma, and measurement 
of this has become a standardized, but not yet 
widespread, tool in the diagnosis and manage-
ment of asthma. It can potentially provide a rapid, 
low-cost, objective measure of lower airway 
inflammation.
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Far greater levels of NO are produced in the 
upper than in the lower respiratory tract, with 
major contributions from the sinuses and to a 
lesser extent from the nasal mucosa.

11.3  Nasal NO

Measurement of nNO represents a useful tool for 
research purposes as well as for screening for 
PCD [4]. Nasal nitric oxide may be normal, 
raised, or lowered in disease states. However, its 
measurement may be a useful tool in the diagno-
sis and management of patients with chronic rhi-
nosinusitis, nasal polyps, and CF, as well as in the 
diagnosis of PCD [4]. Levels of nNO may follow 
the clinical changes after medical as well as sur-
gical treatment in patients with CRS with/with-
out nasal polyps [4].

Measuring both bronchial and nasal nitric 
oxide may assist the combined management of 
upper and lower airways, but is not routinely per-
formed in clinical practice so far.

High levels of NO are produced constitutively 
in normal individuals within the paranasal sinuses 
by calcium-independent nitric oxide synthase, 
with levels measured at 20–25 ppb. Additionally, 
nitric oxide is also formed in the nasal mucosa by 
inducible NOS (iNOS) in response to inflamma-
tion. NO and its metabolites are toxic to microor-
ganisms and likely form part of the innate defense 
mechanism of the respiratory tract. NO may also 
stimulate cilia beat frequency within the epithe-
lium and regulate nasal vascular tone.

11.4  Technique 
for Measuring nNO

As for exhaled NO (eNO), nNO can also be mea-
sured by chemiluminescence, using noninvasive 
techniques, providing immediate results. A num-
ber of different techniques have been used to 
ensure sampling from the upper airways only 
including breath holding and breathing against 
resistance.

In contrast to measuring eNO, high baseline 
levels in nNO make background environmental 

NO levels less of a problem. Conversely, there is a 
high degree of interindividual variability among 
healthy controls. Moreover, there is also a signifi-
cant degree of intraindividual variation over time, 
meaning that changes of 20–25% or less may be 
accounted for by normal variation rather than a 
change in disease status or response to medication 
[5]. Additionally, the lack of universal standardiza-
tion of testing procedures means that levels 
recorded by different study groups vary consider-
ably even among equivalent patient populations. 
The factors affecting eNO levels such as recent 
exercise or time of day may similarly affect nNO 
measurements. Local factors such as nasal volume 
and patency may also be important.

11.5  Value of nNO Measurement 
in Clinical Practice

Despite the above limitations, nNO has a number 
of potentially useful clinical applications. With 
regard to diagnosis, nNO is useful as a screening 
tool for patients with possible PCD; levels less 
than 100 ppb, particularly if these persist follow-
ing decongestion, should stimulate investigation 
of mucociliary structure and function. The test is 
objective and may be easier to perform than a 
saccharine clearance test in younger children. 
Similarly, nNO may provide a useful tool in the 
diagnosis of CF in the context of upper respira-
tory tract symptoms; levels significantly lower 
than in controls have been reported in some stud-
ies, but not others. nNO has a potential role in the 
diagnosis and assessment of CRS, especially 
when associated with NP.  Interestingly, despite 
the increased expression of iNOS in polyp epi-
thelium, low nNO levels have been found in two 
large studies. Moreover, nNO inversely corre-
lated with endoscopic NP size, CT scores, and 
clinical severity of the disease. Conversely, in a 
study involving chronic rhinosinusitis patients 
with and without polyps, no correlation between 
nNO and CT scores was found, although patients 
were again found to have lower baseline nNO 
than controls.

Low nNO levels in chronic rhinosinusitis are 
thought to reflect obstruction at the sinus ostium 
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and impairment of gas transfer out from the 
sinuses. This is supported by the finding of raised 
nNO following medical and surgical treatment of 
rhinosinusitis with or without polyps [5].

A number of recent studies have focused on 
the possible use of humming to improve the sen-
sitivity of nNO measurements. Weitzberg and 
Lundberg found that humming induced a large 
increase in nNO [6] and that these increases 
were not detected in patients with nasal polyps 
and sinus ostium obstruction. Furthermore, they 
suggested that the absence of a normal response 
to humming during nNO measurement could be 
used to identify allergic rhinitis with sinus 
ostium obstruction. Whether this adds signifi-
cant value to standard testing has yet to be fully 
appreciated.

11.6  Diagnosis of Primary Ciliary 
Dyskinesia (PCD)

In children with rhinosinusitis presenting with 
longstanding and persistent anterior rhinorrhea, 
one may be interested in the evaluation of the 
function of the mucociliary clearance system for 
the exclusion of PCD. Normal mucociliary trans-
port is essential for the maintenance of healthy 
sinuses. In case of infection with secondary cili-
ary dysfunction and/or congenital dysfunction of 
the cilia like in PCD, the mucociliary transport is 
inadequate or has not taken place. In PCD, lack 
of mucociliary transport may lead to chronic rhi-
nosinusitis and bronchiectasis. In chronic inflam-
mation, mucostasis, hypoxia, microbial products, 
and toxic inflammatory mediators may induce 
secondary ciliary changes like in secondary cili-
ary dyskinesia (SCD), with inadequate mucocili-
ary transport. The mucociliary transport (MCT) 
mechanism ensures the clearance of entrapped 
particles in the mucus lining the nasal mucosa 
toward the hypopharynx. Several nonabsorbable 
substances have been used for the evaluation of 
MCT in patients, like saccharin or dyes like 
methylene blue. As the MCT can only be mea-
sured in cooperative patients with patent nasal 

cavities and in the absence of severe mucosal dis-
ease, this test has limited diagnostic value due to 
its low sensitivity and specificity.

No ideal test is available for the diagnosis of 
PCD.  In case of suspicion of PCD in a patient 
with rhinosinusitis since birth, familial history of 
PCD, and associated features of Kartagener syn-
drome, i.e., situs inversus and infertility, one 
should consider diagnostic tests of ciliary func-
tion by evaluation of CBF, electron microscopic 
evaluation of the dynein arms of the cilia, and/or 
evaluation of the cilia after ciliogenesis in vitro. 
As these techniques are not available in routine 
ENT practice, one may rely on measuring nasal 
NO levels as low NO levels have been associated 
with PCD and therefore represent a good screen-
ing tool for PCD.

11.7  Concluding Remarks

Nasal NO measurement represents a useful diag-
nostic tool in PCD.  However, variable baseline 
levels of nNO and interindividual variability 
make nNO measurement of little value in the 
diagnosis and management of uncomplicated 
rhinitis.
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12Physiology and Pathophysiology 
of Sneezing and Itching: 
Mechanisms of the Symptoms

Murat Songu and T. Metin Onerci

Core Messages
• Despite its being such a commonplace phe-

nomenon suffered the world over, little is 
known about the sneeze reflex action, which 
sometimes becomes a sign associated with a 
series of different medical conditions.

• The sneezing reflex may be divided into two 
phases. The first is a nasal or sensitive phase, 
following stimulation of the nasal mucosa by 
chemical or physical irritants. The efferent or 
respiratory phase consists of eye closing, deep 
inspiration, and then a forced expiration with 
the initial closing of the glottis and increasing 
intrapulmonary pressure. The sudden dilata-
tion of the glottis gives rise to an explosive 
exit of air through the mouth and nose, wash-
ing out mucosal debris and irritants.

• Clinical studies using positron emission 
tomography indicate that there is no isolated 
itching center in the brain but that there are 
different cortical centers which are involved in 
the processing of the itch.

• The factors that play role in the etiology of 
sneeze reflex are rhinitis, photic sneeze reflex, 
physical stimulants of the trigeminal nerve, 

central nervous system pathologies, psycho-
genic sneezing, snatiation reflex, and sexual 
ideation.

Sneeze is a coordinated protective respiratory 
reflex which occurs due to stimulation of the upper 
respiratory tract, particularly the nasal cavity [1]. 
Apparently, activation of the central and peripheral 
nervous system plays a major role in the patho-
physiology of this process. Sensory nerves of the 
afferent trigeminal system including myelinated 
Aδ-fibers and thin, nonmyelinated C-fibers of the 
nasal mucosa transmit signals generating sensa-
tions, including itching and motor reflexes, such as 
sneezing. These nerves can be stimulated for vari-
ous reasons. Sneeze reflex frequently accompanies 
rhinitis of allergic or nonallergic origin. A sneeze 
can also arise due to bright light or sun (ACHOO 
syndrome), physical stimulants of the trigeminal 
nerve, psychogenic or central nervous system 
pathologies, and even due to a full stomach (sna-
tiation reflex) or sexual ideation. In this chapter, 
we aimed to review the physiology, pathophysiol-
ogy, etiology, diagnosis, treatment, and complica-
tions of sneezing and itching.

12.1  Historical Perspective

Sneezing has always been a remarkable sign and 
a noteworthy occurrence throughout the history. 
In Asia and Europe, the sneezing superstition 
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extends through a wide range of race, age, and 
country. Homer tells in his epic literary work, 
Odysseia, that Penelope rejoiced greatly when 
her son Telemachus sneezed when she expressed 
a wish. In another part, in Odysseia, the Athenian 
General Xenophon gave a dramatic speech 
exhorting his fellow soldiers to follow him to 
 liberty or to death against the Persians. He spoke 
for an hour motivating his army and assuring 
them a safe return to Athens until a soldier under-
scored his conclusion with a sneeze. Thinking 
that this sneeze was a heavenly favorable sign 
from the gods, the whole army sprang to an 
attack. Xenophon’s death after the destruction of 
his army by the Persians can be considered the 
first complication of sneezing in history. 
Hippocrates has mentioned that sneezing is dan-
gerous only prior to or following a pulmonary 
disease. Otherwise, it is beneficial, even in 
patients with fatal illnesses. Celsus of Rome has 
suggested that sneezing is evidence of convales-
cence from illness. Aristotle has proposed that 
sneezing is a holy sign since it arises from lungs 
which are the principle and most divine parts of 
the body [2–4]. The Greeks and the Romans took 
sneezing as a sign of wellness and expressed their 
good wishes to the person who sneezed using the 
phrase “live long” or “May Jupiter bless you.” In 
pagan culture, a person who sneezed was believed 
to get rid of the devil in his body and was con-
gratulated passionately in every medium. It was 
also believed that sneezing made a person’s body 
open to invasion by Satan and evil spirits or even 
caused part of one’s soul being “thrown out of the 
body.” The remnant of this pagan tradition still 
exists today in the expression “live a long life” or 
“God bless you.” After the pandemics of the 
plague in Europe, the view of sneezing changed 
and it began to be assumed as a sign of a great 
danger. In the fourteenth century, during the great 
pandemic of plague, the so-called black death, 
Pope Gregory VII declared the sentence “May 
God bless you” as a short prayer to be said fol-
lowing every sneeze to protect against the plague 
[5]. However, the plague eliminated one third of 
the European population since the Pope, or the 
powers that be, failed to think of taking measures 
in order to protect the public against the disease- 

causing rats or the fleas, which were the real vec-
tors. This short prayer used in the past by the 
Christian population as a protection against dis-
ease is now a common everyday expression 
which has been passed on to the modern Christian 
society as an inheritance [6].

In the Talmud, which consists of religious 
texts including the Jewish law and history, it is 
considered to be a favorable omen if someone 
sneezes while praying. It is a sign that just as God 
looks favorably toward him on earth so too will 
he look favorably toward him in heaven. 
According to a common belief that still exists in 
the Republic of China and Japan, if a person 
sneezes without a reason, this means that some-
body else is talking about him. It is believed that 
good things are told about him if he sneezes once 
and bad things if twice. In Naples, the person 
who sneezes thinks that he is remembered by 
another person. In the Indian folkloric culture, 
sneezing before starting work is believed to bring 
bad luck; therefore, the work is started after a 
glass of water is drunk to avoid bad luck [6].

12.2  Physiology 
and Pathophysiology

The largest part of the nasal cavity and the para-
nasal sinuses are covered by a multilayered cili-
ated epithelium in the respiratory region. 
Olfactory cells, sustentacular cells, and submu-
cosal adenoids are located on the roof of the 
nose including areas of the medial and upper 
nasal concha and upper septum in the olfactory 
region [7]. The nasal mucosa is covered by a 
bilayered secretion film which is produced by 
submucosal adenoidal and goblet cells. This 
secretion film includes a low viscous sol film in 
which cilia move and an apical, highly viscous 
gel film. This specific assembly serves the phys-
iological cleaning of respiratory air through the 
mucociliary apparatus. Cholinergic input causes 
an increased secretion of the submucosal cells. 
However, goblet cell stimulation has also been 
shown by substance P (SP) releasing sensory 
nerves in a rat model [8]. The cavernous tissue 
of the nasal concha consists of venous sinusoids 
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and regulates the respiratory resistance. Filling 
of these sinusoids is regulated by sympathetic 
stimulation as adrenergic fibers are distributed 
around arteries, arterioles, and veins of the 
human nasal mucosa [7].

The sneezing reflex may be divided into two 
phases. The first is a nasal or sensitive phase, fol-
lowing stimulation of the nasal mucosa by chem-
ical or physical irritants. Many distal branches of 
trigeminal nerve terminate in the facial skin 
transmitting tactile, pain, and temperature sensa-
tions, while some branches distribute in the nasal 
mucosal epithelium [9]. These branches are 
myelinated sensory fibers of small diameter 
which terminate with receptor endings. Some of 
these receptors are triggered by chemical stimuli, 
while others are sensitive to tactile and mechani-
cal stimuli [9]. Afferent neural stimuli are trans-
mitted to the trigeminal ganglion via anterior 
ethmoidal, posterior nasal, infraorbital, and oph-
thalmic branches of trigeminal nerve [10]. The 
trigeminal nerve is important for the nociceptive 
sensory supply of the nasal mucosa in addition to 
the face, oral mucosa, cornea, and conjunctiva. 
Itching and sneezing are generated by the activa-
tion of trigeminal afferent nerve terminals in the 
nasal mucosa [11]. These nociceptive nerve fibers 
consist mainly of two types of fibers: the thin 
Aδ-fibers that mediate acute perceptions with a 
quick adaption and activation only during the 
actual irritation and the nonmyelinated C-fibers 
which adapt slowly and communicate dull burn-
ing, difficult to locate perceptions, which outlast 
acute pain [12]. In allergic rhinitis, immunologi-
cally triggered inflammation results in the recruit-
ment and activation of both types of fibers that 
result clinically in itching and sneezing [13].

Clinical studies using positron emission 
tomography indicate that there is no isolated itch-
ing center in the brain but that there are different 
cortical centers which are involved in the pro-
cessing of the itch [14, 15]. Activation of the 
anterior gyrus cinguli, the supplementary motor 
cortex, and the inferior parietal lobe partly 
explains the connection between itching and the 
related reflex of scratching [16, 17]. Using func-
tional MRI, the activation of corresponding corti-

cal units following painful trigeminal stimulation 
has been shown [18]. In this regard, neuropep-
tides produced in the cell body of C-fiber neurons 
can also be transported in granule structures 
within the cytoplasm to nerve terminals in the 
central nervous system. This leads to “central 
sensitization,” a phenomenon associated with the 
activation of nociceptive C-fibers [19].

Upon reaching a threshold, the second 
phase—the efferent or respiratory phase—begins 
once a critical number of inspiratory and expira-
tory neurons have been recruited [20]. This con-
sists of eye closing, deep inspiration, and then a 
forced expiration with initial closing of the glottis 
and increasing intrapulmonary pressure. The 
sudden dilatation of the glottis gives rise to an 
explosive exit of air through the mouth and nose, 
washing out mucosal debris and irritants. A vari-
ety of injuries can occur during a sneeze, espe-
cially when a closed-airway sneeze is attempted, 
and high Valsalva pressure is transmitted to the 
other systems [21]. Setzen and Platt reported 52 
unique sneeze-related injuries in the literature 
that were categorized into six areas of injury: 
intrathoracic, laryngeal/pharyngeal, ocular/
orbital, intracranial/neurological, otologic, and 
other.

The number of particles expelled during a 
forceful sneeze, of which the sizes range from 
0.5–5 μm, is estimated to be 40,000. The esti-
mations concerning the speed of a sneeze range 
between 150 and 1045 km/h (nearly 85% of the 
sound velocity) [9]. In present days, scenario of 
pandemic of Covid-19 the protective reflexes 
namely “Sneeze and Cough” have received 
great importance but not in terms of protection 
but in terms of spread of infection [22]. As the 
flow of air during expiration is turbulent, it 
causes damage to the Epithelial Lining Fluid 
present in the respiratory conduit and also gets 
admixed with the saliva in the oropharynx and 
oral cavity and mucus in the nose to form drop-
lets of various sizes. The spread of droplet cloud 
in sneezing may range to 6 m or more as com-
pared to cough hence the concept of 1–2 m of 
social distancing does not hold good if the 
patient is sneezing.
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12.3  Etiology

The factors that play role in the etiology of sneeze 
reflex are listed in Table 12.1.

12.3.1  Rhinitis

It is the inflammation of the nasal mucosa caus-
ing nasal stuffiness, rhinorrhea, nasal pruritus, 
and sneezing [23].

12.3.1.1  Allergic Rhinitis
Allergic rhinitis is the inflammation of the 
mucosa lining the nasal cavity in the form of IgE- 
dependent type I hypersensitivity reaction [23]. 
Allergic rhinitis is a common disorder, which 
represents a considerable burden both on indi-
vidual patients and on society [24, 25]. Itching 
and sneezing represent two of the main bother-
some symptoms, apart from nasal obstruction 
and rhinorrhea in allergic rhinitis [26]. In allergy- 
related nasal inflammation, it can be demon-
strated that especially the neurotransmitter SP is 
released by C-fibers [13, 27]. SP is significantly 
increased in the nasal lavage of patients with 
allergic rhinitis, in contrast to healthy subjects, 
which is interpreted as a sustained stimulation of 
the sensory system [28]. Exogenically adminis-
tered SP results in a dose-dependent occurrence 
of nasal symptoms in asymptomatic patients with 
allergic rhinitis and controls, without elevation of 
inflammatory mediators. In addition to SP, other 
neuropeptides, including calcitonin gene-related 
peptide (CGRP) and vasoactive intestinal poly-
peptide (VIP), are increased in nasal lavage fluids 
after nasal provocation in allergic rhinitis [29]. 
An important feature of allergic rhinitis is hyper- 
responsiveness influenced by products of the 

allergic reaction including eicosanoids; cytokines 
such as IL-6, Il-1β, and TNF-α; and, most impor-
tantly, neurotrophins including nerve growth fac-
tor (NGF) and brain-derived neurotrophic factor 
(BDNF). NGF targets nociceptor fibers, leading 
to upregulated activity, increased SP content, and 
dendrite sprouting [30]. The allergen-induced 
increased BDNF expression in the nasal mucosa 
significantly correlated with the maximal increase 
of total nasal symptom score in allergic rhinitis 
[31] (Fig. 12.1).

12.3.1.2  Infectious Rhinitis
In more than 50% of cases, rhinovirus is the 
responsible agent for common cold (nasopharyn-
gitis) which is the most common clinical form of 
viral infections. Inhalation, close contact with the 
infected person, contact with the objects contami-
nated with the virus such as door handles, school 
desks, household goods or phones, are all ways of 
contracting the virus. The most common prodro-
mal manifestations include high fever, nasal irrita-
tion, and sneezing. Nasal symptoms are also 
present in influenza (flu) caused by influenza 
virus; however, they are likely to be overshadowed 
by malaise, fatigue, myalgia, and high fever. 
Bacteria may infiltrate the tissue and cause infec-
tions during the course of viral rhinitis due to 
impairment of mucosal integrity and ciliary func-
tion. Clinical picture of rhinitis may occur during 
the course of specific bacterial diseases such as 
diphtheria, rhinoscleroma, lepra, tuberculosis, 
syphilis, and glanders. Opportunistic fungal infec-
tions which develop in AIDS, chemotherapy, pro-
longed intensive care unit stay, and disorders of 
neutrophil number and function such as neutrope-
nia and diabetes may cause rhinitis.

12.3.1.3  Nonallergic Noninfectious 
Rhinitis

Every sneezing paroxysm does not mean an aller-
gic rhinitis or common cold. There are also many 
rhinitis clinical pictures of unknown etiology that 
may cause sneezing and are classified as “nonal-
lergic noninfectious rhinitis.” The commonly 
observed clinical pictures in this group are 
NARES and vasomotor rhinitis and are usually 
confused with allergic rhinitis.

Table 12.1 Etiology of the sneeze reflex

(a) Rhinitis
(b) Photic sneeze reflex (ACHOO syndrome)
(c) Physical stimulations of the trigeminal nerve
(d) Central nervous system pathologies
(e) Psychogenic (intractable) sneezing
(f) Snatiation* reflex
(g) Sexual ideation or orgasm
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Axonal reflex
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Itching and sneezing
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Activation of
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Fig. 12.1 Schematic 
presentation of the 
processes involved in 
“neurogenic 
inflammation” leading to 
itching and sneezing. 
Activation of afferent 
trigeminal C-fibers by 
several stimuli including 
allergen contact may 
result in an efferent 
liberation of substance P 
(SP) and calcitonin 
gene-related peptide 
(CGRP) via axonal 
reflex. This further leads 
to vasodilatation, edema, 
and recruitment/
migration of 
inflammatory cells

NARES (Nonallergic Rhinitis 
with Eosinophilia Syndrome)
It is a nasal hyperreactivity syndrome, manifested 
by sneezing paroxysms and watery discharge 
 followed by nasal stuffiness and hyposmia in 
which the increased eosinophil count exceeds 
20% of total leukocyte number in the absence of 
an IgE- dependent allergy [32]. The suspected eti-
ology is the infiltration of circulating eosinophils 
into the site of inflammation because of the 
increased level of substance P as a result of alter-
ations within the nasal mucosa due to irritation, 
senility, or other factors.

Idiopathic (Vasomotor/Nonallergic 
and Non-eosinophilic) Rhinitis
It is a short-course hyperreactive nasal mucosal 
disease of sudden onset manifested by nasal 
stuffiness, watery nasal discharge or postnasal 
drip, and sneezing. Eosinophilia is not found in 
nasal secretions and allergy tests are negative. 
The most important clinical feature that differen-
tiates vasomotor rhinitis from NARES is the sud-
den onset of the symptoms which relieve 
immediately following the disappearance of trig-
gering factors. Environmental factors including 
cold and dry air, high amount of moisture, dyes, 
chlorine water, perfume, tangs, cigarette smoke, 
exhaust gas, and other inhaled irritants may initi-
ate the symptoms of vasomotor rhinitis. A typical 

example is a sudden onset of nasal stuffiness and 
short-lasting though forceful sneezing paroxysm 
in the morning time after being exposed to cold 
and dry air. Individual factors such as fatigue, 
stress, and sexual activity may develop the clini-
cal picture as well [33].

12.3.1.4  Others Causes of Rhinitis
Many other clinical pictures classified as nonaller-
gic and noninfectious rhinitis are also common 
causes of sneezing. Occupational rhinitis is the 
most commonly observed one among these clini-
cal pictures and is triggered by dense cigarette 
smoke, cold air, air fresheners, formaldehyde, and 
other chemical irritants in the workplace [32, 34]. 
Hormonal rhinitis may occur in cases of physio-
logically increased levels of estrogen such as 
puberty, menstrual cycle, and pregnancy or in case 
of receiving exogenous estrogen while on oral 
contraceptives [32, 35]. Inhibiting acetylcholines-
terase activity, estrogen leads to edema formation 
in the nasal mucosa while progesterone causes 
congestion through vasodilatation in capacitance 
vessels and sneezing occurs [36]. As a result of 
sympathetic hypoactivity in hypothyroidism, para-
sympathetic activity relatively increases leading to 
vasodilatation in the nasal mucosa and an increase 
in secretions. Drug- induced rhinitis may be mani-
fested in two clinical patterns. In medicamentous 
rhinitis, many drugs affect nasal mucosa through 
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different mechanisms of action and cause sneez-
ing. It is usually observed in treatments with anti-
hypertensive drugs (reserpine, guanethidine, 
 phentolamine, methyldopa, hydralazine, and pra-
zosin), beta-blockers (propranolol, nadolol), aspi-
rin, and other NSAIDs [37]. Rebound rhinitis, on 
the other hand, develops as a result of prolonged 
usage of vasoconstrictor drops or sprays [32, 33, 
35]. In geriatric rhinitis, atrophy in submucosal 
glands due to senility and severe irritation in sensi-
tive nerve endings result in nasal stuffiness and 
sticky and thick mucus which may cause sneezing. 
Atrophic rhinitis is a rare pathological condition in 
etiology of which bacterial infections, deficiency 
of vitamin A or D, and iron or estrogen deficien-
cies are suspected. In contrast to clinical condi-
tions concerned, many different factors may 
develop irritant-induced rhinitis and cause sneez-
ing [33]. Some of these include dust, smoke, per-
fume, powder, sharp odor, ammonia, inhalation of 
corrosive gases or chemicals, mechanical obstruc-
tion of the nasal cavity, chymic irritation due to 
cauterization or silver nitrate application, capsa-
icin, application of airflow into superior nasal 
meatus by a catheter, and repetitive nasal electri-
cal stimulation [38–40]. Capsaicin, the active 
ingredient obtained from hot chili peppers, stim-
ulates the nasal small unmyelinated C-fiber affer-
ent nerves to release various tachykinins. These 
nerves, with their somata in the trigeminal gan-
glion, transmit the information to the central ner-
vous system through the trigeminal dorsal horn in 
the medulla and lead to sneezing and a sense of 
pain [41]. Although various peptides and tachyki-
nins may be involved, it appears that the capsa-
icin-induced release of substance P is the most 
potent trigger of the sneezing response [38, 40]. 
Capsaicin also precipitates sneezing through a 
local axon reflex [42].

12.3.2  Photic Sneeze Reflex

It seems that some people really do sneeze when 
they look at the sun or actually at any bright light 
(there is nothing special about the sun). Photic 
sneeze reflex is also called ACHOO (autosomal 
dominant compelling helio-ophthalmic outburst) 

syndrome [43]. This reflex was first described in 
the medical literature by Sedan in 1954 [44]. It 
was shown to have an autosomal dominant inher-
itance pattern and is assumed to affect 17–35% of 
the world population [45]. Photic sneeze reflex 
has been reported to be present in 23% of medi-
cal students [46]. According to a Swedish study, 
24% of blood donors experienced sneezing on 
visual exposure to strong light [47].

We do not know exactly why this happens, but 
it might reflect a “crossing” of pathways in the 
brain, between pupillary light reflex arc and 
sneezing reflex arc. The reflex can be triggered 
only after the first exposure to light, never on 
repetitive stimulation, and many reports cite a 
refractory period before the reflex can be elicited 
suggesting that a polysynaptic pathway is 
involved. The first theory concerning the path-
ways mentioned belongs to Eckhardt et al. who 
suggested that stimulation of the optic nerve trig-
gers the trigeminal nerve [48]. The afferent 
impulses of pupillary light reflex are transmitted 
via the optic nerve while the efferent impulses are 
transmitted via the oculomotor nerve. According 
to this theory, an indirect impulse is transmitted 
to the ophthalmic division of the trigeminal 
nerve. This impulse generates the nasal stimula-
tion that causes sneezing by affecting the maxil-
lary division of the trigeminal nerve as well. The 
second theory of crossing pathways belongs to 
Watson. Light falling on the retina stimulates 
afferent fibers to the pretectal nuclei, which then 
send interneurons to the Edinger-Westphal 
nuclei. The parasympathetic fibers from the 
Edinger-Westphal nuclei and the trigeminal affer-
ent fibers from the cornea both pass through the 
ciliary ganglion, where they may participate in 
transmission [49]. Parasympathetic generaliza-
tion may also contribute to photic sneeze. Stimuli 
which excite primarily one branch of the para-
sympathetic nervous system tend to activate other 
branches. Thus, the parasympathetic branches of 
the oculomotor nerve which are activated to gen-
erate pupillary constriction against the bright 
light cause secretion and congestion in the nasal 
mucosa by triggering the parasympathetic activa-
tion by the pterygopalatine ganglion. This pro-
cess triggers sneezing [50].
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What is the benefit of photic sneeze reflex? 
Photic sneezing reflex exists in animals for which 
the smell sensation is vital to survive and can be 
used to clean the nasal cavity. Animals such as 
cats and dogs sneeze largely through their nose, 
while the adults sneeze through their mouth. The 
reflex arc may also be useful to a limited extent in 
human beings when it is considered that the nasal 
respiration is dominant in the neonatal period. 
Babies have no other way to get rid of the annoy-
ing little tickle caused by normal mucus. Young 
children sometimes have more disgusting ways 
of dealing with that sensation, but babies just 
sneeze often with the help of photic sneeze reflex. 
In conclusion, photic sneeze reflex, which can 
lead the drivers to have accidents following a 
sudden exposure to sunlight at the end of a long 
tunnel, or can cause a plane crash by inactivating 
the masks of jet pilots, can be considered to be an 
annoying “holdover” of evolution [51, 52].

Hyden and Arlinger examined whether the 
tickling inside the nose prior to photic sneeze in 
cases is associated with a recordable local activ-
ity or not, and they stated that no reproducible 
electrical activity could be recorded [53].

Langer et al. designed a study to study the cor-
tical keystones of photic sneezing, and revealed 
that photic sneeze might be the result of superior 
sensitivity to visual stimuli in the visual cortex 
and of co-activation of somatosensory areas [54]. 
The ‘photic sneeze reflex’ is therefore not a clas-
sical reflex that occurs only at a brainstem or spi-
nal cord level but, in contrast to many theories, 
involves also specific cortical areas.

Sevillano et  al. assessed the ocular involve-
ment in the pathophysiology of ACHOO syn-
drome and stated that a dominant autosomal 
inheritance with mild penetrance was demon-
strated, with 67% of the studied subjects showing 
some degree of prominent corneal nerves [55].

Wand et al. performed a genome-wide asso-
ciation study on photic sneeze reflex in the 
Chinese population to uncover the underlying 
genetic markers in a Chinese population of 3417 
individuals, and reproducibly identified both a 
replicative rs10427255 on 2q22.3 and a novel 
locus of rs1032507 on 3p12.1 in various effect 
models [56].

There is no recognized management for pho-
tic sneeze reflex; however, Bobba et al. offered a 
practical approach to minimizing the PSR by uti-
lizing the Philtral Pressure Technique [57]. This 
involved firm digital pressure applied by the 
patient’s index finger transversely to the skin of 
the sub-philtral region, directed posterosuperi-
orly onto the maxilla.

12.3.3  Physical Stimulants 
of the Trigeminal Nerve

Physical or mechanical stimulants in the innerva-
tion zone of the trigeminal nerve may trigger 
sneezing reflex. Some of these stimulants include 
pulling hair, tearing off eyebrows, or orbital 
injections administered frequently during ocular 
surgery under local anesthesia [58, 59].

12.3.4  Central Nervous System 
Pathologies

The lateral medullary syndrome (LMS), or 
Wallenberg’s syndrome, often results from occlu-
sion or dissection of the vertebral artery. Vertebral 
artery dissection has been blamed on many dif-
ferent life events, such as sneezing [60]. 
Paroxysmal sneezing at the onset of LMS is usu-
ally interpreted as a cause, since a violent sneeze 
could potentially result in a vertebral artery dis-
section causing LMS.  Due to inactivation of 
sneezing center in LMS, sneezing cannot occur 
although the sensation of sneezing is present 
[61–63]. Localization of the human sneeze center 
was described in a patient with right LMS, ini-
tially presenting with violent sneezes and fol-
lowed by brief loss of the sneeze reflex with 
eventual recovery [64].

Sneezing may commonly accompany temporal 
lobe and grand mal epilepsy. It may be observed 
during the aura prior to an epileptic seizure or it 
may develop as an autonomic reflexive response 
during the seizure as well [65, 66]. Beverwyck 
commented upon the analogy of the epileptic sei-
zure with hiccups and sneezing and noted that the 
physiological and anatomical basis for such a 
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hypothesis remained to be unexplained [67]. In the 
mid-nineteenth century, Jackson used the term 
epilepsy “as the name for occasional, sudden, 
excessive, rapid and local discharges of grey mat-
ter” [68]. Jackson further commented upon the 
healthy and yet random discharge and concluded 
that “a sneeze is a sort of healthy epilepsy.”

12.3.5  Psychogenic (Intractable) 
Sneezing

Intractable sneezing, first described by Shilkrel in 
1949, is a rare pathological condition that has 
been detected in more than 50 cases in literature 
up to present [69–71]. Kanner referred to a 
13-year-old girl who had incessant sneezing for 
over 2 months and whose progress was followed 
by a daily newspaper communique [72]. A diag-
nosis of hysteria was made and subsequent psy-
chotherapy eliminated the sneezing. Yater 
referred to similar explosive repetitious episodes 
and considered them to be a sort of imitation of 
the true act of sneezing [73].

Psychogenic intractable sneezing occurs 
mainly in adolescent girls for which a cause may 
not be found. Organic lesions or causes should 
always be carefully excluded [71]. Patients are 
usually refractory to various medications and 
have an otherwise unremarkable extensive 
workup [74, 75]. Inspiratory phase is quite short 
and the amount of nasal mucosal secretion 
expelled very low. Eyes may remain open during 
sneezing. It usually develops due to psychogenic 
factors and is refractory to medical treatment 
[76]. Approximately 25% of the reported cases 
resolve without any form of treatment, except 
counseling of the patient and family [71]. 
Psychogenic sneezing responds well to psycho-
logical measures such as psychotherapy, biofeed-
back, relaxation exercises, supportive 
psychotherapy (i.e., explanation of nature of ill-
ness, suggestion to overcome symptoms), and 
behavior therapy (reward when there is symptom 
reduction, aversion therapy, hypnosis, and relax-
ation). The role of anxiolytic drugs lies in reduc-
ing underlying anxiety and making the patient 
more amenable to psychotherapy [77].

Medically unexplained physical symptoms 
usually carry diagnostic difficulties for the physi-
cians [71]. The most important factors that 
increase these diagnostic difficulties are the pos-
sibility of an underlying physical illness and the 
uncertainty encountered as to how far the investi-
gations for physical causes should go. It was 
determined that in some somatization patients, 
organic pathologies were revealed during follow-
 up. Paradoxically, it is known that repetitive and 
advanced investigations for any organic etiology 
in conversion disorder may increase the anxiety 
and doubts in the family and thus prolong the 
duration of the illness. In conclusion, one must 
not assume that every case of paroxysmal sneez-
ing is of psychogenic origin. Due to the nature of 
such a disorder, these patients should undergo 
medical evaluations before a psychogenic cause 
is even considered.

12.3.6  Snatiation* Reflex

An uncontrollable sneezing attack developing as 
a result of stretching of the stomach following an 
excessive nutrition is first described by Teebi 
et al. as a reflex with autosomal dominant inheri-
tance pattern [78]. The mechanism of develop-
ment is unknown. Snatiation* is a combination of 
the words “sneeze” and “satiation.” Snatiation 
also stands for “Sneezing Noncontrollably At a 
Tune of Indulgence of the Appetite-a Trait 
Inherited and Ordained to be Named” [79]. This 
abbreviation was supposed to facilitate the future 
cases to be evaluated in the same class. Recently, 
two patients have been reported, who state that 
several members of their family sneeze on a full 
stomach [80]. This report doubles the number of 
families with snatiation reflex in the medical 
literature.

12.3.7  Sexual Ideation or Orgasm

An association between sexual excitement and 
sneezing was first described in the nineteenth 
century [49, 81] followed by a young German 
otolaryngologist who developed a theory of 
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“nasal reflex neurosis” due to the finding of erec-
tile tissue in both nasal mucous membranes and 
genital areas [82, 83]. The first report of this phe-
nomenon in the literature describes a 69-year-old 
man who complains of severe sneezing immedi-
ately following orgasm, with no associated psy-
chiatric morbidity [84]. Stromberg in 1975 and 
Korpas in 1979 described male orgasm as a pre-
cipitant for the sneeze reflex [85, 86]. Bhutta 
described a middle-aged man with uncontrollable 
fits of sneezing with sexual thought. The patient 
had no other rhinological symptoms and psychi-
atric morbidity [87]. Bhutta et  al. performed a 
search of Internet “chat rooms” and found 17 
people of both sexes reporting sneezing immedi-
ately upon sexual ideation and three people after 
orgasm. Although Internet reports do not give an 
accurate incidence, their findings do suggest that 
it is much more common than recognized. One 
year later, Bhutta and Maxwell revealed their 
experience on internet-based media or by sponta-
neous contact with the authors that sneezing 
induced by sexual ideation reported in additional 
146 cases [80].

12.4  Diagnosis, Differential 
Diagnosis, and Management 
of Rhinitis

The evaluation of a patient with sneezing should 
be individualized according to the duration and 
severity of the symptom. Laboratory tests are not 
necessary in the majority of patients, since the 
diagnosis is usually obvious from the history and 
physical examination.

It should be remembered that the history of 
the patient is the most important and determining 
stage for the diagnosis [88]. The patient should 
be asked what his/her main complaint is; the 
duration and frequency of the symptoms like 
nasal discharge, stuffiness, and pruritus if pres-
ent; whether the nasal discharge or stuffiness is 
present on one side or both, perennial or sea-
sonal; whether he/she has allergic complaints, 
past trauma, past nasal surgery history, known 
diseases, and drugs used; and also how these 
symptoms effect the quality of life. In female 

patients it is also important to ask whether she is 
pregnant or on oral contraceptives [36]. One of 
the most common signs of allergic rhinitis in 
children is a horizontal creasing over the nasal 
tip. This physical examination sign develops as a 
result of habitual rubbing, which is also called 
allergic salute, after a duration of at least 2 years, 
a repeated action in order to relieve pruritus and 
improve respiration. This habit may turn into 
facial grimacing in adulthood for social reasons. 
Allergic shiner, on the other hand, is permanent 
pigmentation on the skin of lower eyelid which 
present as dark circles at the beginning stage. It 
develops due to subcutaneous hemosiderin 
through a capillary leak during periorbital venous 
stasis as a result of nasal mucosal congestion. 
Dennie–Morgan folds are short semilunar lines 
or folds found below the inferior eyelid. These 
lines develop due to venous blood retention cause 
by continuous spasm of Müller’s muscle under 
the inferior eyelid. Silky long eyelashes are 
another outstanding concomitant sign of allergy. 
Clinical examination including anterior rhinos-
copy and nasal endoscopy provides large infor-
mation about pathologies related to septum and 
lateral nasal wall. Allergy is prediagnosed with 
medical history and physical examination. If the 
patient has a medical history and complaints that 
are compatible with allergy, in  vivo (prick test, 
SET, scratch test) and/or in vitro (serum-specific 
IgE) allergy tests should be performed [89]. The 
skin prick test is the most common epidermal 
test. A positive allergen skin test that is compati-
ble with the medical history and findings of phys-
ical examination should be assumed to be 
significant [90]. RAST (radioallergosorbent test) 
and ELISA (enzyme-linked immunosorbent 
assay) tests measure the amount of allergen- 
specific IgE antibodies. Since there is no risk of 
systemic reactions during the application of these 
tests, they can safely be performed on pregnant 
women, on patients with a past history of sys-
temic reaction, during measuring the sensitivity 
to antigens with a high risk of systemic reaction, 
on patients with skin diseases, on people who use 
drugs that may affect the prick skin test results, 
and in medicolegal cases where objective data are 
needed and also on children. The changes that 
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develop due to gradually increasing doses of the 
allergen are followed by nasal provocation test. 
This test is performed when objective data are 
needed for occupational rhinitis, and it is rather 
used for scientific studies. Nasal cytology is not a 
diagnostic method performed for routine clinical 
practice and considered as an evaluation that 
does not provide a sufficient support alone [91]. 
The use of acoustic rhinometry and rhinomanom-
etry, which are the most common objective nasal 
airway tests, is confined because they have high 
costs and is time demanding in terms of applica-
tion and interpretation [92]. Mucociliary function 
may be evaluated for differential diagnosis in 
patients with rhinitis [93]. Radiological examina-
tion is not necessary in a patient prediagnosed 
with rhinitis as long as an additional pathology is 
not suspected.

The treatment of persistent or recurring sneez-
ing should be directed at the cause whenever pos-
sible. The best treatment in patients with allergic 
rhinitis is to avoid the allergen [94]. Medical 
treatment or when needed, even immunotherapy 
when needed, is used in patients who do not ben-
efit from avoidance or environmental control 
[95–98]. Some patients may benefit from adjunc-
tive surgical treatment. The management of com-
mon cold and influenza is symptomatic. 
Decongestants, antipyretics, bed rest, and 
increased fluid intake are recommended. 
Systemic antibiotics are preferred in patients who 
develop bacterial infections secondary to a viral 
infection while agent-specific antibiotic treat-
ment is applied in those who develop rhinitis sec-
ondary to specific bacteria. It is vital to diagnose 
the patient and initiate the treatment immediately, 
particularly in fulminant fungal infections. The 
initial stage in the treatment of the patients with 
NARES is avoiding the irritant environmental 
conditions. Medical treatment is considered in 
case the initial stage fails to succeed. The success 
of steroids in early phases decreases in long-term 
administrations due to decreased steroid recep-
tors on eosinophils. Oral and topical deconges-
tants may be used adjunctive to steroid therapy. 
Capsaicin, a substance isolated from chili pepper 
extract, has an initial stimulating effect on C 
receptors which turns into an inhibiting effect 

following repetitive applications. Antihistamines 
are of no use and treatment of vasomotor rhinitis 
is palliative. Oral and topical decongestants can 
be applied. Topical corticosteroids are not always 
beneficial. Ipratropium bromide, which prevents 
the secretions from serous and seromucous 
glands inhibiting the cholinergic system, may be 
effective. Antihistamines are of no use. In the 
treatment of gestational rhinitis, medication 
should definitely be avoided for the first 10 weeks, 
and the treatment should definitely be applied 
with obstetric advice in the following periods. 
Isotonic saline sprays may be useful for pregnant 
women due to their humidifying and mucosal 
cleaning effects. The first line medical treatment 
for allergic rhinitis in pregnant women is cromo-
lyn sodium, a mast cell stabilizer. Beclomethasone 
and triamcinolone are the topical steroids of 
choice for those who do not benefit from cromo-
lyn sodium. The safest antihistamine during 
pregnancy is chlorpheniramine and the safest oral 
decongestant is pseudoephedrine. In the manage-
ment of rebound rhinitis, the inducing drug 
should be discontinued and oral or parenteral 
corticosteroids should be administered in order to 
relieve the patient’s complaints, and the treat-
ment should be supported with topical nasal cor-
ticosteroids. Surgery may be necessary if 
irreversible changes have developed in the infe-
rior conchae. The purpose of the treatment in 
geriatric rhinitis should be to provide sufficient 
intracellular moisture. For this purpose, it is 
appropriate to humidify the nasal mucosa with 
solutions including a combination of isotonic 
solution and glycerine and to add guaifenesin to 
treatment which stimulates the submucosal 
glands. Isotonic solutions can be combined with 
glycerine for the initial management of atrophic 
rhinitis. Other solutions can be antibiotherapy, 
estrogen support, vitamins A and D administra-
tion, iron support, or corticosteroid administra-
tion. It has also been recommended to practice 
surgical closure of one or both nostrils for a 
period of 1 year, or surgical procedures to narrow 
the nasal cavity have been recommended. 
Avoiding irritant substances should be the initial 
approach for the management of occupational or 
irritant-induced rhinitis (Table 12.2).
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Table 12.2 Differential diagnosis of rhinitis in terms of history and laboratory tests

Feature Allergic rhinitis Infectious rhinitis NARES Vasomotor rhinitis
Onset of symptoms Seasonal/perennial Seasonal Perennial Perennial
Symptoms Sneezing Sneezing Sneezing Sneezing

Nasal stuffiness Nasal stuffiness Nasal stuffiness Nasal stuffiness
Nasal pruritus Nasal discharge Nasal discharge Nasal discharge
Nasal discharge Fever Postnasal drip
Postnasal drip Myalgia

Triggering allergen Yes No No No
Triggering irritant Yes No Yes Yes
Allergy tests Positive Negative Negative Negative
Nasal cytology Eosinophilia Neutrophilia Eosinophilia Rare eosinophilia

12.5  Complications of Sneeze 
Reflex

Since the symptoms of majority of upper respira-
tory tract infections include cough and sneezing, 
numerous particles disperse into the air during 
the course of these diseases. The most important 
complication of sneezing that affects public 
health is spread of droplet infections, tuberculo-
sis in particular. The incidence of tuberculosis, 
which was taken under control through the 
improvement of efficient treatments in the second 
half of the twentieth century, began to increase 
again due to certain factors including the outburst 
of HIV infection, the decrease in the importance 
given to disease control, and poverty [99, 100].

Gwaltmey et  al. have determined that the 
intranasal pressure increases up to 176  mmHg 
during sneezing with the mouth and the nostrils 
closed [101]. Complications pertaining to this 
high pressure have been reported in literature. 
These complications include acute aortic dissec-
tion, cerebral venous thrombosis, loss of hearing 
due to fracture footplate, abortus, orbital emphy-
sema, pneumocephalus, acute wide-angle glau-
coma, pneumatocele of the lacrimal sac, intimal 
tear of the arteriovenous fistula, retinal hemor-
rhage, and costal fracture reported in a patient 
with osteoporosis [102–109].

12.6  Conclusion

Sneezing is a phenomenon that is common to all 
humans and is widespread in the animal kingdom 
as well. It may play an important role in maintain-

ing health in ways that we do not currently under-
stand. Sneezing, which cannot consciously be 
controlled, is a protective reflex for the body during 
which facial, pectoral, and abdominal muscles 
function concordantly maintaining the respiration. 
It is rarely a sign of serious illness or impending 
disaster as feared by previous generations. On the 
other hand, it can be remarkably annoying. A thor-
ough knowledge of this reflex can be a valuable aid 
in the diagnosis of other concomitant diseases.
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13The Dry Nose

Rainer K. Weber, Tanja Hildenbrand, 
Detlef Brehmer, and Jochen A. Werner

Core Messages
• An unequivocal definition of the dry nose 

(DN) is not available. Symptoms range from 
the purely subjective sensation of a rather dry 
nose to visible crusting of the (inner) nose 
(nasal mucosa), and a wide range of combina-
tions are met with. Relevant diseases are 
termed rhinitis sicca anterior, primary and sec-
ondary rhinitis atrophicans, rhinitis atrophi-
cans with foetor (ozaena) and empty nose 
syndrome. The diagnosis is based mainly on 
the patient’s history, inspection of the nose, 
endoscopy of the nasal cavity, sinuses and 
nasopharynx, with CT, allergy testing and 

microbiological swabs being performed where 
indicated.

• Treatment consists of the elimination of pre-
disposing factors, moistening, removal of 
crusts, avoidance of injurious factors, care of 
the mucosa, treatment of infections and, where 
applicable, correction of overlarge air space.

13.1  Symptoms

One of the chief functions of the nose is to warm 
and moisten the inspired air, while another is to 
recover the water in the expired air [1].

The nature of the in- and outflow of the air 
within the nasal cavity is of decisive importance 
for this air-conditioning feature. In this context, 
optimal distribution of the inspired air over the 
nasal turbinates ensuring intimate contact of the 
air with the surface-moist mucosal membrane is 
essential.

The expression dry nose (DN) has not been 
unambiguously defined. In the main, it is based 
on relevant anamnestic patient information. ENT 
specialists often employ the term rhinitis sicca, 
although here, too, a clear definition is lacking. 
Symptoms range from the purely subjective sen-
sation of a somewhat dry nose to visible crusting 
of the nose, and a wide range of combinations are 
possible:
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• Sensation of dryness in the nose.
• Itching and mild burning sensation.
• Nasal obstruction.
• Crusting, scabs and ‘bogies’, possibly associ-

ated with an (unpleasant) smell.
• Epistaxis.
• Diminished sense of smell.

13.2  Aetiology

Possible causes of dry nose include a variety of 
diseases, external and internal factors and envi-
ronmental conditions:

• Local mechanical irritation.
• Climatic or environmental factors.

 – Dry room or environmental air (relative 
humidity <50%).

 – Heated room or hot environment.
 – Long-distance flights.

• Workplace conditions.
 – Dry air and clean-room condition [2].
 – Cold and heat.
 – Dusty conditions (e.g. grinding/polishing 

of plaster, granite, chalk, cement, wood 
arsenic, nickel carbonyl, tobacco smoke).

• Drugs (cocaine).

• Side effects of medications (see Table 13.1).
• Supportive nasal administration of oxygen 

[3].
• Symptoms of other diseases (granulomatous, 

infectious, rheumatic and immunological 
disorders).
 – Wegener’s granulomatosis, sarcoidosis, 

tuberculosis, syphilis and leprosy (Fig. 13.1).
• Wound healing phase after endonasal sinus 

surgery and surgery on the nose.
• Anatomical changes to the outer and inner 

nose, with modification of normal airflow.
• Allergic rhinitis, in particular, house dust 

mites and moulds.
• Permanent sequelae of surgery on the nose 

and paranasal sinuses.
• Sequelae of head and neck radiotherapy.
• Patients with obstructive sleep apnoea (OSA) 

or continuous positive airway pressure (CPAP) 
treatment in sleep apnoea patients [4]. 
Moistening led to a reduction in symptoms [5].

• Old age.

Dry nose may be the first symptom of an 
incipient cold with a runny nose; in such a case, 
however, it is of only limited duration.

Although an increased susceptibility to infec-
tions has frequently been postulated and is patho-

Table 13.1 Medications with the side effect of dry nose

Substance group Generic name Indications
Retinoids (1–10%) Isotretinoin Severe forms of acne

Tretinoin Promyelocyte leukaemia
Doxepin (tricyclic 
antidepressant)

Depressive conditions, anxiety syndrome, mild withdrawal symptoms 
in alcoholics and drug-dependent persons, agitation, sleep disorders

Methyldopa (1‰–1%) Hypertension (of pregnancy)
Sympathomimetics 
(local)

Dipivefrine (eye) Glaucoma
Naphazoline Diverse forms of rhinitis, only short-term use recommended
Oxymetazoline
Phenylephrine
Tetryzoline
Tramazoline
Xylometazoline

Antihistaminics, first 
generation

Clemastine Urticaria, allergic rhinitis
Dimenhydrinate Vertigo, nausea, vomiting
Dimethindene Itching, itching dermatoses, allergies
Diphenhydramine Difficulty getting to sleep, difficulty staying asleep
Promethazine Agitation in underlying psychiatric illnesses, possibly vomiting, 

nausea and sleep disorders
Terfenadine Allergic rhinoconjunctivitis, allergic skin disorders
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Fig. 13.1 Dry nose in a patient with Wegener’s disease

physiologically plausible, it has never been 
confirmed as the sole cause. The mechanical and 
functional integrity of the mucous membrane is 
considered a major natural defence mechanism 
against infection. Depending on the degree to 
which it dries out, mucociliary transport and even 
the epithelial barrier may be impaired.

Epidemiological data on the prevalence of dry 
nose are not available. However, in particular, 
when questioned, many people confess to be suf-
ferers and admit to the use of numerous therapeu-
tic measures, mostly ointments and sprays or 
nasal douches.

In old age, anatomical changes and involution 
atrophy of the mucosa result in an increase in 
such complaints as impairment of nasal breathing 
and dry nose, and the following phenomena may 
occur:

• Hanging nasal tip and shortening of the colu-
mella [6].

• Reduced mucociliary clearance [7–10].
• Reduction in the number of goblet cells and 

elastic fibres in the nasal mucosa [11].
• Reduced sensitivity of the nasal mucosa [12].
• Enlargement of the nasal cavity resulting from 

involution atrophy of the nasal mucosa [13, 14].
• Decrease in the body’s water content [15].

Altered airflow due to changes in geometry 
leads to changes in the conditioning situation [14, 

16], with the result that in over 60-year-olds, the 
air-conditioning capacity becomes impaired: 
both intranasal air temperature and humidity 
decrease [17].

A familial, i.e. genetic, impairment of nasal 
air-conditioning has been reported by 
 Sahin- Yilmaz et  al. [18], who investigated 47 
pairs of twins [11].

13.2.1  Clinical Entities

In common with the symptom itself, a number of 
individual diseases associated with the symptoms 
dry nose and crusting are not only unclearly 
defined but also overlap. In the literature, the fol-
lowing descriptions are to be found:

• Rhinitis sicca anterior (Fig. 13.2).
• Primary rhinitis atrophicans/primary atrophic 

rhinitis (= PAR)  – rhinitis atrophicans with 
foetor (ozaena) (Fig. 13.3).

• Secondary rhinitis atrophicans/secondary or 
diffuse atrophic rhinitis (= SAR).

13.2.1.1  Rhinitis Sicca Anterior
The term rhinitis sicca anterior defines a chronic 
inflammation in the region of the anterior part of 
the nose usually affecting the anterior and cau-
dal septum and/or the corresponding lateral 
nasal vestibule. Due to irritation (mechanical, 
finger picking; toxic; persistent secretion; respi-
ration; (air)flow characteristics; dry, hot and 
dusty environment), drying, superficial erosion 
and/or ulceration with (thin) crust formation 
occur.

Patients experience a sensation of dryness, 
itching and increased crust formation. The crusts 
are thin and dry and do not extend into the poste-
rior part of the nasal cavity, as is the case with 
atrophic rhinitis. Usually, there is no foetid 
smell—only an occasional patient experiences 
mild foetor caused by bacterial colonisation of 
the small crusts. Manipulations may give rise to a 
vicious circle of increased crusting and persistent 
complaints. In the individual case, continued irri-
tation and manipulation may result in perforation 
of the nasal septum.

13 The Dry Nose
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Fig. 13.2 Rhinitis sicca anterior with dry skin in the 
nasal vestibule and thin yellowish crusts

Fig. 13.3 Dry nose with persistent excessive crusting in 
a female patient with primary atrophic rhinitis

Treatment consists of the application of a pro-
tective film to the skin of the nasal vestibule, to 
allow the chronic inflammation disrupting its 
integrity to self-heal while avoiding mechanical 
irritation (Fig. 13.1). This is usually achieved by 
the application of ointments. Nasal sprays con-
taining dexpanthenol have also been used with 
success [19].

13.2.1.2  Primary Atrophic Rhinitis 
(PAR)

Primary atrophic rhinitis is a gradually progres-
sive chronic degenerative condition of the nasal 
mucosa of unknown aetiology. Progressive atro-
phy of all the constituents of the mucosa (epithe-

lium, glands and vessels together with osteoclasis) 
mainly affects the turbinates. The respiratory epi-
thelium undergoes stepwise metaplastic changes. 
Histologically, atrophy of the serous and mucous 
glands, loss of the cilia and goblet cells, chronic 
infiltration of the lamina propria with granula-
tions and scar formation are seen. Some publica-
tions also report diminished vascular density 
together with peri- and endarteritis. The histo-
logical changes explain the disturbance to muco-
ciliary transport. Thick secretion that is not 
transported away promotes the formation of bac-
terially contaminated crusts that may then be a 
source of recurrent bacterial Infection. If rhinitis 
atrophicans is complicated by foetid crust forma-
tion, rhinitis atrophicans with foetor (stinking 
nose, ozaena) results. Microbiological investiga-
tion usually detects Klebsiella ozaenae (100% of 
the 45 patients of Moore and Kern [20]) but also 
Staphylococcus aureus, Proteus mirabilis, E. coli 
and other bacteria (Bordetella bronchiseptica and 
Pasteurella multocida). Endoscopic examination 
reveals a markedly large and wide nasal cavity 
and visibly dry mucosa. The turbinates are clearly 
diminished in size. With ozaena, yellowish-green 
crusts are found on the mucosa. Apart from crust-
ing, the patient usually also suffers from hypo- or 
anosmia. Foetor may give rise to social 
problems.

The cause of PAR is unknown, but both 
genetic and infectious causes are under discus-
sion. The condition is more commonly seen in 
association with low socio-economic status, a 
poor diet and iron deficiency. A much less fre-
quent use of antibiotics in countries with a higher 
incidence of the condition may have a role to 
play. The fact that women are more frequently 
affected suggests a possible endocrinal factor. 
Over the past years and decades the prevalence of 
PAR has declined.

13.2.1.3  Secondary Atrophic Rhinitis 
(SAR)

Secondary atrophic rhinitis develops in the soil of 
an underlying disease or may result from previ-
ous therapeutic measures. Therefore, it is a col-
lective term for several conditions with a different 
aetiology but a similar clinical feature with the 
subjective feeling of a dry nose, crusting, gege-
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benenfalls nasal obstruction, foul smelling and 
epistaxis as outlined above. In contrast to PAR, 
there is no osteoclastic activity, so the term dif-
fuse atrophic rhinitis may be more suitable. 
Pathogenetic factors leading to SAR are as 
follows:

• Prior radical endonasal surgery. Persistent 
chronic rhinosinusitis in addition may increase 
the probability of the development of SAR 
[21].

• Prior radiotherapy of the head and neck.
• Sjögren’s syndrome.
• Extremely rarely: prior trauma.

In the largest collection of cases to date 197 
patients with sRA, the following causes were 
identified [20]:

• Complete removal of the lower and middle 
nasal turbinates (24%).

• Partial removal of the lower and/or middle 
nasal turbinates (56%).

• Endonasal sinus surgery without turbinec-
tomy (10%).

• Partial maxillectomy to remove a tumour 
(6%).

• Nasal trauma requiring surgical reconstruc-
tion (1%).

• Granulomatous disease (1%).

Empty nose syndrome (ENS) is defined as a 
form of iatrogenic SAR, occurring after radical 
endonasal surgery in particular resection of the 
nasal turbinates (lower and/or middle), usually in 
connection with an operation on the nasal sinuses 
[22–24]. It is characterised by the symptoms 
nasal and pharyngeal dryness, paradoxical 
impairment of nasal respiration, dyspnoea and 
hyposmia, in some cases associated with depres-
sion [25].

The disturbed sense of smell is the result of the 
changed airflow. The dryness of the pharyngeal 
mucosae is due to the fact that, in contrast to the 
normal situation, drier intranasal air (no moisture 
since turbinate mucosa is lacking) results in dis-
rupted airflow in the region of the choanae and 
also impinges on the posterior wall of the naso-

pharynx at increased velocity [24]. According to 
Houser, the pain too is a typical symptom caused 
by the action of cold air on the mucosa covering 
the sphenopalatine ganglion [25].

Resection of the lower and middle turbinates 
reduces the effectiveness of the climatisation 
function of the nose by 23% [26, 27]. The para-
doxical impairment of nasal respiration is 
explained by the unphysiological airflow, the 
reduced nasal airway resistance, the lack of areas 
of functional mucosa together with the simulta-
neous enlargement of the nasal cavity, and the 
curtailed contact between air and mucosa [24]. 
Enlargement of the nasal cross-section reduces 
the airway resistance and thus the pressure gradi-
ent at the air/mucosa surface. In turn, this causes 
malfunction of the nasopulmonary reflexes, 
which may lead to a worsening of pulmonary 
function. In contrast, optimal nasal airway resis-
tance is important for the dilatation of the periph-
eral bronchioles and for improved alveolar gas 
exchange.

The risk to develop SAR after resection of the 
turbinates depends on the extent of resection, 
individual factors of the patient itself and other 
external factors which are not clearly defined up 
to now. Some authors did not find any sign of 
SAR after total resection of the inferior turbi-
nates [28–31]; others report SAR in 2–22% [27, 
32–36].

13.3  Diagnosis

Extensive history taking is always followed by 
inspection of the outer and inner nose (Table 13.2). 
This should, for example, identify any anatomi-
cal deformations that might cause dry nose by 
changing the flow of air through the nose. For the 
purpose of detecting minor lesions in the nasal 
vestibule in patients with rhinitis sicca anterior, 
the use of a microscope may prove useful. 
Endonasal inspection should look for septal devi-
ation or perforation and note the size and shape 
of the turbinates, the presence and nature of 
crusts, the humidity of the mucosa, polyps or 
tumours, postnasal secretion and the nasopharyn-
geal status.
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Table 13.2 Diagnostic workup of dry nose

Medical history
Inspection of the external and inner nose
Endoscopy of the nasal cavity and nasopharynx, where 
indicated, also of (operated) paranasal sinuses
Where indicated, CT of the paranasal sinuses
Allergy testing
Microbiological swab

Table 13.3 Substances for moistening the nose and 
mucosal care

Nasal douches with saline solution
   NaCl solution
   Special saline solution
   Isotonic–hypertonic, with and without buffering 

(alkaline)
Nasal ointments
   Dexpanthenol
   Salt-containing nasal ointments
   Diverse other formulations
Nasal oils
   Sesame oil
   Vitamin A oil
Salt water sprays
   Hyaluronic acid nasal spray
   Dexpanthenol nasal spray

A CT of the nasal sinuses is indicated when 
signs of chronic rhinosinusitis are found or to 
obtain adjunctive evidence of PAR. Typical signs 
of PAR in the CT include:

• Thickened mucosa in the paranasal sinuses.
• The osteomeatal complex can no longer be 

defined due to the destruction of the normal 
anatomy.

• Hypoplasia of the maxillary sinus.
• Enlargement of the nasal cavity with destruc-

tion of the lateral nasal wall.
• Bony destruction of the inferior and middle 

turbinates.

Testing for allergy is important, for example, 
in order to diagnose a house mite allergy, which 
may be associated with the symptom dry nose. 
When endoscopic examination reveals purulent 
streaks or crusting, swabs should be taken for a 
microbiological examination.

The diagnosis is based on the case history, 
endoscopic findings and, where necessary, 
adjunctive diagnostic measures.

13.4  Treatment

Treatment of dry nose comprises:

• Elimination or amelioration of triggering or 
promoting factors.

• Moisturisation (Table 13.3).
• Sufficient daily drinking amount.
• Cleansing (when crusts are present) and care 

of the mucosa.
• Treatment of obvious infections.
• Where applicable, the elimination of an over-

large endonasal air space.

The individual may have only limited control 
over environmental factors. The importance of 

the latter is obvious when dry nose is no longer 
experienced during a holiday but reappears when 
this is over.

By far the most common complaint is a sub-
jective dry nose with no endoscopic findings with 
the possible exception of a somewhat dry mucosa 
in the anterior nose. This is the case in almost all 
those patients exposed to unfavourable climatic 
or workplace conditions and also the large group 
of patients with obstructive sleep apnoea syn-
drome undergoing CPAP treatment. Also affected 
are patients operated on the nose, before the cli-
matisation function has normalised.

Apart from the strict avoidance of local 
manipulation, these patients require humidifica-
tion and care of the dry areas. For this purpose, 
the market offers a wide range of ointments, oils, 
sprays and nasal irrigation (Table 13.4).

The nose should be humidified, viscous mucus 
flushed and liquefied; all inflammation-inducing 
and inflammation-promoting substances should 
be cleared out. A protective film should be 
applied to prevent drying. Transepithelial water 
loss can be countered by the nasal application of 
saline solutions or other substances [37].

13.4.1  Nasal Irrigation, Nasal Saline 
Spray and Inhalation

Nasal irrigations are recommended for a large 
number of diseases of the nose and nasal sinuses 
[38]. Precisely, how nasal irrigation works is not 
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Table 13.4 Basic rules for the treatment of dry nose

Elimination of promoting factors
   Environmental and workplace situation
   Dietary, iron and vitamin deficiency (?)
Moistening
   Local (nasal irrigation, inhalation, nasal spray)
   Environment (elevated air humidity)
   Systemic: Sufficient liquid intake
Removal of crusts (nasal irrigation, instrumental 
removal by ENT clinician)
Avoidance of injurious factors
   Local (nose picking, cotton carrier, decongestant 

nose drops, ointments containing potentially 
injurious substances – Imidazoline derivates, 
cortisone applied to the skin of the nasal vestibule, 
…)

   Systemic drugs (see Table 13.1)
Care of the mucosa
   Oils
   Ointments
   Occlusion
Treatment of infections
   Allergic rhinitis
   Ozaena
   Chronic rhinosinusitis
Correction of an overlarge air space
   Occlusion
   Augmentation

clear. It is postulated that the improvement in 
mucosal function is due to:

• Direct physical cleansing by flushing out thick 
mucus, crust, debris, allergens, environmental 
toxins, etc. [39, 40]

• Removal of inflammation mediators.
• Improvement of mucociliary clearance by 

improving the ciliary beat frequency [41, 42].

In a recent review article published in 2009 
[43], nasal irrigation is recommended:

• As adjunctive treatment for chronic rhinosi-
nusitis (Grade A evidence: consistent study 
results of good quality).

• As adjunctive treatment for allergic rhinitis 
and viral ARS and follow-up treatment after 
nasal sinus surgery (Grade B evidence: incon-
sistent results or limited quality).

• For rhinitis of pregnancy, acute bacterial RS, 
also sarcoidosis or Wegener’s disease (Grade C 
evidence: consensus recommendations, usual 
practice, expert opinion, results of case series).

The above shows that on the one hand, nasal 
irrigation is a common recommendation, while 
on the other hand, the indication dry nose is not 
explicitly included in the recommendation, 
since informative studies that can be integrated 
into the evidence-based recommendations are 
very rare.

Nevertheless, nasal irrigations are an impor-
tant therapeutic option in patients with dry nose. 
In the case of recurrent crust formation, it is vir-
tually indispensable as an adjunctive aid to 
instrumental clearing by the ENT physician.

The most commonly employed nasal sprays 
are salt solutions. In addition to household salt—
iodised or non-iodised—pharmaceutical grade 
salts as well as special nasal spray salts and brines 
are used [39, 40]. These solutions may be iso-
tonic, hypotonic, hypertonic, unbuffered or buff-
ered. Mildly hypertonic saline solutions (up to 
approximately 3%), with or without buffering, 
are all suitable for nasal irrigation. However, it is 
currently not clear which saline solution is best 
for what indication.

For isotonic saline solutions (isotonic unbuf-
fered, buffered Emser saline solution), numerous 
investigations have shown that daily application 
over the long-term produces positive results (pre-
vention and treatment of upper airway infection/
rhinosinusitis, aftercare following surgery on 
nasal sinuses) with no relevant side effects.

In principle, saline sprays serve the same pur-
pose as nasal irrigation. Although no systematic 
comparison has been reported, the remark by 
Schmidt that diffuse moistening of the nasal 
mucosa can be achieved only with irrigation 
since the spray is merely a punctiform applica-
tion, is accurate and the potential therapeutic 
effect must therefore be considered smaller. For 
the present, the extent to which the admixture of 
other substances results in a real benefit in the 
treatment of dry nose remains uncertain.
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Inhalation with saline solutions with the aim 
of moistening the mucosa is also recommended 
and applied. In view of the resulting diffuse 
moistening of the mucosa, this can be considered 
positive in the case of a dry nose. Unfortunately, 
no meaningful studies are available.

13.4.2  Nasal Ointments

Despite the fact that many patients often use 
nasal ointments, no meaningful studies on their 
use in dry nose are available.

A moistening effect is achieved with intrana-
sal use: the application of a nasal ointment 
reduces nasal water loss—as also does the appli-
cation of glycerol 10% [37].

Elberg reported on the effect of Emser salt 
applied in the form of Nisita® Nasal Ointment in 
1500 cases including pre- and post-operative 
applications in patients undergoing operations on 
the nose and nasal sinuses [44]. Neither pain nor 
infections were observed with regular applica-
tion, despite the fact that no antibiotic was given. 
Follow-up care was reportedly considerably 
facilitated and abbreviated.

The quality level must, however, as in 
company- sponsored application studies—which 
are not considered here—be Grade V evidence.

In comparison with dexpanthenol nasal oint-
ment, dexpanthenol nasal spray proved just as 
effective, or even tendentially superior, in terms 
of its effect on mucociliary transport (saccharine 
test) reported by Verse et al. in a prospective, ran-
domised, open, crossover study [45]. Its advan-
tage vis-à-vis the ointment is presumably the fact 
that it reaches the upper parts of the nasal cavity.

Topical dexpanthenol is said to reduce tran-
sepidermal water loss, to activate in  vivo and 
in vitro fibroblast proliferation and to accelerate 
the re-epithelialisation process [46].

13.4.3  Nasal Oils

Oils in a not-too-high concentration bring about 
an improvement in the nasal ciliary beat fre-
quency (CBF). In contrast to Miglyol 840 and 
thyme oil, sesame oil, soy oil, peanut oil, laven-

der oil, eucalyptus oil and menthol increased the 
CBF, the effect being higher at a concentration of 
the oils of 0.2% than at 2% [47]. According to 
Riechelmann et al. a mixture of menthol, euca-
lyptus oil and pine needle oil in concentrations up 
to 5% had no major negative effect on CBF but 
did at concentrations of between 7.5 and 10 g/m3 
[48]. With conventional inhalation, concentra-
tions of max. 1% are to be expected.

In a randomised crossover study involving 79 
patients with dry nasal mucosa, [49] showed that 
in comparison with a sodium chloride solution, 
treatment with sesame oil resulted in a superior 
moistening effect [49]. Dryness and subjectively 
impaired nasal respiration were improved signifi-
cantly better by sesame oil in comparison with 
saline irrigation. Björk-Eriksson et  al. also 
reported a significant effect of sesame oil (3 × 3 
puffs of 25  μl spray daily for 30  days) on the 
symptoms impaired nasal respiration, dryness 
(burning sensation, itching, irritation) and crust 
formation in 20 patients with dry nose and 15 
patients post-radiation treatment [50]. A total of 
five patients reported side effects (one each with 
unpleasant odour, itching and disturbed nasal res-
piration and runny nose in two).

13.4.4  Others

Home remedies and self-treatments recom-
mended on the Internet are mostly concerned 
with achieving moisturising, the application of 
oils and the prevention of drying, but the efficacy 
of the respective measures remains unclear. 
Homoeopathy always recommends an individual 
constitutional approach to treatment.

In the elderly patient with a dry nose, Slavin 
recommends moistening the nasal mucosa and 
looking out for medicament side effects (in par-
ticular avoidance of first-generation antihista-
minics and decongestive nose drops) [15].

A rough topographical endoscopically orien-
tated classification may be useful for the differen-
tial treatment of the dry nose symptom:

• In the case of problems localised in the ante-
rior nose (rhinitis sicca anterior in the widest 
sense) with a visible lesion and possibly crust-
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ing, the first indication is the local application 
of ointment. Relevant comparative studies are 
not available. Potentially injurious substances 
(decongestant medications, cortisone, aller-
gising substances) should be avoided.

• Vague complaints of dry nose in the absence 
of visible changes to the nasal mucosa would 
appear the most likely indication for moistur-
ising measures (nasal irrigation, inhalation, 
moisturising sprays). The question as to 
whether admixed medicaments can diminish 
the water loss on expiration needs further 
investigation.

• Dry nose with visible intranasal crust forma-
tion is the domain of nasal irrigation, which is 
better able to remove crusts than inhalation or 
sprays.

13.4.5  Treatment of Atrophic Rhinitis

Basic treatment consists of the above outlined 
measures for dry nose. In the case of atrophic rhi-
nitis moistening measures must be accompanied 
by removal of any crusts and scabs. For this pur-
pose, not only the commonly employed instru-
mental removal by the ENT specialist but also 
nasal irrigation is used. As suitable solutions, the 
literature mentions not only the classical irriga-
tion solutions (buffered and unbuffered solutions 
of common salt or special salts) but also solutions 
of 25% glucose in glycerine and antibiotics [51]. 
Tap water and other hypotonic solutions are to be 
rejected.

Bacterial superinfections are treated with spe-
cific antibiotics. For ozaena, antibiotic treatment 
is reported to achieve long-lasting results, e.g. 
rifampicin 600 mg daily for 12 weeks [51] and 
ciprofloxacin 2 × 500–750 mg for 8 weeks [52].

Operative measures aim to reduce the size of, 
or temporarily occlude, the nasal cavity. Although 
occlusion can resolve the problem of crusting and 
the considerable social stigma of foetor, it also 
impairs nasal breathing and the sense of smell. 
For the diminishment of nasal cavity size using 
submucosal implantation of tissue, foreign mate-
rial should not be used despite that some authors 
describe promising result [53, 54]. [53] implanted 
Plastipore, a high-density polyethylene sponge 

with micropores, and reported excellent results in 
six patients and good results with only minor 
crusting in two patients and one extrusion after 
18  months [53]. Rice used hydroxyapatite for 
augmentation in one case and reported good 
results [54]. According to Houser, more suitable 
materials are the patient’s own cartilage (e.g. rib 
cartilage) or acellular dermis (AlloDerm®) [25]. 
He treated eight patients with the implantation of 
AlloDerm®, which resulted in a significant 
improvement in symptom scores (SNOT 20) 
after at least 3 months. For treatment planning, 
the cotton test is suggested: moistened cotton is 
applied to the area to be augmented for 20–30 min. 
If the test is positive, the patient can be offered 
the augmentation. Friedman et al. [55] and Moore 
and Kern [20] reported some success with acel-
lular dermis, too, in 5 of 10 and 7 of patients, 
respectively.

13.5  Prophylaxis

Since the uncritical resection of the nasal turbi-
nates represents a significant and frequent factor 
in the genesis of dry nose, secondary RA and 
ENS, the following points must be strongly 
emphasised:

• The main objective of nasal turbinate surgery 
must be the preservation of functional mucosa 
while creating an adequately large volume 
capable of ensuring climatisation and the 
cleansing of the respired air and also preserv-
ing physiological airway resistance [24].

• Without adequate justification the middle 
turbinate should not be resected. Reduction 
of the lower nasal turbinate should first be 
given careful consideration, simultaneous 
removal of both the lower and middle turbi-
nates should not be done for a non-tumorous 
condition [56].

13.6  Conclusions

Despite that there is no clear definition of dry 
nose, many patients complain of this symptom. A 
carefully taken patient’s history and thorough 
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rhinologic examination by an experienced and 
vigilant clinician are the key elements to optimal 
outcomes. The turbinates should be handled very 
cautiously in sinonasal surgery.

Pearls
• There is no clear definition of what a dry 

nose is.
• Symptoms range from the purely subjective 

sensation of a rather dry nose to visible crust-
ing of the (inner) nose (nasal mucosa).

• Relevant diseases are rhinitis sicca anterior, 
primary and secondary rhinitis atrophicans, 
rhinitis atrophicans with foetor (ozaena) and 
empty nose syndrome.

• Drugs and environmental factors can induce a 
dry nose.

• The diagnosis is based mainly on the patient’s 
history, inspection of the nose and endoscopy 
of the nasal cavity, sinuses and nasopharynx.

• Treatment consists in the elimination of pre-
disposing factors, moistening, removal of 
crusts, avoidance of injurious factors, care of 
the mucosa, treatment of infections and, where 
applicable, correction of an overlarge air 
space.

• Normal turbinates should be preserved in 
sinonasal surgery.
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14Physiology of the Aging Nose 
and Geriatric Rhinitis

Yazan Eliyan, Victoria E. Varga-Huettner, 
and Jayant M. Pinto

Core Messages
• The world’s population is rapidly aging due to 

increasing life expectancy.
• Physiological changes of the nose with age 

include external structural changes, altera-
tions of the thickness of the respiratory epi-
thelium, decreased ciliary function, blunted 
vascular responses, decreased intranasal 
sensitivity and olfaction, reduced immune 
defense, and decreased ability to humidify 
the air.

• Such changes contribute to rhinitis in older 
patients as well as a range of nasal diseases.

• Geriatric rhinitis is poorly understood from a 
mechanistic standpoint but can be divided by 
cause into allergic and nonallergic categories.

• Allergic causes can receive standard therapies 
and symptoms tend to be milder in older 
patients.

• Nonallergic causes are more difficult to treat 
and require careful attention to the precise 

triggers and symptoms; therapies are targeted 
to the symptom.

• Nonspecific treatments such as humidifica-
tion, mucolytics, and saline irrigations are 
generally safe and effective.

• Surgical and medical treatments for geriatric 
rhinitis are safe and effective, but special con-
siderations of geriatric issues such as poly-
pharmacy, alterations in hepatic and renal 
function, and side effect profiles must be 
made.

14.1  Importance of Aging 
in Rhinology

The world is facing a massive demographic shift in 
the next 30 years. Both developed and developing 
nations are experiencing growth in the oldest age 
groups and declines in children. Indeed, the pro-
portion of older persons was 8% in 1950, 10% in 
2000, and is projected to reach 21% in 2050 (http://
www.un.org/esa/population/publications/world-
ageing19502050/). The global median age has 
increased from 21.5 years in 1970 to over 30 years 
in 2019. As people have fewer children and those 
children are more likely to survive, and adults live 
longer due to advances in hygiene and medicine, 
the age structure continues to change toward 
increased numbers and proportions of older adults. 
For example, 8% are older than 65 in 2019 (https://
ourworldindata.org/age- structure). These trends 
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are apparent in the United States, Western Europe, 
and even countries with younger age distributions 
such as China [1]. Hence, we need to accelerate 
our understanding of the effects of aging and both 
normal physiology and disease. Given these demo-
graphic shifts, physicians caring for patients with 
upper airway diseases must be ready to address the 
special needs of this expanding group of patients. 
All organ systems are affected by aging in a myr-
iad of ways, making this a population with a sig-
nificant medical need and a significant challenge 
for clinicians.

The study of geriatric medicine has its origins 
in training programs dating back to the 1970s. 
Programs such as the Department of Veterans 
Affairs Geriatric Research, Education, and Clinical 
Centers (GRECC) were organized to increase 
translational research in geriatric medicine and 
promote the advancement of clinical care for older 
people [2]. The creation of the National Institute 
on Aging (NIA) in 1974 and efforts of private 
organizations (e.g., the American Federation for 
Aging Research [AFAR]) have resulted in 
increased efforts to understand aging and disease 
and treat or mitigate its effects. Parallel efforts in 
Otolaryngology-Head and Neck surgery have 
begun (e.g., the [3]) and more are needed in spe-
cific areas such as Rhinology if we are to meet the 
needs of our older patients. However, our field still 
needs more research in and clinical focus on oto-

laryngologic manifestations of aging and the rela-
tionship between aging and disease.

One key principle of geriatrics is to prioritize 
equally prolongation of life and quality of life. 
Here we address how the anatomy and function 
of the nose change with age, important diseases 
of the nose in older adults, and treatment meth-
ods allowing us to provide the best rhinologic 
care for older patients.

14.2  Anatomical Changes 
of the Aging Nose

14.2.1  Anatomy

Aging affects all portions of the face including 
the nose, starting with its surface cover, and the 
skin (Figs. 14.1 and 14.2a, b) [4]. Thinning of the 
epidermis and decreased collagen production 
cause the skin to lose its elasticity. This may 
affect the development of rosacea and rhino-
phyma, which are more common with age. 
Anatomical changes in older adults that affect the 
structure and function of the nose include thinned 
nasal skin, weakened nasal cartilages, weakened 
fibrous attachments between upper and lower lat-
eral cartilages, and ptosis of the nasal tip [5]. 
Edelstein and others have found that the anatomy 
of the nose undergoes several changes with age, 

a b

Fig. 14.1 (a, b) Two examples of the geriatric nose, profile and frontal views. Note the skin changes and external 
structural effects of aging
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a b

Fig. 14.2 (a, b) Two examples of the geriatric nose, profile and frontal views. Note the skin changes and external 
structural effects of aging

including a decrease in the nasolabial angle, a 
decrease in the height to length ratio of the nose, 
weakening/separation of the upper and lower 
nasal cartilages, decreased glycosaminoglycans 
causing increased porosity of nasal cartilage, 
retraction of the nasal columella, resorption of 
bone resulting in maxillary hypoplasia, atrophy 
of collagen fibers, and attenuated and fragmented 
fibroelastic attachments [6–9]. These changes 
make the nose appear longer, deprojected, and 
underrotated [10]. Some studies have revealed 
increased cross-sectional area at the internal 
nasal valve in older adults. For example, although 
it is difficult to objectively assess patency at the 
internal nasal valve, Kalmovich et al. attempted 
to measure endonasal geometry changes in the 
geriatric population. Using acoustic rhinometry, 
they found that there was a statistically signifi-
cant gradual increase of endonasal volumes and 
minimal cross-sectional areas with age, except in 
the oldest group of men over 80 years of age [11]. 
Studies utilizing computed tomography (CT) 
volumetric analyses have corroborated these 
findings and demonstrated that intranasal cavity 
volumes significantly increase with old age [12, 
13]. Similarly, Kim et  al. demonstrated an 
increased cross-sectional area at the internal 
nasal valve associated with age, but no difference 
in nasal resistance before and after decongestion 
in any age group greater than 20 years old, sup-

porting their hypothesis that the increased area is 
related to changes in the non-erectile structures 
of the nose. In general, however, the sum result is 
a restriction in nasal airflow, particularly at the 
nasal valve region, an important site of nasal 
resistance. In summary, the structural changes 
seen in the aging nose may result in nasal obstruc-
tion and abnormal airflow.

Anatomic changes in the nose are, in part, 
related to changes in the cartilaginous structures 
as well as the weakening of soft tissue attach-
ments. The biochemical composition and 
mechanical properties of cartilage change with 
age, resulting in a tendency to collapse. For 
example, there is a decrease in the glycosamino-
glycan content of nasal septal cartilage with 
increasing age, resulting in stiffening with 
decreased fluid flow through the tissue. 
Additionally, there appears to be a slight increase 
in hydroxyproline content with increasing age. 
These changes are similar to those seen in articu-
lar cartilage during the aging process. Although 
the physical stresses on articular cartilage are 
much different than that of septal cartilage, the 
similarity of their biochemical changes may rep-
resent systemic effects on cartilage with age [14]. 
Indeed, histological analysis of nasal cartilage 
showed that increased age significantly corre-
lated with abnormal reductions in proteoglycan 
content and decreased chondrocyte activity [15]. 

14 Physiology of the Aging Nose and Geriatric Rhinitis



160

Riedler et  al. further demonstrated that glycos-
aminoglycan content, cell size, and cell density 
found in septal cartilage all significantly decrease 
with increasing age [16]. Using image analysis of 
300 men in Turkey, mean nasal bridge length was 
the longest in the oldest age group as was the 
mean nasal tip protrusion [17]. There were nota-
ble differences in nasal width and root width 
between age groups (p < 0.05). Similar findings 
have been identified in other studies, and these 
make affect surgical decision-making during rhi-
noplasty or other reconstructive or airway proce-
dures [18]. Differences in facial aging can be 
analyzed by surface scanning and have been 
shown to be similar in men and women, but 
divergent after menopause [19]. Such techniques 
confirm direct measurements of nasal changes 
with aging [20] in diverse populations [21].

This information leads to two practical con-
siderations for clinical practice. First, anatomic 
changes are likely to affect airflow through the 
nose in older patients, resulting in restrictions 
that may cause dryness, irritation, and obstruc-
tion. These problems may exacerbate existing 
conditions and contribute in a large way to patient 
symptoms.

Second, older adults may seek septorhino-
plasty to alleviate such functional problems and 
also for cosmetic rejuvenation. Knowledge of 
age-related anatomic changes in the nose neces-
sitates specific surgical considerations for per-
forming such operations [22]. Also, careful 
consideration must be given to these patients as 
they may have underlying significant medical 
comorbidities, such as hypertension, coronary 
artery disease, or diabetes, placing them at higher 
risk for elective surgery. Cochran et al. noted that 
many older patients at the time of rhinoplasty had 
ossified septal cartilage, making it more fre-
quently necessary for auricular or costal cartilage 
to be harvested [5], potentially lengthening oper-
ative time. Medical and anesthesia clearance is 
prudent prior to proceeding with elective surgery 
in any older patient and several guidelines exist 
to make this determination [23, 24]. Nevertheless, 
nasal surgery in older subjects can be safe and 
effective when approached carefully [25]. As 
with all rhinologic patients, psychological moti-

vation for the procedure needs to be assessed. 
Geriatric patients frequently have to deal with 
significant life issues, including the death of 
loved ones, lack of social support, financial chal-
lenges, and struggles with quality of life. One 
must assess whether older patients have taken 
ample time to consider any cosmetic surgery 
prior to proceeding. Most importantly, assess-
ment of the functional consequences of rhino-
plastic procedures on this patient subset is critical 
to maintain airflow.

14.3  Physiological Changes 
with Age

Many subtle changes in the physiology of the 
nose occur over time and may lead to symptoms 
and/or disease in older adults. Although we are 
far from fully understanding comprehensively 
how the nose changes over time, further study of 
the known physiological changes will help us to 
provide better medical and surgical treatment 
regimens for these patients.

14.3.1  Alterations in Nasal Function

Nasal dryness is a frequent complaint in older 
patients. This condition presents with crusting, 
irritation, epistaxis, or obstruction. Several etiol-
ogies have been suggested to cause this condi-
tion, including mucosal and glandular atrophy, 
vascular changes which reduce nasal humidifica-
tion, and medication use (e.g., antihypertensives, 
which affect vascular regulation in the nose, or 
first-generation antihistamines, which inhibit 
cholinergic responses in the nose). Structural 
changes in the nose, such as increased intranasal 
cavity volume, may also contribute by causing 
turbulent airflow which dries the mucosa.

The mucosa itself is altered with age. 
Schrödter performed biopsies of the middle tur-
binate in 40 subjects of varying ages and found 
significant atrophy of the epithelium in the older 
subjects (Fig. 14.3) [26]. This analysis found thin 
epithelium and also increased thickness of the 
basement membrane. Also, the percentage of 
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Fig. 14.3 Endoscopic view of a geriatric patient with 
atrophy of endonasal mucosa

normal ciliated respiratory epithelium declined in 
the older subjects. Similar studies using electron 
microscopy are consistent with these findings 
[27]. Increased expression of caspase 3, an apop-
totic marker, indicates that part of the defect may 
be in the ability of the epithelium to renew itself, 
and there are other functional aspects of the epi-
thelium (e.g., toxin neutralization) that may be 
affected [28]. This matches what has observed in 
nasal endoscopy in clinical practice: a thinner, 
atrophic epithelium.

Another major alteration affecting this symp-
tom is in one of the main functions of the nose: 
the ability to warm and humidify air [29]. The 
two major mechanisms leading to the alteration 
in nasal conditioning capacity (NCC) are changes 
in the nasal mucosal temperature (NMT) and the 
volume of the nasal cavity. During inspiration of 
air, water evaporates from the nasal mucosa to 
condition inspired air, leading to heat loss and, 
consequently, a decrease in NMT [30]. 
Lindemann found that using in vivo air tempera-
ture and humidity measurements at the nasal 
valve and the region just anterior to the head of 
the middle turbinate, both temperature and 
humidity values were significantly lower in older 
subjects (mean age 70  years) compared to 
younger subjects (median age 27 years) [31]. The 
decrease in NMT, which has been suggested to be 

partly caused by decreased nasal mucosal blood 
flow [32], could be demonstrating an age- 
dependent effect due to the fact that blood flow to 
the nasal mucosa has been shown to decrease 
with age [33]. Additionally, nasal volumes in the 
Lindemann et al. study appeared to be larger in 
the older age group. Increased turbulence of air-
flow may be one result causing the sensation of 
nasal obstruction despite larger space (paradoxi-
cal nasal blockage). Endonasal geometries are 
indeed enlarged in older subjects [11–13]. This 
suggests that NCC in older subjects is compro-
mised. When analyzed via CT imaging, nasal 
cavity volumes also increased markedly with 
age, in analyses that adjusted for sex and head 
size [12]. Thus, a lower ability to warm and 
humidify air may be present in older subjects, 
potentially affecting lower airway function. This 
may also contribute to increased nasal dryness in 
older adults.

We may take some analogy from changes in 
the oral mucosa. As with the nose, the lubrication 
of the oral cavity changes with age. Although 
there should not be a decrease in saliva produc-
tion with age, unless altered by medications or 
systemic conditions, there are changes in the con-
sistency of the saliva, including a decrease in 
mucin concentration and decreased secretion of 
protective IgA antibodies [34]. This may lead to 
increased caries, periodontal disease, and poorer 
nutritional status.

A second altered physiological function with 
age is mucociliary clearance. Ciliary beat fre-
quency is decreased in  vitro in nasal epithelial 
cells taken from patients older than 60 years of 
age [35]. Ho et  al. also found decreased nasal 
mucociliary clearance by the crude saccharin 
clearance test and the more sensitive measure of 
ciliary beat frequency by a photometric test [36]. 
Using the same saccharin clearance test, Paul 
et  al. also found decreased nasal mucociliary 
clearance among older women compared to 
younger women [37]. However, there is likely 
significant interindividual variability in this phe-
nomenon since Sakakura et al. showed that 70% 
of patients older than age 60 retained saccharin 
transport times comparable to their younger 
counterparts [38].
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Age-related decline in nasal mucociliary 
clearance can be attributed to many possible 
causes. Multiple studies have demonstrated that 
oxidative stress can decrease ciliary beat fre-
quency [39, 40]. The mechanism by which oxida-
tive stress slows down ciliary beat frequency may 
be due to the upregulation of PKCε signaling. In 
addition to oxidative stress, trauma, damage after 
infection, or exposure to toxins have also been 
proposed to reduce ciliary function [36]. Diabetes 
and hypertension, both increased in prevalence in 
older subjects, are also associated with the 
decreased ciliary function [41]. In summary, if 
the cilia are not moving as rapidly, this can lead 
to symptoms of mucus buildup, rhinitis, inflam-
mation, or infection, from the persistence of 
organisms and molecules trapped in the mucus 
layer (Fig. 14.4). Hence, both the structural com-
ponents and the function of the epithelial lining 
of the nose in older patients demonstrate signifi-
cant changes with age that may affect airflow, 
mucus quality and production, and mucociliary 
clearance.

A third way nasal function is altered with age 
is via dysregulation of vascular responses in the 
nose. Nervous control of vascular tone in the 
nose is important in the regulation of the critical 

functions of the nose, to warm and humidify the 
air, and also may affect diseases involving vaso-
dilation such as allergic and nonallergic rhinitis. 
Tillmann found that vascular regulatory responses 
are reduced with age [42]. Fifty-two subjects 
were acclimated to the laboratory environment 
for 5 min and baseline measures of perfusion by 
optical rhinometry were performed. The subjects 
were then moved to a supine position for 30 min, 
which should alter blood flow. Older subjects had 
more rapidly increased perfusion but did not 
return to baseline in contrast to younger subjects. 
This study suggests that autonomic control of 
nasal blood flow is altered in older subjects, 
potentially affecting humidification (as described 
above) and the other functions of the nose dis-
cussed above. Using liquid crystal thermography 
exhalation monitoring to measure the nasal cycle, 
Doty found decreased regulation of the nasal 
cycle in older adults [43]. Overall, the proportion 
of subjects exhibiting the alternating rhythmicity 
associated with the classic nasal cycle decreased 
with age. No association was present between 
nasal cycle parameters and scores on the mini- 
mental state examination (MMSE). The results 
suggest that the classic nasal cycle may be a 
marker for age-related central nervous system 
changes. These phenomena may also be impor-
tant in nonallergic rhinitis, which is relatively 
common in older adults.

14.3.2  Olfaction and Nasal 
Sensitivity

Olfaction, mediated by the olfactory nerve, and 
sensitivity of the nose, controlled by the somato-
sensory system and mediated by the trigeminal 
nerve, both decrease with age. In 1994, the 
National Health Survey determined that 3.2 mil-
lion people, or 1.65% of adults in the United 
States, had self-reported chronic chemosensory 
problems involving smell and/or taste; 40% of 
these adults were aged 65 years and older, with 
an exponential increase seen with increasing age 
[44]. Using a validated odor identification test, 
Murphy et al. found that among adults over the 
age of 53 the prevalence of olfactory impairment 

Fig. 14.4 Endoscopic view of a geriatric patient with 
thickened nasal mucus, a common complaint in this 
patient population

Y. Eliyan et al.



163

was 24.5% [45]. Prevalence rates among adults 
between the ages of 80 and 97 reached as high as 
62.5% [45]. Additionally, adults over 65 years of 
age have approximately half the intensity of 
smell and irritant sensation as subjects between 
the ages of 18 and 25 [46]. In another study, the 
sensitivity of the nose was assessed by providing 
tactile stimulation with monofilaments of pro-
gressively larger sizes. Adults 50–65 years of age 
required significantly less stimulation to detect 
the sensation of the monofilament as compared to 
adults aged 66 and above [47].

In order to understand how the olfactory sys-
tem is altered with age, we first need a better 
understanding of the normal olfactory system. 
The olfactory mucosa is distributed along the 
upper portion of the nasal septum, below the crib-
riform plate, and along the medial aspect of the 
superior turbinate, as well as along the roof of the 
middle turbinate [48]. On histologic examina-
tion, there is a patchy distribution of olfactory 
epithelium, which becomes increasingly sparse 
with aging because olfactory epithelium becomes 
replaced with respiratory epithelium over time. 
In support of this finding, several studies have 
demonstrated increased respiratory metaplasia of 
the olfactory epithelium with increased age in 
both mice and humans [49–51]. Other age-related 
changes in the olfactory epithelium also include 
increased thinning, as demonstrated in mice 
models [52, 53]. Robinson et al. demonstrated in 
a murine model that there is an increase in apop-
totic gene expression of olfactory neuron recep-
tors with increasing age, likely resulting in 
increased cell death [54]. Additionally, Ueha 
et  al. demonstrated that there was a decline in 
mature and immature olfactory receptor neurons 
in the aged olfactory mucosa of mice [55]. Over 
time, even small toxin exposures, including 
heavy metals, such as manganese, cigarette 
smoke, or volatile chemicals, may cause harm to 
the olfactory epithelium [56]. In mice it has also 
been seen that following chemical damage, there 
is decreased regeneration of the neuroepithelium 
of the olfactory bulb with increasing age [49]. 
Because olfactory stem cells regenerate with 
time, any alteration of this turnover may also 
contribute to age-related olfactory loss, either 

from insult or from inherent aging. Several stud-
ies corroborate the suggestion that the basal pro-
liferation of cells in damaged and undamaged 
epithelium decreases with age [52, 55, 57, 58]. 
All of these mechanisms may contribute to a 
decrease in the function of the olfactory system 
as one ages.

Age-related olfactory loss (presbyosmia) is an 
important public health problem worldwide [44, 
45, 59–63]. In the USA, olfactory complaints 
from the approximately 14 million individuals 
over age 55 who are affected lead to over 200,000 
physician visits annually [64, 65]. This sensory 
impairment of aging affects critical functions 
such as nutrition [66–69], sensation of pleasure 
[70], detection of environmental hazards [71], 
mood, cognition, behavior [72–74], sexuality 
[75–77], quality of life [78], and general well- 
being [79], and therefore, it poses a profound 
burden on older adults. Indeed, up to one-third of 
older subjects report dissatisfaction with their 
ability to smell [80], and ~50% are unable to 
detect the standard warning odor in natural gas 
[81]. Importantly, the decline in olfaction has 
been linked to several neurodegenerative condi-
tions, such as mild cognitive impairment, demen-
tia (Alzheimer’s disease), and neuromotor 
disorders (Parkinson’s disease) [82–91]. If this 
link involves shared genetic or environmental 
risk factors, then understanding the pathogenesis 
of presbyosmia may have broad implications for 
a wide array of problems, especially regarding 
other sensory impairments of aging [92]. Thus, 
the olfactory sensory loss is related to factors that 
are critical to the physical well-being, social 
function, and quality of life of older adults. 
Because olfaction declines over time, the clinical 
impact will increase as our population ages.

Acquired chemosensory complaints are also 
important in Otolaryngology. In addition to trau-
matic injury or post-viral olfactory loss, cancer 
chemotherapy can negatively impact olfaction 
[93–95]. Furthermore, t older patients are more 
susceptible to olfactory decline caused by che-
motherapy agents. Because the olfactory epithe-
lium regenerates, one cause of this could be a 
decrease in stem cells with age in the olfactory 
mucosa, either inherently or after stimulation of 
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regeneration by injury. Indeed, telomere shorten-
ing has been observed in the regenerative 
response to chemical injury of the olfactory epi-
thelium in a mouse model, providing evidence 
that telomere shortening impairs the regenerative 
capacity of this tissue [96]. So, aging may lessen 
the ability of the olfactory mucosa to survive 
respiratory insult by toxins. Olfactory decline 
among chemotherapy patients can have detri-
mental health consequences. For example, 
patients undergoing palliative chemotherapy 
treatment for cancer frequently had complaints of 
dysgeusia and sensitivity to odors while undergo-
ing treatment. Those patients with severe com-
plaints were found to have lower calorie intake, 
increased weight loss, and lower quality of life 
scores, than in patients with less severe com-
plaints [97].

There are many systemic causes of chemosen-
sory dysfunction. Olfactory deficits are seen in 
neurologic disorders, such as Alzheimer’s dis-
ease, Huntington’s disease, Parkinson’s disease, 
and Korsakoff’s psychosis, all of which generally 
affect the elderly. It is important to counsel 
patients with hyposmia or anosmia, as they may 
be unaware of noxious materials in their sur-
roundings. They should obtain natural gas detec-
tors if they have natural gas stoves, ovens, or heat 
at home as they may not be able to detect a fuel 
leak. Additionally, they should be aware of dates 
on food products, label leftovers, and dispose of 
foods reaching their expiration dates to avoid 
food spoilage. Lastly, smoke detectors should be 
checked regularly for function and efforts must 
be maintained to promote nutrition.

14.3.3  Immunosenescence

Immunosenescence is the term used to describe 
the decreased function of the immune system 
with age. Both the adaptive and innate immune 
systems are impaired [98, 99]. Decreased immune 
response is believed to contribute to increased 
infections, autoimmune diseases, and cancers in 
the elderly population.

There are several effects of immunosenes-
cence in the nose. IgA is an immunoglobulin that 

is secreted along the respiratory and gastrointes-
tinal tracts, where it helps to neutralize a variety 
of pathogens. Alford demonstrated that IgA lev-
els can be measured in nasal secretions and com-
prise approximately 38% of nasal wash proteins 
in normal patients. He also showed that IgA lev-
els in nasal secretions decrease significantly with 
age [100]. In a murine model, it has been shown 
that mucosal immunity wanes prior to systemic 
immunity in studies where vaccination to cholera 
toxin was performed by mucosal and subcutane-
ous methods, respectively, in different ages of 
mice [101].

IgE levels also decrease with age. Mediaty 
and Neuber studied 559 individuals with atopic 
dermatitis, allergic rhinitis or asthma, and insect 
allergy. In all patients, except those with atopic 
dermatitis or those with high total serum IgE 
>300  kU/L, total and specific serum IgE levels 
were significantly decreased in patients aged 
greater than 60 compared to their younger coun-
terparts. They hypothesized that there may be 
more robust mechanisms in atopic dermatitis or 
conditions resulting in high serum IgE that lead 
these patients to have a more persistent response. 
Additionally, the type of atopic disease and the 
age of disease onset may impact IgE levels [102].

Although not specific to the nose, there are 
many age-related defects in T cell functioning as 
well. As age increases, the thymus involutes, thus 
leading to decreased production of naïve T cells 
and consequently diminished ability to fight 
infection [103, 104]. T cell diversity significantly 
diminished among the older adults in their 70s 
and 80s, thus reducing their ability to respond to 
new antigens [105]. Additionally, multiple stud-
ies have shown an increased propensity to shift 
from a Th1 to Th2 subtype with increasing age 
[106, 107].

Immunosenescence is poorly studied in the 
upper airway but one can extrapolate findings 
from the lower airway [108]. In that lung, there are 
several immune alterations that might facilitate the 
persistence of asthma, a related airway disease to 
rhinitis. These include changes in airway neutro-
phil, eosinophil, and mast cell numbers and func-
tion as well as altered antigen presentation, 
decreased specific antibody responses, and altered 

Y. Eliyan et al.



165

cytokine profiles. The sum of these changes might 
affect susceptibility to upper respiratory tract 
infections. Indeed, it has been shown that the inci-
dence of nonallergic rhinitis, an inflammatory con-
dition affecting the nasal mucosa, increases with 
age [109, 110]. In addition, studies have found a 
high prevalence of nonallergic rhinitis among the 
elderly population [111, 112]. Although the spe-
cific mechanisms underlying the link between 
immunosenescence and the development of rhini-
tis in the elderly have not been fully elucidated, it 
has still been hypothesized that immunosenes-
cence plays some important role in the etiology of 
the condition [113].

In summary, this is a complex area in which 
there is little data on the nose specifically, but 
age-related changes in immune function are 
likely to impact nasal physiology and disease in 
older patients.

14.4  Geriatric Rhinitis

14.4.1  Overview

Rhinitis is a pervasive complaint in physicians’ 
offices. It is estimated that 20–40% of subjects 
living in Western countries are affected by rhini-
tis. Rhinitis may be allergic or nonallergic in 
nature, with approximately 50% of rhinitis 
patients belonging to each group [114]. These 
forms of rhinitis affect older subjects as well, 
though because allergy wanes with age, nonal-
lergic rhinitis tends to predominate [115]. There 
are many potential causes of rhinitis in the geriat-
ric population. Edelstein noted that six nasal 
complaints were more prominent in older adults: 
nasal drainage, postnasal drip, sneezing, cough-
ing, olfactory loss, and gustatory rhinitis [6]. 
Regarding the quality of life in an Italian study, 
geriatric patients with rhinitis underwent clinical 
evaluation and responded to the Rhinasthma 
questionnaire [116]. All patients also underwent 
skin prick testing, measurement of total IgE level, 
and nasal cytologic analysis. In the older patients, 
the epithelial to goblet cell ratio was decreased. 
The quality of life in older people was more 
impaired than in young adults. These authors 

concluded that quality of life is more heavily 
impaired compared with young adults. In concor-
dance with this conclusion, Song et al. found that 
among an elderly population, rhinitis was signifi-
cantly associated with decreased quality of life 
[112]. However, one study showed that nasal- 
specific quality of life measures shows no deteri-
oration in older subjects and do not therefore 
correlate with changes in nasal function [117]. 
Further investigation of this topic is warranted to 
elucidate this paradox.

14.4.2  Allergic Rhinitis

Allergy is defined as an immediate type IgE- 
mediated response to an allergen exposure, where 
IgE is bound to mast cells and its attachment to 
an allergen results in degranulation of the mast 
cell with histamine release. The diagnosis of 
allergy can be confirmed by skin, in  vitro, or 
provocation testing. The Allergic Rhinitis and its 
Impact on Asthma (ARIA) consensus categorizes 
allergic rhinitis as either intermittent allergic rhi-
nitis (IAR) or persistent allergic rhinitis (PAR). 
IAR denotes that symptoms are present less than 
4 days per week or less than 4 consecutive weeks 
per year. PAR indicates that symptoms are pres-
ent greater than 4  days per week and for more 
than 4 consecutive weeks. These can be further 
categorized as mild or moderate/severe based on 
the impact of quality of life [118–120].

Although allergy is well studied, the majority 
of studies performed to date involve either the 
pediatric population or young adults. In older 
adults, the incidence and prevalence of allergic 
rhinitis worldwide actually decrease with age 
along with atopy as detected by skin prick tests 
[121–124]. Karabulut et al. noted that only 50% 
of older adults have positive skin prick tests as 
compared to 70% of younger adults when 
matched for allergic symptoms including nasal, 
eye, pulmonary, and dermatologic symptoms 
[125]. Subjects from the French cohort aged 
65 years and over (n = 352) found that respiratory 
allergy is present in older people and that there is 
an association between smoking and IgE level 
independent of allergic reactivity to common 
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allergens in the elderly, highlighting the impor-
tance of environmental factors in rhinitis [126]. 
Population-based studies investigating the effect 
of smoking on allergic rhinitis have been con-
flicting, but one meta-analysis determined that 
smoking was associated with a significantly 
lower risk of allergic rhinitis among adults [127]. 
The mechanism behind this may be that those 
with asthma (many of whom have allergic rhini-
tis) could be more likely to avoid smoking and 
irritating their airways [121]. A longitudinal 
study analyzed allergic sensitivity 15 years after 
primary testing. Skin prick test (SPT) and evalu-
ation of serum total and specific IgE and nasal 
eosinophils were conducted on 108 subjects from 
Palermo, Sicily, in Italy. In general, rhinitis 
symptoms tended to be milder at follow-up. All 
parameters examined decreased with time. 
However, the changes in rhinitis symptoms 
appear to be related to changes in the nasal eosin-
ophils, independently of SPT and specific IgE 
[128]. Consistent with these results, a 10-year 
prospective study of Swedish adults demon-
strated that allergen sensitization significantly 
decreases with age as measured by SPTs and 
serum IgE levels [129]. In addition, multiple 
other studies measuring allergen-specific IgE lev-
els showed that the elderly were significantly less 
likely to be sensitized [124, 130]. Further, 
Ciprandi et  al. showed that among adults with 
allergic rhinitis, elderly patients had less sensiti-
zations, less severe symptoms, and reduced IgE 
levels in comparison to adult patients [131]. 
Thus, in general allergic disease and markers 
decline with age.

In the Korean National Health and Nutrition 
Examination Survey (2008–2012), 9.05 of older 
adults had allergic rhinitis whereas 27.07% had 
nonallergic rhinitis. Rhinorrhea was significantly 
increased in the older adults (p = 0.018) and sen-
sitization to Dermatophagoides farina was sig-
nificantly decreased (p  =  0.006) [124]. In the 
Korean Longitudinal Study on Health and Aging 
(KLoSHA, rhinitis was more prevalent than 
expected, significantly related to impairment in 
quality of life, and formed close relationships 
with abdominal obesity, sarcopenia, comorbidi-
ties, and urban environments [132].

One practical consideration for these patients 
is that because elderly patients frequently have 
atrophic or photodamaged integument, skin test-
ing for allergy may actually be less reliable than 
in younger adults. There is evidence that there are 
decreased numbers of mast cells in atrophic skin, 
thereby making the possibility of a false-negative 
result higher [133, 134]. In older subjects, an area 
of skin that is protected from the sun can be con-
sidered for skin testing, a histamine control used 
so that the most dramatic obtainable response can 
be visualized, and consideration given to in vitro 
testing if no reliable area of skin is present [135]. 
Both skin and in vitro testing must always corre-
late with patient history for accurate diagnosis. 
Allergic disease in the older patient population, 
as well as its biological mechanisms, have been 
reviewed recently [136–138].

14.4.3  Nonallergic Rhinitis

There are many causes of rhinitis which are not 
allergic in nature but can be equally bothersome 
to patients and have a marked impact on quality 
of life. The data regarding this phenomenon are 
less developed, as compared to those for allergic 
rhinitis. Studies of patients presenting to aller-
gists have demonstrated that 23–52% of patients 
with rhinitis have the nonallergic form [139]. A 
population-based study from Italy demonstrated 
that the ratio of the prevalence of allergic to non-
allergic rhinitis was 1.4  in adults older than 
64 years old [121]. Further, this ratio decreased 
with age, suggesting that with age, a more signifi-
cant proportion of total rhinitis cases can be 
attributed to nonallergic rhinitis [121]. No good 
diagnostic techniques are available to distinguish 
between the subtypes of nonallergic rhinitis, but a 
diagnosis is based on history and symptoms and 
negative allergy testing. Further convoluting the 
issue is the notion that patients can also be sensi-
tized to allergens at any time, thereby changing 
the categorization of their rhinitis. Additionally, 
there is neither a set classification system nor an 
international consensus on a uniform definition 
for nonallergic rhinitis. Further complicating this 
issue is that allergic and nonallergic rhinitis can 
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coexist (“mixed rhinitis”). Interestingly, it has 
been observed that 70% of patients with nonal-
lergic rhinitis present during adulthood (age 
>20), whereas 70% of patients with allergic rhi-
nitis initially present during childhood (age <20). 
There is also a greater propensity for females to 
be affected, compared to males [140]. Nonallergic 
rhinitis appears to be mediated in some patients 
by local IgE production in the nose [141]. The 
only approved treatment for nonallergic rhinitis 
currently is intranasal antihistamines which are 
effective in some cases. Additionally, intranasal 
steroids can be useful in some circumstances and 
are recommended by some expert panels [142]. 
Pollution exposure may explain some degree of 
chronic rhinitis in older adults [143].

In summary, nonallergic rhinitis is a major dis-
order in older adults. Due to its complex nature, 
however, our understanding of its pathophysiology 
in general and specifically in older adults is lim-
ited, resulting in limited ability to treat this prob-
lem effectively. A trial and error method of 
different nasal medications is usually pursued.

14.4.4  Vasomotor Rhinitis

Vasomotor rhinitis is one form of nonallergic rhi-
nitis and is often viewed as an idiopathic diagno-
sis that is considered when a patient has no 
evidence of allergy, infection, eosinophilia, hor-
monal changes, or drug exposure [144]. 
Symptoms include nasal congestion, nasal drain-
age or postnasal drip, and perennial symptoms; 
however, pruritus is rare [145]. There is also typi-
cally no cytological evidence of nasal mucosal 
inflammation [146]. Vasomotor rhinitis is a 
poorly understood condition but believed that the 
primary cause is autonomic nervous system dys-
function with either a diminished sympathetic 
drive or an elevated parasympathetic drive caus-
ing increased nasal congestion and resistance 
[142]. Upregulated expression of transient recep-
tor potential vanilloid 1 (TRPV1) receptor could 
play a role in the pathogenesis of vasomotor rhi-
nitis [147]. Given the multiple hypotheses regard-
ing the pathogenesis, a number of treatments are 
used, including intranasal ipratropium, new tech-

niques for vidian neurectomy, and even capsaicin 
for vasomotor rhinitis [148–151]. The latter is not 
practical due to the side effects of pain.

14.4.5  Drug-Induced Rhinitis

Many medications affect nasal function and symp-
toms. Older adults take numerous medications, so 
they are at high risk of this problem. When evalu-
ating older patients with rhinitis, polypharmacy 
must be considered as a cause of symptoms. First 
and foremost, one must consider removing poten-
tially offending medications rather than adding 
ones. Aspirin, or other nonsteroidal anti-inflam-
matory drugs (NSAIDs), which are commonly 
taken by older adults, may cause acute inflamma-
tion in the nose in susceptible patients via the inhi-
bition of COX-1. The breakdown of arachidonic 
acid to the lipoxygenase pathway is favored caus-
ing decreased prostaglandin E2 and an increase in 
cysteinyl leukotrienes, which include LTC4 which 
is thought to be a lead contributor to aspirin-exac-
erbated asthma [152]. Many other medications can 
cause rhinitis in older patients. There are also neu-
romodulatory drugs, such as alpha- or beta-adren-
ergic antagonists, which work by decreasing 
sympathetic tone. This causes primarily conges-
tion but also rhinorrhea. Medications such as 
clonidine and methyldopa fall within this category. 
Phosphodiesterase-5 inhibitors, which are used for 
erectile dysfunction, may reportedly impact the 
erectile tissues of the nose and have been associ-
ated with nasal stuffiness and epistaxis [153]. 
Certain antihypertensives, psychotropic agents, 
gabapentin, and hormonal treatments, including 
estrogen therapy, can also cause rhinitis. Their 
mechanisms of action have not been fully eluci-
dated. Lastly, rhinitis medicamentosa can affect 
adults who overuse nasal decongestants, causing 
rebound nasal congestion.

When medication use is thought to be the 
cause of rhinitis, a pharmacist or geriatrician may 
be useful in giving recommendations about 
changing the medication. Polypharmacy is fre-
quently an issue in the geriatric population, and 
these patients need close monitoring for drug 
interactions, as well as adverse side effects.
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14.4.6  Atrophic Rhinitis

Structural changes in the nasal structure and 
intranasal function can cause atrophic rhinitis 
which frequently affects the elderly with a mean 
age of occurrence of 52–56  years [154]. 
Symptoms include dryness and crusting of the 
nasal mucosa, with possible underlying bony 
resorption [155]. Structural changes in the muco-
sal glands, vasculature, and connective tissue of 
the nose as well as cholinergic hyperactivity can 
all be causes. Histological assessment of patients 
with atrophic rhinitis shows atrophy of glands, 
loss of cilia, squamous metaplasia, and inflam-
matory infiltrate [156]. Atrophic rhinitis has been 
categorized as either primary or secondary atro-
phic rhinitis. Although primary atrophic rhinitis 
has been hypothesized to have multiple possible 
etiologies, the leading hypothesis seems to be 
infection and bacterial colonization of the nasal 
mucosa by Klebsiella ozaenae [156, 157]. 
Secondary atrophic rhinitis is thought to be due 
to repeated trauma, surgery, irradiation, or granu-
lomatous diseases [156]. Patients with atrophic 
rhinitis complain of drying of the nose, nasal 
congestion, and rhinitis and sometimes fetor is 
noted. Thick nasal secretions increase worsening 
postnasal drip symptoms and lead to frequent 
clearing of the throat. Treatment of this condition 
is difficult as it is impossible to reverse or miti-
gate the physiological changes. Intranasal ste-
roids, expectorant drugs, and nasal saline sprays 
are recommended though their efficacy in this 
group is understudied [158]. Aggressive use of 
nasal humidification, emollients, and saline irri-
gation is helpful. The efficacy of the surgical 
intervention, which aims to reduce the size of the 
nasal cavity, has shown promise, but still war-
rants further rigorous investigations [159].

14.4.7  Gustatory Rhinitis

Patients with gustatory rhinitis have profuse 
watery or mucoid rhinorrhea while eating, with 
hot and spicy foods often being the trigger. This 
condition may present in all age groups but has 
been reported to worsen with age. The patho-

physiology is not well understood, and there are 
many theories as to its cause. One theory is that 
odors may activate receptors on the mucosa 
directly, resulting in secretions from goblet cells 
and submucosal glands. This, however, would 
not explain why some patients have symptoms 
while eating foods that are neither hot nor spicy. 
Another theory is that patients have stimulation 
of the sensory portion of the trigeminal nerve 
which causes a reflex parasympathetic response 
with activation of postganglionic, cholinergic, 
muscarinic, and parasympathetic fibers. This 
results in activation of the submucosal glands, 
causing rhinorrhea [160]. A third theory revolves 
around a hyperactive nonadrenergic, noncholin-
ergic (NANC) neural system predicated upon the 
activation of TRPV1 receptors of the upper air-
way glands by capsaicin [160]. Gustatory rhinitis 
is a common complaint among rhinologic 
patients and causes great social discomfort as 
patients are inhibited from sharing meals with 
friends. It can be treated easily with intranasal 
anticholinergics. Research has also investigated 
surgical interventions and capsaicin treatment as 
possible alternative therapeutic remedies [160].

14.4.8  Hormonal Rhinitis

Pregnancy induces congestion and rhinorrhea, 
although the mechanism of rhinitis of pregnancy 
is not clearly understood [161, 162]. Some sug-
gest that it could be due to hypertrophy of the 
nasal mucosa caused by placental growth hor-
mone or due to vasodilation of the nasal micro-
vasculature caused by estrogen and progesterone 
[162]. Through studies of the influence of ovarian 
hormones on rhinitis, it has been seen that rhinitis 
may be associated with hormonal peaks, such as 
those during ovulation or pregnancy, despite the 
fact that the absolute amount of estrogens present 
at these times is very different. The number of 
beta estrogen receptor-positive cells in tissues 
has been correlated with rhinitic symptoms [163]. 
One would think that in postmenopausal women, 
who deal with overall decreased levels of estro-
gens unless undergoing treatment with exoge-
nous hormones, it would have a large influence 
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on nasal symptoms, but the influence of these 
hormonal changes has not been elucidated. Some 
studies demonstrate that when hormones are 
given exogenously at a steady rate, such as with 
oral contraceptive pills or hormone replacement 
therapy, there is no subsequent rhinitis [164]. 
Consistent with the suggestion that exogenous 
hormones could have a protective effect on the 
rhinitis, one study among young women demon-
strated the use of hormonal contraceptives was 
associated with a lower likelihood of developing 
new-onset rhinitis after puberty [165]. 
Interestingly, the nose is being studied as a route 
of administration of hormonal and other drug 
therapy.

14.4.9  Chronic Rhinosinusitis

Inflammatory causes of rhinitis must be consid-
ered in the geriatric population. Chronic rhinosi-
nusitis is the sixth most common chronic 
condition in people older than 65 [166]. Seventeen 
percent of patients aged 65–74 years old may suf-
fer from chronic rhinosinusitis [167]. A recent 
population-based study in Korea demonstrated 
that the prevalence of chronic rhinosinusitis was 
significantly higher among adults older than 
65 in comparison to adults younger than 65 [168].

Some potential age-related changes that could 
play a role in the development of chronic rhinosi-
nusitis in the elderly include changes to epithelial 
barrier function, microbiome characteristics, and 
patterns of inflammation [169] [170]. In patients 
over 65 years of age with CRS undergoing sinus 
surgery, Proteus spp. and Pseudomonas aerugi-
nosa were more commonly cultured compared to 
younger patients. These data have implications 
for therapy with antibiotics (where appropriate) 
and also suggest differences in mucosal immu-
nity with age [171]. Age may indeed affect 
immune responses in the airway as a CRS endo-
type with a proinflammatory neutrophilic 
immune signature was enriched in older patients 
who had increased mucus levels of IL-1β, IL-6, 
IL-8, and TNF-α when compared to younger 
controls [172]. These data show that older 
patients with CRS have a unique inflammatory 

signature that corresponds to a neutrophilic pro-
inflammatory response. Neutrophil-driven 
inflammation may require different therapies and 
may explain differences in chronic microbial 
infection or colonization in older patients. 
Additionally, as some elderly may be relatively 
immunocompromised because of diabetes melli-
tus or other underlying illnesses or treatments for 
medical conditions, some lower-virulence organ-
isms must be considered while treating these 
patients [167]. Older patients appear to have 
smaller (and less likely clinically significant) 
improvements in quality of life after sinus sur-
gery [173]. Standard treatments for this condition 
are useful in older patients.

14.5  Treatment of the Geriatric 
Patient with Rhinitis

14.5.1  Overview

Slavin made seminal suggestions for approach-
ing the older patient with rhinitis [174]. First, this 
condition is neglected and impacts the quality of 
life. One must consider anatomic changes related 
to aging before treating. Geriatric issues such as 
polypharmacy, cognitive dysfunction, changes in 
body composition, impairment of liver and renal 
function, and the cost of medications in the face 
of limited resources are key medical and social 
issues in this group. One must categorize the eti-
ology of the problem and its related symptoms 
and treat specific ones. Moisture in general is key 
to improved nasal symptoms in this age group. 
Specifics of medications will be reviewed below, 
but important note should be made of potentially 
dangerous side effects in this age group. In gen-
eral, however, several medications are helpful for 
this problem.

14.5.2  Medical Therapies

In the United States, 58% of adults over age 65 
take five to nine medications and 18% take ten or 
more. In Germany, patients over age 65 take 66% 
of all prescribed medications, despite represent-
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ing only 22% of the total population [175]. 
Polypharmacy has truly become a major issue 
and careful attention needs to be paid to avoiding 
drug interactions and adverse side effects from 
medications. Although rhinitis can be a bother-
some condition, its treatment is intended primar-
ily to improve quality of life, and thus, its medical 
treatment should not interfere with other more 
pressing medical conditions.

In a cross-sectional study using data from the 
National Social Life, Health, and Aging Project 
(NSHAP), a nationally representative sample of 
community-dwelling, U.S. adults 57–85  years 
(n = 2976) overall prevalence of allergy medica-
tion usage was 8.4% (most commonly antihista-
mines) [176]. Older age was associated with 
decreased allergy medication use (per decade, 
OR 0.80; 95% CI, 0.66 to 0.98). Although 
increased education was associated with 
increased overall allergy medication use, it was 
associated with decreased use of allergy medica-
tions generally contraindicated in the elderly.

14.5.3  Avoidance

In patients with allergic rhinitis, avoidance mea-
sures would make intuitive sense; however, to 
date, no study has been able to prove that avoid-
ance measures are effective. Despite potentially 
reducing the number of allergens present, envi-
ronmental modifications have not been proven to 
have any impact on rhinitic symptoms [118]. As 
many of these interventions have no negative 
sequelae other than cost or logistics, patients may 
still want to consider them. In patients with 
known dog or cat allergies, it would make sense 
to avoid having those animals as pets, but the evi-
dence is weak regarding this impact, as they are 
likely to encounter cat and dog dander at low lev-
els at home and in public. If patients already have 
pets, to which they are allergic, they may want to 
avoid keeping those pets in the bedroom or fre-
quently used living spaces. Patients with dust 
mite allergies may find it helpful to decrease the 
amount of dust in the home by having hardwood 
floors instead of carpeting, washing sheets in hot 
water between 55 and 60 °C, keeping a HEPA air 

filter, and vacuuming and cleaning regularly. 
Cost should be taken into consideration as many 
elderly patients are on a fixed budget and some of 
these measures may be expensive, without any 
evidence of benefit in randomized clinical trials. 
No single measure of avoidance is likely to be of 
benefit, but patients may find multiple measures 
to be helpful [177].

14.5.4  Increasing Nasal Moisture

One of the most important treatments for rhinitis 
of any form in older adults is to maintain and 
improve moisture. Nasal saline is a cheap, safe, 
and effective treatment for patients. Saline 
increases mucociliary clearance and improves 
symptoms [178, 179]. Isotonic saline prepara-
tions seem to be the most beneficial with the least 
side effects [180]. They are typically given four 
to six times daily. Indeed, some studies suggest 
that intranasal steroids are no better than saline in 
this age group [181]. Home humidifiers may also 
provide benefits.

Guaifenesin is a mucolytic agent that has been 
available for over 50 years. Although its mecha-
nism of action is not entirely understood, it func-
tions as an expectorant, which helps to increase 
the volume of mucous production, as well as 
decrease the viscosity of mucous [182]. It can be 
used in dosages of up to 2400  mg/day [183]. 
Many clinicians have found this treatment to be 
helpful in older patients and side effects are 
minimal.

14.5.5  Emollients

Emollients (petroleum jelly is perhaps the most 
common) have been found to decrease crusting 
and dryness of the nose. In a Swedish study, 
there was a significant decrease in nasal dryness, 
 followed by nasal stuffiness and crusting, during 
cold weather months in patients receiving ses-
ame oil versus isotonic sodium chloride solu-
tion. All emollients such may cause lipoid 
pneumonitis if aspirated, and so much be used 
with caution [184].
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14.5.6  Oral and Intranasal 
Antihistamines

Second- and third-generation antihistamines 
are very effective in treating rhinitis, sneezing, 
and nasal and ocular pruritus associated with 
allergic rhinitis. These agents are less likely to 
cause sedation when compared to first-genera-
tion agents, as they are less lipid soluble, and 
do not readily cross the blood–brain barrier. 
First- generation antihistamines have been asso-
ciated with work-related injuries, decreased 
mentation, and driving accidents [185], prob-
lems that might be exacerbated in older sub-
jects. Diphenhydramine is a well-known 
first-generation antihistamine, which possesses 
some anticholinergic properties. Older adults 
are particularly susceptible to these medica-
tions and delirium may result even with low 
dosages [186]; therefore, this drug should be 
avoided in older patients.

Intranasal antihistamines are well-tolerated 
treatments for allergic and nonallergic rhinitis 
and have a low side-effect profile [187]. Patients 
may also complain of the bitter taste. Intranasal 
application of azelastine demonstrates six to 
eight times lower systemic absorption than oral 
preparations. Sedation is reported to some degree 
but less when compared to oral second- generation 
antihistamines. Intranasal antihistamines are safe 
treatment and provide relief against both the 
early- and late-phase allergic responses and non-
allergic responses [188]. Newer combination 
intranasal steroid-intranasal antihistamine prepa-
rations are now widely available and appear to 
show improved efficacy [189].

14.5.7  Intranasal Anticholinergics

Intranasal ipratropium bromide is approved for 
rhinitis [177]. It decreases rhinorrhea and 
increases the nose’s ability to warm and humidify 
air [190]. Ipratropium bromide functions by 
antagonizing acetylcholine transport in parasym-
pathetic efferent nerves, thereby decreasing 
secretion from submucosal glands [191]. In a 
study by Malmberg et  al., ipratropium bromide 

decreases nasal secretions and was preferred over 
placebo by older patients [148]. The side-effect 
profile is favorable: nasal dryness, bleeding, 
headache, dry mouth/throat, blurred vision, and 
urinary hesitancy are rarely observed [192].

14.5.8  Corticosteroids

Intranasal corticosteroids are generally first-line 
treatment for rhinitis (either allergic or nonaller-
gic) in all ages. They function by decreasing the 
inflammatory response of the nose, and by inhib-
iting responses of lymphocytes, eosinophils, 
mast cells, basophils, neutrophils, monocytes, 
and macrophages [193]. There are numerous for-
mulations available by prescription and now over 
the counter in the United States and Europe.

There does not appear to be any increased risk 
of cataract formation or decreased bone mineral 
density in adults with the current dosages of 
intranasal corticosteroids due to their low bio-
availability [194, 195]. Care should be taken 
regarding the one common side effect of these 
medications, epistaxis, which can be more com-
mon in older patient.

Oral corticosteroids are used at times in 
patients with nasal polyposis or acute/chronic 
rhinosinusitis to decrease congestion; however, 
these medications come with systemic risks, 
including effects on the hypothalamic-pituitary 
axis, cataract formation, glucose abnormalities, 
and osteoporosis, and increased intraocular pres-
sures [196].

14.5.9  Decongestants

Decongestants are available in topical or oral 
preparations. Topical preparations, such as oxy-
metazoline, should only be used for short periods 
of time as they may lead to rhinitis medicamen-
tosa in some patients. They function by stimulat-
ing the endogenous release of norepinephrine 
which acts on alpha-receptors to cause vasocon-
striction in the nose [197]. Oral decongestants, 
such as pseudoephedrine, also work by stimulat-
ing alpha-receptors but have systemic effects 
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such as urinary retention or elevation in blood 
pressure that can result in serious complications 
in older adults. Moreover, pseudoephedrine has 
been known to potentiate arrhythmias, hyperten-
sion, myocardial infarction, and stress cardiomy-
opathy [198]. It should be avoided in patients 
with insomnia, prostatic hypertrophy, or glau-
coma [145]. Thus, it should be avoided in older 
adults.

14.5.10  Immunotherapy

As with younger patients, allergen-specific 
immunotherapy for grass pollen or house dust 
mites is effective and safe in patients aged 
60 years or older with allergic rhinitis [199]. Both 
tablet preparations (grass, dust, ragweed) and 
subcutaneous therapies are possible.

14.6  Conclusions

As medicine, technology, and societal change 
allow for longer life expectancies, the importance 
of caring for older patients will increase world-
wide. Understanding the physiology of the aging 
nose will aid in better diagnosis and treatment of 
rhinologic conditions that occur in older adults. 
Careful attention should be paid to polypharmacy, 
contributing comorbid conditions, and structural 
and functional changes with aging. All clinicians 
should strive to improve knowledge and skills 
required to care for age-related conditions.
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15Nutrition and the Upper 
Respiratory Tract

Jim Bartley

Key Points
• Type II diabetes increases susceptibility to 

viral and bacterial infections.
• Zinc supplementation reduces the duration 

and severity of common cold symptoms.
• In some situations, a cow’s milk exclusion diet 

appears to reduce mucus production.
• Probiotic supplementation is beneficial in 

upper respiratory infections and may have a 
role in allergic rhinitis management.

• Vitamin D supplementation has a role in the 
prevention of upper respiratory infections.

15.1  Introduction

Nutritional deficiencies may lead to cellular dys-
function, illness and disease. Type II diabetic 
subjects are more susceptible to bacterial and 
viral infections, including pathogenic agents 
such as COVID-19 [1]. Increasing evidence indi-
cates that probiotics and vitamin D supplementa-
tion have a role in the management of upper 
respiratory infections [2, 3].

15.2  Probiotics

In children, probiotic consumption may decrease 
the incidence and illness duration of respiratory 
tract infections and the number of days absent 
from school or day care in children [4]. Similar 
conclusions have also been made when adult 
patients are included in the meta-analysis [2]. 
Bifidobacteria and Lactobacilli are found more 
commonly in the intestinal flora of healthy chil-
dren when compared to allergic children [5]. 
Probiotic bacteria in the intestinal microbiota 
may protect against atopy. The current evidence 
does not support the routine use of probiotics in 
allergic disease prevention [6]; however, probi-
otics may have a role in allergic rhinitis manage-
ment [7–9]. Increasing evidence indicates that 
diet influences lung health [10] and allergic rhi-
nitis [11].

The potential underlying mechanisms of pro-
biotics on respiratory tract infections and allergic 
rhinitis are not well defined. In vitro, certain nor-
mal human upper respiratory flora strains, mainly 
streptococcal species, prevent pathogenic coloni-
zation and infection [12]. The possibility exists 
that the local application of ‘healthy bacteria’, 
through the use of nasal sprays, could prevent 
upper respiratory infections and aid in allergy 
management [13, 14]. Probiotics influence both 
innate and adaptive immune responses. They 
increase interleukin (IL)-10 expression and 
decrease inflammatory cytokine expression, such 
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as tumour necrosis factor-α, IL-1β and IL-8 [15]. 
Lactic acid bacteria and Bifidobacteria are the 
most common types of probiotics [2]. The influ-
ence of probiotics on respiratory tract health is an 
area of ongoing research. Debate continues about 
the most appropriate probiotic strains and dosage 
regimens to use in a clinical situation.

15.3  Iron

Bacteria need iron for the purposes of respira-
tion, DNA synthesis and free radical-scaveng-
ing mechanisms. The iron-binding proteins, 
transferrin and lactoferrin help maintain low 
iron levels in nasal mucus, which helps protect 
against microbial infection. In the host, iron 
deficiency significantly impairs cell prolifera-
tion and immune function [16]. Iron deficiency 
is not associated with an increased risk of acute 
lower respiratory tract infection [17], indicating 
that it is probably an upper respiratory infection 
risk factor. The results of iron supplementation 
in respiratory tract infection management are 
mixed [16].

15.4  Vitamin A

Vitamin A is required for cellular growth, epithe-
lial integrity, the production of red blood cells 
and immunity. Vitamin A deficiency increases the 
susceptibility to a number of illnesses including 
diarrhoea, measles and lower respiratory infec-
tions but not upper respiratory infections. While 
vitamin A supplementation reduces morbidity 
and mortality in children, no significant influence 
on the incidence of respiratory disease or hospi-
talisations due to diarrhoea or pneumonia has 
been noted [18, 19].

Cod liver oil, as well as a children’s multivita-
min/mineral supplement with selenium and other 
trace metals, reduced paediatric visits for upper 
respiratory illness during the winter and early 
spring by 36–58%. Cod liver oil not only con-
tains vitamin A but also contains vitamin D and 
omega-3 fatty acids, which makes it difficult to 
totally attribute these results to vitamin A [20].

15.5  Omega-3

Omega-3 and omega-6 oils are essential fatty 
acids oils, which play a role in the inflammatory 
response. The results of epidemiological studies 
investigating maternal fish intake during preg-
nancy and allergic outcomes in infants/children 
of those pregnancies are inconsistent. 
Interventional studies studying oily fish con-
sumption or fish oil supplementation in preg-
nancy to prevent infant and childhood allergic 
diseases are also inconsistent [21, 22]. Omega-3 
fatty acid supplementation alone does not 
improve allergic rhinitis symptoms [23]. In 
Samter’s triad (salicylate intolerance, asthma and 
nasal polyps) patients, high-dose omega-3 sup-
plementation may be useful [24].

15.6  Zinc

Zinc has numerous roles in the immune 
response. Zinc is crucial for the normal develop-
ment and function of cells such as neutrophils 
and natural killer cells that mediate innate 
immunity. Zinc is also involved in T and B lym-
phocyte functions as well as Th1 cytokine pro-
duction. The macrophage, in particular, is 
adversely affected by zinc deficiency [16]. Zinc 
taken daily reduces the incidence of the com-
mon cold in young children and both the dura-
tion and severity of symptoms once one has 
developed a cold [25]. There has been some dis-
cussion of this meta-analysis [26]. In adults, 
zinc supplementation reduces the duration and 
severity of common cold symptoms [27]. The 
role of zinc supplementation in the prevention 
of lower respiratory infection has not been 
translated into the possible prevention of upper 
respiratory bacterial infection [28, 29].

15.7  Milk

Excessive milk consumption has a long associ-
ation with increased respiratory tract mucus 
production and asthma [30]. In the human 
colon, ß-casomorphin-7 (ß-CM-7), an exorphin 
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derived from the breakdown of A1 milk, stimu-
lates mucus production from gut MUC5AC 
glands [31]. In the presence of inflammation, 
similar mucus overproduction from respiratory 
tract MUC5AC glands characterizes many 
respiratory tract diseases [32, 33]. ß-CM-7 
from the bloodstream could stimulate the pro-
duction and secretion of mucus production 
from these respiratory glands. A number of 
studies document that asthma symptoms often 
improve where milk is excluded from the diet 
[34–39]. Recent studies indicate that patients 
with perceived cow’s milk hypersensitivity 
have increased non-type 2 inflammation and 
airway hyper-responsiveness [40] and that a 
dairy-free diet reduces the sensation of postna-
sal mucus [41]. These studies support the clini-
cal observation that in some situations a cow’s 
milk exclusion diet may aid nasal symptom 
management.

15.8  Vitamin D

Vitamin D (25(OH)D) deficiency is common 
around the world. Vitamin D is made largely by 
sun exposure [42]. Vitamin D has important 
roles in both innate and adaptive immunity 
[43]. Vitamin D has direct antiviral effects pri-
marily against enveloped viruses; coronavirus 
is an enveloped virus. Blood vitamin D status 
can influence the risk of being infected with 
COVID- 19, the seriousness of COVID-19 and 
mortality from COVID-19 [44]. Vitamin D may 
have an important role in oral health [45]. 
Historically, supplementation with cod liver oil 
(containing vitamin D) reduced upper respira-
tory tract infection frequency [46, 47]. Vitamin 
D is a hormone, which may be given in supra-
physiological bolus doses. High circulating 
concentrations after bolus dosing may chroni-
cally dysregulate the activity of enzymes 
responsible for the synthesis and degradation of 
the active vitamin D metabolite 1,25-dihy-
droxyvitamin D, resulting in decreased concen-
trations and limited effectiveness of this 
metabolite in extra-renal tissues [48]. Vitamin 
D supplementation is safe and protects against 

acute respiratory infections. Very deficient indi-
viduals and those not receiving bolus doses 
experience the most benefit [3].

15.9  Type 2 Diabetes

Type II diabetes increases viral and bacterial 
infection susceptibility [49]. Most Type II diabe-
tes respiratory research has focused on the lower 
respiratory tract. Obesity can lead to obstructive 
sleep apnoea and obesity-hypoventilation syn-
drome. Poor quality sleep is associated with 
reduced immune function [50]. The adaptive 
immune response is altered in patients with obe-
sity and type 2 diabetes [51]. Obesity is associ-
ated with insulin resistance and chronic low-grade 
inflammation. Both obesity and Type 2 diabetes 
are associated with an increased risk of recurrent 
and secondary infections. Obese individuals have 
a higher risk of community-acquired pneumonia, 
cutaneous infections and aspiration pneumonia 
during hospitalizations [52]. Poor diabetic con-
trol is associated with increased infection risk 
[53]. Obesity is independently associated with 
high rates of Staphylococcus aureus nasal car-
riage—a proven risk factor for surgical-site infec-
tions [49] and for chronic rhinosinusitis [54]. 
Type 2 diabetic patients are more likely to have 
nasal polyps, positive Pseudomonas aeruginosa 
and other gram-negative rods isolated from sinus 
cultures and significantly less clinical improve-
ment 6 months after sinus surgery [55]. Improving 
Type II diabetic control may be important in 
managing patients with difficulty sinusitis [53].

15.10  Conclusions

Nutritional deficiencies may lead to cellular dys-
function and disease. Poor diabetic control is asso-
ciated with increased infection risk. A milk 
exclusion diet may reduce respiratory tract mucus 
production. Increasing evidence indicates that pro-
biotic supplementation is beneficial in upper respi-
ratory infections and allergic rhinitis management. 
Regular vitamin D supplementation has a role in 
the prevention of upper respiratory infections.
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16Physiology of Lacrimal Drainage

Ali Riza Cenk Çelebi and Özlem Önerci Celebi

Core Messages
• There are many factors contributing to lacri-

mal elimination, but the most important mech-
anism is the canalicular and sac pump 
mechanism.

• Canalicular pump is probably more important 
than the sac pump because, following DCR, 
tears are still drained through the canaliculi to 
the nose.

• The pressure gradient between the canaliculi 
and the sac cannot be produced if the canalic-
ulus is slit open. Therefore, the lacrimal cana-
liculi should be preserved and should not be 
damaged.

• Tear elimination is equivalent through the 
upper and lower canalicular systems. 
Therefore, attention should be given not to 
damage both the upper and lower canaliculus.

The lacrimal drainage system works to remove 
those tears secreted into the palpebral aperture to 
cover the cornea at a rate of 1.2 μl/min with a 
total 24-h secretory volume of approximately 
10 ml [1]. The tear film travels across the surface 
of the globe and eyelids, enters the puncta/

ampulla, passes through the canaliculi, and enters 
the lacrimal sac/nasolacrimal duct/nasal pas-
sages. With blinking (orbicularis muscle contrac-
tion), the closure of palpebral aperture starts from 
the lateral and proceeds to the medial. This action 
propels the tears medially toward the lacrimal 
lake [1].

Factors contributing to lacrimal elimination 
may include:

• Evaporation of tears from the ocular surface.
• Capillary attraction of the tears.
• Reservoir drainage into the lacrimal sac (so- 

called Krehbiel flow).
• Siphon effect.
• Microciliation and absorption of tears by the 

lacrimal sac mucosa.
• Bernoulli’s principle and Venturi tube effect.
• Physical forces such as gravity.
• Canalicular and sac pump mechanism.

16.1  Factors in Tear Flow

16.1.1  Evaporation

Much of the tears is lost by direct evaporation 
from the ocular surface. Low humidity and wind 
increase this loss. According to Schirmer, almost 
half of the secreted tears were lost by evapora-
tion [1].
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16.1.2  Capillarity

Capillarity or capillary action is the ability of a 
liquid to flow in a narrow tube without the assis-
tance of gravity. This effect can be seen in the 
drawing of liquids in a thin tube or in porous 
materials such as paper. Capillary action can be 
noticed in the drainage of tears from the eye. The 
small canaliculi may act like a capillary tube. The 
canaliculi may draw tears through the punctum 
and transfer tears through the canaliculi. The fact 
that trauma to the canaliculi and loss of capillar-
ity does not cause loss of function indicates that 
capillarity is not the only factor in drawing tears 
through the punctum [1].

16.1.3  Krehbiel Flow

Krehbiel flow is the flow of the tears from the 
punctum through the canaliculus due to changes 
of pressure within the lacrimal sac owing to the 
effect of the orbicularis tonus on both canaliculi 
and tear sac when the lids are open [1, 2].

16.1.4  Siphon Effect

The word siphon refers specifically to a tube in 
an inverted U shape which causes a liquid to flow 
uphill, above the surface of the reservoir, without 
pumps, powered by the fall of the liquid as it 
flows down the tube under the pull of gravity, and 
is discharged at a level lower than the surface of 
the reservoir. It is important that while the siphon 
must touch the liquid in the (upper) reservoir (the 
surface of the liquid must be above the intake 
opening), it need not touch the liquid in the lower 
reservoir and indeed there need not be a lower 
reservoir—liquid can discharge into midair.

16.1.5  Microciliation 
and Reabsorption

The internal wall of the lacrimal canaliculi is 
lined by a stratified epithelium. Epithelial cells 
are faced by microvilli. The facing of epithelial 
cells by microvilli gives hints of reabsorption of 

lacrimal fluid inside the lacrimal ducts [3]. Due 
to this reabsorption in the nasolacrimal sac and 
duct, the amount of tears leaving the nasolacri-
mal duct orifice in the nose is less than the amount 
of tears entering the puncta.

16.1.6  Bernoulli’s Principle 
and Venturi Tube Effect

The relationship between the velocity and pressure 
exerted by a moving liquid is described by the 
Bernoulli’s principle: as the velocity of a fluid 
increases, the pressure exerted by that fluid 
decreases. The Venturi effect is similar to Bernoulli’s 
principle. The velocity of the fluid increases as the 
cross-sectional area decreases, with the static pres-
sure correspondingly decreasing. According to the 
laws governing fluid dynamics, a fluid’s velocity 
must increase as it passes through a constriction to 
satisfy the principle of continuity, while its pressure 
must decrease to satisfy the principle of conserva-
tion of mechanical energy. An equation for the drop 
in pressure due to the Venturi effect may be derived 
from a combination of Bernoulli’s principle and the 
continuity equation.

The canaliculi narrow close to the common 
canaliculus, and the common canaliculus is a 
larger structure. Bernoulli principle and Venturi 
tube effect may play a role in the flow through the 
canaliculi. According to the Venturi tube effect, 
narrowing of the canaliculi from lateral to medial 
increases the speed of flow from lateral to medial 
and according to Bernoulli’s principle movement 
over a low-pressure area creates a suctional 
effect. Bernoulli’s principle may also play a role 
in the lacrimal system at the nasal cavity sucking 
tears from the valve of Hasner area into the nose 
in addition to the ampulla and just distal to the 
common internal punctum [4].

16.2  Tear Flow and Elimination

16.2.1  Flow from the Lacrimal Lake 
Through the Puncta

The tears enter the puncta with three mecha-
nisms [1]:
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 1. A negative pressure would develop inside the 
punctum to suck the tears.

 2. The small canaliculi may act as capillary tubes 
and would suction the tears through the small 
capillary tubes. However, capillarity is not the 
only factor in drainage because a slit canalicu-
lus where capillarity has been destroyed usually 
functions well for other reasons.

 3. Krehbiel’s effect (Reservoir drainage into the 
lacrimal sac): Krehbiel suggested that even in 
the resting phase of the blink cycle, tears pass 
from the punctum through into the canalicu-
lus. This may be due to changes in pressure 
within the lacrimal sac owing to the effect of 
the orbicularis tonus on both canaliculi and 
tear sac when the lids are open. However, if a 
DCR is performed, this effect may not be seen 
and therefore it is probably not the intracana-
licular suction that is causing this effect, but 
sac suction [1, 2].

16.2.2  What Canalicular System Is 
more Important for Tear 
Elimination: Upper or Lower?

Although it is believed that the upper canalicular 
system is unimportant, experimental and clinical 
studies show that tear elimination is equivalent 
through the upper and lower canalicular systems 
[5–8]. Surgeons should thus give equal consider-
ation to a patient with lacerations of either the 
upper or lower canaliculus. Studies by White 
et al. [8] and Daubert et al. [5] have demonstrated 
equal tear flow between the upper and lower can-
alicular systems using radioactive dacryoscintig-
raphy flow studies. Meyer et  al. [7] studied 
fluorescein dye disappearance in 20 subjects and 
found that 90% of patients showed minimal or no 
impairment with monocanalicular (either upper 
or lower) obstruction.

16.2.3  Flow Through the Canaliculi 
into the Sac

Although multiple mechanisms may contribute 
to lacrimal outflow, present evidence suggests 
that the most important factor is the active 

palpebral- canalicular pump. It has long been 
noted that the blinking mechanism readily drains 
tears even with the head held in an inverted posi-
tion. When the palpebral blink mechanism is 
impaired, however, epiphora is common, such as 
in patients with facial paralysis.

16.2.4  Lacrimal Pump

There are two most popular lacrimal pump theo-
ries: one suggested by Jones [9] and the other by 
Doane [10]. More recently, Becker [11] proposed 
a tricompartmental model of the lacrimal pump, 
which in many ways is similar to the Doane 
model. The lacrimal pump models agree that eye-
lid closure results in a squeezing of the canaliculi 
with the nasal movement of tears into the lacri-
mal sac. The models diverge, however, in the 
analysis of the changes in the lacrimal sac pres-
sure with eyelid closure and opening.

The first “lacrimal pump” theory is based on 
classic anatomic studies by Jones [9], describing 
tendinous and muscular insertions exerting their 
action on and around the lacrimal sac. The Jones 
theory for this lacrimal pump involves three 
components:

 1. The deep heads of the pretarsal orbicularis 
muscle (Horner’s muscle).

 2. The deep head of the preseptal muscle (Jones’ 
muscle).

 3. The lacrimal diaphragm (fascia around the 
sac).

The tensor tarsi (Horner’s) muscle originates 
on the posterior lacrimal crest and divides to sur-
round the canaliculi. It then becomes continuous 
with the pretarsal portions of the orbicularis mus-
cle. Since some fibers of this muscle run in a par-
allel and sometimes spiral manner, the contraction 
of the muscle can draw the papillae of the puncta 
in a medial direction. This narrows the ampullae 
and shortens the canaliculi [12]. The Horner’s 
muscle around the canaliculi pumps tears from 
the punctum through to the sac [2].

An additional strand of orbicularis muscle 
from the preseptal area inserting into the lacrimal 
fascia and posterior lacrimal crest (the deep head 
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of the preseptal orbicularis muscle) was described 
by Jones and this muscle is named as Jones’ mus-
cle. According to Jones, the muscular pull of this 
preseptal orbicularis muscle (Jones’ muscle) on 
the lacrimal sac draws the lateral wall of the 
nasolacrimal sac laterally and creates a negative 
pressure within the sac [13].

With blinking, contraction of the deep presep-
tal orbicularis fibers (Jones’ muscle) draws the 
lateral wall of the nasolacrimal sac laterally, cre-
ating a negative pressure within the sac and 
allowing the inspiration of tears into the sac. The 
tears are forced along the canalicular system by 
contraction of the deep head of the pretarsal mus-
cle (Horner’s muscle). When the orbicularis 
relaxes and the eyelid opens, the sac collapses, 
forcing tears down the nasolacrimal duct. At the 
same time, the canaliculi open, siphoning tears 
into their lumen. Closing the eyelids again pushes 
and propels the accumulated tears into the lacri-
mal sac [14].

Doane suggested a different mechanism of 
tear propulsion through the system. He noted that 
the puncta came together during the early phases 
of eyelid closure and occlusion of the puncta 
occurred as a first step in the tear pump. He pos-
tulated that contraction of the pretarsal orbicu-
laris oculi muscle exerts lateral traction on the 
lacrimal sac wall, compresses the ampulla, and 
shortens the canaliculi, causing a pressure 
increase in the canaliculi propelling tear fluid 
within the canaliculi toward the lacrimal sac (i.e., 
positive pressure is created during a blink in both 
the canaliculi and the nasolacrimal sac as a result 
of muscle contraction occurring in the pretarsal 
and preseptal orbicularis fibers) [10, 14]. Doane 
further theorized that as the tension increases on 
the lacrimal fascia to open the fundus of the sac, 
the inferior portion closes more tightly, prevent-
ing aspiration of air from the nose. As the eyelids 
open, the puncta initially remain closed by the 
opposing lid until the end of the opening move-
ment, and partial vacuum forms within the mem-
branous lacrimal conduit. As the eyelid-opening 
phase of the blink continues, the two lacrimal 
puncta open and expose the adjacent lacrimal 
lake to this partial vacuum. Tears rapidly flow 
into the canaliculi during the 1–3-s interval 

immediately after the blink. Once again, the can-
aliculi fill with fluid so that the pumping action of 
the next blink can continue the lacrimal elimina-
tion cycle. With the relaxation of the deep head of 
the preseptal orbicularis muscle, elastic recoil of 
the lacrimal fascia collapses the lacrimal sac, 
expelling any fluid within the sac down into the 
now patent nasolacrimal duct. Thus, the collaps-
ing lacrimal drainage conduit was believed to 
push the tears through the system into the nose 
without the suction phase postulated by Jones 
[10]. To date, most evidence supports the Doane 
model [15].

Becker observed that the superolateral wall of 
the lacrimal sac, which is attached to the deep head 
of the preseptal orbicularis, moved laterally with 
lid closure and medially with lid opening. The 
inferior half of the lateral wall of the lacrimal sac 
moved medially with lid closure and laterally with 
lid opening. Becker suggested a tricompartment 
model of the lacrimal pump that incorporates these 
findings. With lid closure, the orbicularis muscle 
contracts, compressing the canaliculi and pulling 
the superior half of the lateral wall of the lacrimal 
sac laterally. This creates a lower pressure in the 
superior sac, allowing tears to be propelled from 
the canaliculi into the sac. At the same time, the 
inferior half of the lateral sac wall moves medially, 
creating a positive pressure in the inferior sac and 
nasolacrimal duct, thus forcing tears down the 
duct into the nose. With lid opening, the orbicu-
laris muscle relaxes, allowing the canaliculi to 
open and the superior half of the lateral sac wall to 
move medially. The resulting negative intracana-
licular pressure allows tears to flow from the lacri-
mal lake into the canaliculi, and the higher pressure 
in the superior sac closes the valve of Rosenmüller 
and forces tears from the superior to inferior sac 
and proximal nasolacrimal duct. At the same time, 
the inferior half of the lateral sac wall moves later-
ally, resulting in negative pressure in the inferior 
sac and nasolacrimal duct [11]. These observa-
tions are in agreement with Doane’s model, with 
the overall lacrimal sac pressure increasing with 
eyelid closure and reducing with eyelid opening.

These proposed lacrimal sac pumping mecha-
nisms are based on anatomic studies and likely 
do not have a large role in normal lacrimal elimi-
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nation, because the system functions quite well 
with the lacrimal sac completely open, as is the 
case after dacryocystorhinostomy (DCR). This 
shows that the canalicular pump is more impor-
tant than the sac pump [1].

16.2.5  Flow from the Sac to the Nose

The flow of tears from the sac down through the 
duct has been postulated to be a siphoning effect 
and a gravitational effect. The fact that tears will 
flow through the lacrimal system even when one 
is standing on his head, means that it does not 
only depend on the gravitational effect but some 
other active mechanisms as well. The filling of 
the sac and the increasing pressure in the sac 
force the tears down through the duct. Each blink 
expels the fluid through the canaliculi to the sac 
and the sac expels the fluid to the duct [1].

16.3  Other Factors on Tear Flow

16.3.1  Effect of Respiration

It was postulated that respiration also plays a role 
in drainage of tears from the duct into the nose 
and that Bernoulli’s principle has some effect on 
this function. However, since the duct narrows as 
it approaches to the Hasner valve, Bernoulli’s 
effect is minimal. On the other hand, after DCR 
operation, common canaliculus opens directly 
into the nose, and respiration and Bernoulli’s 
principle plays a much more important role in 
these operated cases [16].

16.3.2  Valves

The function of the valves is to prevent or 
decrease the retrograde flow of tears and/or air 
currents. The most important valve is Hasner 
valve which is located at the lower end of the 
nasolacrimal duct. Hasner valve prevents air cur-
rents from within the nose being drawn up into 
the lacrimal duct [1].

Rosenmüller valve is located at the common 
internal punctum and prevents backflow from the 

sac into the canaliculi. This valve is not a real 
valve but it functions like a valve because of the 
anatomic angulation of the canaliculi and com-
mon canaliculus. This valve is especially impor-
tant after DCR operation to prevent backflow of 
the tears from the nose into the canaliculi [17].

Although other valves at the punctum, the 
ampulla, and at the junction of the nasolacrimal 
sac and duct have been described in the literature, 
these are mainly mucosal folds and do not have 
much function.

16.3.3  Clinical Principles Derived 
from the Physiologic 
Information

The palpebral-canalicular pump mechanism in 
lacrimal elimination is the major mechanism. 
The canalicular pump is probably more impor-
tant than the sac pump because following DCR 
tears are still drained through the canaliculi to the 
nose. In facial nerve paralysis, tears will not drain 
into the nose because orbicularis muscle is not 
functioning and cannot operate the canalicular 
pump although there is a patent opening. 
Therefore, the lacrimal canaliculi should be pre-
served and should not be damaged. Repeated 
instrumentation of the lacrimal system or naso-
lacrimal duct probings may injure the canaliculi 
and thus permanently impair lacrimal elimina-
tion. It is very difficult to restore scarred fibrosed 
canaliculi. On the other hand, the pressure gradi-
ent between the canaliculi and the sac cannot be 
produced if the canaliculus is slit open. This 
information should caution clinicians against 
performing overly aggressive procedures on the 
lacrimal outflow system [18].

16.3.4  Role of Anatomic Vascular 
Organization 
and the Importance 
of Cavernous Body

The blood vessels residing in nasolacrimal sys-
tem includes specialized arteries (barrier arter-
ies), venous lacunae (capacitance veins), veins 
(throttle veins), and arteriovenous anastomoses. 
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In the physiology of tear outflow control, the 
cavernous body of the efferent tear ducts is also 
significant. By expanding and decreasing the 
size of the cavernous body, the vessels aid in the 
closing and opening of the lacrimal passage 
lumen [19].

When the barrier arteries (arteries with an 
anatomically additional muscular layer) are 
opened and the throttle veins (veins with a mus-
cle layer of helically arranged smooth muscle 
cells in the tunica media) are closed, expanding 
of the cavernous body occurs. However, if the 
barrier arteries are closed and the throttle veins 
are opened, blood flow to the convoluted venous 
lacunae is diminished, allowing blood to flow 
out of these veins, resulting in cavernous body 
shrinkage and dilation of the lacrimal passage 
lumen. When the shunts of the arteriovenous 
anastomoses are open, direct blood flow between 
arteries and venous lacunae is possible, avoiding 
the subepithelially located capillary network and 
allowing for rapid filling of venous lacunae. The 
specialized blood vessels allow opening and 
closing of the lumen of the lacrimal passage, 
which is effected by the bulging and subsiding of 
the cavernous body, while also controlling tear 

outflow. Furthermore, it was proposed that the 
valves in the lacrimal sac and nasolacrimal duct 
mentioned by Rosenmüller, Hanske, Aubaret, 
Béraud, Krause, and Taillefer in the past may be 
caused by different swelling states of the cavern-
ous body [20].

16.4  Conclusions

There are many factors which are important in 
lacrimal drainage system. The palpebral- 
canalicular pump mechanism in lacrimal elimi-
nation is the major mechanism. The canalicular 
pump is probably more important than the sac 
pump because following DCR tears are still 
drained through the canaliculi to the nose. 
Damage to the canaliculi should be avoided since 
the damage of the canaliculi impairs the lacrimal 
elimination. After DCR operation, the physiol-
ogy changes and some physiologic mechanisms 
may play a more important role. Tear elimination 
is equivalent through the upper and lower cana-
licular systems. Therefore, attention should be 
given not to damage both the upper and lower 
canaliculus (Figs. 16.1, 16.2, 16.3, 16.4).

Fig. 16.1 Normal 
anatomy of the 
nasolacrimal system 
(Courtesy of TESAV)
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Fig. 16.2 Schematic 
representation of the 
nasolacrimal system 
(Courtesy of TESAV)

Fig. 16.4 Sump 
syndrome. If the 
rhinostomy opening is 
made too high during 
DCR operation, the 
drainage system will not 
function properly 
(Courtesy of TESAV)

Fig. 16.3 The palpebral-canalicular pump mechanism in lacrimal elimination (Courtesy of TESAV)

16 Physiology of Lacrimal Drainage



192

References

1. Hurwitz JJ.  Physiology of the lacrimal drainage 
system. In: Hurwitz JJ, editor. The lacrimal system. 
Philadelphia: Lippincott-Raven Publishers; 1996. 
p. 23–8.

2. Ahl NC, Hill JC.  Horner’s muscle and the lacrimal 
system. Arch Ophthalmol. 1982;100:488–93.

3. Paulsen F, Thale A, Kohla G, et  al. Functional 
anatomy of human lacrimal duct epithelium. Anat 
Embryol. 1998;198:1–12.

4. Sisler HA.  One-way flow in the lacrimal drainage 
system: determinants from the basic sciences. Ann 
Ophthalmol. 1982;14:76–7.

5. Daubert J, Nik N, Chandeyssoun PA, et  al. Tear 
flow analysis through the upper and lower systems. 
Ophthal Plast Reconstr Surg. 1990;6:193–6.

6. Linberg JV, Moore CA.  Symptoms of canalicular 
obstruction. Ophthalmology. 1988;95:1077–9.

7. Meyer DR, Antonello A, Linberg JY.  Assessment 
of tear drainage after canalicular obstruction using 
fluorescein dye disappearance. Ophthalmology. 
1990;97:1370–4.

8. White WL, Glover AT, Buckner AB, et  al. Relative 
canalicular tear flow as assessed by dacryoscintigra-
phy. Ophthalmology. 1989;96:167–9.

9. Jones LT. Anatomy of the tear system. Int Ophthalmol 
Clin. 1973;13:3–22.

10. Doane MG. Blinking and the mechanics of the lacrimal 
drainage system. Ophthalmology. 1981;88:844–51.

11. Becker BB.  Tricompartment model of the lacrimal 
pump mechanism. Ophthalmology. 1992;99:1139–45.

12. Jones LT.  Epiphora. II.  Its relation to the anatomic 
structures and surgery of the medial canthal region. 
Am J Ophthalmol. 1957;43:203–12.

13. Jones LT. Epiphora: its relation to the anatomic struc-
tures and surgery of the medial canthal region. Trans 
Pac Coast Oto-Ophthalmol Soc. 1956;37:31–46.

14. Jordan DR, Mawn L, Anderson RL. Surgical anatomy 
of the ocular Adnexa: a clinical approach. 1st ed. San 
Francisco: American Academy of Ophthalmology; 
2012. p. 30–8.

15. Burkat CN, Hodges RR, Lucarelli MJ, et  al. 
Physiology of the lacrimal system. In: Tasman W, 
Jaeger EA, editors. Duane’s foundations of clini-
cal ophthalmology, vol. 2. Philadelphia: Lippincott 
Williams&Wilkins; 2006. Chapter 2a.

16. Nik NA, Hurwitz JJ, Ching SH.  The mechanism of 
tear flow after DCR and Jones’ tube surgery. Arch 
Ophthalmol. 1984;102:1643–6.

17. Corin S, Hurwitz JJ, Jaffer N, Botta EP. The true cana-
licular angle: a mathematical analysis. Ophthal Plast 
Reconstr Surg. 1990;6:42–5.

18. Myron T, Clinton DM. Lacrimal drainage system. In: 
Tasman W, Jaeger EA, editors. Duane’s clinical oph-
thalmology, vol. 4. Philadelphia: Lippincott Williams 
& Wilkins; 2006. Chapter 13.

19. Paulsen F, Garreis F, Schicht M, et al. Anatomie und 
Physiologie der ableitendenTränenwege [anatomy 
and physiology of the nasolacrimal ducts]. HNO. 
2016;64:354–66.

20. Paulsen F, Thale A, Hallmann U, et  al. The cavern-
ous body of the human efferent tear ducts: function in 
tear outflow mechanism. Invest Ophthalmol Vis Sci. 
2000;41:965–70.

A. R. C. Çelebi and Ö. Ö. Celebi



193

17Intranasal Trigeminal Perception

Philippe Rombaux, Caroline Huart, Basile Landis, 
and Thomas Hummel

Core Messages
• Intranasal trigeminal system mediates the sen-

sation of temperature, pressure, perception of 
nasal airflow during breathing, nociception, 
and participates in the chemosensory percep-
tion of odorant stimuli.

• Chemosensory perception is not only medi-
ated by free nerve endings in the nasal mucosa 
but also by some trigeminal fibers in close 
contact with solitary chemosensory cells.

• Besides the sensory nerves, the parasympa-
thetic and the orthosympathetic systems play 

an important role in the normal physiology of 
the nose.

• Testing the intranasal trigeminal function, 
both psychophysically and electrophysiologi-
cally, is possible and may be used in the 
assessment of a patient with a chemosensory 
dysfunction.

• Healthy subjects need to have intact trigemi-
nal and olfactory systems to have a full com-
plete picture of the chemosensory stimulus.

• Olfactory and trigeminal systems interact both 
at a central and peripheral level.

• In patients with olfactory loss, a compensa-
tory mechanism probably exists between the 
olfactory and the trigeminal systems.

17.1  Introduction

The intranasal trigeminal system interacts with 
the olfactory system to provide a complete che-
mosensory perception of the odorant stimuli. The 
perception of nasal patency and nasal airflow is 
also mediated by trigeminal afferents. The tri-
geminal system is therefore mandatory for both 
the chemosensory and the somatosensory percep-
tion and nasal mucosa with trigeminal nerve end-
ings needs to be preserved in order to assume 
these two functions.
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Besides this protective somatosensory func-
tion, the intranasal trigeminal system also helps 
the global chemosensory perception of the olfac-
tory system. Indeed, most of the odorants stimu-
late the neural olfactory and intranasal trigeminal 
systems [1].

Finally, the intranasal trigeminal system is 
also capable of inducing neurogenic  inflammation 
mainly through an axon reflex located in the sub-
epithelial level of the nasal mucosa.

The olfactory (cranial nerve I) and the trigem-
inal (cranial nerve V) systems interact at different 
levels and this interaction is essential for the odor 
sensation [2]. The olfactory system is more dedi-
cated to identification tasks for hedonicity and 
alimentary behavioral, recognition and memory, 
behavioral and social comportments than the tri-
geminal system probably more oriented to pro-
tective function and reflexes.

17.2  The Nerves of the Nose

Sensory nerve endings from branches of the tri-
geminal nerve are located in the epithelia of the 
nose and sinuses, the eyelids and the cornea, the 
oral cavity, and the skin. Fibers from the intrana-
sal trigeminal nerve mediate the tactile sensation 
of temperature, pressure, and perception of nasal 
airflow during breathing and participate in the 
chemosensory perception of odorant stimuli. 
Trigeminal receptors are located throughout the 
epithelia of the nasal mucosa and contribute to 
the global perception of odorous stimuli reaching 
the nasal fossa and the upper airway.

The nasal cavity is innervated by two 
branches of the trigeminal nerves, i.e., the oph-
thalmic and the maxillary branches. The eth-
moid nerve innervating the anterior nasal 
mucosa and the external surface of the nasal 
fossa is part of the ophthalmic division, while 
the nasopalatine nerve which innervates the 
posterior part of the nasal cavity is part of the 
maxillary division. The trigeminal nerve has 

chemosensory and mechanosensory fibers. 
Mechanosensory fibers are large fast- conducting 
Aβ-fibers. Thin and fast-conducting myelinated 
Aδ-fibers and thin and slow- conducting unmy-
elinated C-fibers are responsible for thermore-
ception (cold and warm stimuli) and for 
nociceptive perception (pain, painful mechani-
cal, noxious chemical stimuli). The sensations 
mediated by the trigeminal nerve are usually 
described as burning, stinging, itching, tickling, 
cooling, and warming feeling. Trigeminal-free 
nerve endings have receptors which may be acti-
vated through several factors such as changes in 
pressure, temperature, irritants, and humidity. 
Substance P, calcitonin gene- related peptide 
(CGRP), and other neuropeptides are found in 
the trigeminal nerve fibers [3]. Some trigeminal 
fibers are in close contact with solitary chemo-
sensory cells located in the nasal epithelium and 
are more responsible for chemosensory percep-
tion because they are responsive to both bitter 
tastants and chemical irritants (Fig. 17.1).

At the receptor level, one of the first described 
nociceptors was the ion channel receptor family, 
and characterization of one of these receptors 
was obtained with the nicotinic acetylcholine 
receptor. Transient receptor potential (TRP) 
channels are well expressed on sensory nerves 
and may influence cell function by mediating the 
flux of cations across the plasma membrane into 
the cytoplasm generating action potentials. Ion 
channels in the TRP family can be opened by 
many kinds of stimuli, i.e., chemical or physical. 
The TRP family can be subdivided into six sub-
families and many of them are found at the free 
nerve ending of the trigeminal nerve such as the 
vanilloid receptor (TRPV1), the purinergic recep-
tor (P2X), the acid-sensitive ion channels (ASIC/
DRASIC), the channel responsive to menthol 
(TRPM8) (cooling), the channel responsive to 
changes in heat and eugenol (TRPV3) (warm-
ing), and the channel responsive to isothiocya-
nate (TRPA1), the major compound of mustard 
oil [4].
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Fig. 17.1 Trigeminal fibers in close contact with solitary chemosensory cells and trigeminal nerve-free endings located 
in the nasal epithelium and responsible for chemosensory and somatosensory perceptions

Like the skin sensory perception, the unmy-
elinated C-fibers (slow conduction) are responsi-
ble for burning sensations, and the myelinated 
Aδ-fibers (fast conduction) are responsible for 
stinging sensations.

The cell bodies of the trigeminal fibers are 
located in the Gasserian ganglion. Nerve fibers 
from the cell bodies thereafter participate in the 
sensory afferent system and project to the trigem-
inal sensory nucleus that extends from the rostral 
spinal cord to the midbrain. Interestingly, some 
individual cells in the ganglion send axons to the 
olfactory bulb indicating that some interaction 
exists at this level. Neurons then project to the 
amygdala and to the ventral posterior medial 
nuclei of the thalamus. Most of the ascending 
fibers cross toward the contralateral side with 
some fibers ascending ipsilaterally (different for 
the olfactory pathways [5]). The nerve projec-
tions terminate in the primary somatosensory 
cortex (SI) and also in the secondary somatosen-
sory cortex (SII) with a right hemispheric pre-
dominance [6–8]. Trigeminal activation also 
leads to insular cortex activation and to ventral 

orbitofrontal cortex mainly to the right side 
explaining at the central level the interactions 
with other chemosensory systems like taste and 
olfaction [9].

Besides the sensory nerves, the parasympa-
thetic and the orthosympathetic systems play an 
important role in the normal physiology of the 
nose [10]. Parasympathetic nerves have acetyl-
choline as the major neurotransmitter and act on 
muscarinic receptors to induce increased glandu-
lar secretions and vasodilatation. Vasointestinal 
peptide (VIP) is another neurotransmitter of the 
parasympathetic system. The sympathetic system 
with noradrenaline and neuropeptide Y (NPY) as 
neurotransmitters acts on adrenergic receptors 
and induces vasoconstriction and increases nasal 
airway patency [11, 12].

Pathophysiological mechanisms and nasal 
symptoms are explained by the interdigitation of 
these neurologic systems, i.e., the trigeminal sen-
sitive afferent (+ efferent axon reflex), the effer-
ent parasympathetic, and the efferent 
orthosympathetic systems (autonomic systems) 
(Fig. 17.2).

17 Intranasal Trigeminal Perception
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Fig. 17.2 Interdigitation of the neurologic systems found in the nasal mucosa, i.e., the trigeminal sensitive afferent (+ 
efferent axon reflex), the efferent parasympathetic, and the efferent orthosympathetic systems (autonomic systems)

17.3  Consequences of Activation 
of Trigeminal Receptor 
and Nasal Reflexes

The activation of the trigeminal system leads to 
the perception of potentially noxious stimuli, to 
a global chemosensory perception of odorant 
stimuli, and to some nasal reflexes. The nasal 
fossa may be divided into two parts, the anterior 
one most dedicated to the chemosensory per-
ception and the posterior one most devoted to 
mechanosensory functions. This has been dem-
onstrated by Frasnelli et al. where it was clearly 
stated that anterior nasal mucosa is more sensi-
ble to chemosensory stimuli than mechanical 
stimuli, while the posterior nasal mucosa is 
equally sensible to both chemosensory and 
mechanical stimuli [13]. However, thresholds to 
detect chemosensory stimuli such as CO2 are 
lower when the stimulus is given in retronasally 
compared to orthonasally [14].

Therefore, nasal mucosa should not be seen as 
a homogenous tissue as it exhibits a varying 

degree of sensitivity to trigeminal stimuli depend-
ing on the stimulus quality and location in the 
nasal fossa [15].

Activation of trigeminal fibers leads to protec-
tive reflexes such as increasing secretions (saliva, 
tears, nasal mucus), decreasing breathing, sweat-
ing initiation, and closure of the nasal passage by 
augmentation of the turbinate volume.

Trigeminal nerve stimulation also induces 
many reflexes inducing different responses. The 
nasal cycle is probably the best known neuro-
logic mechanism leading to a fluctuating conges-
tion–decongestion of the nasal fossa secondary to 
a changing tone in the vasculature controlled by 
the autonomic system.

The naso-nasal reflex is supposed to be medi-
ated by the parasympathetic system and explains 
many exacerbations of rhinorrhea and watery dis-
charge [16].

The naso-ocular reflex is bilateral and mostly 
contralateral, secondary to chemosensory or tac-
tile or physical stimuli. It induces watery eyes, 
lacrimation, and redness of the conjunctiva.
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The “foot-cooling” reflex is secondary to a cold 
stimulation at the extremities of the inferior limb 
inducing in the nose a reduced blood flow and sub-
sequently a nasal decongestion. This is also very 
similar to the reflexes observed in the nose when 
cooling of the face induces the same effect. Facial 
cooling through trigeminal receptors may even 
induce lower airway symptoms [17].

The naso-cardiovascular reflex is secondary to 
trigeminal activation in the nose and is responsi-
ble for bradycardia and hypotension, may be 
present during nose surgery, and is of primary 
importance for the anesthesiologist.

The naso-respiratory reflex or naso-bronchial 
reflex is present when cold dry air is presented to 
the subject’s nose inducing increased lower air-
way resistance.

Cold dry air stimulus may also be used to 
induce both long-lasting painful sensations [18] 
and secretory response in the nose [19]. This 
mechanism is thought to be secondary to activa-
tion of capsaicin-sensitive fibers; alternatively, 
the change in the osmotic milieu of the respira-
tory epithelium may trigger the activation of the 
nociceptive system. This may play a role in the 
pathophysiology of nasal hyperactivity and in the 
non-allergic noninfectious group of rhinitis [20] 
and would lead to the development of capsaicin- 
based treatment for the patients suffering from 
these diseases [21–26]. Capsaicin delivered intra-
nasally has proven its effect in the treatment of 
the nasal hyperreactivity found in idiopathic rhi-
nitis patients [27].

These responses may be present after single 
presentation of the stimulus or when repeated 
application of the stimuli is delivered. C-fibers 
and Aδ-fibers respond differently to repeated 
chemical stimulus. If stimuli are repeated, the 
burning painful sensation driven by C-fibers is 
increased, and this is the contrary for Aδ-fibers 
giving the stinging sensation. This is secondary 
to central nervous summation more than increase 
in the firing of the nerve fibers at the periphery.

17.4  Neurogenic Inflammation

The activation of sensory nerves and the release 
of neuropeptides from neuroendocrine cells 
found in the respiratory mucosa with a subse-
quent neurogenic inflammation may explain at 
least partially some diseases of the upper and 
lower airways [28].

Stimulation of sensory trigeminal fibers may 
lead to the release of different neuropeptides such 
as substance P, neurokinin A (NKA), neuropep-
tide K (NPK), and calcitonin gene-related pep-
tide (CGRP). These neuropeptides are increased 
in the upper and lower airways of these patients 
with airway inflammation in a similar way than 
the inflammatory components usually described 
as eosinophils or some proinflammatory cyto-
kines [29].

There is a strong evidence that neuroendo-
crine cells, sensory neurons, and proinflamma-
tory immune cells interact and promote 
inflammation and airway hyperreactivity. 
Neurotrophins such as nerve growth factor (NGF) 
or neurotrophins-3–4 are also linked to the devel-
opment of a neurogenic inflammation.

In animals, dendrites of intranasal trigeminal 
nerve endings can be stimulated in an antidromic 
way. This antidromic stimulation is called the 
“axon reflex” and leads to the release of inflam-
matory neuropeptides from the varicosities of the 
nerve, producing vasodilation, increased vascular 
permeability, and glandular activation. This phe-
nomenon has been clinically proven in humans 
where specific activation of the intranasal trigem-
inal nerve ending produces nasal obstruction, 
congestion, watery discharge, and sneezing. This 
axon reflex probably plays a major role in the 
development of nasal hyperreactivity, non- 
allergic noninfectious rhinitis known as idio-
pathic rhinitis, and even allergic rhinitis via the 
substance P which exacerbates the eosinophilic 
recruitment after allergen challenge (for review, 
see [30]).

17 Intranasal Trigeminal Perception



198

17.5  Psychophysical Testing 
of the Intranasal Trigeminal 
Function

Testing of trigeminal function with psychophys-
ics is based on threshold measurement, rating of 
suprathreshold stimuli, discrimination tasks, and 
lateralization tasks [31, 32].

Trigeminal function assessed with psycho-
physical testing revealed that sensitivity decreases 
with age [33].

Psychophysical evidence exists for qualitative 
specificity of the human intranasal trigeminal 
system. The nasal trigeminal system is less sensi-
tive than the olfactory system for the majority of 
odorant stimuli. Recognition threshold of trigem-
inal stimulus such as CO2 was measured between 
32 and 47% v/v for stimuli of 200 ms duration at 
an airflow of 8  l/min at body temperature. The 
threshold for detection can be lowered if stimula-
tion duration is increased [14].

Considering pain ratings, increase in per-
ceived or painful sensitivity occurs more rap-
idly for trigeminal stimulus than for olfactory 
stimuli [34].

The trigeminal and the olfactory systems 
also have a different contribution on the pre-
sentation of mixed compounds. In normosmic 
subjects, trigeminal stimuli are perceived as 
more intense when they are accompanied by an 
olfactory stimulus while the olfactory stimulus 
seems to have no effect when a mixed com-
pound is presented. The trigeminal stimulus 
may induce an additive or even a hyperadditive 
effect on the perception after a mixed stimulus 
presentation [35].

Qualitative discrimination task with trigemi-
nal irritants demonstrates that human are capable 
to discriminate among different trigeminal stim-
uli even in the absence of any olfactory stimuli 
given concomitantly [36], even if this ability 
seems to decrease with age [37]. In contrast to 
odor stimulation, trigeminal stimuli can produce 
increase in pain intensity when repeated stimuli 
are given with a short interval demonstrating a 
sensitization effect while on the contrary a desen-

sitization effect exists when repeated stimuli are 
delivered with long interstimulus interval [38, 
39]. Temporal integration of trigeminal informa-
tion is thus different than olfactory temporal inte-
gration. Psychophysical studies with capsaicin 
have demonstrated a sensitization effect meaning 
that the subjective pain rating was increased after 
the second stimulation if the interstimulus inter-
val was less than 1 min. On the contrary with a 
second stimulation delivered after 4 min, a desen-
sitization effect was observed. This leads to the 
idea that repetitive delivery to the nasal mucosa 
was perhaps a treatment for patients with hyper-
algia in the nasal fossa or for patients with non- 
allergic noninfectious rhinitis [38]. However, this 
mechanism is linked to the type of the stimulus, 
and sensitization and desensitization in the nasal 
cavity do not follow the same processes in rela-
tion to the molecules studied [40].

Lateralization task revealed that trigeminal 
stimuli are perceived without error when the sub-
jects blindfolded is asked to determine the side of 
stimulation and that this ability is lost for olfac-
tory stimuli or when the odor has a mixed prop-
erty between trigeminal and pure olfactory 
valence [41]. In others words, pure olfactory 
stimuli cannot be localized to the nasal cavity 
while on the contrary pure trigeminal stimuli can 
be localized. The results are lower in patients 
with an olfactory dysfunction independent of the 
cause of the olfactory problem [42].

Subjective ratings of nasal patency are also 
influenced by the trigeminal system. For exam-
ple, stimulation of the nasal fossa with menthol is 
accompanied by an increase of perceived nasal 
patency [43], while on the contrary, anesthesia of 
the nasal mucosa leads to a perception of 
decreased nasal patency even in both cases objec-
tive nasal patency did not change.

Many studies have been conducted on anos-
mic subject, and trigeminal thresholds were 
found to be higher in anosmic subjects than in 
control [44]. Age-related decline of intranasal 
sensitivity was reported with not only psycho-
physical but also electrophysiological evi-
dence [45].
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17.6  Electrophysiology 
and Functional Imaging

Electrophysiological recordings from the intra-
nasal trigeminal system may be obtained at the 
peripheral level, i.e., the negative mucosal poten-
tial (NMP) and at the central level by recording 
cortical responses after delivery of an intranasal 
trigeminal stimulus, i.e., the trigeminal event- 
related potential (Trigeminal ERP).

The NMP is recorded from the nasal mucosa 
and is thought to represent the summated recep-
tor potentials of chemical nociceptors in a very 
similar way to the electro-olfactogram which 
represents the global activity of olfactory recep-
tor neurons located in the olfactory neuroepithe-
lium [46].

Human NMP may be obtained after CO2 intra-
nasal stimulation and the amplitude of the NMP 
is well correlated with the subjective pain rating 
([47, 48], b). NMP may also be recorded by stim-
ulating polymodal nociceptors such as TRPA1, 
TRPV1 and 2. Responses to the NMP are differ-
ent according to the stimulus used, i.e., CO2, 
menthol or ethanol [49] and decrease in response 
to repetitive stimulation ([47], b).

Trigeminal ERP may be obtained after repeti-
tive stimulation with relatively selective trigemi-
nal stimuli such as CO2 with an interstimulus 
interval of 20–40  s and a concentration of 
30–60% v/v of CO2 delivered by an olfactometer 
[7, 8, 32] or with nicotine [50]. Without produc-
ing mechanical sensations (flow embedded in a 
constant 8 L/Min) and the thermoreceptor (tem-
perature maintained constant at 36–37  °C), the 
recorded ERP may be viewed as a pure chemo-
sensory component without interfering with 
mechanoreceptor.

When comparing the electrophysiological 
responses to subjective rating of the stimulus, the 
intensity increases more rapidly for trigeminal 
stimuli than for olfactory stimuli when the con-
centration of the stimuli increases [51].

Trigeminal ERP can also be meaningful in 
patients with an olfactory dysfunction. Patients 
with an olfactory dysfunction usually do not have 
any olfactory event-related potentials but trigem-
inal event-related potentials are usually present 

even if some subtle changes in latency and ampli-
tude may be present [7, 8, 52].

Electrophysiological studies both at the 
peripheral level (NMP) and at the cortical level 
(TERP) helped to understand the effects of gen-
der, age, disease, i.e., loss of olfactory function, 
and drugs [53].

PET-based investigation of cerebral activation 
following intranasal trigeminal stimulation 
revealed that olfactory and trigeminal informa-
tion have common pathways and that CO2 acti-
vated the base of the posterior central gyrus 
(primary and secondary somatosensory cortex) 
and the piriform cortex, more in the right hemi-
sphere [54]. This was confirmed by fMRI studies 
where anterior caudate nucleus, insula, cerebel-
lum, and orbitofrontal cortex were also involved 
in the processing [55, 56].

17.7  Olfactory and Trigeminal 
Interaction

Healthy subjects need to have an intact trigemi-
nal and olfactory system to have a full chemosen-
sory perception of the environment [57]. Inhaled 
chemical compounds have the propensity to stim-
ulate both systems even if relatively selective 
olfactory and trigeminal stimuli exist. Irritants 
are thought to stimulate free trigeminal nerve 
endings in the nasal epithelium but presumably 
below the level of the tight junction which ren-
ders them more sensitive to lipid-soluble stimuli 
than to water-soluble stimuli. Indeed, lipid- 
soluble stimuli are more prone to pass across the 
mucus layer and the tight junction.

Trigeminal nerve fibers are also in close con-
tact with the solitary chemoreceptor cells and 
respond to chemical stimuli that are water soluble 
[58]. These cells are found in the respiratory and 
digestive tracts and have many of the characteris-
tics of the taste cells because they have taste 
receptors mainly T2R bitter receptor, TRPV1, 
and TRPM5 channels receptor [59]. The chemo-
sensory stimuli may thus activate the trigeminal 
nerve fibers surrounding the chemoreceptor cells 
directly if the stimulus is water soluble and above 
the level of the tight junction. In contrast, lipid- 
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soluble stimuli may activate the trigeminal-free 
nerve ending below the level of the tight junction 
by diffusing across the junctional membrane. 
There is strong evidence that a cross modal plas-
ticity exists between the two systems and that a 
mutual interaction exists both in normal and 
pathological conditions [60].

Much information may be obtained from 
patients having lost one of the two systems. For 
example, anosmic patients may be good candi-
dates to deeply study the trigeminal system. 
Patients with a complete loss of trigeminal func-
tion are more difficult to find even if post surgi-
cally treated patients (radical surgery for the 
inferior and middle turbinate’s or empty nose 
syndrome, or patients who had undergone a 
Gasser ganglion removal) may have some inter-
est to study olfactory abilities without any tri-
geminal interactions.

Interactions between the two systems exist at 
the peripheral level (trigeminal nerve with con-
tact at the olfactory neuroepithelium, effect of 
substance P on the olfactory responses, alteration 
of receptor activity through modification of nasal 
permeability or mucus quality), at the olfactory 
bulb level and more centrally in cortical areas 
such as the piriform cortex, thalamus, insula, and 
orbitofrontal cortex. Indeed, some trigeminal col-
laterals are found in the olfactory bulb explaining 
the interdigitation of the olfactory and trigeminal 
systems [61].

When studies are conducted to determine the 
relative contribution on the perception of tri-
geminal, olfactory, and mixed stimuli, we can 
conclude at a relative dominance of the trigemi-
nal system over olfactory sensation and also a 
dominance of mixed stimuli over either system 
alone [62].

In healthy subjects, both systems contribute 
to the complete picture of the chemosensory 
stimulus. At the periphery, both olfactory and 
trigeminal sensory information attempt to mutu-
ally decrease the other sensory response as there 
is no need for the peripheral system to catch all 
the information available from the outside world 
and entering the nasal fossa. At the central level, 
both the olfactory and trigeminal information 
are converging; the resulting percept may a 

mutual amplification or inhibition of the various 
sensations depending, among other things, on 
stimulus quality, intensity, and salience [2] 
(Table 17.1).

Patients with an olfactory dysfunction have 
lower trigeminal sensitivity compared to con-
trols [42, 56, 63] and loss of olfactory function 
leads to a decrease trigeminal sensitivity [47, 
64]. Some studies have investigated the olfactory 
modulation of trigeminally mediated sensations 
in patients with olfactory loss. These reports 
have shown that in anosmia, there are mixed sen-
sory adaptation/compensation in the interaction 
between olfactory and trigeminal systems, 
where, in acquired anosmia, there is an increased 
trigeminal activation on mucosal level and a 
decreased responsiveness at a central level [65]. 
In congenital anosmia, however, similar respon-
siveness to trigeminal stimuli was found when 
compared with healthy subjects [65]. Following 
these findings, Frasnelli et  al. [65] proposed a 

Table 17.1 Major differences between olfactory and tri-
geminal sensory patterns

Olfactory Trigeminal
Cranial nerve I V
Nerve ending In the olfactory 

neuroepithelium
In the nasal 
mucosa

Olfactory 
receptor neuron

Free nerve 
ending or in 
contact with 
solitary 
chemoreceptor 
cell

Hemispheric 
lateralization

Not major Right
Mainly ipsilateral Mainly 

contralateral
Major stimuli in 
research

Phenyl ethyl 
alcohol, H2S, 
amyl acetate

CO2, capsaicin, 
allyl 
isothiocyanate

Lateralization 
task

Not possible Possible

Effect of 
concentration 
increase on the 
subjective rating 
of the stimulus

Poor Important

Effect of mixed 
stimulus on 
subjective rating

Poor Important

Threshold Usually low Usually high
High sensitive Low sensitive
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model of mixed sensory adaptation/compensa-
tion in the interaction between olfactory and tri-
geminal system. In this model, the primary 
trigeminal activation is (1) reduced on a mucosal 
level due to constant activation of intrabulbar tri-
geminal collaterals, inducing downregulation in 
the periphery of the trigeminal system and (2) 
amplification on a central level in healthy sub-
jects, due to functional integration of olfactory 
and trigeminal processes. They also hypothe-
sized that in patients suffering from acquired 
anosmia, missing inhibition via the trigeminal 
collaterals in the olfactory bulb would lead to a 
compensatory upregulation in the periphery of 
the trigeminal nerve in the case of olfactory loss, 
hence inducing increased peripheral responsive-
ness. On central levels, however, missing olfac-
tory augmentation of the trigeminal input would 

not be sufficiently compensated by the increased 
peripheral trigeminal input, thus leading to 
decreased amplitude of trigeminal event-related 
potentials [65]. Finally, recovering would lead to 
a compensatory mechanism and to an adjust-
ment (Fig. 17.3).

Chemosensory reduction of trigeminal sensi-
tivity in subjects with olfactory dysfunction 
seems to be specific of the chemosensory pattern 
as somatosensory information does not seem to 
be decreased [66].

Finally, patients with absence of trigeminal 
receptor, those without any remaining nasal 
mucosa after radical surgery also have a decreased 
olfactory function and this should be viewed as a 
plaidoyer against radical surgery if the surgeon 
wants to maintain intact chemosensory function 
in the nose [67, 68].

Normal Anosmia Recovering

Cortex
Trigeminal ERP

Normal

Nasal mucosa
NMP

Normal Increased    NormalIncreased

Decreased Decreased     Normal

− −

Fig. 17.3 Proposed model for olfactory and trigeminal 
interaction in normal condition, acquired olfactory dys-
function, and in the recovery phase. Grey arrows for 
olfactory pathways, black arrows for trigeminal path-
ways. In normal condition, constant activation of intrabul-
bar trigeminal collaterals inducing a downregulation in 
the periphery of the trigeminal system and amplification 
on a central level due to functional integration of olfactory 

and trigeminal processes. In patients suffering from 
acquired olfactory dysfunction, missing inhibition via the 
trigeminal collaterals in the olfactory bulb leading to an 
increased peripheral responsiveness and to a decreased 
amplitude of central trigeminal event-related potentials. 
Finally, recovering would lead to a compensatory mecha-
nism and to an adjustment (Adapted from: [66])
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17.8  Conclusion

The intranasal trigeminal system is not fully 
understood and its participation to the global che-
mosensory perception and to the somatosensory 
perception, i.e., the nasal patency merits further 
investigation. The olfactory–trigeminal interac-
tion may be studied through the nature of the 
stimulus and the subsequent effect, the temporal 
integration of the stimulus (sensitization vs 
desensitization), the status of the subject (age, 
gender, anosmia), or the effects of some drugs 
(local anesthesia, antagonist receptor activity). 
Moreover, psychophysical testing of the intrana-
sal trigeminal has not yet been established in 
clinical routine. It should be pointed out that the 
intranasal trigeminal system may deeply influ-
ence the overall chemosensory perception and 
that interfering with it would lead to a decreased 
chemosensory function and to a decrease of 
olfactory abilities. In the same vein of thoughts, 
interfering with this system is particularly devas-
tating for the patient in regard to the nasal patency 
and to the perception of nasal airflow mediated 
by the somatosensory fibers. Finally, this system 
plays also an important role in neurogenic inflam-
mation and in the pathogenesis of variants of 
non-allergic noninfectious rhinitis.
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18Sinus Pain

Jim Bartley

Abbreviations

CNS Central nervous system
CRS  Chronic rhinosinusitis.
MOH Medication overuse headache.
TMJ Temporomandibular joint.
TTH Tension- type headache.
TLR Toll-like receptor

Key Points
• Pain perception reflects the functional state of 

the central nervous system, as well as the site 
and/or intensity of the peripheral stimuli.

• Central sensitization of the central nervous 
system is characterized by increased sensitiv-
ity to light touch, muscle tenderness, referred 
pain as well as local reddening and oedema.

• Migraine, tension-type headache and tem-
poromandibular joint pain are manifestations 
of a sensitized central nervous system.

• Glia, activated by bacterial by-products and 
non-specific inflammation, produce and 

release neuroexcitatory agents that can induce 
central sensitization.

• Acute and chronic sinusitis may induce cen-
tral sensitization.

• A broad range of differential diagnoses, 
including nasal and sinus disease, need con-
sideration and exclusion in facial pain patient 
assessment.

18.1  Introduction

Patients with headache and facial pain that have 
been attributed to potential nasal or sinus 
pathology present frequently to otolaryngolo-
gists [1]. The classification and diagnostic cri-
teria for different headache and facial pain 
conditions can be found in the International 
Association of Pain (IASP) Classification and 
the International Headache Classification 
(ICHD-III) [2]. An otolaryngologist, who 
wishes to understand, and manage patients pre-
senting with ‘sinus pain’, has to utilize a central 
sensitization pain model [3]. Neurological, 
dental, rheumatological and musculoskeletal 
conditions, as well as nasal and sinus patholo-
gies, need consideration in the differential diag-
nosis. Many facial pain patients also have 
associated anxiety and depression issues, which 
may also need to be addressed [4].J. Bartley (*) 
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18.2  Pain Pathophysiology

Our understanding of pain pathophysiology 
continues to evolve. In 1983, Clifford Woolf 
showed that many pain hypersensitivity features 
that accompanied peripheral tissue injury or 
inflammation resulted from sensory signalling 
augmentation in the central nervous system 
(CNS)—a concept termed ‘central sensitiza-
tion’ [5]. Central sensitization introduces the 
concept that the CNS is continually modifying 
the degree, duration and spatial extent of pain in 
a way that reflects the CNS functional state, 
rather than the site or  intensity of peripheral 
noxious stimuli [3]. Central sensitization is 
characterized by increased sensitivity to light 
touch, muscle tenderness, referred pain as well 
as local reddening and oedema. Migraine, ten-
sion-type headache (TTH), temporomandibular 
joint (TMJ) pain and medication overuse head-
ache (MOH) are different manifestations of cen-
tral sensitization [3, 6–9].

Most pain research has focused on synaptic 
plasticity triggered within the CNS by nocicep-
tive inputs [3]. The significance of the glia, gap 
junctions and membrane excitability has also 
been recognized. In particular, the glia, their 
receptors and their secreted signalling factors 
influence neural function [10–14]. Activated 
glia produce and release a variety of neuroex-
citatory substances. Toll-like receptors (TLRs), 
particularly TLR2 and TLR4, which respond to 
endogenous danger signals such as lipopolysac-
charides that are associated with bacterial 
infection, have been implicated in glial cell 
activation [10, 12, 15]. Functional plastic 
changes in a large number of cells, including 
trigeminal neurons, glial cells (satellite cells, 
microglia, and astrocytes), and immune cells 
(macrophages and neutrophils), contribute to 
the sensitization and disinhibition of neurons in 
the peripheral and CNS, which results in orofa-
cial pain hypersensitivity [16]. The neuropep-
tide calcitonin gene-related peptide (CGRP), 
which is implicated in migraine pathology, can 
initiate and maintain peripheral and central sen-
sitization in the trigeminal nociceptive signal-
ling pathways [17].

18.3  Migraine/Chronic Tension 
Headache

Current migraine theory centres on sensory pro-
cessing dysfunction in the brain stem and/ or 
diencephalic nuclei. The trigeminal nucleus cau-
dalis may be an important migraine generator 
[18]. Neural events in the brain stem result in the 
ensuing dilation of blood vessels, which in turn 
results in pain and further neural activation. The 
amount of light or sound coming into the body 
does not change during a migraine attack; the 
brain’s sensory response does. The sensory pro-
cessing mechanisms in the brain stem and limbic 
system in migraine patients are often hypersensi-
tive (central sensitization), both before and after 
an attack [3, 7, 18, 19].

Many patients, who present with symmetrical 
frontal or temporal headache (or pressure), have a 
TTH; however, facial pain associated with central 
sensitization may be lateralized [9, 20, 21]. Mid- 
segment pain, where patients present with normal 
sinus CT scans and pain over the maxillary 
sinuses, has many physical findings consistent 
with central sensitization. It represents a TTH 
affecting the midface [20, 21].

A variety of factors can contribute to chronic 
TTH [18]. Chronic TTH is associated with pain 
and increased tenderness in the head, neck and 
shoulder muscles. The severity of the headaches 
relates directly to muscle tenderness. A common 
assumption has been that the pain in the head and 
neck muscles causes headache. However, the 
neck muscles can also be painful because of cen-
tral sensitization in the spinal cord or brain stem. 
People with chronic TTH are often more sensi-
tive not only around the head, neck and shoulder 
muscles but also elsewhere such as in the low 
back and calves, indicating an overall central sen-
sitization [3, 21].

18.4  Medication Overuse 
Headache

In some people, the overuse of medication to 
treat their migraine/TTH can make their migraine/
TTH worse. Medication overuse headache 
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(MOH) can be a significant clinical challenge [2]. 
If a person complains of regular migraine attacks 
or daily headaches requiring regular pain medi-
cation (more than twice a week), the headache 
could be caused by the medications. Almost 
every medication used to treat TTH and migraine 
can cause MOH [22]. The general recommenda-
tion is patients come off these medications while 
under medical supervision [6].

18.5  Sinusitis

The International Association of Pain (IASP) 
Classification and the International Headache 
Classification (ICHD-III) recognize that acute 
and chronic rhinosinusitis (CRS) can be associ-
ated with facial pain (Tables 18.1 and 18.2) [2]. 
Many clinical studies show that the majority of 
patients presenting with ‘sinus headache’ fulfil 
the diagnostic criteria for either migraine or TTH 
[23, 24]. Sinonasal and migrainous disorders 
may frequently co-exist [25]. The age- and sex- 
specific prevalence of CRS mirror those of 
migraine (middle age; women) [26].

A chronic infective process such as sinusitis 
can induce a central sensitization [10, 12]. TLRs, 
particularly TLR2 and TLR4, which have been-

implicated in glial cell activation recognize and 
respond to endogenous danger signals such as 
lipopolysaccharides that are released by damaged 
and dying cells associated with active bacterial 
infection [10, 15]. Clinical evidence of central 
sensitization is seen in CRS patients. The tender-
ness to palpation or percussion over the affected 
sinuses that is experienced by patients with sinus-
itis may indicate either excessive peripheral or 
central sensitization. Muscle tenderness is 
increased in CRS patients [27].

The quality of clinical evidence supporting the 
role of sinus surgery in helping patients with 
facial pain is limited. Facial pain appears an 
important feature of sphenoid sinusitis [28, 29]. 
The anterior face of the sphenoid sinus and the 
superior turbinate are particularly pain-sensitive 
[30]. A majority of prospective studies looking at 
the results of endoscopic sinus surgery for facial 
pain/headache indicate that in a group of CRS 
patients their facial pain benefits from surgery 
[31–35]. These studies have limitations, and 
some of the improvements can be explained 
using other mechanisms. The natural history of 
these facial pain/headache conditions is not 
known, and regression to the mean is also a 
potential mechanism. Nasal breathing slows the 
respiratory rate increasing the length of the expi-

Table 18.1 Headache attributed to acute rhinosinusitis

Diagnostic criteria:
  A. Any headache fulfilling criterion C
B.  Clinical, nasal endoscopic and/or imaging evidence 

of acute rhinosinusitis
C.  Evidence of causation demonstrated by at least two 

of the following:
   1.  Headache has developed in temporal relation to 

the onset of rhinosinusitis
   2. Either or both of the following:
   (a)  Headache has significantly worsened in 

parallel with worsening of the rhinosinusitis
    (b)  Headache has significantly improved or 

resolved in parallel with the improvement in or 
resolution of the rhinosinusitis

   3.  Headache is exacerbated by pressure applied over 
the paranasal sinuses

   4.  In the case of a unilateral rhinosinusitis, headache 
is localized and ipsilateral to it

D.  Not better accounted for by another ICHD-3 
diagnosis

Table 18.2 Headache attributed to chronic or recurring 
rhinosinusitis

Diagnostic criteria:
A. Any headache fulfilling criterion C
  B.  Clinical, nasal endoscopic and/or imaging evidence 

of current or past infection or other inflammatory 
processes within the paranasal sinuses

  C.  Evidence of causation demonstrated by at least two 
of the following:

   1.  Headache has developed in temporal relation to 
the onset of chronic rhinosinusitis

   2.  Headache waxes and wanes in parallel with the 
degree of sinus congestion and other symptoms of 
the chronic rhinosinusitis

   3.  Headache is exacerbated by pressure applied over 
the paranasal sinuses

   4.  In the case of unilateral rhinosinusitis, headache is 
localized and ipsilateral to it

  D.  Not better accounted for by another ICHD-3 
diagnosis

18 Sinus Pain
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ratory phase [36]. Slowing breathing and increas-
ing the expiratory phase of the respiratory cycle 
increase the body’s relaxation response [37, 38]. 
Relaxation techniques are effective treatments 
for both migraine and TTH [39].

Many patients with purulent secretions visible 
at nasal endoscopy have no headache or facial 
pain [20]. Many patients with infective sinusitis 
and/or nasal polyps do not have facial pain [1, 
24]. When so-called sinus pain patients present 
acutely with symptoms, many have no evidence 
of infection [20]. There is also no correlation 
between the severity and location of the pain with 
the extent or location of mucosal disease [34, 40]. 
These observations can be explained using a cen-
tral sensitization model. Sinus infection does not 
cause pain per se; it simply influences sensory 
thresholds. In some patients, this is insufficient to 
cause pain. In other patients, the inflammation 
will be such that pain processing is influenced. 
Sinus infection is only one possible factor influ-
encing sensory thresholds; other pathologies can 
replicate exactly the same symptoms. Patients 
diagnosed with fibromyalgia and TTH report 
‘sinus’ symptoms [27].

Careful patient counselling and selection are 
important before operating on ‘sinus pain’ 
patients. One should be careful about operating 
on CRS patients in the absence of significant 
infective symptoms or signs, and if the sinus CT 
scan shows no evidence of significant sinus dis-
ease. Comorbidities such as anxiety, depression, 
fibromyalgia, irritable bowel symptoms, neck 
and low back pain should make the surgeon wary 
of operating [3].

18.6  Contact Points and Nasal 
Obstruction

The prevalence of nasal contact points is the 
same in an asymptomatic population as in a 
symptomatic population. In symptomatic patients 
with unilateral pain when a contact point was 
present it was found on the contralateral side of 
the pain in 50% of patients [41]. A subgroup of 

patients may have a contact point headache [42]. 
Infiltrating the suspicious area with a local anaes-
thetic should abolish the pain and the pain should 
disappear for a week [2]. Care needs to be taken 
in patient counselling and selection.

The relationship between nasal obstruction 
and headache is controversial. Schonsted-Madsen 
et al. showed that relief of headache (pain local-
ized to the forehead, glabella or above or around 
the eyes) was strongly related to relief of nasal 
obstruction [43]. A potential reason as to why 
improvement in the nasal airway might lead to 
improvement in TTH has previously been 
described (Sect. 18.5). Nasal surgery may also 
improve sleep quality. Poor sleep quality has 
been implicated in TTH and TMJ dysfunction 
[44, 45].

18.7  Temporomandibular Joint 
Disorders

Chronic TMJ pain is not due to occlusal abnor-
malities [46, 47]. Psychophysiological forces are 
important [39, 48]. The TMJ is lubricated by 
synovial fluid, which also nourishes the avascular 
cartilage and cartilaginous disc in the middle of 
the joint. Whenever the joint is compressed, the 
blood supply to the joint is reduced and the joint 
has difficulty manufacturing lubricating fluid. 
The friction within the joint increases and the 
cartilaginous disc in the middle of the joint begins 
to stick [49]. In times of stress, people tend to 
breathe using their upper chest, which tends to 
lead to a forward head position and increased 
pressure on the joint or clench and grind their 
teeth. Increased pressure in the TMJ can lead to 
clicking and sticking of the cartilage disc [50]. If 
the friction increases, the ligaments holding the 
disc in place stretch and the disc moves off the 
condylar head. In the absence of any major exter-
nal trauma, before addressing any structural 
changes within the jaw joint, underlying psycho-
social stresses, breathing re-education, as well as 
musculoskeletal issues, need to be addressed [39, 
50–52].
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18.8  Causes Removed 
from the Orofacial Area

A history of neck injury can often be over-
looked. The nerve supply to the upper neck and 
head overlaps in the upper spinal cord. Using 
first principles, neck pain could be referred to 
the head. Alternatively, by sensitizing the spinal 
cord to incoming pain messages, neck pain 
could lower the pain threshold to other sensory 
messages being received from the face and head. 
After a whiplash injury to the neck, areas well 
away from the original injury site—from the 
head to the feet—are hypersensitive to normal 
sensory  messages [3]. Migraine and TTH have 
been associated with food intolerances [53, 54]. 
The microbiota-gut-brain axis is receiving 
increasing attention, and the role of gut micro-
biota in headache and facial pain is an emerging 
research area [55].

18.9  Psychological Well-Being

Anxiety and depression have significant associa-
tions with migraine, TTH, CRS and TMJ disor-
ders [4, 56]. Systems review of the patient often 
reveals issues with poor short-term memory, pal-
pitations, shortness of breath, irritable bowel 
symptoms, poor sleep quality, cold hands and 
feet as well as tingling of the hands in an ulnar 
nerve distribution. Depressive symptoms are 
important in deciding on treatment, and in pre-
dicting treatment outcomes.

18.10  History Taking

Clinical diagnosis is largely dependent upon an 
accurate history. The initial differential diagnoses 
generated depend upon the clinician’s experi-
ence, the patient’s age and gender, and the time 
course and site of the pain. The differential diag-
nosis for headaches is extensive. Acute inflam-
matory causes are usually relatively obvious. 
Many patients may have symptoms reflecting a 
sensitized nervous system, such as night sweats, 
unexplained itch, tinnitus, irritable bowel or blad-

der symptoms, heavy painful periods and altered 
sensation on combing their hair, as well as pain 
problems elsewhere in the body [3]. Poor sleep 
and sleep quality have been implicated in THH 
and TMJ dysfunction [44, 45]. The interactions 
are probably bidirectional [9].

Neuralgias are characterized by sudden, 
intense, lancinating, burning or stabbing pain 
lasting only from a few seconds to less than two 
minutes. This pain is often triggered by sensory 
or mechanical stimuli. Trigeminal neuralgia is 
typically seen in older females, unilateral and in 
the second and/or third divisions of the trigemi-
nal nerve. Rarely, pontine tumours, the base of 
tongue tumours or multiple sclerosis need to be 
considered as a secondary cause. If a cough or 
sneezing makes the headache worse, a posterior 
fossa lesion may need to be considered.

18.11  Examination

After routine otolaryngological examination, pal-
pation for muscle tenderness and excessive red-
dening afterwards provides important physical 
information about the state of the CNS [8]. Many 
of these tender areas (or trigger points) corre-
spond to traditional Chinese acupuncture points. 
Acupuncture is effective in the management of 
TTH [57, 58]. Sometimes there are subtle differ-
ences in swelling and redness between the two 
sides of the face. The pectoralis minor muscle as 
it inserts into the coracoid process, the mid-point 
of the upper trapezius muscle (Fig. 18.1), sterno-
cleidomastoid (Fig.  18.2), masseter, temporalis 
and the suboccipital muscles are usually tender 
when examined using appropriate palpation tech-
niques [59]. Jaw joint and associated muscle ten-
derness together with limited and jerky jaw 
movements and clicking of the jaw joint may be 
found on clinical examination. The teeth can be 
examined for excessive wear (bruxism) or per-
cussion tenderness. Alterations in facial sensa-
tion are best detected by comparing moving light 
touch between the two sides of the face in the 
three divisions of the trigeminal nerve. Posture 
and cervical range movement should be assessed 
[9]. An examination of areas away from the head 

18 Sinus Pain



210

and neck often provides useful, additional infor-
mation. People who are highly stressed tend to 
take small irregular breaths, largely in their upper 
chest. The low back, extensor forearm muscles 
and calves are often tender to palpation in pain 
patients as well [3]. Clinically, patients with uni-
lateral facial pain are often tender down that side 
of the body. The muscle tenderness reflects the 
underlying status of the nervous system.

18.12  Investigations

18.12.1  Radiology

Further urgent investigation and neurological 
evaluation are warranted for patients presenting 
with facial pain together with other significant 
symptoms/signs (Table  18.3). Diagnostic imag-
ing tests (e.g. plain X-rays, dental X-rays, MRI, 
axial CT scan) may help determine or exclude a 
cause of pain. The choice and timing of the test 
vary according to clinical suspicions and the find-
ings on physical examination.

18.12.2  Blood Investigations

Certain blood tests may be useful in evaluating 
patients presenting with facial pain [60]. Some 
females will have an iron deficiency. Vegetarians 
and the elderly can have undiagnosed vitamin 
B12 deficiencies. People living in countries with 
temperate climates, who have dark or brown skin, 

Fig. 18.1 The tender area in the superior midpoint of the 
shoulder in the trapezius muscle is located if one palpates 
the superior aspect of the muscle between thumb and fore-
finger [59]

Fig. 18.2 To examine the sternocleidomastoid muscle 
for tenderness, the muscle needs to be examined up and 
down its length in a gentle pincer-like grip between thumb 
and forefinger [59]

Table 18.3 Red flags requiring further investigation

• The pain is new or has significantly changed
• There is significant associated nausea and vomiting
• The pain is unusually severe or persistent
• There is accompanying fever
•  The pain is made worse by coughing, sneezing or a 

change in position
• There is a change in strength, coordination or senses
•  There is drowsiness, difficulty thinking or 

concentrating
• The headache is progressively getting worse
• The headache wakes the patient from sleep
•  The headache occurs for the first time in childhood or 

after age 50
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often have a significant vitamin D deficiency. 
Thyroid function needs checking in TTH patients 
[44]. Granulomatosis with polyangiitis 
(Wegener’s) may need exclusion. In a person 
aged over 50  years with a rapidly developing 
headache, an erythrocyte sedimentation rate 
(ESR) or C-reactive protein (CRP) test is 
mandatory.

18.13  Management

Depending on the clinical diagnosis, a wide range 
of treatment options is available.

Many of these interventions are outside the 
conventional knowledge base of many otolaryn-
gologists, but some knowledge is useful if an oto-
laryngologist wished to provide comprehensive 
care and diagnosis. Psychological interventions 
such as cognitive behavioural therapy and 
 relaxation work can be extremely useful for 
migraine, TTH and TMJ disorders [8, 44, 51]. 
Attention to diet, sleep patterns, posture and 
exercise can be important. Simple analgesics and 
non-steroidal anti-inflammatory drugs are rec-
ommended for the treatment of episodic facial 
pain. Drugs that are commonly useful are 
Gabapentin or low-dose Amitriptyline at night. 
Mirtazapine and Venlafaxine are second-choice 
drugs.

18.14  Conclusions

The otolaryngologist should be equipped to eval-
uate, treat or appropriately refer patients present-
ing with facial pain. Migraine, TTH, TMJ pain 
and sinus pain share a common underlying patho-
physiology. Around the head and neck, other 
pathologies apart from sinus disease can also be 
related to facial pain. These factors also need 
consideration in the diagnostic work up. Because 
facial pain may involve a range of medical/surgi-
cal subspecialties, a multidisciplinary approach 
is often needed.
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19Computational Fluid Dynamics 
of the Nasal Cavity

Ralph Mösges

Core Messages
• Computational fluid dynamics (CFD) is a 

mature technology used widely in engineering 
to solve and analyze problems that involve 
fluid flows.

• Computational fluid dynamics has been used 
to demonstrate physiologic and pathologic 
conditions of nasal flow and to support preop-
erative planning and control of postsurgical 
outcomes.

• Using high-definition three-dimensional 
imaging CFD may offer a chance to study the 
effects of medication on the tissues lining the 
surface of the nasal cavity.

• CFD may help to design devices for optimal 
nasal delivery of medications such as nasal 
spray applicators.

• CFD may become a universal tool not only for 
research and pharmaceutical development but 
also for advanced patient care in rhinology.

The nose is not a tube, nor can it be regarded as 
two pipelines transporting air to the lung.

The nose has multiple functions, enabling the 
exchange of gas between the circulating blood 
and the environment, humidification, warming 
and cleaning of the air, and last but not least it 

supports the sense of smell as an alarm function 
but also to find the ideal mate.

The nasal cavity is optimized for all these 
tasks and only surgical hybris can lead to the 
assumption that one could easily ameliorate its 
structure. It is this “Plummer’s mentality” that 
has transformed human beings with slightly 
obstructed noses into “nasal wrecks” suffering 
from the empty nose syndrome.

For a long time, otorhinolaryngologists have 
tried to measure nasal flow under conditions of 
obstruction, in order to surgically remove what is 
deemed to be the obstacle to normal nasal breath-
ing. But even in cases where the pre−/post- 
comparison of nasal flow, measured under 
defined conditions demonstrated significant 
improvements, patients were sometimes unhappy 
with the outcome. Septoplasty and turbinectomy 
are typical interventions with a high rate of “non-
responders” to therapy, at least in the long run. 
The difference between objective nasal patency 
and the subjective feeling of obstruction has been 
very well described in excellent reviews [1]. One 
of the reasons for this discrepancy may be that we 
measure nasal flow in our tests at pressures that 
are by far higher (150 Pa or 200 Pa) than those 
produced in a normal breathing cycle under rest-
ing conditions. However, the test equipment we 
use these days (and have been using over the last 
20 years) does not allow for reliable, reproduc-
ible measurements at pressures as low as those 
occurring in real life. Therefore, especially in 
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cases of obstructed anatomy, other methods may 
be more adequate to calculate nasal flow and the 
exchange of warmth and humidity at the border-
line, the superficial tissue which is the mucous 
membrane lining the wall of the nasal cavity.

Physics has developed a tool for this task. It is 
called computational fluid dynamics (CFD), a 
mature technology used widely in engineering to 
solve and analyze problems that involve fluid flows 
[2]. The mathematical predictions of CFD can also 
be applied to the nasal airflow. For numerical simu-
lation of the nasal airflow, patients have to undergo 
computed tomography (CT) or magnetic resonance 
imaging (MRI) scans of the head [3].

Many of the first flow simulation studies 
focused on nasal airflow biophysics [4–6]. CFD 
has already been used for the flow analysis of 
pathological cases [7–16] and has been proposed 
as a tool to predict actual surgical outcomes using 
virtual nasal surgery models [17–21]. A new field 
of application, for which CFD has been success-
fully used, is the three-dimensional visualization 
of the distribution and the consecutive effects of 
intranasally applied medications such as nasal 
steroids or decongestive nasal sprays [22–24].

It is the objective of this review, on the one 
hand, to present a summary of current applica-
tions of CFD in rhinology (demonstration of 
physiologic and pathophysiologic flow distribu-
tions in the nose, preoperative planning, and 
postsurgical assessment of rhinosurgery out-
comes); on the other hand, we want to demon-
strate that CFD is a powerful tool for the 
three-dimensional presentation of drug action on 
the nasal mucous membranes.

19.1  Current Applications 
of Computational Fluid 
Dynamics

19.1.1  Demonstration of Physiologic 
and Pathologic Flow 
Distributions in the Nose

An adequate example of the three-dimensional 
visualization of physiologic flow in the nasal cav-
ity is found in the paper published by Ishikawa 

and colleagues in 2006. They investigated the dif-
ferences between nasal inspiration and expiration 
on the basis of computed tomography. They 
found that during inspiration, nasal flow in the 
middle meatus was considerably more pro-
nounced and turbulent than during expiration [4]. 
Tan and coworkers observed a similar flow pat-
tern in their clinical trial. During inspiration, tur-
bulence occurred primarily in the anterior part 
and on the floor of the nasal cavity. In contrast, no 
turbulence occurred during expiration. They 
measured the maximum nasal flow around the 
plane of the palatine velum during both inspira-
tory and expiratory phases [5]. Wen and col-
leagues also investigated the physiologic flow in 
the nose. They were able to demonstrate that the 
high velocities in the constrictive nasal valve area 
region and the high flow appeared close to the 
septum walls [6].

Moreover, pathophysiologic aberrations in the 
nasal cavity like septal deviations [7, 10, 14, 15], 
turbinate hypertrophy [8, 11, 12], nasal bone 
fracture [9], septal perforation [13], deviation of 
the external nose [16], and their consequences 
can be visualized by means of CFD technology.

Sun and colleagues compared, for example, 
patients with nasal septum deviations with others 
without anatomical irregularities. They came to 
the conclusion that flow simulation allows to 
visualize the differences in nasal flow origination 
from abnormal anatomy [15]. The Chinese scien-
tist Liu demonstrated the influence of different 
forms of septum deviation on nasal flow charac-
teristics [14]. His compatriot Guo proved that 
unilateral infraturbinal hypertrophy also changed 
the normal anatomy and influenced the aerody-
namics of the nasal cavity. According to his work, 
these changes have a substantial effect on the 
important functions of the nose-like humidifica-
tion, warming of the inhaled air, and the sense of 
smell [11].

Bailie and coworkers validated in a clinical 
trial in five patients that flow simulations based 
upon computed tomography can help to analyze 
the function of the lower and middle turbinate 
regarding warm up and cool down of inhaled air. 
Moreover, this flow model may explain that shear 
stress created by the flow around the turbinates in 
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Kiesselbach’s area may induce nasal bleeding 
[25]. This clinical trial supported findings pub-
lished by Pless and colleagues in 2004. They 
came to the conclusion that both the lower and 
the middle turbinates are primarily responsible 
for heat recovery during expiration and that areas 
of the highest decrease in temperature are charac-
terized by turbulent airflow [26]. Sommer and his 
working group attributed utmost importance to 
the middle turbinate for climatization and humid-
ification of inhaled air [27].

Ishikawa and colleagues gave primary atten-
tion to olfaction in their publication. In their 
three-dimensional flow model, they were able to 
demonstrate that inspiratory airflow is widely 
distributed in the olfactory region than exhaled 
air. In contrast, sniffing flow had the widest dis-
tribution in the olfactory region, although no 
increase in nasal flow was noticed in the flow 
model. They drew the conclusion that recircula-
tion flow strongly promotes olfactory function in 
the nose [28].

19.1.2  Preoperative Planning 
and Postsurgical Outcome 
Assessment in Rhinosurgery

Another stronghold of CFD is the field of preop-
erative planning and postsurgical outcome 
assessment in rhinosurgery. As early as 2000, 
Bockholt and colleagues investigated the poten-
tial benefit of nasal flow simulations in the field 
of rhinosurgery. They came to the conclusion that 
by setting up a three-dimensional model of the 
nasal cavity based upon CT slices, planning of a 
surgical intervention may be optimized and the 
outcome may be improved for the patient [17]. In 
their clinical trial, Xiong and colleagues assessed 
the use of CFD for preoperative planning and 
postsurgical outcome control. By visualization of 
nasal airflow before and after a virtual endo-
scopic intervention, they could simulate patients’ 
outcome [21].

Other research groups confirmed the applica-
bility of CFD to visualize the postsurgical out-
come of various rhinosurgical interventions such 
as rapid maxillary expansion [18], surgery of a 

hypertrophic turbinate [18], septoplasty, and par-
tial lateral turbinectomy [19].

Another application of CFD technology is the 
clinical picture of sleep apnea syndrome. Sung 
and Xu conducted flow simulations in 2006 that 
resulted in a better understanding of the patho-
physiology of obstructive sleep apnea syndrome 
in adults as well as in children [29, 30]. 
Bimaxillary surgery with maxillomandibular 
advancement to widen the post-glossal space is 
one standardized procedure in the treatment of 
obstructive sleep apnea syndrome [31]. In a clini-
cal trial in two patients with sleep apnea syn-
drome conducted by Yu and coworkers, nasal 
airflow before and after surgical intervention 
(maxillomandibular advancement) was calcu-
lated on the basis of computed tomography slices. 
CFD demonstrated a postoperative widening of 
the upper airways with balanced volume flows 
and pressure patterns. The postsurgical clinical 
picture of the patient (reduced inspirative energy 
and better ventilation) confirmed the prognostic 
value of CFD [32].

19.1.3  Recently Developed 
Applications 
of Computational Fluid 
Dynamics

A new application of CFD is the visualization of 
drug effects on the nasal mucosa in three- 
dimensional flow simulations. Garlapati and his 
working group investigated in their clinical trial 
the effects of the application of nasal sprays on 
the mucosa. Based upon magnetic resonance 
imaging, they could demonstrate that intranasal 
application of medication is most effective when 
the patient actively inspires during the applica-
tion. Surprisingly, the posture of the head had no 
significant influence on the distribution of the 
inhaled aerosol [24]. Frank and colleagues com-
plemented this observation with the finding that 
the posture of the head only influences the distri-
bution of the nasal sprays in the case of absent or 
minimal inspiratory airflow [23]. Chen and col-
leagues also investigated the effects of nasal 
sprays using CFD technology. With the nasal flow 
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model of their patient, they could show that the 
distribution of nasally applied drugs with a parti-
cle diameter of 10 μm was significantly improved 
after functional endoscopic sinus surgery (FESS), 
resulting in a moderate nasal flow [22]. Frank and 
coworkers agree to this observation saying that 
surgical correction of nasal anatomic deformities 
(e.g., nasal septum deviation) could improve drug 
delivery on the nasal mucosa [23].

The application of CFD technology is not only 
limited to the visualization of drug effects in 
healthy [24] subjects or patients that underwent 
surgery [22, 23]. It can also be used to study 
changes of the mucous membranes in patients 
treated for symptoms of allergic rhinitis. In two 
clinical trials, we have studied the anti- obstructive 
effects of antiallergic medications on the swell-
ing status in a patient suffering from seasonal 
allergic rhinitis. This example is used to describe 
the methodology applied in CFD.

19.2  Methodology

19.2.1  Imaging and Grid Generation

19.2.1.1  Using Computed 
Tomography

The computational grid is generated based on a 
surface definition by a computer tomographic 
scan of the human nasal cavity which results in 
about 300 cuts 1 mm apart or less, a resolution of 
512 × 512 pixels or higher per cut, and 2 bytes 
per pixel for the density resolution.

To allow a better interface detection, blurring 
must be reduced by sharpening the image, by 
applying a 3  ×  3  ×  3 convolution matrix filter, 
which emphasizes the voxel differences depend-
ing on the 3  ×  3  ×  3 neighborhood around the 
center voxel. This supports the manual segmenta-
tion of the nasal cavity by an experienced ENT 
specialist, who examines each slice of the three- 
dimensional image and identifies the region of 
interest (ROI) with a digital pen tablet. The image 
is then further preprocessed. A seeded region 
growing algorithm [33] is used to identify the 
previously detected ROI by placing seed points 
inside the fluid volume of the nasal cavity and 

recursively descending in the neighborhood of 
them. The identification is based on a lower and 
an upper threshold depending on the assignment 
method of the ENT specialist. Based on this seg-
mentation, the Marching Cubes algorithm [34] is 
used to extract the surface of the nasal cavity 
yielding a three-dimensional triangle representa-
tion. This algorithm is based on the intensity 
detection along voxel edges and defines vertices 
along these lines by a bilinear interpolation 
between the intensities at the corners of the vox-
els. A set of triangles is defined for such a vertex 
configuration, which is looked up in a configura-
tion table, containing 256 possible combinations. 
In a post-processing step, the surface is smoothed 
using a windowed sinc function [35], removing 
high-frequency noise in Fourier space by apply-
ing a transfer function. In a final step, the surface 
is split into multiple parts. The nostrils and the 
throat are separated from the rest of the nasal cav-
ity and are smoothed with a Laplace filter until 
convergence. This filter performs a relaxation of 
the mesh and iteratively moves all vertices into 
one plane. This step allows the proper application 
of the boundary conditions in the flow simula-
tion. Based on this model, an automatic Cartesian 
grid generator creates the computational mesh. A 
minimal bounding cube is initially placed around 
the surface. This cube is then continuously split 
into eight smaller cubes until a user-defined level 
of refinement is reached. During the splitting pro-
cess, cells outside the fluid domain are removed.

Using a marching cube algorithm for triangu-
lation of the scanning data, an unstructured sur-
face with 200,000 nodes and 420,000 triangles 
can be obtained. For an exact match of the experi-
mental flow conditions, pipes for in- and outflow 
are added. Via the grid generation tool, a struc-
tured grid of 450,000 nodes in 34 blocks 
(Fig.  19.2) is generated which has a nested 
O-topology and additional blocks underneath the 
turbinates. To ensure a divergence-free solution, 
the blocks match at their interfaces.

19.2.1.2  Using MRI
T2-weighted MRI is used to visualize detailed 
internal structures and restricted body functions. 
It provides a three-dimensional image of the 
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nasal cavity, the sinuses, and the pharynx and 
allows the assessment of the nasal mucosa mem-
brane swelling. To perform a fluid mechanical 
analysis of the flow in the human nasal cavity, the 
surface of the region of interest, i.e., the volume 
of the nasal cavity, is extracted from MRI data 
and processed in multiple steps [36]. Since MRI 
measures the fluid characteristics of different 
 tissues, the distinction between bone and air is 
generally difficult because they contain no or 
only a small amount of fluid and give a similar 
MRI signal, i.e., these areas appear black.

To extract a suitable model of the nasal cavity 
from MRI data, the first step is segmentation. 
This is performed manually by an experienced 
radiologist on a graphic tablet. During the next 
step, the segmented volume is converted into a 
triangular mesh surface by a Marching Cubes 
algorithm. The surface then is smoothed and used 
for generating a volumetric grid again. This can 
be done by dividing a large starting cube contain-
ing the entire surface into eight smaller ones with 
the same size each. The small cubes now lying 
outside of the surface are omitted, while the 
cubes inside are further divided. The procedure 
finishes with the so-called Cartesian lattice of 
approximately 4.1 million cells. For more com-
plex calculations including analysis of humidifi-
cation, the lattice may have 25 million cells or 
more.

To simulate nasal airflow, the Navier–Stokes 
equations, which describe the motion of fluid 
substances, must be solved for every cell. 
Therefore, several boundary conditions are 
required. The applied “no-slip” condition 
defines the velocity at the walls of the nasal cav-
ity as zero. At the nostrils, a constant inflow is 
set, which causes a stationary flow field to 
develop after a sufficient number of simulated 
time steps. Therefore, the assumption of a quasi-
steady flow is needed. The local velocity and 
pressure are obtained for every cell of the simu-
lated lattice. Since the inflow is set as a fixed 
input for all four flow simulations, the total flow 
is identical. The computational fluid dynamics 
model used implements a Lattice–Boltzmann 
method. It was validated experimentally by an 
artificial nose model.

19.2.2  Method of Solution

To simulate the flow field, the three-dimensional 
Navier–Stokes equations are solved. An explicit 
five-step Runge–Kutta method of second-order 
accuracy is used for time integration. The fol-
lowing boundary conditions are imposed. A no-
slip isothermal wall condition is assumed and 
the pressure gradient normal to the wall is set to 
zero. At the inflow section, a parabolic velocity 
profile is prescribed with the mean velocity 
determined from an assumed isentropic expan-
sion from a stagnation state to the local static 
pressure that is computed from the interior pres-
sure distribution using a vanishing pressure gra-
dient in the streamwise direction. At the outflow 
plane, the static pressure level is prescribed and 
a nonreflecting boundary condition of Poinsot 
and Lele is applied [37].

The simulation was carried out using a Lattice- 
Boltzmann method and was performed on grids 
containing about 20  ×  106 cells. As for the 
imposed boundary conditions, a no-slip wall con-
dition proposed by Bouzidi et al. [38] was used. 
A volume flux of 125 ml/s was prescribed at the 
inflow boundaries with a von Neumann condition 
for the velocity. The density was extrapolated in 
surface normal direction by applying a Dirichlet 
condition. The outflow boundary condition was 
based on the formulation by Finck et al. [39] and 
imposed a constant pressure and extrapolated the 
velocities. The Reynolds number based on the 
mean hydraulic diameter of the nostrils and a vol-
ume flux of 125 ml/s were calculated for all nasal 
cavity geometries to guarantee an equal volume 
flux in all cases (Fig. 19.1).

19.2.3  Virtual Reality-Based 
Visualization of Flow 
Simulation Results

Visualization is a fundamental ingredient for 
gaining insights into the simulation results.

In particular, visualization is indispensable to 
the understanding of complex, dynamic pro-
cesses observed in computational fluid dynam-
ics, whose scientific and technical analyses 
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require a multidimensional representation of 
flow in space and time. In comparison to 2D or 
perspective representations, virtual reality-
based visualization, i.e., stereoscopic and user-
centered projection techniques, allows a much 
more intuitive comprehension of spatiotemporal 
correlations. In contrast to animation tech-
niques, virtual reality is inherently interactive 
and thus allows an interactive exploration of 
simulation data.

In the context of the project, we are employing 
different visualization techniques tailored to the 
needs of the potential users. For the validation of 
the numerical simulation, we implemented stan-
dard visualization techniques like cut planes, iso-
surfaces, streamlines, and stream ribbons, all 
primarily based on the visualization toolkit. For 
the physicians, tailored visualization techniques 
are still to be determined and to be studied. The 
added dimensions in the visualization lead to the 
necessity of a user interface that enables the user 
to concentrate on the exploration and evaluation 
of the simulation data via dedicated navigation 
techniques, speech recognition, and advanced 
interaction methods for applying the visualiza-
tion methods. The feedback of users shows that 
the multimodal user interface supports the visual 
validation process of the numerical simulation in 
such a way that the simulation results can be 
explored in an intuitive manner.

19.3  Application

19.3.1  Nasal Cavity 3D Imaging- 
Based Modeling: 
An Assessment Tool 
for the Anti-Obstructive 
Potency of Antiallergic 
Compounds

It was the objective of this study to visualize the 
anti-obstructive effect of intranasal steroid sprays 
(INS) in a patient with allergic rhinitis by simulat-
ing the nasal airflow with computational fluid 
dynamics. The patient underwent magnetic reso-
nance imaging (MRI). After nasal allergen chal-
lenge, all measurements were repeated 30  min 
later. During the following 2 weeks, the test subject 
applied the INS. Then again MRI was performed 
before and 30 min after allergen challenge.

Figure 19.2 compares the nasal flow before 
and after allergen challenge at baseline. Before 
allergen exposure, a pattern of widespread flow 
distribution over the entire nasal cavity can be 
noticed (left). After exposure to the allergen, flow 
to the more cranial parts of the nasal cavity 
becomes sparse (right).

Figure 19.3 shows the flow patterns in the 
nasal cavity calculated from the MRI-based 
model after 14 days of (prophylactic) treatment 
with an intranasal steroid. Again, the distribution 
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Fig. 19.2 Nasal airflow at baseline before (left) and after (right) allergen challenge

Fig. 19.3 Nasal airflow after 2 weeks of treatment with an intranasal steroid before (left) and after (right) allergen 
challenge

Fig. 19.4 Nasal airflow at baseline after allergen 
challenge

Fig. 19.5 Nasal airflow after 5  weeks of antihistamine 
treatment after allergen challenge

of airflow at baseline is widespread over the 
entire nasal cavity. Velocity of airflow is some-
what reduced after allergen challenge, however, 
by far not as pronounced as before treatment. We 
therefore conclude that this demonstrates the 
anti-obstructive effect of the intranasal steroid.

Similar improvements could be demonstrated 
for the treatment with an anti-obstructive antihis-
tamine comparing the flow pattern at baseline 
(Fig. 19.4) with the flow pattern after 5 weeks of 
treatment (Fig. 19.5).

19.4  Conclusion

Leong and colleagues have pointed out the 
potential benefits of CFD technology applied 
to rhinology in their systematic review saying 
that “this technology has improved understand-
ing of the complex nasal anatomy and the 
implications of disease and surgery on physiol-
ogy” [2]. We can only partially support this 
viewpoint. Nasal flow simulation primarily has 
served to demonstrate physiologic and patho-
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logical flow patterns in the nasal cavity. It has 
been used in individual cases for preoperative 
planning and for the assessment of outcomes in 
rhinosurgery. The origins of this method date 
back to the 1980s. Research has been ongoing 
in this field for more than 20  years without 
establishing the method in regular care. This is 
due to the fact that standards are still lacking 
and consensus on the interpretation of the find-
ings and on reliable outcome parameters has 
not been reached. CFD technology can be a 
valuable but extremely complex and by conse-
quence costly research tool for sophisticated 
problems like drug distribution in the nasal 
cavity or the visualization of drug effects on 
the nasal mucosa. There is, however, hope that 
these limitations will be overcome in future 
with further improvements in imaging and 
software technology.

References

1. Baraniuk JN. Subjective nasal fullness and objective 
congestion. Public Health. 2011;8(1):62–9. https://
doi.org/10.1513/pats.201006- 042RN.

2. Leong SC, et al. A review of the implications of com-
putational fluid dynamic studies on nasal airflow and 
physiology. Rhinology. 2010;48(2):139–45.

3. Bailie N, et al. An overview of numerical modelling 
of nasal airflow. Rhinology. 2006;44(1):53–7.

4. Ishikawa S, et al. Visualization of flow resistance in 
physiological nasal respiration: analysis of veloc-
ity and vorticities using numerical simulation. Arch 
Otolaryngol Head Neck Surg. 2006;132(11):1203–9.

5. Tan J, et  al. Numerical simulation of normal nasal 
cavity airflow in Chinese adult: a computational 
flow dynamics model. Eur Arch Otorhinolaryngol. 
2012;269(3):881–9.

6. Wen J, et al. Numerical simulations for detailed air-
flow dynamics in a human nasal cavity. Respir Physiol 
Neurobiol. 2008;161(2):125–35.

7. Chen XB, et al. Assessment of septal deviation effects 
on nasal air flow: a computational fluid dynamics 
model. Laryngoscope. 2009;119(9):1730–6.

8. Chen XB, et  al. Impact of inferior turbinate hyper-
trophy on the aerodynamic pattern and physiological 
functions of the turbulent airflow—a CFD simulation 
model. Rhinology. 2010;48(2):163–8.

9. Chen XB, et  al. Assessments of nasal bone fracture 
effects on nasal airflow: a computational fluid dynam-
ics study. Am J Rhinol Allergy. 2011;25(1):e39–43.

10. Garcia GJ, et  al. Septal deviation and nasal resis-
tance: an investigation using virtual surgery and 
computational fluid dynamics. Am J Rhinol Allergy. 
2010;24(1):e46–53.

11. Guo Y, et al. A computational fluid dynamics study of 
inner flow through nasal cavity with unilateral hyper-
trophic inferior turbinate. Lin Chung Er Bi Yan Hou 
Tou Jing Wai Ke Za Zhi. 2009;23(17):773–7.

12. Lee HP, et  al. Changes of airflow pattern in 
inferior turbinate hypertrophy: a computational 
fluid dynamics model. Am J Rhinol Allergy. 
2009;23(2):153–8.

13. Lee HP, et  al. Effects of septal perforation on nasal 
airflow: computer simulation study. J Laryngol Otol. 
2010;124(1):48–54.

14. Liu T, et al. Effects of septal deviation on the airflow 
characteristics: using computational fluid dynamics 
models. Acta Otolaryngol. 2012;132(3):290–8.

15. Sun XZ, et  al. Analysis of the character of self- 
adaptation of nasal structure in patients with nasal 
septum deviation. Zhonghua Er Bi Yan Hou Tou Jing 
Wai Ke Za Zhi. 2008;43(5):351–4.

16. Zhu JH, et al. Inspirational airflow patterns in deviated 
noses: a numerical study. Comput Methods Biomech 
Biomed Engin. 2013;16(12):1298–306. https://doi.
org/10.1080/10255842.2012.670850.

17. Bockholt U, et al. Rhinosurgical therapy planning via 
endonasal airflow simulation. Comput Aided Surg. 
2000;5(3):175–9.

18. Iwasaki T, et al. Improvement of nasal airway venti-
lation after rapid maxillary expansion evaluated with 
computational fluid dynamics. Am J Orthod Dentofac 
Orthop. 2012;141(3):269–78.

19. Ozlugedik S, et  al. Numerical study of the aerody-
namic effects of septoplasty and partial lateral turbi-
nectomy. Laryngoscope. 2008;118(2):330–4.

20. Wexler D, Segal R, Kimbell J. Aerodynamic effects 
of inferior turbinate reduction: computational fluid 
dynamics simulation. Arch Otolaryngol Head Neck 
Surg. 2005;131(12):1102–7.

21. Xiong GX, et al. Computational fluid dynamics simu-
lation of airflow in the normal nasal cavity and para-
nasal sinuses. Am J Rhinol. 2008;22(5):477–82.

22. Chen XB, et  al. Drug delivery in the nasal cavity 
after functional endoscopic sinus surgery: a com-
putational fluid dynamics study. J Laryngol Otol. 
2012;126(5):487–94.

23. Frank DO, et al. Computed intranasal spray penetra-
tion: comparisons before and after nasal surgery. Int 
Forum Allergy Rhinol. 2013;3(1):48–55.

24. Garlapati RR, et al. Indicators for the correct usage of 
intranasal medications: a computational fluid dynam-
ics study. Laryngoscope. 2009;119(10):1975–82.

25. Bailie N, et al. A model of airflow in the nasal cavi-
ties: implications for nasal air conditioning and epi-
staxis. Am J Rhinol Allergy. 2009;23(3):244–9.

26. Pless D, et  al. Numerical simulation of air tem-
perature and airflow patterns in the human nose 

R. Mösges

https://doi.org/10.1513/pats.201006-042RN
https://doi.org/10.1513/pats.201006-042RN
https://doi.org/10.1080/10255842.2012.670850
https://doi.org/10.1080/10255842.2012.670850


223

during expiration. Clin Otolaryngol Allied Sci. 
2004;29(6):642–7.

27. Sommer F, Kroger R, Lindemann J. Numerical simu-
lation of humidification and heating during inspiration 
within an adult nose. Rhinology. 2012;50(2):157–64.

28. Ishikawa S, et  al. Flow mechanisms in the human 
olfactory groove: numerical simulation of nasal 
physiological respiration during inspiration, expira-
tion, and sniffing. Arch Otolaryngol Head Neck Surg. 
2009;135(2):156–62.

29. Sung SJ, et  al. Customized three-dimensional com-
putational fluid dynamics simulation of the upper 
airway of obstructive sleep apnea. Angle Orthod. 
2006;76(5):791–9.

30. Xu C, et  al. Computational fluid dynamics model-
ing of the upper airway of children with obstructive 
sleep apnea syndrome in steady flow. J Biomech. 
2006;39(11):2043–54.

31. Prinsell JR.  Maxillomandibular advancement sur-
gery for obstructive sleep apnea syndrome. J Am 
Dent Assoc. 2002;133(11):1489–97; quiz 1539–40

32. Yu CC, et  al. Computational fluid dynamic study 
on obstructive sleep apnea syndrome treated with 

maxillomandibular advancement. J Craniofac Surg. 
2009;20(2):426–30.

33. Adams R, Bischof L. Seeded region growing. IEEE 
Trans Pattern Anal Mach Intell. 1994;16(6):641–7.

34. Lorensen WE, Cline HE.  Marching cubes: a high 
resolution 3D surface construction algorithm. ACM 
Siggraph Comput Graph. 1987;21(4):163–9.

35. Taubin G, Zhang T, Golub G. Optimal surface smooth-
ing as filter design. In:  Computer vision—ECCV’96. 
Berlin: Springer; 1996. p. 283–92.

36. Eitel G, et  al. Numerical simulation of nasal cavity 
flow based on a lattice-Boltzmann method. In:  New 
results in numerical and experimental fluid mechanics 
VII. Berlin: Springer; 2010. p. 513–20.

37. Wheeler SM, Corey JP.  Evaluation of upper airway 
obstruction—an ENT perspective. Pulm Pharmacol 
Ther. 2008;21(3):433–41.

38. Bouzidi M, Firdaouss M, Lallemand P.  Momentum 
transfer of a Boltzmann-lattice fluid with boundaries. 
Phys Fluids. 2001;13:3452.

39. Finck M, Hänel D, Wlokas I. Simulation of nasal flow 
by lattice Boltzmann methods. Comput Biol Med. 
2007;37(6):739–49.

19 Computational Fluid Dynamics of the Nasal Cavity



225

20Physiology and Pathophysiology 
of Nasal Breathing

Achim G. Beule, Giorgi Gogniashvili, 
and Gunter H. Mlynski

Core Messages
• Normal respiratory function in the nose 

requires low physiological nasal airflow resis-
tance as well as adequate contact between the 
air and a large mucosal surface in a slit-shaped 
flow channel.

• Narrowing of the nasal airways and/or severe 
turbulence can cause a pathological rise in 
nasal resistance.

• Since resistance to flow rises exponentially 
with increasing stenosis, even slight narrow-
ing in the area of the isthmus can lead to severe 
nasal obstruction. This fact is often 
overlooked.

• In terms of respiratory function, the nasal flow 
channel can be divided into an inflow area, a 
functional area, and an outflow area.

• In the inspiratory flow direction, the inflow 
area consists of the vestibulum, the isthmus, 
and the anterior cavum. After passing over the 

head of the inferior turbinate and the septal 
erectile tissue in the anterior cavum, the air-
stream is directed to the turbinate region and 
distributed over its entire cross-sectional sur-
face. The degree of turbulence is regulated.

• In the functional area, the nasal turbinates not 
only represent a large surface, but through 
their adaptation in shape and size, they also 
narrow the nasal cave to an uniform slit- 
shaped space between the septum and the lat-
eral wall of the cavum, which promotes 
warming up, humidification, and cleansing of 
the inspired air.

• The inspiratory outflow area consists of the 
nasopharyngeal meatus, the choanae, and the 
nasopharynx. Here the airflow becomes 
increasingly laminar and is redirected to the 
deeper air passages.

• A large thermal energy and humidity gradient 
are required between the mucosa and the air-
stream for effective warming and humidifica-
tion of the air in the nose. The nasal cycle 
assures these conditions.

• The division of the nose into two sides by the 
septum makes it possible to alternate between 
working and resting phases to improve gradi-
ents of thermal energy and humidity exchange 
over a long time period.

• The nasal septum is rarely completely straight 
within the generally asymmetrical human 
skull. By means of a “physiological devia-
tion” of the septum and adaptation of the con-
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figuration of the turbinates, a symmetrical 
slit-shaped space results on each side of the 
nose. Cyclical congestion and decongestion of 
the turbinates make it possible to have in both 
nasal sides adequate working and resting 
phases.

• A more intense involvement of physiological 
aspects in functional rhinology is essential to 
improve long-term results of functional 
rhinosurgery.

20.1  Preliminary Remarks

For an undisturbed gas exchange in the lung, a 
temperature of 37 °C and a relative humidity of 
100% are essential. The respiratory function of 
the nose is to climatize up to 25.000 L of inspired 
air every day [1]. For that, an important require-
ment is a physiologic resistance of nasal breath-
ing, because increased nasal obstruction will 
result in habitual partially or completely mouth- 
bypass breathing. From physiology, the appro-
priate relation of physical activity and required 
airflow achieving a sufficient oxygen supply dur-
ing inspiration is known (Fig.  20.1). During 
physiological activities, like walking or climbing 
stairs, a maximal inspiration flow up to 500 mL/s 

is needed. This range of airflow is called “physi-
ological breathing range”. During strong physi-
cal work airflow will increase up to >1.000  L, 
within the “stress breathing range” (Fig. 20.1).

To exert the respiratory function of the nose, 
the necessary breathing volumes should be 
achieved without any mouth-bypass breathing. 
Both nasal sides attributed to this respiratory 
capacity during the nasal cycle using a constantly 
changing degree of congestion. The degree of 
congestion is constantly changed also in relation 
to physical activity (see Sect. 20.5). Within the 
physiological breathing range, resistance on both 
sides of the nose (see Sect. 20.2.1), the sections 
of turbulent flow (see Sect. 20.4), and the inspira-
tory nasal valve collapse (see Sect. 20.2.2) should 
behave physiological.

During increasing physical activity, maximal 
inspiratory velocities up to 1000  mL/s become 
mandatory. Because endonasal resistance increases 
exponentially with increasing nasal flow (see Sect. 
20.2.1) and physiological nasal valve function 
impedes high airflow (see Sect. 20.2.2), endonasal 
air velocities of 1000  mL/s cannot be provided 
through the nose alone. As a consequence, in the 
stress breathing range during heavy and very 
heavy physical activity respiration switched sub-
sequently to mouth breathing (Fig. 20.1).

Physical
activity

Maximum
inspir. flow

Breathing
range

Mouth
breathing

Mouth-bypass-
breathing

Nose
breathing

Very heavy
Very fast

climb stairs

Heavy
Fast

climb stairs

>1000 ml/s

750 ml/s

500 ml/s
Moderate

climb stairs

Slight
walk

No
rest

Physiological
breathing 

range250 ml/s

125 ml/s

Stress
breathing

range

Ratio
mouth-nose breathing

Fig. 20.1 Schematic 
representation of the 
relationship between 
physical activity and 
maximal inspiratory 
airflow velocity (Flow 
[mL/s]). Classification 
into a “physiological 
breathing range” during 
normal physical activity 
and “stress breathing 
range” during strong 
physical activity, 
including their 
relationship to nasal and 
mouth breathing
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20.2  Nasal Airway Resistance

The flow resistance is a consequence of the 
friction- related energy loss. With laminar flow, 
the particles flowing forward rub against each 
other due to their different flow velocities. Friction 
and thus the resistance decrease as the cross-sec-
tional area of the flow channel increases, because 
the distance between the flowing particles 
increases. The cross-sectional area of a channel is 
therefore indirectly related to its flow resistance:

 
Resistance

Cross Sectional Area
~

1

−   

Friction also arises at the wall of the airflow 
channel. Therefore, endonasal resistance is also 
determined in relation to the size of the endonasal 
surface (mucosal coverage of the airflow chan-
nel). The larger the endonasal surface, the larger 
the nasal resistance:

 Resistance Wall Area~   

Turbulent flow sections also have an influence on 
the resistance. In turbulence, lateral movements 
cause the flowing air particles to bump against 
one another and against the wall of the channel. 
This leads to a high loss of energy and thus to an 
increase in resistance:

 Resistance Turbulent Flow Portions~    

Within the nose, nasal resistance increases 
exponentially with increasing flow due to the 
increasing sections of turbulent airflow. 
Figure 20.2 indicates the development of resis-
tance in relation to nasal airflow during in- and 
expiration in a patient with pathologic high 
resistance at nasal obstruction on the right side 
and physiological low nasal resistance on the 
left side.

20.2.1  Physiological 
and Pathological Nasal 
Airflow Resistance

A physiologically low resistance in the nasal 
flow channel enables an unhindered airflow. 
For the deeper airways, it has the function of 
an upstream resistor to protect the mucosa 
against excessive flow.

In patients with pathologically low nasal resis-
tance, this effect as protective upstream resis-
tor is insufficient.

A physiologically increased nasal resistance is 
observed due to congestion during the resting 
phase of the nasal cycle (see Sect. 20.5). Nasal 
obstruction is only perceived, if the contralat-

3.0

2.5

2.0

1.5

1.0

0.5

Inspiration

–750 –500 –250 250 500 750

R[sPa/ml] R[sPa/ml]

Expiration Inspiration Expiration

Flow[ml/s] –750 –500 –250 250 500 750Flow[ml/s]
0.0

3.0

2.5

2.0

1.5

1.0

0.5

0.0

Fig. 20.2 Exponential increase of nasal resistance with 
increasing flow due to increasing turbulent flow portions 
during in- and expiration. Red line indicates the right side: 
pathological increased resistance due to lots of turbulent 

portions with complaints of nasal obstruction. Blue line 
indicates the left side: physiological low nasal resistance 
due to low portions of turbulence without subjective nasal 
obstruction
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by mucosal
swelling

by skeletal
deformity

by pathological
valve collapse

Narrowing

Fluid dynamic causes of nasal obstruction

Pathological
turbulence

by small diffuser
inflow opening

by large diffuser
opening angle

Fig. 20.3 Flow dynamic aetiologies of nasal obstruction

Middle of the cavumInternal
ostium

Resistance

Cross-sectional area

Fig. 20.4 Different effects of narrowing of the cross- 
sectional area within the nasal airflow channel on nasal 
resistance in the internal ostium (blue area) and the mid-
dle of the nasal cavum (red area)

eral side in its working phase does not allow a 
sufficient airflow for oxygen supply within the 
physiological breathing range.

Pathologically increased nasal resistance may 
uni- or bilaterally cause the symptom of nasal 
obstruction due to several flow dynamic aeti-
ologies (Fig. 20.3):

• Stenosis due to
 – Swelling due to inflammation, trauma, 

or tumour.
 – Skeletal constricting deformations, such 

as septal deviation, isthmus stenosis, or 
other.

 – Pathological nasal inspiratory collapse 
(see Sect. 20.2.2).

• Pathological turbulence (see Sect. 20.5).

In narrowings, the friction is increased 
because the flowing particles become more 
compressed. The relationship of resistance and 
cross-sectional area is not linear, but exponen-
tial (Fig. 20.4). As a result, in a wide flow chan-
nel, a large reduction in cross-sectional area 
only leads to a slight increase of resistance, but 
in case of an already narrow cross-sectional 
area, even a small reduction in size causes a 
large increase of resistance.

20.2.2  Short-Time Regulation 
of Nasal Airway Resistance

The short-time regulation of the nasal respiratory 
flow by changing the resistance is the suction 
(Bernoulli phenomenon) of the nasal valve in the 

nasal entrance first described by Mink [2] with 
the effect of increasing resistance. There are two 
physiological narrowings with a movable lateral 
wall: the internal ostium (“Isthmus “or “inner 
nasal valve”) and the external ostium (“outer 
nasal valve”). The local flow velocity increases in 
the constrictions of a flow channel. According to 
the Bernoulli phenomenon, this results in nega-
tive pressure on the wall of the flow channel 
(principle of the water jet pump). When the flow 
rate is high, the mobile lateral nasal wall is sucked 
in and moves medially, thus considerably increas-
ing the resistance in a fraction of a second. This 
mechanism is only possible during inspiration, 
because during expiration the pressure in the ves-
tibulum is positive.
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This physiological nasal valve collapse is a 
protective passive mechanism for the respiratory 
mucosa of the nose and the subsequent airways, 
preventing pathologically increased airflow 
velocities and possible damage due to shear 
forces.

In contrast, pathological nasal valve collapse 
is observed if medial movement of the lateral 
nasal wall already occurs at lower nasal airflow 
velocities. This can be caused not only by an 
additional pathological narrowing of the already 
physiologically narrow flow channel but also by a 
loss of stability of the lateral vestibular wall.

20.2.3  Long-Term Regulation 
of the Nasal Resistance

For long-term regulation of the nasal resis-
tance, cross-sectional diameter of the nasal air-
flow channel is modulated via change of 
endonasal mucosal congestion. Changes take 
minutes and may persist for hours during in- 
and expiration. It is controlled by the vegeta-
tive nervous system and is the basis for the 
physiological regulation of resistance in the 
nasal cycle (see Sect. 20.5).

20.3  Nasal Functional 
Architecture: The Correlation 
of the Structure 
and Respiratory Function

From a functional and fluid dynamic perspective, 
the nose is a very complicated structure. 
Researchers have been attempting to investigate 
the nasal flow channel for more than 100 years 
[2–20].

For understanding the respiratory function of 
the nose in connection with the aerodynamics, it 
is helpful to divide the nose into different areas 
and to compare anatomical structures of the nose 
with form elements, whose impact on flow is 
known from fluid physics (Fig.  20.5 and 
Table 20.1).

The schema presented in Fig. 20.5 is derived 
from Bachmann [12, 13] and was then refined 
after we conducted extensive flow experimental 
studies [20–22].

The functional area with the turbinates is the 
principal location for the respiratory function. 
Here, the air is warmed up, moistened, and 
cleansed [23, 24]. In inspiratory direction, the 
inflow area is made up of the nasal vestibulum, 
the nasal isthmus (“internal valve”), and the ante-

Inflow areaAerodynamic
area:

Functional area

Anatomical
nomenclature:

Vestibulum
Isthmus

Chona
Naso-
pharynx

Anterior
cavum

Aerodynamic
form element:

Bend and
nozzle

Concave
opening Diffuser Slit space Nozzle

Convex
opening

Bend and
nozzle

Region of
turbinates

Naso-
pharyn-
geal meatus

Outflow area

Fig. 20.5 Schematic presentation of dividing the nose into aerodynamic areas and comparative aerodynamic form ele-
ments in the inspiratory flow direction
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Table 20.1 Fluid dynamic effects of aerodynamic form 
elements that may be compared to anatomical structures 
in the nose

Aerodynamic 
form element Effect on airflow
Bend Changing of flow direction
Concave opening Divergence of flow paths
Convex opening Convergence of flow paths
Nozzle Decreasing turbulence, accelerating 

flow velocity
Diffuser Increasing turbulence, decelerating 

flow velocity
Slit-shaped space Facilitates exchange of heat, 

humidity, and cleansing between the 
mucosa and the respiratory airflow

Fig. 20.6 Flow experimental representation of inspira-
tory flow in the inflow area. White dotted arrows: local 
flow direction. Laminar flow: only forward movements, 
turbulent flow: increasing sideways movements. The flow 
is directed towards the turbinate region (bend effect) and 
is preserved laminar (nozzle effect). Laminar flow can be 
recognized from the sharp demarcation between the flow-
ing medium and the coloured particles added for visual-
ization. With increasing turbulence, a diffuse colouration 
develops as a result of lateral movements of the flowing 
particles

rior cavum with the head of the inferior turbinate 
and the erectile tissue of the septum. The naso-
pharyngeal meatus, the choanae, and the epiphar-
ynx constitute to the outflow area.

20.3.1  Inflow Area

The function of the inflow area is to configure the 
airstream in a way to facilitate sufficient contact 
with the mucosa in the functional area. 
Figure 20.6 illustrates the course and character of 
flow in the inspiratory airflow direction in the 
inflow area of a nasal model [20].

20.3.1.1  Nasal Vestibulum
The nasal vestibulum is shaped like a short, bent 
tube, and thereby, it acts equivalent to a bend. 
The curvature is caused by the relative position 
of the external and internal openings: The ostium 
externum (inflow opening of the bend) is approx-
imately horizontal, and the ostium internum 
(outflow opening of the bend) is more vertically 
located. The fluid dynamic effect of this bend 
redirects the inspiratory airflow from anterior 
and inferior towards the area of turbinates 
(Fig. 20.6).

In this process, the relative position of the ves-
tibulum to the cavum is of significance. In a droop-
ing nose with a small nasolabial angle, the 
vestibulum is rotated with the alar cartilages point-
ing downwards. During inspiration, this leads to a 

very high flow course within the cavum 
(Fig. 20.7b). As a result, the mucosa of the inferior 
turbinate cannot contribute to the respiratory func-
tion. If the nasolabial angle is too large, the ves-
tibulum and the alar cartilage are rotated upwards. 
As a consequence, the airstream runs very low 
through the cavum, and thus, the mucosa of the 
upper turbinate is not capable of contributing to 
respiratory and olfaction function (Fig. 20.7c).

When the vestibulum is malpositioned, the 
entire nasal flow channel is not employed for the 
respiratory function of the nose. This results in a 
functional airstream constriction, similar to an 
anatomical constriction. It results in an increased 
airway resistance as well. Therefore, correction 
of an inadequate or excessive nasolabial angle is 
necessary not only for aesthetic reasons but also 
from a functional point of view.
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a b c

Fig. 20.7 Course of inspiratory flow in nasal models 
with various positions of the vestibulum to the cavum. (a) 
Normal vestibulum position: air is distributed over the 
entire region of turbinates. (b) Vestibulum rotated down-
wards (like at a drooping nose) with pathologically dimin-

ishes nasolabial angle: airflow runs only through the upper 
part of the nasal cavum. (c) Vestibulum rotated upwards 
with pathologically enlarged nasolabial angle: airflow 
runs only through the lower part of the nasal cavum

In cases presenting with an abnormal nasola-
bial angle, the rhinosurgical challenge is to 
reconstruct a normal position of the alar carti-
lages. This means that the cephalic portion of the 
alar cartilage must be positioned on the caudal 
edge of the lateral cartilage. Excessive elevations 
of the tip of the nose for aesthetic considerations 
should be avoided from a functional point of 
view.

Since the external ostium is larger than the 
internal valve area, the vestibulum has also a 
nozzle effect in inspiratory direction. In a noz-
zle, progressive restriction of the cross-sectional 
area causes reduction in turbulent flow. This 
guarantees that laminar flow can pass through 
the following narrowest part of the nose, the 
internal nasal valve (Fig. 20.6). This is of impor-
tance, since turbulent flow behaviour in this nar-
rowing would result in a high level of resistance 
to flow.

The nozzle effect of the vestibulum must be 
preserved during rhinosurgical procedures. That 
means that one must not enlarge the internal 
valve in an effort to reduce resistance too much. 
The internal ostium must remain proportionately 
smaller than the external ostium. Excessive 
enlargement leads to a ballooning phenomenon 
that creates highly turbulent flow in the cavum as 
a result of eliminating the nozzle effect in the 
vestibulum.

The function of the vestibulum as a nozzle 
results also in an acceleration of local flow veloc-

ity, which causes a negative pressure on the 
mobile lateral vestibular wall. Because of this 
Bernoulli phenomenon the nasal wing collapses 
and increases abrupt the resistance. The “nasal 
valve collapse” is physiologically, if it acts at 
high breathing flow velocities (>500 mL/s). If a 
resistance increase caused by valve collapse 
occurs only in flow velocities above 500  mL/s, 
the effect is known as “physiological nasal valve 
collapse”. It is an upstream resistor to protect the 
mucosa in the deeper airways against excessive 
airflow. By contrast, “pathological nasal valve 
collapse” arises already within the “Physiological 
Breathing Range”.

Most cases of nasal valve collapse result from 
constrictions of the vestibulum, particularly 
within the internal ostium. The negative pressure 
on the wall of a flow channel depends on the local 
flow velocity, which is influenced by the width of 
the channel: the narrower the channel, the higher 
the local flow velocity, and the higher the nega-
tive pressure. The rhinosurgical concept in these 
cases is the enlargement of the narrowing to a 
normal width.

20.3.1.2  Internal Nasal Ostium
The inner nasal ostium is the narrowest region 
along the nasal flow channel and is therefore also 
known as the “Isthmus nasi”. Due to the high 
friction within the constriction (see Sect. 20.2.1), 
it has the largest share in the formation of flow 
resistance in the nose [10, 11, 25, 26].
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Fig. 20.8 Fluid dynamic experimental representation of 
the inspiratory airflow in a nose model without a vestibu-
lum. The concavely curved shape of the inner ostium 
causes a divergence of the flow paths in the cavum

In inspiratory flow direction, the inner 
ostium serves as an opening for the air flowing 
from the vestibulum to the cavum. With its 
concave curvature, it influences the direction 
of airflow. It has the same influence on the dis-
tribution of the airflow as a concave lens does 
on light rays: it creates a divergence of the sub-
sequent flow and thus contributes to the distri-
bution of the flow over the entire surface in the 
area of the turbinates (Figs. 20.7 and 20.8) [20, 
21, 26].

Given the relationship between form and 
function, resections of the caudal edge of the lat-
eral cartilage should be performed in such a way 
that the concave shape of the inner ostium is 
preserved.

20.3.1.3  Anterior Nasal Cavum
Due to its cross-sectional increase in the direc-
tion of the inspiratory flow, the anterior cavum 
has the fluid dynamic effect of a diffuser. 
Turbulence is generated and regulated here (see 
Sect. 20.4).

From a functional point of view, another posi-
tive effect of the expansion of the cross-sectional 
area in the anterior cavum is a decrease in the 
flow velocity. The lower flow velocity in the area 
of the turbinates leads to an increase in the con-
tact time for air with the mucous membrane, 
which is advantageous for the conditioning and 
cleaning of the inhaled air.

20.3.2  Functional Area

The functional area in the nose is the area of   the 
turbinates. The turbinates not only enlarge the 
surface of the respiratory mucosa but also narrow 
the nasal cavum into a slit-shaped space. As a 
result, the nasal cavum is actually not a cavity at 
all, but a slit-shaped space [26]. This slit-shaped 
space is an important prerequisite for the breath-
ing function of the nose (see Sect. 20.1). Analysis 
of CT images through the middle of the nasal 
cavum (Fig. 20.9 shows some examples) shows 
that the width of the slit remains fairly constant 
over the entire cross section of the cavum even 
with strong septal deviations (Fig. 20.9). The lat-
eral walls of the cavum are always asymmetrical. 
The septum divides the nasal cavum into two 
unequally wide and differently structured cavi-
ties. The shape and size of the turbinates adapt to 
the available space between the lateral walls of 
the cavum and the septum, thus creating a con-
tinuous, uniform slit-shaped space. With its shape 
and variable thickness, the septum also helps cre-
ate a slit.

At the end of the nineteenth century, 
Zuckerkandl (1882; [27]) discovered from his 
large collection of human skulls that the septum 
in the always asymmetrical skulls is normally not 
straight, but deviated. He introduced the term 
“physiological septal deviation”. The joint obser-
vation of almost all ENT specialists that not every 
deviation of the septum leads to an obstructed 
nose confirms the validity of the concept of a 
physiological deviation [28, 29]. In the literature, 
an incidence of septal anomalies in the normal 
population of up to 90% is indicated [30–34]. It 
can be assumed that some of them are physiolog-
ical deviations, since experience shows that the 
incidence of nasal obstruction is considerably 
lower.

We define “physiological septum deviation” 
as a curved septum without significant narrowing 
of the slit-shaped space and therefore without 
pathological airway resistance.

Due to the uniform width of the slit, the air-
flow can be distributed over the entire cross- 
sectional area (Fig.  20.10a). Since the airflow 

A. G. Beule et al.



233

a

b

Fig. 20.9 Coronal CT images through the functional area 
of different noses. The turbinates adapt to the space pro-
vided by the lateral wall of the nasal cavum and the sep-

tum (a) with slight asymmetry of the two sides of the nose 
and slight septal deviations and (b) even with strong 
cavum asymmetry and severe deviations

a b

Fig. 20.10 Flow experimental representations of the 
inspiratory airflow in nose models (a) before an (b) after 
significant reduction in the size of the middle turbinate. 
Flow is distributed in (a) across the entire turbinate region, 

but in (b) it is limited almost exclusively to the wide space 
in the centre of the nasal cavity. As a result, the inferior 
and superior turbinates are unable to contribute to respira-
tory function

follows the paths of least resistance, local 
enlargement, as seen after extensive surgical 
reduction of the size of the turbinates, results in a 
significant disruption of the nasal airflow. In 
these cases, the air flows almost exclusively 

through the enlarged space (Fig. 20.10b), so that 
large areas of the mucous membrane of the mid-
dle and superior turbinate cannot contribute to 
the respiratory function, as the air no longer flows 
in these areas [20].
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These results have two important implications 
for rhinosurgery [26]:

• It is necessary to keep the slit-shaped space as 
even as possible or, if necessary, to reconstruct 
the slit-shaped space (e.g. in cases of atrophic 
rhinitis or empty nose syndrome).

• In the case of a compensatory enlargement of 
the turbinate in connection with a septal devi-
ation, the surgical intervention on the turbi-
nate should be very gentle and, if possible, not 
include a resection. This is especially true for 
post-pubertal septal deviations, since the 
enlargement of the turbinates in these cases is 
almost always caused by compensatory swell-
ing rather than compensatory hyperplasia. 
After the septum correction, the turbinates 
often adapt to the new space between the sep-
tum and the lateral cavum wall with the extent 
of their swelling [8, 35]. Especially in pre- 

pubertal septal deviations, in particular, the 
lower turbinates grow far into the concavity of 
the deviation. In these cases, lateral position-
ing of the inferior turbinate is often an appro-
priate treatment.

• Physiological septal abnormalities need to be 
identified as such and should not be surgically 
corrected. Figure 20.11 demonstrates that inade-
quate surgery in these cases can lead to non-phys-
iological, excessively wide nasal spaces. 
Unsatisfactory long-term results after septoplasty 
can be attributed to septoplasties in patients with 
physiological septal deviations [36–38].

• Pathological septal deviations should not be 
fully straightened. The mobilized septum 
should be positioned midway between the tur-
binates on both lateral sides of the nose. This 
converts the pathological deviation into a less 
extensive physiological deviation. As a conse-
quence, an excessive reduction of the turbi-

a b

Fig. 20.11 (a) Coronal CT scan through the middle of 
the nose of a patient with a pre-pubertal septal deviation. 
Since there is no constriction in the slit-shaped space, it is 
a physiological septal deviation. (b) Imitated complete 

straightening of the septum with resection of the lateral 
wall of the concha bullosa and reduction in size of the 
inferior turbinate on the opposite (concave) side of the 
septal deviation
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nate is not necessary. In some cases, lateral 
positioning of the lower turbinate is efficient 
to create a symmetrical slit space (Fig. 20.12).

The goal of surgical interventions to relieve 
nasal congestion caused by septal deviations 
must not be a completely straight septum and 
small turbinates to create a wide flow channel in 
the nose. The frequent occurrence of sicca symp-
toms after functional rhinosurgery [26, 34, 39–
47] should provide the impetus for a more precise 
consideration of physiological aspects in func-
tional rhinosurgery. Instead, the aim should be 
the maintenance or reconstruction of the slit- 
shaped space for optimal respiratory function.

20.3.3  Outflow Area

The outflow area of the nose configures the inspi-
ratory airflow so that it is adapted for passage 
into the lower airways:

20.3.3.1  Nasopharyngeal Meatus
In the nasopharyngeal meatus, the cross-sec-
tional areas become smaller in the inspiratory 
direction. From a fluid dynamic point of view, 
this structure has the effect of a nozzle that 
reduces the turbulent sections within the air-
flow. In the subsequent deeper airways, the 
resistance must be low, and therefore, the flow 
should be laminar.

20.3.3.2  Choana
In the direction of inspiration, the choana is a 
convex opening between the cavum and the naso-
pharynx. This leads to convergence of endona-
sally distributed airflow paths (see Table  20.1). 
The airflow becomes narrower and adapts to the 
dimensions of the lower airways.

20.3.3.3  Nasopharynx
Because it is formed like a bend, the nasopharynx 
redirects the flowing air towards the lower 
airways.

a b c

Fig. 20.12 (a) Coronal CT scan through the middle of 
the nose of a patient with a pre-pubertal septal deviation. 
Because there are narrowings in the slit-shaped space 
(right side between the inferior turbinate and septum, left 
side within the middle nasal passage due to a spur), it is a 
pathological septum deviation (pathologically increased 
resistance, objectified by objective rhinologic diagnostics, 
see Chap. 27). (b) Imitated complete straightening of the 
septum with size reduction of the middle and inferior tur-

binates on the opposite (concave) side of the septal devia-
tion. As a result, a very large space is created, which leads 
to a disturbance of the flow distribution, as shown in 
Fig.  20.11b. (c) Imitated conversion of the pathological 
into a physiological deviation, with only removal of the 
spur, a slight shift of the lower septum to the left and a 
slight lateral positioning of the right inferior turbinate. A 
physiological slit-shaped space is created
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20.4  Generation and Regulation 
of Turbulence in the Nose

With laminar flow, all air particles move forward 
parallel to the wall of the nasal flow channel, so 
that only particles flowing along the wall come 
into contact with the mucous membrane and can 
thus be warmed up, moistened, and cleaned. 
Centrally flowing particles are not conditioned. 
For a sufficient contact between air and mucous 
membrane in the nose, both forward and lateral 
movements of air particles due to turbulent air-
flow portions are important prerequisites.

In the nose, turbulent airflow sections are cre-
ated in the anterior nasal cavum. In this area the 
cross-sectional area between the inner nasal 
ostium and the centre of the nasal cavity increases. 
A channel with an increasing cross-sectional area 
is called a diffuser (see Sect. 20.3.1.3). In a dif-
fuser, the extent of creation of turbulence depends 
on the extent of the increase in cross-sectional 
area. This parameter and thus the degree of turbu-
lence are characterized by the opening angle of 
the diffuser ф. A large diffuser opening angle 
leads to strong turbulence. Conversely, a smaller 
diffuser opening angle leads to less turbulence 
(Fig. 20.13).

By congestion and decongestion during the 
nasal cycle, not only the long-term regulation of 
endonasal flow resistance is achieved (see Sect. 
20.2.3) but also the regulation of turbulence dur-
ing the nasal cycle. Fig. 20.14b shows that on the 
right side the nasal cavum at the end of the dif-
fuser is wide due to a decongestion of both, the 
septal erectile tissue and the head of the inferior 
turbinate. As a result, the increase in cross section 
in the nasal diffuser (diffuser opening angle ф) 
becomes large and the formation of turbulence is 
pronounced. This corresponds to a working phase 
in the nasal cycle, in which sufficient air–mucosal 
contact is required. On the left side of the nose, 
the “erectile tissue” is congested, the diffuser 
opening angle ф is small. This means that the air-
flow within the left side of the nose is largely 
more laminar. This is important in the resting 
phase. Less air–mucous membrane contact 
favours the storage of heat energy and moisture.

The regulation of the turbulence behaviour in 
the nasal diffuser during the change of nasal 
swelling in the nasal cycle is shown in Fig. 20.15 
by flow experiments.

Inside a pipe, the transition from laminar to 
turbulent airflow occurs abruptly. In the nose, 
due to its specific aerodynamic channel struc-
ture, the increase in turbulence occurs continu-
ously with increasing nasal airflow. In this 
large “transition area” (Fig.  20.16) the nasal 
airflow is not completely laminar and also not 
completely turbulent. This is an important pre-
requisite for the respiratory function of the 
nose: with purely turbulent flow, the heat and 
fluid supply of the mucous membrane would 
quickly be exhausted, while with purely lami-
nar the flowing air would not be adequately 
conditioned (see above). In the nose, we can 
register a reasonable ratio of laminar and tur-
bulent flow portions. Figure 20.16 shows that 
the flow is completely turbulent only with a 
very small volume of flowing air. With increas-
ing flow, turbulent flow portions increase con-
tinuously. The more the air volume flows, the 
more efficiently the air–mucous membrane 
contact becomes possible by sideways move-

aa

b

Fig. 20.13 Creation of turbulence in diffusers with dif-
ferent opening angles ф. With laminar flow, the coloured 
flow paths are clearly bordered due to the exclusively par-
allel, forward-flowing particles. A diffuse colouring as a 
result of sideways motions indicates turbulent flow. 
Within a diffuser with a small opening angle (a), turbu-
lence only occurs at the end of the diffuser, while with a 
large opening angle (b), turbulent flow portions are 
already formed at the beginning of the diffuser
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a b

Fig. 20.14 Regulation of the turbulence in the nasal dif-
fuser by congestion and decongestion of the lower turbi-
nates ( ) and the septal erectile tissue ( ). (a) Model of 
an anterior cavity with its structures for regulating turbu-
lence: the head of the lower turbinate and the septal erec-

tile tissue. (b) CT scan of the end of the nasal diffuser. 
Changes in the cross-sectional area of the nasal airways 
and thus the degree of turbulence due to decongestion 
(right side) and obstruction (left side) within the nasal 
cycle

a b

Fig. 20.15 As a consequence of turbulence regulation in 
the anterior cavum, the inspiratory airstream in the func-
tional area of the nose is predominantly laminar during 

the resting phase (a) and predominantly turbulent during 
the working phase (b)

ments. Only at maximum airflow it is com-
pletely turbulent. The figure also shows that 
the flow is less turbulent before decongestion 
(resting phase) than after decongestion (work-
ing phase).

A steep transition from laminar to complete 
turbulent airflow, like to see in Fig.  20.17, is 
assessed as pathological.

Patients with complaints due to endonasal dry 
mucosal surfaces and incriminating creation of 
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Fig. 20.16 Physiological turbulence behaviour with 
transition from laminar to turbulent flow behaviour in a 
nasal cavum in relation to flow. Light red line: before, 
dark red line: after decongestion. In the physiological 
breathing area, the flow behaviour is predominantly in the 

transition range to completely turbulent airflow. Green 
area: completely laminar flow, yellow area: “transition 
range” from laminar to turbulent flow, red area: com-
pletely turbulent flow
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Fig. 20.17 Pathological transition from laminar to turbu-
lent airflow in a nasal side. Within the physiological 
breathing range predominantly complete turbulent airflow 

sections can be observed. Green area: completely laminar 
flow, yellow area: transition from laminar to turbulent 
flow, red area: completely turbulent flow

endonasal crusts become more and more frequent. 
Turbulence as cause of these complaints have up 
to now been only considered in cases with exces-
sive dry mucosa, like atrophic rhinitis and Empty 
Nose Syndrome. Because the extent of turbulent 
airflow portions could not be objectively diag-
nosed, these pathophysiological  factors have been 

neglected in the diagnostic of nasal functional dis-
turbances. Using rhinoresistometry the increase 
of turbulent streaming portions can be objectified 
and graphically depicted during inspiration and 
expiration (see Chap. 27).

Pathological turbulence in the nose has two 
negative consequences: dryness of the endonasal 
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mucosa and an increase in nasal resistance. 
Dryness with crusts in the nose are of greater 
clinical importance due to their negative impact 
on quality of life. Endonasal dryness and atrophic 
rhinitis with their sicca syndrome lead more and 
more frequently to consultations of the affected 
patients with the rhinologist.

The influence of pathologically increased 
turbulence on the increase in nasal resistance is 
much smaller than the effects of local constric-
tions, since the width of the airflow channel is 
indirectly proportional to the resistance in the 
fourth to fifth power. In addition, a nose with a 
high degree of turbulence is often characterized 
by a very large width, which is associated with a 
rather small nasal resistance. The aetiology of 
the subjectively complained nasal obstruction in 
these patients is endonasal dryness with crust 
formation as a result of the pathological 
turbulence.

20.5  The Nasal Cycle

The nasal cycle as a cyclical change in endonasal 
resistance due to congestion and decongestion of 
the nasal erectile tissue was first described by 
Kayser [48]. It is a basic requirement for the 
respiratory function of the nose [1, 26, 49–53].

A large amount of energy is required to warm 
up and humidify the inhaled air. Although energy 
and moisture are partially recovered during exha-

lation, the storing capacity is limited for a steady 
respiratory function during a long time period. 
The necessary uninterrupted air conditioning 
function of the nose is possible due to the nasal 
cycle and the division of the nose into two sides 
by the septum. The reciprocal congestion and 
decongestion of the erectile tissue on both sides 
of the nose, controlled by the central nervous sys-
tem, ensures that sufficient air can flow during 
the working phases according to the oxygen 
requirement and sufficiently warmed up und 
humidified. During the resting phase, the mucous 
membrane has sufficient time to regenerate heat, 
energy, and moisture.

Changes in mucosal swelling not only enable 
the alternation of working and resting phases but 
also modify the entire nasal airflow according to 
the physical activity by changing the flow resis-
tance and thus the breathing flow corresponding 
to the required oxygen demand (see Sect. 20.1).

In Fig.  20.18 the adaption to oxygen supply 
during various stages of physical activity is 
illustrated:

• During physical inactivity a classical type 
with periodic reciprocal changes of working 
and resting phases exists. The left nasal side 
starts in the working phase, thus the right in 
the complete resting phase with only minimal 
flow being registered. After about three hours 
the right nasal side changes into the working 
phase and the left nasal side converts into a 
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Fig. 20.18 Representation of the temporal change of 
maximal inspiratory flow on the right (red) and left (blue) 
nasal side in relation to the extent of physical activity. 

Adaptation of maximal inspiratory flow by the nasal cycle 
as necessary for a sufficient oxygen supply during differ-
ent physical activities and their nomenclature
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complete resting phase. This is an example of 
a classical type of the nasal cycle.

• Also during slight physical activity the classical 
type persists, but resting phases become incom-
plete. The nasal side in its resting phase contrib-
utes with a relatively small airflow to the oxygen 
supply. This classical type with incomplete rest-
ing phases is called “1. stage of compensation” 
according to increasing oxygen requirement.

• During moderate physical activity the classi-
cal type persists with incomplete resting 
phases, but with increasing nasal airflow on 
both nasal sides (“2. stage of compensation” 
according to increased oxygen requirement).

• During heavy physical activity, the nasal cycle 
converts into an “in-concert-type”. Both nasal 
sides become synchronously decongested for 
working phases to achieve a transnasal airflow 
as high as possible. This is the third stage of 
compensation according to highly increased 
oxygen demand.

• Flow resistance increases exponentially with 
increasing airflow (see Sect. 20.2.1). If the 
resistance is sufficiently high, nasal airflow is 
limited. Therefore, with extreme physical 
activity, mouth-bypass breathing occurs 
increasingly (see Sect. 20.1). Since the nose is 
then partially bypassed, it can only perform its 
respiratory function insufficiently. With total 
mouth breathing, the respiratory function of 
the nose is completely eliminated. This is 
called decompensation of nasal breathing dur-
ing maximally increased oxygen demand.

• Which level of physical activity leads to which 
level of compensation varies enormously 
between individuals. This depends on both 
endonasal and extranasal factors, including 
age, gender, body mass index, physical consti-
tution, and extranasal diseases, particularly of 
the cardiopulmonary system.

Figure 20.19 illustrates in an example of a 
healthy subjects with non-obstructed nasal 
breathing how this compensation mechanism of 
the nasal cycle reacts to the oxygen demand dur-
ing different physical activities. Illustrated are 
transnasal airflow of both nasal sides in the upper 
graph and synchronous measurements for:

• Heart rate as indicator of physical activity.
• Nasal respiratory minute volume as parameter 

for total transnasal airflow.
• Breathing frequency.

In the lower graph, these continuously mea-
sured data are related to the physical activity 
based on a study protocol.

Figure 20.19a shows the adaptation of the 
nasal cycle during 24 h with breathing at rest up 
to heavy physical stress. The curves for heart 
rate (measure of physical stress) and nasal min-
ute volume run synchronously: with increasing 
physical activity nasal flow increases. The 
curves in Fig.  20.19b were recorded with the 
same subject on the following day for about 6 h 
with very heavy physical stress. As a result of 
extreme physical stress (recognized by the very 
high heart rate), complete mouth breathing can 
be recognized by the drop in the nasal minute 
volume to zero. Because nasal breathing is 
bypassed completely, no breathing rate can be 
registered.

The division of the nose by the septum into 
two parts becomes understandable taken the 
nasal cycle into account. For a steady, sufficient 
supply of oxygen with simultaneous condition-
ing of the breathing air, it is necessary for the 
nose to continuously exercise its respiratory 
function. Due to the division into two parts, one 
side of the nose can always condition air, while 
the other side stores heat, energy, and 
moisture.

The bisection of the nose and the nasal cycle 
are important prerequisites for the respiratory 
function of the nose. However, these conditions 
only make sense if both sides of the nose

• are sufficiently wide so that they can take over 
a working phase in the nasal cycle with a 
physiologically low breathing resistance and

• are only so wide that they can physiologically 
increase the resistance by swelling the nasal 
side for a resting phase. Too wide nasal sides, 
which can no longer be adequately closed for 
a resting phase due to swelling, are forced to 
work continuously, and thus, exhaustion (sicca 
symptoms) is inevitable.
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Fig. 20.19 Graphical illustration of the result of a long- 
term rhinometric examination of a healthy subject with 
non-obstructed nasal breathing and the simultaneous 
physical activity from a study protocol. (a) During moder-
ate physical stress (blue background), during sleep (green 
background), during moderately increased physical stress 
(yellow background), and during heavy physical stress 
(light red background). (b) Measuring results of the same 

subject during very heavy physical stress (intensive red 
background). Upper Part of the figure: X-axis: time; 
Y-axis: Nasal airflow velocity at maximal inspiration in 
mL/s for the right (red) and left (blue) nasal side. Lower 
Part of the figure: X-axis: time; Y-axis: Heart rate (HR) 
orange, breathing rate (AR): violet, nasal respiratory min-
ute volume in mL/s (NMV): green

20.6  Conclusions

• The long-term results after functional rhino-
surgery are not satisfactory. Frequently 
reported postoperative complaints are insuf-
ficiently improved nasal breathing and dry 
mucous membranes up to symptoms of an 
empty nose syndrome. One reason for this is 
the insufficient consideration of the physio-
logical importance of structures that are 
essential for the respiratory function in the 
nose.

• In recent years, our understanding of the rela-
tionship between efficient breathing and the 
very complex structure of the nose has 
increased significantly. The transfer of this 
knowledge into rhinosurgical practice is not 
sufficient. More satisfactory long-term results 
should be achieved in functional rhinosurgery 
through a greater inclusion of physiological 
aspects.

• In functional rhinosurgery, reducing patho-
logical breathing resistance by expanding the 
nasal flow channel is an essential part. This 
almost always involves straightening the sep-
tum in conjunction with reducing the size of 
the turbinates.

• When the breathing resistance is sufficiently 
normalized, oral bypass breathing is elimi-
nated and the respiratory function of the nose 
is reactivated.

• However, the patient is only symptom-free 
after surgery if the structures in the nose that 
are essential for its respiratory function have 
been preserved or reconstructed.

• If there is a physiological septal deviation, a 
septoplasty with turbinate reduction is not 
indicated as the physiological slit-shaped 
nasal flow channel will be broadened too 
much. Therefore, before a septoplasty, it 
should be determined whether the existing 
deviation is causing the pathological skeletal 
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resistance or whether it is a physiological 
deviation. In the latter case, the real reason for 
the patient’s discomfort should be identified 
(e.g. narrowing of the isthmus with pathologi-
cal valve collapse, sagging nose, etc.) and 
corrected.

• Correction of the septum is required in the 
event of pathological deviations. However, the 
septum should not be fully straightened. It 
should be placed in the middle between the 
asymmetrical lateral nasal walls so that the 
cavum is approximately the same size on both 
sides. This is an important requirement for an 
undisturbed nasal cycle and thereby for the 
respiratory function.

• The slit-shaped cavum should be sufficiently 
wide on both sides of the nose so that the 
inhaled air can flow unhindered for the work-
ing phase after decongestion. For the resting 
phase, the nose should not be too wide so that 
it can be closed by swelling. Both are prereq-
uisites for an undisturbed nasal cycle.

• With their shape and size, the turbinates con-
tribute significantly to the narrowing of the 
cavum to a slit-shaped flow channel. With 
their cavernous bodies and the respiratory 
mucosa, the turbinates are important struc-
tures for the respiratory function of the nose. 
For these reasons, the turbinates should be 
preserved as much as possible.

• In cases in which the turbinates are enlarged 
for compensatory reasons (e.g. to narrow a 
cavum that is too wide on the concave side 
of the deviation), septoplasty should not be 
routinely combined with surgical reduction 
of the turbinate size. In these cases, it is 
important to distinguish between turbinate 
enlargement due to swelling or hyperplasia 
by also performing an examination after 
decongestion.

• When treating the compensatory swelling of 
turbinates, resections are seldom necessary, 
since the turbinates can adapt with the extent 
of their swelling in shape and size to the avail-
able space.

• In pre-pubertal septal deviations, it is often 
observed that the turbinate has grown far 
medially in the area of the concave deviated 

septum. In these cases, a lateral positioning of 
the lower turbinate in the region of septal 
deviation is indicated in order to create a sym-
metrical slit-shaped channel.

• The reconstruction of the inflow area requires 
special attention. With drooping noses, the 
alar cartilage should be rotated and fixed up to 
a normal nasolabial angle. This restores an 
even distribution of the airflow over the entire 
cross section in the turbinate region. From a 
functional point of view, no overcorrection 
should be made.
 – If the valve angle is too small or too large 

(tension and saddle noses), the height of 
the septum in the cartilaginous nose should 
be normalized. Therewith, the nozzle effect 
of the nasal vestibulum also normalizes.

 – During the operation of crooked noses, the 
diffusers in both nasal sides should be 
reconstructed as symmetrically as possible, 
because that is an important prerequisite 
for regulating turbulence during the nasal 
cycle.

 – If possible, the head of the lower turbinate 
should not be reduced because of its func-
tion in regulating turbulence. If necessary, 
a lateral positioning is often sufficient.
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21Function of the Turbinates:  
Nasal Cycle

Achim G. Beule and Rainer K. Weber

Core Messages
• Spontaneous changes in nasal airway resistance 

in the two separate nasal passages due to conges-
tion and decongestion of nasal venous sinuses are 
called the nasal cycle. One respiratory function of 
the nose is to sufficiently condition the respirated 
air which goes along with the nasal cycle.

• It is important to consider the nasal cycle and 
other physiologic changes in the congestion of 
the nasal mucosa when making a clinical 
assessment of a patient complaining of nasal 
obstruction. The indication faor surgery 
should be based on clinical history, on exami-
nation by anterior rhinoscopy and nasal endos-
copy, and by considering these physiologic 
variations in addition to measurements of 
nasal airway patency. Long-term rhinoflowm-
etry offers a new possibility for investigating 
nasal patency for up to 72 h.

21.1  Definition of Nasal Cycle

The respiratory function of the nose is to suffi-
ciently condition the respirated air, which is 
maintained by supplying the mucosa with ther-
mal energy and fluid for humidification. This is 
supplied by blood circulation and in coherence 
with the nasal cycle [1]. The erectile tissue 
enables the turbinates to cyclically congest and 
decongest. We distinguish between three differ-
ent patterns of congestion and decongestion 
during the nasal cycle: During the classical 
nasal cycle, one side of the nose is in its working 
phase conditioning the air, with an unimpeded 
air passage and increased turbulence. At the 
same time, the contralateral side is in its resting 
phase, saving energy and moisture by high air-
way resistance and low turbulence [2]. This type 
of nasal cycle is the physiologic ideal, enabling 
the resting side to regain the full mucosal poten-
tial to clean and humidify the air during the next 
cycle. In cases of increased physical activity or 
decreased respiratory function of the nose, a 
decongestion on both sides can be observed, 
called the in- concert- type or parallel type [3]. If 
the erectile tissue is severely malfunctioning, 
e.g. after excessive resection or due to atypical 
central nervous impulses to the erectile tissue, 
the congestion on both sides is irregular. 
Congestion and decongestion are no longer 
responsive to the physical or respiratory activity 
of the subject and the duration of a congestive 
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phase is less than 30 min. to correctly attribute 
this term. Some authors suggest the use of the 
term acyclic; however, this fourth type I up to 
now is rarely used in the literature. To under-
stand the possible influencing factors resulting 
in one of these three types, the regulation of the 
nose needs to be remembered:

The airflow through the nose is regulated by 
the activity of the erectile venous tissue of the 
nasal mucosa [4]. The nasal epithelium has a very 
complex vascular nature with a submucosal 
plexus of venous sinuses lining the nasal mucosa. 
These venous sinuses from erectile tissue are 
well developed in the anterior part of the nasal 
septum and the inferior turbinate [5]. These sub-
mucosal cushions of the venous sinuses expand 
and shrink depending on the degree of conges-
tion, hence altering the calibre of the nasal pas-
sages and influencing the nasal airflow.

An enlargement of this tissue leads to a reduc-
tion of the nasal lumen and increases the flow 
resistance. The cyclic congestion and deconges-
tion of the nasal mucosa is called nasal cycle [4] 
and is observed in about 80% of the people [6, 7], 
and only about 20–40% seem to show a classical 
type [3, 6, 8, 9]. As the nasal cycle had already 
been described by Kayser in 1895 [9], the nasal 
cycle was investigated using several techniques, 
including rhinoscopy [9, 10], acoustic rhinome-
try [2, 11–20], rhinomanometry [21–26], rhino-
resistometry [2], radiologic tomographic imaging 
[27], computed tomography [28], or magnetic 
resonance imaging [29–32].

Rhinomanometry reveals an opposite swelling 
behaviour of both nasal sides, while the total 
resistance of the two nasal sides, the nasal pas-
sage, and the respiratory work remain relatively 
constant [8, 25, 26, 33, 34].

Magnetic resonance imaging could show that 
even the ethmoid mucosa is involved in the 
nasal cycle, however, only to a lower degree 
[30]. Also the tubal function changes with the 
nasal passage resistance in a homolaterally con-
cordant way [35].

By means of radiologic tomographic proce-
dures, Masing [27] could show that in cases of 
nasal obstruction or non-existing nasal breathing, 
the classic nasal cycle can no longer be observed 

but paradox or irregular turbinate movements 
occur, which confirms the observations made by 
others [3, 23, 25, 26]. In the anterior and poste-
rior parts of the nose, the changes were compa-
rable so that the hydraulic diameter of the whole 
nose seemed to be equally maintained. In cases 
of significant septal deviation, in-concert or no 
nasal cycle could be found. In only two of six 
cases, a unilateral turbinate movement was 
observed on the obstructed side. The nasal cycle 
stopped with the beginning of acute rhinitis [27] 
and may be abolished by use of topical deconges-
tants [36].

Rhinoresistometry and acoustic rhinometry 
could reveal the changes of the nasal turbulence 
occurring in the context of the nasal cycle [2]. 
During the resting phase, a laminar airflow was 
observed. During the working phase (decon-
gested side), turbulences were also found with 
low speed. The increasing turbulence was caused 
by an increased cross-section surface of the ante-
rior nasal area. Hereby, the turbinates and the 
mucosa of the nasal septum are decongested.

Long-term rhinoflowmetry is a complemen-
tary tool in addition to established rhinological 
diagnostics. The nasal flow can be investigated 
up to 72 h. Therefore, it appears to be an ideal 
tool to measure the cyclic alterations of the nasal 
cycle [1]. Technical details have been published 
for commercially independent reports on its 
function [37]. Long-term rhinoflowmetry is espe-
cially helpful if nasal obstruction is reported dur-
ing nighttime or in specific environment to 
objectify these complaints [38].

Keerl et al. [39] were the first to realize visu-
alization by means of nasal endoscopy and 
dynamic description with timelapse video. In 
analogy to the clinical and rhinomanometric 
observations that the total resistance of both 
nasal sides is almost constant [8, 20, 33, 40], the 
congestive procedures on one side occur nearly 
parallel to the decongestive procedures of the 
contralateral side (Fig.  21.1a–e). Most of the 
time, continuous swelling patterns are found 
with congestion of one side and decongestion of 
the contralateral side. These swelling changes 
are relatively rapid with 15 min in our analysis 
for a cyclic duration of 5 h.
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Fig. 21.1 (a–e) Swelling of inferior turbinate according 
to the nasal cycle in a healthy young man (parallel endos-
copy using a 0° endoscope): (a) Decongested mucosa on 
the right and congested mucosa on the left side at the 

beginning. (b) Change of swelling. (c) Maximal conges-
tion on the right and maximal decongested mucosa on the 
left side. (d) Reciprocal change of swelling. (e) Same situ-
ation at the end of the nasal cycle as at the beginning

a

b

c

d
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With the endoscopic description in timelapse 
video, the extent of the congesting process could 
be evaluated precisely. The process of congestion 
and decongestion occurs relatively rapidly so that 
the turbinates remain most of the time in a kind of 
plateau phase of submaximal to maximal conges-
tion or decongestion. Based on our clinical evalu-
ations in healthy subjects, most of the nasal cycle 
changes occur within 5 min. The size of the turbi-
nates varies between very small and very large 
with complete obstruction of the nasal cavity in 
the visible area. During the course of the cycle, 
complete decongestion of both turbinates never 
occurred. For a short phase, a similar middle con-
gestion status of both turbinates can be found.

The diagnosis of hyperplastic turbinates is 
often made in the clinical routine, but with the 
background of the mentioned results, it must be 
reconsidered. Hyperplasia means first the 
enlargement of tissue by cellular multiplication. 
During the nasal cycle, the healthy turbinate con-
tinuously changes from a low to a high degree of 
congestion. Internal and external factors addi-
tionally influence the extent of the swelling situ-
ation. As the physiology of a normal turbinate 
allows each size from minimal to maximal, there 
is no reference for the diagnosis of hyperplasia or 
hypertrophy or for definition of a standard nor-
mal size at one given time point. Even if one side 
of the nose is completely obstructed because of 
the maximally congested inferior turbinate, the 
other decongested side allows a sufficient nasal 
air passage based on the physiologic nasal cycle 
due to the relatively unchanged total nasal resis-
tance of the nose. Only the bilateral massive 
swelling of the inferior turbinates seems to be 

unphysiological [39, 41]. It seems to be appropri-
ate demanding to limit the use of the term of 
hyperplasia only for enlarged turbinates with 
atypical changes of the surface (e.g. polypous, 
mulberry-like changes) and to speak about con-
gested turbinates in all other cases.

Besides the congesting and decongesting pro-
cesses, regular changes of the secretory produc-
tion could be observed endoscopically [3, 41, 
42]. The congesting turbinate seemed to become 
increasingly humid so that maximally congested 
situation led to small droplets. Reason is the acti-
vation of the parasympathic nervous system. 
During the decongesting phase, the mucosa dries 
more and more, partly with resulting small dry 
layers. In this context, the dehydrating effect of 
nasal breathing accompanies the sympathomi-
metic and reduced parasympathic tonus. 
However, in cases of rhinitis, the interaction of 
secretory function and nasal cycle has been 
shown to be affected as well [3].

21.2  Types of Nasal Cycles

Three types of nasal cycles are described [1]: the 
classical reciprocal type, the in-concert type 
(simultaneous reduction and increasing of the 
nasal passage on both sides), and the irregular 
type. Recently, the term acyclic nose has been 
introduced [3, 6].

In addition, Kern [43] describes three types of 
non-cycle noses: there is no fluctuation of the 
nasal passage, the fluctuation is moderate only on 
one side, and the fluctuation does not change 
from one side to the other.

e

Fig. 21.1 (continued)
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The cyclic duration is very variable with an 
interval of about 1–6 h [4, 8, 10, 39, 41] but use 
of rhinoflowmetry has demonstrated that cyclic 
duration may take up to 11 h [36, 38, 44].

More recent quantitative studies using numer-
ical parameters seem to show that true periodicity 
and reciprocity of nasal airflow exist only in 
21–39% of the population, reciprocity being the 
truly reciprocal changes in airflow between right 
and left passages and periodicity being the regu-
larity of changes in airflow occurring with time in 
each nasal passage. Otherwise, these studies used 
measurement periods no longer than 8 h. So the 
timeperiod of examination may be too short to 
discover the nasal cycle as was outlined by 
Grützenmacher.

To characterize the nasal cycle apart from its 
type, duration of the working or resting phase, as 
well as the magnitude of maximal nasal flow, 
called amplitude, is currently evaluated [38]. 
These parameters may also be expressed as ratio 
of both nasal sides, as calibration and normaliza-
tion of the measurement used are still challeng-
ing. Recently, a more similar distribution of nasal 
cycle measured by rhinoflowmetry has been 
reported after septoplasty in comparison to a pre-
operative measurement [45].

Also in children, a nasal cycle can be revealed 
[16, 46–48]. For children up to the age of 6, it 
amounts to a mean of 1 h and 20 min and is not 
influenced by physical activity. Even infections 
do not significantly influence the nasal cycle. As 
studies with a longer observation time are still 
not available (possibly due to ethical consider-
ation), these findings may be controversially 
discussed.

Even if the distribution of the nasal cycle types 
changes, a fluctuation of the nasal passage is found 
in laryngectomized patients (25% classical type, 
40% irregular type, 35% in-concert type) [14].

According to Ingels et al. [49], no correlation 
is found between the ciliary beating rate (CBR) 
of the nasal epithelia and the rhinomanometri-
cally measured passage of the nasal cavity. The 
CBR of different cells in the same biopsies was 
clearly different.

In contrast to this, Doyle and van Cauwenberge 
[50] could detect a higher mucociliary clearance 

rate with increased nasal passage by means of the 
saccharin test. Also Soane et al. [51] found a sig-
nificant acceleration of the mucociliary clearance 
on the free side in comparison to the obstructed 
nasal side with a factor of 2.5:1 using the gamma 
scintigraphy.

21.2.1  Pearls

• Spontaneous changes in nasal airway resis-
tance due to congestion and decongestion of 
nasal venous sinuses are called nasal cycle.

• Three types of nasal cycles are described with 
a duration of about 1–11 h.

• Consider the nasal cycle and other physiologic 
changes in the congestion of the nasal mucosa 
when making a clinical assessment of a patient 
complaining of nasal obstruction.

• Long-term rhinoflowmetry offers a new pos-
sibility for investigating nasal patency for up 
to 72 h.

21.3  Origin, Function, 
and Regulation of the Nasal 
Cycle

Finally, the origin and the function of the nasal 
cycle are still under scientific discussion: As first 
suggested by Mlynski [52] and subsequently 
refined [38, 44, 53], the decongested side is in the 
working phase of the nose [1]. The respirated air 
passes through the decongested nasal side; the air 
is conditioned, i.e. warmed up, moistured, and 
cleaned. The congested side is in its resting 
phase.

The regulation of the nasal cycle is probably 
performed by the central sympathomimetic tonus 
[4, 5, 54–58]. This tonus is controlled by two 
centres in the brain stem. They are connected and 
dominate the tonus via right and left cervical 
sympathomimetic nerve fibres finally asymmetri-
cally. Consequently, medical conditions affecting 
this central nervous function of pace making may 
be detected via the nasal cycle [54, 55].

Changes in the nasal patency that are related 
to positional changes may be explained by two 
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different mechanisms: an increased central 
venous pressure when changing from a standing 
to a lying position and a reflectory change of the 
nasal vasomotoric tonus when a lateral lying 
position is taken. The increase of the venous 
pressure causes an increased filling of the nasal 
venous sinusoids and an increase in the nasal 
resistance. The passive hydrostatic effect adds to 
each asymmetry in the context of the nasal cycle. 
The side with the highest degree of congestion 
generally has the highest increase of swelling and 
is completely obstructed [59]. Lying down leads 
to a temporary disturbance of the nasal cycle with 
congestion of the mucosa and increased flow 
resistance. This effect is especially pronounced 
in the bottom nasal side and mediated via tho-
racic receptors [60, 61] or those in the area of the 
axilla [62]. The amplitudes of the changes in the 
resistance in the nasal cycle are higher in supine 
and lateral position [59, 61, 63, 64].

The reciprocal changes of the nasal patency 
when taking a lateral lying position are induced 
by the pressure in the area of the shoulder girdle, 
the lateral thorax, and the hip that are the most 
sensitive regions. During local anaesthesia in the 
area of the skin, surface of the axilla cannot sup-
press this reflectory reaction; this is possible by 
an intercostal neural blockade [64]. This leads to 
the effect that the upper side of the nose is mainly 
open for nasal passage. An explanation may be 
that this avoids closure of the inferior side of the 
nose when lying on the ground so that nasal 
breathing is still possible.

The diagnosis of nasal obstruction and the 
nasal patency have to bear in mind the physio-
logic nasal cycle as well as changes of the nasal 
respiratory resistance in dependence of the sur-
rounding conditions (temperature, probably 
humidity, irritating substances) [53, 65], the 
physical activity, body position [61, 66], or phar-
macological influences [36, 67, 68].

Physical activity leads to a reduced nasal 
resistance [28, 38, 44, 66, 69]. According to some 
studies, the nasal resistance mostly increases 
with cold temperatures [65, 70]. Schlegel [71] 
reports about the main decrease of the resistance 
with cold temperatures and an increase with 

warmth. The change of the humidity from 20% to 
more than 90% has no influence on the nasal 
patency [70].

The nasal cycle may influence the nasal 
allergy provocation test [72–74]. Gotlib et al. [73, 
75] found that the determination of the bilateral 
reduction of the cross-section surface in the area 
of the inferior turbinates is more sensitive than 
the determination of the one of the more reactive 
side. However, the risk of a spontaneous unilat-
eral total increase of the nasal resistance must be 
considered.

There is some evidence that the nasal cycle is 
associated with ultradian rhythms of the cerebral 
hemispheres which affect cognitive function of 
the brain [57, 76–78]. This includes atypical 
findings during psychiatric conditions including 
hallucinations [77, 79]. Alternating dominance 
of cerebral hemispheric activity can be demon-
strated in humans by EEG, and relative changes 
in electro-cortical activity seem to have a direct 
correlation with the nasal cycle [79–81]. These 
studies found a greater EEG activity on the side 
contralateral to the decongested side of the nose; 
a significant improvement in spatial and verbal 
cognitive function performed by the contralat-
eral (in females) and ipsilateral (in males) cere-
bral hemisphere occurred in unilateral forced 
nasal breathing [57, 76]. This may explain why 
some patients with nasal obstruction find this 
more than just a simple annoyance and may 
develop medical indication to normalize the 
nasal cycle using rhinosurgery. The nasal 
obstruction may have effects on the ability to 
work during daytime [5].

Patients with upper respiratory tract infections 
become far more apparent with a significant 
increase in the amplitude of the changes than 
healthy people [82].

As physical activity decreases significantly 
during sleep, long-term rhinoflowmetry enables 
to detect a more regular or classical type of nasal 
cycle during night. Currently, it is discussed 
whether this is an indicator of increased individ-
ual resistance or respiratory malfunctioning of 
the nose and possible indication for surgical 
correction.
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• The regulation of the nasal cycle is probably 
performed by the central sympathomimetic 
tonus.

• An abnormal nasal cycle may give an indica-
tion for corrective rhinosurgery in the future.

21.4  Conclusion

The nasal cycle and other spontaneous variations 
in nasal airflow and the two separate nasal pas-
sages must be considered when making a clini-
cal assessment for patients complaining of nasal 
obstruction. In addition to the clinical history, 
examination by anterior rhinoscopy and endos-
copy of the nose, and classical measurements of 
the nasal airflow like rhinomanometry or acous-
tic rhinometry, long-term rhinoflowmetry may 
be a helpful tool in assessing these patients.
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22Nasal Physiology 
and Pathophysiology and Their 
Relationship with Surgery: 
The Nasal Valves

Oren Friedman and Kevin Wang

Clinical Pearls
• Understanding normal nasal physiology and 

pathophysiology is the foundation for nasal 
healthcare.

• The complex interplay between nasal anatomy 
and physiology dictates nasal health.

• Proper diagnosis and management of nasal 
disorders requires an understanding of nasal 
physiology and pathophysiology.

• Expert surgical care of nasal dysfunction 
requires us to respect the normal anatomical 
and physiological constructs, and to improve 
upon them when necessary.

• Conservative surgical therapies as detailed in 
this chapter allow us to improve our patients’ 
quality of life.

22.1  Introduction

The nose is a prominent facial feature that plays 
an important role aesthetically as well as physio-
logically. During nasal surgery, these physiologi-
cal functions must be preserved or improved if 
they have been compromised. Basic nasal func-

tions include respiration, air conditioning, filtra-
tion, immune defense, and olfaction. The nose 
provides a certain level of inspiratory resistance 
that is crucial to comfortable breathing. The 
changes in resistance at different portions of the 
nasal cavity allow for the nose to act as the pri-
mary regulator of nasal airflow. The air condi-
tioning function is responsible for warming and 
humidification of the inspired air, thus making it 
suitable for the pulmonary airways to optimize 
gas exchange. The nose also acts as a filter and 
barrier against airborne particles and pathogens. 
A number of specific and nonspecific mecha-
nisms contribute to the immune defense of the 
nasal mucosa and protect humans from external 
pathogens. The sense of olfaction is best appreci-
ated when it is lacking. Recognition of poten-
tially harmful inhalants can be lifesaving, and the 
joy of smells and flavors greatly enhances the 
quality of life.

22.2  The Nasal Valves

22.2.1  Overview

The nasal valves are the narrowest portions of 
the nasal airway, accounting for over half of the 
total nasal airway resistance. There are a total of 
four different “nasal valves,” including an inter-
nal and an external nasal valve on either side of 
the nose. It is essential to distinguish between 
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the internal and external nasal valves, as these 
represent distinct anatomical and physiological 
entities [1–3].

22.2.1.1  The Internal Nasal Valve
The area defined as the “internal nasal valve” is 
the narrowest portion of the nasal airway and it is 
therefore the primary regulator of nasal airflow. It 
is the area bound by the nasal septum medially, 
the caudal edge of the upper lateral cartilage lat-
erally, the floor of the nose inferiorly, and the 
head of the inferior turbinate inferolaterally. The 
normal angle between the upper lateral cartilage 
and nasal septum is 10–15 degrees, but the area is 
dynamic so an extensive range exists. The cross- 
sectional area of this region is approximately 
55–64 mm2 [4, 5]. A smaller cross-sectional area 
or a narrowed angle between the upper lateral 
cartilage and nasal septum may contribute to 
increased airway resistance and the sensation of 
nasal airway obstruction. There are many 
approaches to increase the cross-sectional area of 
the nasal valve or increase the angle in order to 
facilitate comfortable breathing.

22.2.1.2  The External Nasal Valve
The “external nasal valve” is the gateway to the 
nose. It is located at the nasal vestibule and is the 
area bound by the alar rim and columella, includ-
ing the medial crus, nasal spine, and soft tissues 
covering the nasal sill and floor. The external 
nasal valve may be more prone to collapse as a 
result of being narrowed at rest (i.e., vestibular 
stenosis) or as a result of a weak lateral compo-
nent. As with the internal nasal valve, these char-
acteristics cause the nasal valve to narrow and 
collapse due to the negative pressure associated 
with nasal inspiration [6, 7].

22.2.1.3  Influences on Nasal Valve 
Strength

The strength and stability of both the internal and 
external nasal valves are controlled by the exter-
nal skin covering, the internal mucosal covering, 
the intrinsic cartilage, and the subcutaneous mus-
cles [8, 9].

22.3  Nasal Physiology

22.3.1  The Nasal Cycle

Without a sound understanding of the nasal 
cycle, it is easy to confuse normal nasal physi-
ology with nasal obstruction. First described 
by Kayser in 1895, the nasal cycle is a func-
tion of the nasal submucosa present in 72–80% 
of the human population. With remarkable 
regularity, cyclical changes in the cross-sec-
tional lumen of the nasal cavities occur 
approximately every 3 to 4 h. These changes 
are generally unnoticed by the patient because 
the combined nasal airway resistance of both 
sides remains constant [8]. The nasal cycle can 
result in near-total unilateral nasal obstruction 
on inspection or imaging, a finding that must 
not be confused with pathologic nasal obstruc-
tion. The function of the nasal cycle has been 
hypothesized to allow for regeneration of the 
nasal mucosa on the obstructed side by 
increasing the water percentage, maintaining 
humidification of inspired air [9]. This would 
suggest that warming, humidification, and 
other functions challenge the nasal mucosa 
and submucosa so greatly that these functions 
cannot be maintained in an uninterrupted man-
ner. Unfortunately, no data are available to 
quantify the functional residual capacity of the 
nose. It is therefore unknown how much sub-
mucosa or mucosa can be lost before function 
of the nose is compromised. Further research 
is needed to better elucidate this important 
issue as well as the purposes and meaning of 
the nasal cycle.

An important aspect of nasal anatomy related 
to nasal physiology is the turbinate bones, also 
known as conchae. The turbinate bones are cru-
cial components of the nasal mucosa, expanding 
the total surface area and creating turbulence in 
the air entering the nasal cavity. This causes air to 
swirl as it moves through the nasal cavity, increas-
ing contact between the inspired air and the nasal 
mucosa which may aid the individual in perceiv-
ing the airflow.
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22.3.2  Olfaction

The sense of olfaction combines neural input 
from the olfactory, trigeminal, glossopharyngeal, 
and vagus nerves. Olfaction begins with stimula-
tion of the olfactory system by an odorant, which 
is transported by endonasal airflow towards the 
olfactory cleft. Sniffing facilitates this transport 
by increasing inspired airflow and directing 
 airflow to the olfactory epithelium. The sense of 
olfaction is also an important contributor to the 
sense of taste—retrograde airflow brings airborne 
molecules derived from food in the pharynx 
towards the olfactory epithelium.

22.3.3  Filtering Function

The nasal mucosa efficiently protects the lower 
airways from inhalation of particulate matter. 
Multiple studies have investigated both deposi-
tion (uptake, absorption, retention) and regional 
distribution in the nose. Particles with different 
sizes, shapes, specific weights, and aerody-
namic properties will deposit in different loca-
tions in the nasal mucosa. About 60% of 
particles 1 mm in diameter are deposited in the 
nasal cavity, and the deposition of larger parti-
cles is more complete [10]. Smaller particles in 
the 10–11 μm size range are primarily depos-
ited in the central nasal regions, such as the 
anterior turbinates, turbinates, and olfactory 
regions [11]. Most particles will deposit in two 
main deposition sites. As a result of the transi-
tion from laminar to turbulent flow, particles 
are deposited on the mucosa posterior to the 
nasal valve. The direction of the endonasal air-
flow subsequently directs particles to the sec-
ond site of predominant deposition, the anterior 
aspect of the middle turbinate [12]. The endo-
nasal distribution of nasal tumors has been cor-
related with these particle deposition patterns. 
This deposition pattern may also explain the 
preponderance of middle turbinate edema in 
allergic rhinitis patients, and the common ini-
tial formation of nasal polyps most commonly 
at the middle turbinate region.

22.3.4  Humidifying Capacity

The relatively small surface area of the nasal 
mucosa (160 cm2) and the underlying submucosa 
are faced with the formidable task of humidifying 
and warming about 14,000 L of inspired air that 
pass through the nasal cavities of a normal active 
adult in 1 day. The submucosa allows for energy 
and metabolites to be transported to the mucosa, 
which acts as the interface for exchange. Air is 
heated by conduction, convection, and radiation. 
The heat exchange is efficient, because the blood 
flow is in the opposite direction to the incoming 
airflow, a process known as countercurrent 
exchange. This process is facilitated by the rich 
vascular network of the nasal septum and turbi-
nates. In comfortable room conditions, about 
280 kJ of energy is required to warm the air to 
32 °C in the rhinopharynx. To saturate this vol-
ume of inspired air with humidity, 1400  kJ of 
energy and 600 g of water are expended. On expi-
ration, a considerable proportion of warmth and 
humidity are extracted from the air to conserve 
energy [13–15]. Some conditions related to 
impaired humidifying capacity of the nasal 
mucosa include nasal crusting, bleeding, rhinor-
rhea, and asthma, especially in cold weather [16].

22.3.5  Airflow, Resistance, 
and Regulation

To facilitate proper air conditioning and humidi-
fication of inspired air, the nose must provide a 
certain level of resistance. At the entrance of the 
nasal cavity, the speed of inspired air is about 
2–3 m/s and rises to about 12–18 m/s at the inter-
nal nasal valve. Here, the airflow makes an 
upward angulation of approximately 60 degrees, 
hence the term “upstream resistors” to describe 
the area of the nasal valve. Posterior to the nasal 
valves the speed diminishes to 2 to 3 m/s, and the 
flow becomes more horizontal and eventually 
tilts downward toward the choanae. More air 
passes through the middle meatus than the infe-
rior meatus. As the airflow becomes turbulent, 
warming and humidifying of the inspired air are 
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enhanced. When entering the nasopharynx, the 
airflow tilts downward, becomes laminar, and 
increases in velocity to 3 to 4 m/s. These general-
izations of intranasal airflow have been con-
cluded from predominantly static models. It is 
important to understand that the regulation of 
nasal resistance is a dynamic process.

A liquid or gas flowing through a tube 
increases its velocity and diminishes the trans-
mural pressure at an area of constriction. This 
phenomenon, referred to as the Bernoulli effect, 
explains the observation that the nasal valve col-
lapses to varying degrees on inspiration. The 
Bernoulli effect can be quantified by Poiseuille’s 
Law, which states that flow through a tube is pro-
portional to the radius of the tube raised to the 
fourth power—consequently, changes in cross- 
sectional area of the nasal valve will have pro-
found effects on flow. When nasal valve collapse 
becomes premature, pathologic airway obstruc-
tion ensues. Three factors determine the collaps-
ibility of the nasal valves: the overall 
cross-sectional area of the nasal valve, the shape 
of the nasal valve area, and the resilience of the 
structural skeleton. Per Poiseuille’s Law, a 
smaller nasal valve area causes a greater velocity 
of inspired airflow and an increased negative 
transmural pressure, making the nasal valve more 
prone to collapse. A slit-like nasal valve area and 
weaker skeletal structures cause lower stability of 
the nasal valves, making them more prone to col-
lapse. The theoretical ideal would be a nasal 
valve with a more rounded, large valve area, and 
a structurally firm skeleton.

The alae represent the softest part of the nasal 
tip, followed by the columella, interdomal region, 
and the anterior septal angle [17]. The midpoint 
of the ala is the location most prone to collapse. 
This is due to leverage—this point is most distant 
from the structural fulcra of the external nasal 
valve: the anterior septal angle and the alar base.

Further studies have shown that the nasal mus-
cles profoundly influence the structural resilience 
of the nasal valve. An involuntary resting tone 
adds stiffness to the ala, and this is further 
increased by voluntary activation of the nasal 
musculature (flaring). As evidenced by rhino-

manometric measurements, the involuntary (rest-
ing) muscle tone decreases nasal airway 
resistance. Voluntary flaring further opens the 
nasal airway [18, 19]. This phenomenon explains 
why people with cranial nerve VII paralysis may 
suffer from new-onset nasal obstruction.

22.3.6  Immune Defense

The mechanisms that protect the nose against 
irritants, microorganisms, and allergens can be 
described as nonspecific and specific systems. 
The nonspecific system includes the filtering 
function of the nose with the mucociliary trans-
port system. The mucous blanket is produced by 
the goblet cells and is driven by ciliary movement 
toward the lateral pharyngeal walls for ingestion. 
The mean velocity of the mucus flow and particle 
transport is about 6  mm/min in normal condi-
tions. Inspired microorganisms, irritants, and 
allergens are trapped. The specific defense mech-
anisms include the various immunologic, 
humoral, and cellular responses.

22.4  Nasal Pathophysiology

22.4.1  Physics of Nasal Valve 
Pathophysiology

Much of nasal valve pathophysiology can be 
explained by Bernoulli’s principle, which 
describes how airflow through a tube will have 
the greatest velocity at the narrowest section, or 
section with the lowest cross-sectional area. With 
a greater velocity, airflow through that section 
will have a decreased pressure as well, leading to 
nasal valve collapse. This is a crucial concept in 
nasal valve pathology—it explains why a rela-
tively smaller nasal valve or portion of the nasal 
valve will be more likely to collapse.

The inverse relationship between flow and 
cross-sectional area can be quantified by 
Poiseuille’s Law, which states that the relation-
ship between flow and tube radius is fourth order. 
For example, if the radius of a tube were to dou-

O. Friedman and K. Wang



259

ble, then flow would increase by 16 times. This 
also means that a decrease in tube radius would 
lead to an increase in pressure, to the fourth 
power.

22.4.2  Nasal Valve Collapse

An estimated 13% of the general population suf-
fer from nasal valve collapse. While nasal valve 
collapse may occur in the absence of any previ-
ous trauma or surgical intervention, it is very 
commonly a result of a failure to preserve the 
integrity of the nasal valve during cosmetic rhi-
noplasty and other traditional nasal surgeries. 
Nasal valve collapse can occur at both the inter-
nal and external nasal valves, and may be 
dynamic, static, or both [20].

22.4.2.1  Internal Nasal Valve Collapse
Internal nasal valve collapse may be categorized 
as static or dynamic [21, 22]. Static internal nasal 
valve collapse is a narrowing of the middle third 
of the nose at rest—that is, the angle between the 
upper lateral cartilage and nasal septum is ana-
tomically small, resulting in a reduced valve area. 
Static collapse is often seen as a result of nasal 
trauma or previous rhinoplasty in which a weak-
ening of nasal support structures leads to an 
overly narrowed angle between the upper lateral 
cartilage and nasal septum (i.e., this may result 
from simple surgical maneuvers, such as skin 
elevation, mucosal elevation, or separation of the 
upper lateral cartilages from the septum). Over- 
resection of the upper lateral cartilages, excessive 
narrowing of the dorsum, and displacement of 
the short nasal bones correlate with internal valve 
collapse [23]. Static internal valve collapse may 
also result from scarring of the medial segment of 
the upper lateral cartilage to the nasal septum fol-
lowing the separation of those structures along 
with their intervening mucosa. Elevation of the 
skin soft tissue envelope, damage to the nasal 
dilator muscles, and weakening of the mucosal 
support of the middle third cartilages all contrib-
ute to a weakening of nasal valve support.

Middle third narrowing at rest, that is, static 
internal nasal valve collapse, may be seen upon 

simple external inspection of the nose in which a 
pinched middle third may be visible. This usually 
presents as a discontinuity along the brow-tip 
aesthetic line where the middle third is pinched 
and narrowed while the upper third, which is sup-
ported by bone, remains wide. This inverted V 
deformity has been linked to the separation of the 
upper lateral cartilages from the overlying nasal 
bones during rhinoplasty, but can actually be 
seen more commonly among patients with inter-
nal nasal valve collapse, especially those with 
thin skin, who have either never undergone previ-
ous rhinoplasty or who have had a standard dor-
sal reduction rhinoplasty without disarticulation 
of the upper lateral cartilages from the nasal 
bones. Static internal nasal valve collapse may 
appear clinically as scar tissue, strictures, or web-
bing in the valve angle (as might occur after sepa-
ration of the upper lateral cartilage and mucosa 
from the septum without sparing the mucosal 
attachments between the two structures). Static 
narrowing of the middle third of the nose can also 
be the result of congenital or traumatic weakness 
or absence of the upper lateral cartilages, or other 
deformities, such as thickening or twisting of the 
upper lateral cartilages. In patients with an over- 
projected tension type nasal deformity, over-
growth of the nasal septum causes the angle 
between the upper lateral cartilage and the nasal 
septum to be excessively narrowed. Such patients 
may also frequently be found to have thin and 
weak upper lateral cartilages, which tend to add a 
dynamic component to the internal nasal valve 
collapse.

Dynamic internal nasal valve collapse is an 
active narrowing of the upper lateral cartilage and 
middle third of the nose which occurs only with 
nasal inspiration through a valve which, at rest, 
appears of normal size. Dynamic nasal valve col-
lapse, in which the middle nasal third appears 
normal at rest but narrowed upon gentle nasal 
inspiration, often results from an inherent weak-
ness of the nasal sidewalls. Thin, weak, detached, 
or absent upper lateral cartilages cannot provide 
the necessary strength along the nasal sidewall to 
withstand the negative pressures created by inspi-
ratory nasal airflow—as a result, the sidewalls of 
the nose fall in as the negative pressure created by 
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nasal inspiration draws them inward. Previous 
rhinoplasty in which the upper lateral cartilages 
have been weakened or detached from the nasal 
septum, congenitally or developmentally thin 
upper lateral cartilages, and absent upper lateral 
cartilages may all contribute to such structural 
weaknesses of the nasal sidewall. In such cases, 
the patient may not have obvious findings sug-
gestive of nasal valve collapse upon inspection at 
rest, such as an inverted V deformity or a pinched 
middle third, but when asked to inspire gently 
through the nose, there is an active narrowing of 
the middle third which becomes obvious to the 
examining physician. In order to appreciate 
dynamic nasal valve collapse and its effects on 
nasal breathing, it is often helpful for the examin-
ing physician to apply gentle lateral traction on 
the cheek adjacent to the nose (i.e., Cottle maneu-
ver) to assess for improvements in nasal breath-
ing that might occur with stiffening of the lateral 
nasal wall by digital traction. Additionally, in 
order to pinpoint the precise location of the col-
lapse, it is helpful to introduce a cotton tip appli-
cator or ear curette into the suspected area of 
collapse and observe improvements in nasal 
obstructive symptoms when the precise site of 
obstruction is stiffened with the examiner’s help. 
Application of external nasal dilation devices fur-
ther helps identify internal nasal valve collapse.

22.4.2.2  External Nasal Valve 
Collapse

The external nasal valve is an area primarily sup-
ported by the lower lateral cartilages and their 
overlying skin and soft tissue covering, and is 
defined anatomically by the region between the 
columella and the alar rim. The size, shape, and 
strength of the lower lateral cartilages create the 
nasal vestibular aperture that defines the external 
nasal valve. In normal individuals, the rigidity of 
the lateral walls of the external nasal valve is 
enough to prevent their collapse during inspira-
tion. However, in patients with external nasal 
valve dysfunction, static narrowing can be seen 
with vestibular scarring and stenosis or alar rim 
collapse. This is commonly a result of trauma, 
soft tissue triangle injury, reconstruction of nasal 
skin cancer defects, cleft lip repair, alar base nar-

rowing procedures, significant caudal nasal sep-
tal deformities in Cottle area 1, or secondary to a 
variety of other causes. Functionally unfavorably 
shaped lower lateral cartilages may narrow the 
external nasal valve aperture and contribute to 
nasal obstruction simply due to the shape of the 
cartilages (concave lower lateral cartilages that 
impinge on the airway, lateral crural cephalic 
malposition with resultant concavity along alar 
rim, etc.). For example, in the case of tension 
type nasal deformities in which the vestibular 
aperture at the level of the nasal rim is narrowed 
and pinched, we see the shape of the lower lateral 
cartilage affecting the size of the nasal vesti-
bule—a tentpole-like over-projection of the tip 
results in a narrow nasal vestibule secondary to 
“slit-like nostrils.”

Dynamic external nasal valve collapse occurs 
when the valve appears normal at rest, but the 
alar rims collapse upon inspiration through the 
nose. Primary weakness of the lower lateral carti-
lage and malposition of the lower lateral cartilage 
(as with vertically oriented lower lateral carti-
lages) often lead to dynamic external valve col-
lapse—in both situations, the lower lateral 
cartilage malposition and inadequate soft tissue 
support at the rim leads to an inability to support 
or withstand the negative inspiratory forces gen-
erated by nasal breathing.

In examining a patient with external valve col-
lapse, it is best to simply observe the nose during 
quiet breathing and watch the nasal vestibule for 
narrowing of the alar rim on gentle nasal inspira-
tion. As with internal valve collapse, application 
of lateral traction with the examiner’s hand, a cot-
ton applicator or wax curette, or with an external 
nasal dilator will help identify the precise area of 
weakness and may further help demonstrate to 
the patient what may be achieved with surgical 
correction of the external nasal valve weakness.

22.4.2.3  The Aging Nose
A common and increasingly more prevalent 
clinical scenario in which we find nasal obstruc-
tion associated with both internal and external 
nasal valve collapse is in the aging patient. As 
the nose ages, it undergoes structural changes 
that result in various weaknesses which lead to 
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nasal valve collapse and obstruction. A signifi-
cant loss of nasal support occurs with thinning 
of the nasal bones and skin, thinning and weak-
ening of the upper lateral cartilages, laxity in the 
supportive attachments between the upper and 
lower lateral cartilages at the scroll region, 
weakening of the lower lateral cartilages, and 
laxity in the  supportive fibrous attachments 
between the lower lateral cartilages and the 
nasal septum and maxilla. Additionally, just as 
in the rest of the body, the nasal muscles likely 
atrophy with age, which may add to the collaps-
ibility of the nasal sidewall. The structural 
changes associated with aging contribute to the 
drooping of the nasal tip (tip ptosis), narrowing 
and weakening of the internal valve, and nar-
rowing and weakening of the external nasal 
valve  – all of which contribute to both func-
tional breathing problems as well as to the aes-
thetic changes that are typical of the aging nose. 
As we face a global aging of the population, 
nasal surgeons around the world will likely see 
increasing numbers of patients for surgical cor-
rection of nasal breathing [24–26].

22.4.2.4  Paradoxical Obstruction
Paradoxical nasal obstruction may result when a 
patient has severe unilateral structural obstruc-
tion, such as septal deviation. It is a condition 
where the patient becomes habituated to a com-
plete unilateral obstruction on one side, and only 
notices an obstruction when the nasal cycle 
shifts to the unobstructed side. As a result, the 
patient only complains about the healthy side of 
their nose, oblivious to the unilateral obstruc-
tion. This form of obstruction can typically be 
corrected surgically by valve repair and/or 
septoplasty.

Another form of nasal airway impairment is 
also considered paradoxical obstruction. This 
form occurs when excessive turbinate resection 
results in too large a nasal cavity. The excessive 
reduction of nasal airway resistance causes the 
perception of impaired nasal breathing. This 
form of paradoxical obstruction, known com-
monly as Empty Nose Syndrome, and its associ-
ated symptoms are particularly difficult to treat.

22.4.2.5  Chronic Rhinitis
Chronic atrophic rhinitis is a debated entity. 
This multifactorial disease has historically been 
attributed to bacterial causes. However, with 
the advent of modern antibiotics, other causes 
of chronic atrophic rhinitis have been recog-
nized. The hallmark characteristics of this dis-
ease are atrophy and loss of function of the 
nasal mucosa, resulting in impaired air condi-
tioning and humidification of inspired air. 
Bacterial colonization results in purulent secre-
tions and odor. Atrophy of the intranasal tissues 
leaves too much space in the nose, and para-
doxical obstruction ensues. Debate about this 
entity has resulted from a lack of data regarding 
the manifestation, progression, diagnosis, and 
etiology of the disease. Causes of chronic atro-
phic rhinitis include reductive turbinate sur-
gery, radiation, infection, and other destructive 
measures. Dry mucosa, crusting, and pain have 
been proposed as diagnostic criteria, but these 
identify only the terminal stages of the disease. 
Long delays between turbinate surgery and 
manifestation of end-stage chronic atrophic rhi-
nitis have been reported in the literature. No 
good test or established criteria exist to diag-
nose early changes of chronic atrophic rhinitis 
or to document its progression.

Vasomotor rhinitis represents a dysregulation 
of the autonomous neural network of the intrana-
sal vasculature. Clinical manifestations include 
mucosal hypertrophy with nasal obstruction and 
clear rhinorrhea. Typically a diagnosis of exclu-
sion, this disease responds well to topical intrana-
sal application of albuterol.

Rhinitis medicamentosa results from overuse 
of decongesting nasal sprays. Typical agents are 
phenylephrine and oxymetazoline. Extended use 
of these sympathomimetic agents causes resis-
tance to their vasoconstrictive properties, rebound 
vasodilation, and congestion of the nasal mucosa 
with obstruction. With long-term overuse, 
patients develop clinically relevant long-term 
changes to the nasal submucosa and mucosa. 
These patients seem to present more frequently 
with recurrent airway obstruction after surgical 
treatment of the turbinates. The diagnosis of rhi-
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nitis medicamentosa is established by history, 
and weaning of the medication is the first-line 
therapy.

22.4.2.6  Allergic Rhinitis
Allergic rhinitis is present in 10% to 30% of 
adults and up to 45% of children. Nearly 50% of 
patients with allergic rhinitis experience symp-
toms for >4 months of the year as a result of sea-
sonal changes, which introduce allergens that 
cause increased mucus secretion and blood  vessel 
dilation within the nasal cavity [27]. Other symp-
toms include nasal itching, rhinorrhea, sneezing, 
ocular itching, redness, and tearing.

Symptoms of allergic rhinitis are primarily 
due to a combination of the early and late phase 
allergic inflammatory response. Repeat exposure 
to a particular allergen sensitize the host. When 
the allergen comes in contact with the nasal 
mucosa of a sensitized host, immunoglobulin E 
(IgE) receptors on mast cells cross-link, resulting 
in the degranulation of these cells and the release 
of histamine and proteases. A wide array of pro-
inflammatory molecules is also released. It is the 
release of these proinflammatory molecules that 
causes swelling and mucus secretion seen in 
allergic rhinitis [28].

22.4.2.7  Nasal Polyposis
Nasal polyps are semitranslucent, pale gray, 
benign inflammatory lesions of asymmetric size 
found in the paranasal sinuses or nasal cavity. It 
is estimated that they may affect as much as 4% 
of the population. Nasal polyps can reach 
3–4  cm in length and may cause symptoms, 
such as nasal obstruction, nasal discharge, and 
impairment of olfaction. Although the cause of 
nasal polyposis is not clear, it is hypothesized to 
be a result of chronic inflammation due to 
chronic infection, aspirin intolerance, alteration 
in aerodynamics with trapping of pollutants, 
epithelial disruptions, epithelial cell defects, or 
inhalant and food allergies [29]. Histologically, 
they are characterized by the infiltration of 
inflammatory cells, mainly eosinophils. As a 
result, total IgE concentration is significantly 
higher in nasal polyp tissue compared with 
healthy nasal tissue [30].

22.4.2.8  Epistaxis
Also known as a nosebleed, epistaxis occurs 
when a vessel within the nasal cavity is ruptured. 
To facilitate proper humidifying and air condi-
tioning of inspired air, the nasal mucosa contains 
a rich vascular network that can rupture either 
spontaneously or due to trauma. In the pediatric 
population, epistaxis occurs most commonly due 
to digital trauma. Another common cause of epi-
staxis is the improper use of topical nose sprays 
causing trauma to the epithelium of the septal 
mucosa. Epistaxis occurs more frequently in the 
winter months due to the decrease in humidity 
and temperature, which can cause a drying effect 
on the nasal mucosa, increasing the opportunity 
for mucosal disruption. A patient can be predis-
posed to epistaxis if they have anatomical defor-
mities, such as septal deflections, bony spurs, or 
fractures. Additionally, any nasal obstruction that 
disrupts airflow can have a drying effect on the 
nasal mucosa, also causing epistaxis.

Systemic epistaxis is commonly due to cardio-
vascular or hematological disorders, such as 
hypertension, aberrations in clotting ability, or 
inherited bleeding disorders. While there is an 
undeniable association between hypertension 
and epistaxis, the exact mechanism still remains 
unclear. The ability to form blood clots is essen-
tial to both the prevention and control of epistaxis 
[31, 32].

22.5  Treatment

In the last 10–15  years, there has been an 
increased awareness of the nasal valve as a key 
contributor of nasal airway obstruction, resulting 
in a flurry of scientific publications on the matter, 
innovations in therapeutic options, and increas-
ing applications of a multitude of both surgical 
and nonsurgical treatments to correct the nasal 
valve contribution to nasal obstruction. 
Evaluation of the patient begins with a thorough 
history, eliciting signs that may hint at nasal 
obstruction and nasal valve collapse. Does the 
patient mouth breathe, snore, awaken tired? Has 
the patient used breathing dilator devices in the 
past or had prior nasal surgery? The answers to 
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these questions will help guide the patient and 
surgeon in deciding whether there is a nasal valve 
component to the nasal obstruction and whether 
nasal surgery might be of benefit.

In the past, surgical techniques described for 
nasal valve repair have focused on secondary 
nasal surgery following nasal valve damage as a 
result of rhinoplasty [32–36]. With a better under-
standing of nasal valve physiology in the last 
couple of decades, coupled with refinements in 
surgical techniques and thorough preoperative 
examination, valve disorders can be better identi-
fied in previously unoperated individuals com-
plaining of nasal obstruction. These patients can 
initially be treated by the use of external nasal 
dilator devices or other breathing devices to help 
them experience the quality of life improvement 
associated with corrective nasal valve surgery, 
helping them make a more informed decision 
before going through with surgery. Additionally, 
the application of such breathing devices helps in 
defining the site of obstruction more precisely in 
order to optimize surgical outcomes [37]. Primary 
and secondary functional nasal surgery with cor-
rection of the dysfunctional nasal valve has been 
previously shown to significantly improve qual-
ity of life in patients complaining of nasal 
obstruction who have preoperative findings of 
nasal valve collapse [38–40].

22.5.1  Surgical Techniques

There have been many surgical techniques identi-
fied addressing the dysfunctional nasal valve in 
the past few decades [21]. Although there is no 
“gold standard” or “one size fit all” technique 
that can treat all causes and types of nasal valve 
collapse, there are many useful techniques that 
can be integrated into a surgical plan depending 
on the needs of the patient. Nasal valve collapse 
is the result of a narrow nasal valve or weak nasal 
structures—thus, the overall goal of nasal valve 
surgery is to widen the existing nasal valve area 
and to strengthen the structural support elements 
that maintain a patent valve area at rest, and mini-
mize dynamic collapse of the nose that results 
from the negative inspiratory forces of nasal 

breathing. This section highlights a number of 
techniques that have been found useful and are 
used routinely as part of a comprehensive surgi-
cal correction of nasal valve dysfunction. There 
are many others that may be found in the surgical 
literature.

Both endonasal and external approaches may 
be utilized for various nasal valve procedures 
depending on the needs of the patient and sur-
geon preferences. Nasal valve surgery can be per-
formed with either general anesthesia or local 
anesthesia with sedation. In order to preserve 
nasal anatomy, it is important to use as little anes-
thetic as necessary. These procedures are typi-
cally performed on an outpatient basis. It is also 
essential to allow adequate time for the anesthetic 
to take effect in order to minimize the bleeding 
and maximize visualization. As with all surger-
ies, the general principle is to minimize the 
aggressiveness of the surgical intervention in 
order to minimize the potential risks of the proce-
dure, but at the same time, to maximize the ben-
efit to the patient by selecting the proper group of 
techniques for the proper situation.

22.5.2  Spreader Grafts

Spreader grafts can be used to treat both static 
and dynamic internal nasal valve collapse. This 
technique widens the narrowed valve angle, 
thereby enlarging the nasal valve area, and is 
advantageous in its ability to avoid affecting the 
nasal septum, turbinate, and nasal mucosa. In 
cases of static collapse, the widening of the mid-
dle third of the nose also results in a smoothen-
ing of the brow-tip aesthetic line. Ideally, 
spreader grafts are made of septal cartilage, but 
in cases of previous surgery in which inadequate 
septal cartilage remains, conchal cartilage or rib 
cartilage may be utilized. In patients with a 
prominent dorsum undergoing dorsal reduction, 
the upper lateral cartilage excess may be folded 
on itself to lie between the septum and upper lat-
eral cartilage to serve as an “auto-spreader graft” 
or a “spreader flap.” Standard left hemitransfix-
ion incision is made to access the septal carti-
lage. Mucoperichondrial flaps are elevated on 
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one or both sides of the septum depending on the 
septal pathology. Septoplasty is performed in 
standard fashion, and septal cartilage is har-
vested for use as a spreader graft. The upper lat-
eral cartilages are separated from the dorsal 
septum to create space for the spreader grafts. 
The spreader grafts should be long enough to 
extend from under the nasal bones to the caudal 
edge of the upper lateral cartilage. They measure 
approximately 3–5  mm in height, and are the 
thickness of the septal cartilage. Occasionally, 
wider grafts may be required in which case a lay-
ering of multiple pieces of septal cartilage may 
be stacked together to provide adequate thick-
ness. Auto-spreader grafts or spreader flaps 
involve the turning of upper lateral cartilages to 
lie between the septum and lateral upper lateral 
cartilage in order to take advantage of the local 
tissue excess. Spreader grafts have been shown 
to be an effective treatment for internal nasal 
valve collapse [41].

22.5.3  Alar Batten Grafts

Alar batten grafts are versatile grafts that may 
also be used for both internal and external nasal 
valve collapse depending on where they are posi-
tioned. These grafts are typically limited to use in 
patients with idiopathic or congenital causes of 
valve collapse. The first step in an alar batten 
graft is identification of the region of collapse [5]. 
If collapse is noted in the external nasal valve, 
along the alar rim, the graft may be placed along 
the rim of the nose to provide greater strength and 
an outward curvature to the nasal rim. A marginal 
incision is made along the inferior margin of the 
lower lateral cartilage with a 15 blade scalpel, 
while a double prong skin hook is utilized for 
countertraction. A sharp scissor is used to dissect 
a precise pocket along the nasal rim to the alar- 
facial groove. A cartilage graft measuring 
3–10 mm in width by approximately 7–10 mm in 
length is harvested from either the septum or the 
conchal bowl and applied to the pocket. The graft 
should extend from the alar-facial groove to 
either the dome or to the area just lateral to the 
soft tissue triangle in order to avoid a sharp edge 

being seen through the skin of the soft tissue tri-
angle. It may overlap the lateral crus superiorly. 
If less support is needed, a smaller graft may be 
used and has been referred to as an alar rim graft. 
The marginal incision is closed with simple inter-
rupted 5-0 chromic suture.

If collapse is noted in the middle third of the 
nose, the alar batten graft is placed in the middle 
third of the nose. An intercartilaginous incision is 
made with the 15 blade scalpel and a precise 
pocket is created superficial to the upper lateral 
cartilage down to the pyriform aperture. The graft 
is applied to the pocket, directly on the upper lat-
eral cartilage. As the skin thins, these grafts may 
become visible over time. An alternative tech-
nique involves the placement of the graft deep to 
the upper lateral cartilage, most often at the scroll 
region (the junction of the upper and lower lateral 
cartilage) which is commonly the region of great-
est collapse. The grafts are then sutured to the 
overlying cartilage with 2 or 3 throws of 5-0 
chromic or PDS suture to avoid movement of the 
graft. These underlay grafts (similar to lateral 
crural strut grafts) often hide better than the alar 
batten grafts. The intercartilaginous incision is 
then closed with interrupted 5-0 chromic suture.

22.5.4  Butterfly Graft

The “butterfly graft” is a highly effective proce-
dure to correct nasal valve obstruction. It relies 
on the elastic nature of conchal cartilage to spring 
open the internal nasal valve. This graft provides 
an outward force that widens the nasal airway, 
leading to an increased internal valve angle [5].

Conchal cartilage is harvested through an 
anterior helical rim incision or postauricularly. A 
skin incision is made, followed by blunt and 
sharp dissection to free the conchal cartilage. A 
1-centimeter-wide by 2-cm-long cartilage graft 
is harvested. Cautery to ensure hemostasis of the 
ear harvest site is performed. Running 6-0 fast 
absorbing gut suture was used to close the skin 
incision and a compressive dressing was placed 
on the donor site to prevent hematoma forma-
tion. The ear dressing is removed on postopera-
tive day one.
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Intercartilaginous incision is made on both 
sides of the nose and connected to a complete 
transfixion incision. Skin–soft tissue elevation is 
achieved along the nasal dorsum in a standard 
sub-SMAS plane to the rhinion and a subperios-
teal plane from the rhinion to the nasion in order 
to allow for proper skin redraping. If a significant 
or exaggerated supratip depression is present, the 
graft is simply placed in the supratip depression 
and its ends are secured to the caudal-most aspect 
of the upper lateral cartilages with a single throw 
of 5-0 PDS suture on either side. Once the graft is 
fixed in position, the skin is redraped and the dor-
sum is inspected and palpated for irregularities. If 
irregularities are noted, the dorsum is reduced 
further to create a smooth contour. Frequently, 
especially in patients with thin skin, crushed car-
tilage grafts are placed on the nasal dorsum, 
cephalic to the upper edge of the butterfly graft, 
to camouflage the edges of the graft and create a 
smooth dorsal contour. Mucosal incisions are 
closed with 5-0 chromic suture.

22.5.5  Nasal Valve Flaring Suture

Skin and soft tissue envelope is elevated off the 
osseocartilaginous understructure of the nose as 
previously described. Once the incisions are 
made and the tissues have been elevated, a retrac-
tor is placed under the skin flap to expose the 
upper lateral cartilages. A horizontal mattress 
stitch is thrown from one upper lateral cartilage 
to the other and tied tightly over the nasal dor-
sum. As the suture is tied down, the upper lateral 
cartilages elevate outward, thereby widening the 
nasal valve angle and area. Nasal valve flaring 
sutures may be used alone or in combination with 
various other techniques in order to maximize the 
widening of the valvular airway. Incisions are 
closed as previously described.

22.5.6  Maxillary Expansion

Maxillary expansion is a technique to consider in 
individuals with maxillary constriction, a narrow 
maxilla in the lateral dimension compared to 

other facial bones, because maxillary constric-
tion increases nasal resistance. Rapid maxillary 
expansion is an orthodontic treatment that can 
increase the lateral dimension of the maxilla. 
This treatment is most often applied to children 
but can also be performed in adults in conjunc-
tion with Lefort I osteotomies. Rapid maxillary 
expansion has been shown to decrease nasal 
resistance [42], and there is encouraging evi-
dence that it can reduce apneas in young adults 
with mild to moderate OSA [43, 44]. With regard 
to the INV, a recent case series demonstrated an 
increase in INV angle and area after surgical 
maxillary expansion in adults which was associ-
ated with improved daytime sleepiness and sub-
jective nasal obstruction [44].

22.5.7  Medical Treatment

22.5.7.1  Antihistamines
Although first-generation oral antihistamines 
(diphenhydramine, chlorpheniramine, and brom-
pheniramine) was able to effectively treat allergic 
rhinitis, these drugs have been associated with 
strong sedative effects. Second-generation anti-
histamines, such as fexofenadine, loratadine, and 
desloratadine, did not have these sedative effects. 
Several studies have shown improvements in 
symptoms associated with allergic rhinitis with 
these antihistamines relative to the placebo 
group. Because of their low adverse effect pro-
file, these antihistamines are an effective first-line 
therapy for mild to moderate allergic rhinitis, 
especially in patients with intermittent symptoms 
and children.

These agents were followed by a generation of 
nonsedating antihistamines, such as fexofena-
dine, loratadine, and desloratadine. Several stud-
ies have shown marked improvement in 
symptom-based outcome data in patients with 
allergic rhinitis compared to the placebo group. 
The low adverse effect profile of these agents 
supports their use as first-line therapy for mild to 
moderate allergic rhinitis, especially in patients 
with intermittent symptoms and in children [45]. 
For chronic rhinitis, no convincing data are avail-
able to show treatment efficacy.
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22.5.7.2  Intranasal Corticosteroids
Topical corticosteroid sprays are indicated pre-
dominantly for the treatment of allergic rhinitis. 
Currently, U.S.  Food and Drug Administration- 
approved agents are beclomethasone dipropio-
nate, budesonide, ciclesonide, flunisolide, 
fluticasone propionate, mometasone furoate, and 
triamcinolone acetonide. These agents have been 
shown to treat symptoms of allergic rhinitis (and 
conjunctivitis) more effectively than do oral anti-
histamines. Beclomethasone, budesonide, 
 triamcinolone, fluticasone, and mometasone have 
been compared. The symptom-based outcomes 
of these studies do not appear to clearly favor one 
agent over another [46]. The overall adverse 
effect profile of intranasal corticosteroids is 
favorable and includes minor symptoms, such as 
dryness, stinging, or burning. Epistaxis is the 
most frequent major complication, occurring in 
about 5% of patients. The risk of septal perfora-
tion and epistaxis may be reduced by instructing 
the patient to direct the spray tip away from the 
septum toward the lateral nasal wall. Adverse 
systemic side effects, such as suppression of the 
hypothalamic-pituitary axis and growth retarda-
tion, are no longer a relevant issue with contem-
porary agents.

22.5.7.3  Systemic Corticosteroids
Systemic corticosteroids are typically adminis-
tered intramuscularly or orally. Intramuscular 
agents include betamethasone dipropionate, 
methylprednisolone acetate, betamethasone 
phosphate, and triamcinolone acetonide. 
Systemic corticosteroids are third-line agents 
when antihistamines and intranasal corticoste-
roids have failed. These agents suppress endoge-
nous cortisol production to a variable degree for 
12  days to 3  weeks but are highly effective. 
Axelsson and Lindholm showed symptomatic 
improvement in 16 of 17 patients with allergic 
rhinitis after administration of a single dose of 
triamcinolone acetonide, while only 2 of 21 
patients improved in the placebo group. This 
relief can last throughout the allergic season [47, 
48]. Few data are available to compare oral with 
intramuscular corticosteroids. One study showed 
plasma cortisol levels to be suppressed beyond 

3 weeks with oral prednisolone, 7.5 mg daily, but 
not with intramuscular corticosteroids [49]. With 
adequate screening of patients for diabetes mel-
litus, glaucoma, hypertension, and osteoporosis, 
the use of systemic corticosteroids, such as intra-
muscular triamcinolone acetonide, has become 
an important and safe treatment of chronic 
inflammatory nasal disease.

22.6  Conclusion

An understanding of the nasal valves and how 
they relate to nasal physiology is crucial in mak-
ing good clinical decisions. Without proper func-
tioning of the nose and nasal valves, the air 
conditioning and humidifying capacity of the 
nose is lost, along with the sense of olfaction—
prominent parts of our daily lives. A loss of any 
of these functions leads to a great decrease in 
quality of life, so it is important to preserve them. 
It is common to treat valve disorders with sur-
gery. Because the functional residual capacity of 
the nose is unknown, it is important to practice 
great reserve with the reduction of functional tur-
binate tissue, regardless of technique. Resection 
of turbinate bone alone with preservation of all 
mucosal and submucosal tissue is an alternative, 
though this may also scar the submucosa and 
mucosa and lead to additional problems. 
Recognition of the nature and location of nasal 
valve pathologies allows for adequate correction 
and superb functional results in the majority of 
cases. Concurrent rhinoplasty and functional 
endoscopic sinus surgery can be performed 
safely. The evolution of atraumatic surgical tech-
niques has resulted in improved patient comfort 
and speedy recovery.
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23Nose and Sleep Breathing 
Disorders

Anne-Lise Poirrier, Philippe Eloy, 
and Philippe Rombaux

Core Messages
• The nose is the input channel for the airflow. 

Its rigid and erectile structures determine the 
outline and the output of the airflow in the 
upper airway. Nose obstruction, due to revers-
ible or nonreversible factors, produces col-
lapsing forces that are manifested downstream 
in the collapsible pharynx. Moreover, nose 
pathologies result in unstable oral breathing, 
decreased activation of nasal ventilatory reflex 
and reduced lung nitric oxide. Long-term oral 

breathing impacts the craniofacial growth. 
The management of nose pathologies could be 
medical, mechanical (nose dilators) or surgi-
cal. Nasal management should be integrated 
in a multimodal approach, considering the 
involvement of a multilevel obstruction, and 
truly reflecting the complexity of sleep- 
disordered breathing.

23.1  Introduction

Sleep-disordered breathing (SDB) is a clinical 
entity that is more and more recognised by physi-
cians since the 1970s. It consists of a wide spec-
trum of sleep-related breathing abnormalities. 
Those related to increased upper airway resis-
tance include snoring, upper airway resistance 
syndrome (UARS) and obstructive sleep apnoea–
hypopnoea syndrome (OSAHS) [1].

Snoring is associated with changes in the cali-
bre of the upper airway which reduce flow and 
increase airway resistance and is a manifestation 
of increased turbulence in nasal flow [2, 3]. UARS 
is caused by sleep-related flow limitation and 
increase in upper airway resistance that precipi-
tates arousals. UARS results in fragmented sleep 
and excessive daytime sleepiness. Obstructive 
sleep apnoea (OSA) syndrome is the complete or 
partial collapse of breathing despite ongoing 
respiratory effort. In patients with OSA, recurrent 
obstruction of the pharynx during sleep results in 
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frequent episodes of airflow cessation, leading to 
significant hypoxemia, fragmentation of sleep and 
excessive daytime sleepiness. Obstructive sleep 
apnoea is a leading cause of neuropsychiatric con-
ditions (e.g. sleepiness, depression, cognitive dys-
function), cerebro- and cardiovascular diseases 
(e.g. pulmonary and  systemic hypertension, con-
gestive heart failure, myocardial infarction, 
stroke), metabolic disorders, sexual dysfunction, 
loss in work productivity and increased risk of 
motor vehicle accidents. OSA represents a major 
public health problem [2].

In the Wisconsin Sleep Cohort, a stratified 
random sample of Wisconsin state employees 
aged 30–60 years, the prevalence of OSA was 
9% in women and 24% in men. The incidence 
increases with age and tobacco and alcohol use 
and is associated with metabolic and anatomical 
features (obesity, retrognathia, high anteropos-
terior cervical diameter, macroglossia, large 
tonsils, hypertrophic tongue base, large neck 
size, gastroesophageal reflux and nasal obstruc-
tion) [1, 2].

In the past, snoring was considered mainly as 
a common ordinary disorder that only affected 
men and was regarded as a social annoyance par-
ticularly for the bed partner. Nowadays many cli-
nicians are regarding SDB as a spectrum of 
diseases in which a patient can move from a 
snorer without apnoea to a snorer with apnoea. 
These disorders form actually a continuum. They 
share a common physiopathology: a multilevel 
airway obstruction [4].

As the nose plays a major role in the physiol-
ogy of the respiratory tract, it is important to anal-
yse the role of nasal disorders in the pathogenesis 
of SDB and the effects of rhinologic treatments on 
snoring and OSA. This topic has not yet received 
definitive conclusions because of contradicting 
reports in the literature. The number of patients 
with polysomnography- documented OSA and 
treated only by nasal surgery is far less important 
than the number of cases treated with other thera-
pies within the last two decades. The reason is 
not quite clear, but one could be that the success 
rate of nasal management alone for SDB is low 
and the prediction of individual success is not 
possible [3].

23.2  Nose Anatomy 
and Physiology

The nose is the input channel for the airflow and 
the “touchable” beginning of the airways. About 
70% of the resistance met by the inspired airflow 
during its passage through the upper and lower 
airways is located into the nose [5]. The nose 
may be roughly divided into outer and inner anat-
omy. The outer nose is supported by the nasal 
bones, the paired upper lateral and lower lateral 
cartilages and the nasal septum and is covered by 
the subcutaneous tissue and skin. The inner nose 
includes the nasal septum on the medial wall of 
the nasal cavity and the turbinates and the osteo-
meatal complex on the lateral wall. During inspi-
ration, air is spinning into the nose through the 
nasal valve. It can be divided into external and 
internal nasal valves [6, 7].

The external nasal valve comprises the alar 
cartilages, the nasal wing and the columella and 
has a shape of an inverted “funnel”. Its role con-
sists of orientating the airflow into the nasal cavi-
ties without generating any resistance [8]. The 
internal nasal valve is formed by the junction of 
the upper lateral cartilages with the nasal septum, 
the septum, the head of the inferior turbinate and 
the piriform aperture (Fig.  23.1). The normal 
angle between the upper lateral cartilages and the 
septum is about 10–15° and represents the nasal 
region with the smallest cross-sectional area and 
the greatest resistance to nasal airflow, crucial to 
determine nasal resistance (RN) [6]. The internal 

Nasal bone

Septum

Upper lateral cartilage

Lower lateral cartilageExternal nasal valve

Internal nasal valve

Fig. 23.1 Anatomy of the external nose

A.-L. Poirrier et al.



271

nasal valve plays a major role in the physiology 
of the nose and particularly in air conditioning. 
Its functioning depends on the shape of the carti-
lages, the tonus of the dilator muscles and the 
degree of congestion of the nasal mucosa. The 
airstream is first directed upward through the 
internal nasal valve, then bends about 90° poste-
riorly and flows via the nasopharynx to the lower 
airways.

The diameter of the valve influences directly 
the velocity of the airflow. On gentle inspiration, 
the nasal valve is usually patent. During deep 
inspiration (exercises or sniffing), the airflow 
could create a Bernoulli’s effect, which acceler-
ates the flow in this narrow cleft and decreases 
the pressure on each side of the nasal vestibule 
leading to the collapse of the nasal wing. Patients 
suffering from a valve collapse may experience 
nasal obstruction even during normal breathing.

The congestion of the nasal mucosa varies 
physiologically, spontaneously and alternatively 
from side to side with time. One side is blocked, 
while the other side is patent. This alternates 
every 3–7 h in adults, leading to a spontaneous 
cycle phenomenon called nasal cycle. 
Surprisingly, thanks to this alternation of resis-
tance on each side, the total nasal resistance 
remains constant [9].

The paranasal sinus cavities play also a major 
role in the physiology of the nose. The sinonasal 
architecture is organised around the ethmoid 
bone. The perpendicular plate of the ethmoid 
articulates medially to the septal cartilage, while 
the outer wall of the ethmoid, including middle 
concha, articulates laterally with the vertical 
plate (ascending process of the frontal bone) of 
the maxilla. On the lateral nasal wall is the osteo-
meatal complex (OMC). The OMC comprises 
the middle turbinate, the uncinate process and the 
bulla ethmoidalis. In this particular anatomical 
area drain the secretions from the anterior para-
nasal cavities, such as the anterior ethmoid cells, 
the frontal sinus and the maxillary sinus. 
Anatomical variations of the different structures 
of the OMC have been described in the literature, 
such as concha bullosa, paradoxically bent mid-
dle turbinate and medially bent uncinate process. 
In the past ones believed that these anatomical 

variations were associated to chronic rhinosinus-
itis. Now most authors do not consider these vari-
ations to be responsible of the pathogenesis of 
chronic sinusitis by themselves.

23.3  Nose Pathologies

All pathologies causing nasal obstruction can 
cause or worsen SDB [10]. The reasons for nasal 
obstruction are complex and varied, but the 
causes can be simplified as nonreversible factors, 
such as anatomic deformities, and reversible fac-
tors, such as mucosal oedema and congestion 
(Table 23.1).

23.3.1  Nonreversible Factors

Deformity of the nasal septum and/or the nasal 
pyramid can obviously be associated with uni- or 
bilateral persistent nasal obstruction. In case of 
nasal septum deviation, the patient can complain 
of a uni- or bilateral nasal obstruction depending 
on the shape, type and location of the deviation 

Table 23.1 Causes of nasal obstruction

Nonreversible Internal/external valve collapse
Septal deviation, haematoma, 
perforation
Other malformation of the nasal 
framework
Vestibular synechiae or scars
Concha hypertrophy
Nasal polyposis, antrochoanal polyp
Foreign body, nasal packing
Benign tumours: angiofibroma, inverted 
papilloma
Malignant tumours: squamous cell 
carcinoma, adenocarcinoma, melanoma
Meningocele
Choanal atresia and other craniofacial 
anomalies

Reversible Allergic/nonallergic rhinitis: 
NARES-NANIPER
Acute or chronic rhinosinusitis with or 
without polyps
Drug-induced or occupational rhinitis
Atrophic rhinitis
Pregnancy
Wegener or other granulomatosis

23 Nose and Sleep Breathing Disorders
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[11]. Anterior nasal septum deviation is more 
commonly responsible of nasal obstruction than 
posterior septal deviation [12]. The patient can 
also complain of a contralateral nasal obstruc-
tion, explained by a compensatory hypertrophy 
of the mucosa of the inferior turbinate. Nasal col-
lapse is another cause of nasal obstruction that is 
underrated and underestimated by numerous 
ENT doctors. Nasal obstruction can be revealed 
during effort, sport or exercises or can be present 
in a normal and calm breathing. Patients with 
previous facial nerve palsy or post-traumatic or 
postsurgical adhesions developed at the level of 
the nasal vestibule or the columella can present a 
unilateral nasal collapse. The diagnosis is made 
by the Cottle manoeuvre or by an anterior and 
posterior active rhinomanometry and acoustic 
rhinometry.

23.3.2  Reversible Factors

Nasal obstruction can be caused by a rhinitis. 
Allergic rhinitis is a very common condition. 
Bauchau and Durham reported a high heteroge-
neity of allergic rhinitis incidence among the dif-
ferent European countries and a maximal 
incidence in Belgium with 29.5% of the popula-
tion [13]. According to ARIA guidelines, the rhi-
nitis can be intermittent or persistent, mild, 
moderate or severe [14]. Indoor allergens can 
cause symptoms during sleep, such as house dust 
mites, animal dander or fungi.

Nonallergic rhinitis with eosinophils syn-
drome (NARES) is another type of rhinitis; the 
eosinophils are present in the nasal smears, and 
the patient dramatically improves when he uses a 
nasal topical steroids. There is no sensitisation to 
any aeroallergens. Loss of smell is a common 
symptom. This disease can be a precursor of a 
true nasal polyposis.

Nonallergic noninfectious perennial rhinitis 
(NANIPER) was called in the past vasomotor rhi-
nitis. The aetiology is unknown, the treatment 
often disappointing except for nasal obstruction.

Rhinitis medicamentosa is a typical cause of 
nasal obstruction in a patient who (mis)uses nasal 

topical decongestant. With time the patient con-
sumes more and more nasal drops. Typically 
nasal obstruction increases during the night.

Acute and chronic rhinosinusitis with and 
without polyps are associated with nasal obstruc-
tion. Acute rhinosinusitis gives symptoms for a 
maximum of 6 weeks, whereas chronic rhinosi-
nusitis is symptomatic for more than 12  weeks 
[15]. Nasal polyposis affects 9% of the general 
population. It can be restricted to the nose and 
sinuses or be associated with asthma and aspirin 
intolerance. Major symptoms in nasal polyposis 
are nasal obstruction and loss of smell. There are 
different classifications used to categorise the 
polyps. In the Caucasian population, nasal pol-
yposis is associated with a chronic inflammatory 
infiltrate rich in eosinophils. Oedema, epithelial 
shedding, pseudocyst formation and changes in 
the extracellular matrix are some histological 
characteristics of the common nasal polyposis.

23.4  Physiopathology of Nose 
Obstruction and SDB

23.4.1  Starling Resistor Model

Nasal obstruction produces collapsing forces that 
are manifested downstream in the collapsible 
pharynx [16, 17]. In the respiratory model based 
on a Starling resistor, the nose is a key determi-
nant of upper airway resistance (Fig. 23.2) [18, 
19]. Nasal pressure (PN) is zero (atmosphere ref-
erence value) in normal conditions. Nasal resis-
tance (RN) determines the maximum flow (Vmax) 
in the downstream collapsible pharynx. In the 
pharynx, Pcrit is the critical value of airway pres-
sure leading to complete collapse and stop of air-
flow. Pcrit depends on transmural pressure and 
external pressure applied by respiratory muscles. 
The maximum airflow is defined by 
Vmax = (PN − Pcrit)/RN. This equation implies that 
increase in nasal resistance (RN) leads to decrease 
in upper airway flow (Vmax). Conversely, increase 
in nasal pressure (PN) by continuous positive 
 airway pressure (CPAP) device improves upper 
airway flow (Vmax) [20].

A.-L. Poirrier et al.
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Nose

PN RN

Pcrit

Vmax

Pharynx

Lungs

Trachea

Vmax = (PN – Pcrit)/RN

O2, NO

Fig. 23.2 Model of the lungs and upper airway com-
partments of breathing. The upper airway behaves like a 
Starling resistor in that obstruction at the inlet produces 
collapsing forces that are manifested downstream in the 
collapsible segment, the pharynx. Airflow ceases in the 
pharynx at a critical value of airway pressure (Pcrit). 
Maximum flow (Vmax) in the pharynx is determined by 
nasal pressure (PN) and resistance (RN) from the equa-
tion Vmax = (PN − Pcrit)/RN (Drawing adapted from Ferris 
et al. [5])

23.4.2  Oral Breathing

Nasal obstruction may lead to mouth breathing 
and mouth opening, which, in turn, results in 
inferior movement of the mandible with associ-

ated decrease in pharyngeal diameter. The base 
of the tongue may also fall backwards reducing 
the posterior pharyngeal space.

Although the precise mechanisms are not fully 
understood, oral breathing could be an adaptive 
response once a particular threshold of nasal air-
flow resistance is exceeded. Combined recording 
of oral and nasal breathing during sleep indicates 
that normal subjects partition flow between nasal 
and oral routes, with the majority of airflow 
occurring through the nasal route [21]. The route 
of breathing has profound influence on upper air-
way resistance during sleep. Oral breathing 
results in an unstable airway and increases total 
airway resistance. Oscillation of the soft palate, 
posterior movement of the jaw angle and poste-
rior retraction of the tongue during mouth open-
ing compromise oral-breathing airflow [16, 22].

23.4.3  Nasal Receptors

A few studies suggest nasal airflow has a stimu-
lant effect on ventilation, probably via nasal 
mechanoreceptors maintaining respiratory pac-
ing. Application of local anaesthetics to the 
nasal mucosa increases the episodes of airway 
occlusion [23, 24] and impairs the arousal 
response to airway occlusion [25]. The para-
sympathetic nervous system may play a role in 
the control of breathing and in the hyperpneic 
responses associated with airflow obstruction. 
The parasympathetic nervous system compo-
nent includes neural receptors in the airways as 
well as afferent and efferent pathways that travel 
in the vagus nerves [26].

23.4.4  Nitric Oxide

Another item playing a major role in snoring and 
OSA is the nitric oxide (NO). Airborne NO is 
largely produced in the epithelium of the 
 paranasal sinuses and is involved in the regula-
tion of pulmonary function [27, 28]. During 
inspiration through the nose, high levels of NO 
follow the airstream to the lower airways and the 
lungs. Nasally derived NO increases arterial oxy-
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gen tension and reduces pulmonary vascular 
resistance. NO enhances therefore blood flow 
preferentially in well-ventilated areas of the lung, 
thus optimising ventilation/perfusion matching 
[29, 30]. In obstructive sleep breathing disease, 
nasal NO fails partly to reach the lungs, resulting 
in ventilation/perfusion mismatch [31]. Lack of 
NO could also participate in incoordination of 
pharyngeal and thoracic muscles and in sleep 
fragmentation. Furthermore, long-term compli-
cations of OSA might be due to the repeated tem-
porary dearth of NO in the tissues, secondary to a 
lack of oxygen [31]. After their passage to the 
alveoli in the inspired air, both oxygen and NO 
are removed by haemoglobin and are transmitted 
to the tissues. Repetitive hypoxia/reoxygenation 
adversely impacts endothelial function by pro-
moting oxidative stress and inflammation and 
reducing NO availability. This vicious spiral 
mediates the cardiovascular manifestations of 
OSA [32].

23.5  Craniofacial Development

23.5.1  Morphogenic Perspective

Nose function not only has a direct role in upper 
and lower airway breathing in adults but also 
has a long-term impact on the development of 
the anterior skull base and the maxilla. The 
influence of nasal patency on the development 
of the anterior skull base and the maxillary bone 
has been previously demonstrated in mammals 
[33, 34]. Experimental blockage of rat nostrils 
resulted after 2–4 months in anatomical changes 
of the superior maxilla, the skull base and the 
jaw [33, 34]. Nasal obstruction in monkeys 
resulted in downward and backward rotation of 
the mandible and changes in dental occlusion 
[35]. Likewise, oral breathing may modify cra-
niofacial growth in children [36]. Predominant 
oral breathing during critical growth periods in 
children could be inscribed in the bones and 
lead to breathing disorders [37]. Cephalometric 
control studies have shown that mouth-breath-
ing children have a higher tendency for clock-
wise rotation of the growing mandible [38]. 

Because of mouth breathing, tongue position in 
the oral cavity is low, and the balance between 
forces from the cheeks and tongue is different 
compared with healthy children. This leads to a 
lower mandibular position and extended head 
posture. Malocclusion and skeletal discrepancy 
may be partially corrected after adenotonsillec-
tomy [36]. Similarities in cephalometric studies 
from OSA adults and mouth-breathing children 
suggest that the apnoeic pattern develops early 
in the clinical history of patients with OSA 
[39]. However, OSA in children differs that in 
adults. The involvement of nasal resistance is 
greater in children, with serious consequences 
for growth and development [40]. In adults, 
cephalometric measurements of normal subjects 
and patients have shown a relationship between 
OSA and transverse dimensions of nasal cavi-
ties, limited laterally by the vertical plates of 
both maxillae. OSA patients have narrower 
nasal framework and maxillary bone propor-
tions [41]. Craniofacial features in the patho-
physiology of OSA could explain ethnic 
differences in OSA prevalence and severity for a 
given level of obesity [42, 43].

23.5.2  Phylogenic Perspective

Researchers have speculated that the outer nose 
may have an evolutionary benefit in human. In 
addition to an ornamental role for sexual selec-
tion, it may play a role in creating a curvilinear 
airflow pattern [44]. During the course of human 
evolutionary development, the midface is short-
ened, and the upper airway is narrowed to form a 
collapsible and distensible tube. This evolution 
not only permits the production of spoken lan-
guage but also results in a predisposition towards 
upper airway collapse during sleep [45–47]. The 
development of the human outer nose could be 
assumed as a compensatory development. The 
curvilinear airflow pattern provided by the nose 
adjusts the “angle of attack” of airflow hitting the 
palate, thus contributing to the pharyngeal open-
ing [44]. From this hypothesis, the external nose 
could provide an evolutionary benefit in the pro-
tection against OSA (Fig. 23.3).
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Fig. 23.3 (a) In chimpanzee, the upper airway is larger, 
which lowers the risk of collapse. The nasal airflow is 
horizontal (arrow). (b) In normal human, airflow is 
directed upward through the nasal valve. The outer nose 
creates a curvilinear airflow pattern (arrow). The latter 
adjusts the “angle of attack” of airflow hitting the palate, 

thus contributing to the pharyngeal opening. Anatomy of 
the internal nose: (1) Inferior turbinate, (2) Middle turbi-
nate, (3) Superior turbinate, (4) Frontal sinus, (5) 
Sphenoethmoidal recess, (6) Sphenoid sinus (Drawing 
adapted from McNicholas et al. [23] and White et al. [24])

23.6  Patient Evaluation

23.6.1  Clinical Examination

In case of snoring associated or not to obstructive 
apnoea, a thorough and complete examination of 
the nose is mandatory. The nasal pyramid must 
be evaluated, particularly the dorsum, the lateral 
cartilages and the columella. A nasal valve col-
lapse must be ruled out by the inspection of the 
external nose and the Cottle manoeuvre.

Then an anterior rhinoscopy evaluates the 
nasal septum, the shape and colour of the mucosa 
of the inferior turbinates and the presence of 
crust, blood, secretions or polyps [48]. Mladina 
and colleagues defined seven types of septal devi-
ation in a cohort of 2589 adults. They identified 
three types with vertical crests, one type with a 
bilateral deformity, two types with horizontal 
deformities and another type with atypical defor-
mities [11]. Each type may be associated to some 
degree of nasal obstruction.

Eventually nasal endoscopy must examine the 
middle meatus, the olfactory cleft and the poste-
rior aspect of the nasal cavity. Nasal polyposis 
can sometimes be diagnosed with nasal endos-
copy only.

23.6.2  Investigations and Functional 
Testing

Besides the history taking, the patient self- 
assessment and the anterior rhinoscopy, some 
investigations must be performed to evaluate the 
nasal obstruction.

Rhinomanometry and acoustic rhinometry 
allow for indirect evaluation of nasal anatomy 
and function [49]. When these are performed in a 
supine position, these investigations have more 
value in assessing nasal breathing of patients 
with sleep disorders [50]. Rhinomanometry uses 
an intranasal closed loop system to measure nasal 
airway resistance. Acoustic rhinometry uses 
acoustic reflections to provide information about 
cross-sectional area and nasal volumes within a 
given distance. Acoustic rhinometry gives an 
anatomic description of a nasal passage, whereas 
rhinomanometry gives a functional measure of 
the pressure/flow relationships during the respi-
ratory cycle. Both techniques are proposed to 
assess the efficacy of different treatments and for 
assessment of the patient prior to nasal surgery. 
Rhinomanometry and acoustic rhinometry pro-
vide “snap-shot” measurements, which may not 
be representative of a more chronic condition, 
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since nasal turbinate size and function are 
dynamic processes that may change considerably 
over a few hours. It is also important to point out 
that rhinomanometry and acoustic rhinometry 
tests do not correlate well with a patient’s subjec-
tive perception of nasal obstruction. The patient’s 
subjective perception of the degree of nasal 
obstruction has been shown to be a more sensi-
tive predictor of positive outcome from medical/
surgical management than objective anatomic or 
physiologic measurements alone. Nasal values 
measured by acoustic rhinometry and rhino-
manometry are correlated inversely with poly-
somnographic values (apnoea–hypopnoea index, 
oxygen desaturation index) in nonobese patients 
[50–52]. The association of nasal obstruction 
measured by posterior rhinomanometry and 
Mallampati score > 3 is predictive of OSA [53]. 
Acoustic rhinometry is also important to measure 
the nasal valve area [54].

Nasal inspiratory peak flow gives a measure of 
bilateral nasal airflow at maximum effort, but 
does not reflect a physiological measure of nasal 
airflow. It is, however, a validated technique to 
assess the responsiveness of a clinical interven-
tion [55]. It should be associated to lung function 
evaluation as it is influenced by lower airway as 
well as upper airway function [56].

The levels of NO in the nose can easily be 
measured noninvasively. NO is altered in sev-
eral airway disorders, including allergic rhinitis, 
ciliary dysfunction and sinusitis. The NO value 
measured is a sum of NO from the sinus via the 
ostia and the nasal mucosa. NO measurement is 
mainly valuable for sinonasal disease [27]. Its 
significance to sleep disorders is currently 
experimental [31].

While they provide objective outcome, the 
measures of nasal function reflect only one aspect 
of the disease and may thus not encompass all the 
other aspects. In recent years, there has been a 
great expansion in the number and use of quality- 
of- life questionnaires and other patient-based 
outcomes in health care. Nasal Obstruction 
Symptom Evaluation (NOSE) score, Sleep 
Outcomes Survey (SOS), Visual Analogue Scales 
(VAS), Sinonasal Outcome Test (SNOT) and 
other surveys have been applied to objectify out-

comes in nose and sinus surgery [57–59]. Though 
subjective, they correlate with objective measure-
ments and integrate general health issues, sleep 
perception and emotional aspects. They include a 
cluster of interconnected symptoms associated to 
the nose function. Septorhinoplasty is remark-
ably effective in improving sleep-related items of 
the SNOT-22 questionnaire [60]. Beyond the 
nasal airflow, questionnaires reflect the patient’s 
perception, suffering and hope. They could help 
the physician to meet the patient expectations and 
to provide a reliable follow-up.

Nasal endoscopy and CT scan are two other 
tools to evaluate the anatomy of the nose and 
paranasal sinuses. These two examinations are 
routinely done in all rhinologic work-up.

As obstructive SDB is the consequence of 
multilevel airway obstruction, nasal evaluation 
should be integrated with a careful anatomical 
assessment involving in some cases sleep nasen-
doscopy, MRI or cephalometry. Lastly, polysom-
nography remains the gold standard to assess the 
quality of sleep and to calculate the sleep param-
eters, including apnoea index, hypopnoea index, 
apnoea-hypopnoea index, snoring time, amount 
of REM sleep and sleep latency. Breathing flow 
can be recorded overnight by means of a thermis-
tor placed at the airway opening (nose and 
mouth). Inspiratory pressure is indirectly mea-
sured by means of chest and abdominal induc-
tance plethysmography belts. Additional devices 
have been designed to measure nasal pressure 
[61] or to record mandible movement [62, 63] 
during sleep.

23.7  Patient Management

23.7.1  Rationale

The rationale to treat nasal obstruction is to 
improve nasal patency, re-establishing physio-
logical breathing and minimising oral breathing 
during sleep. The aim of the treatment is also to 
reduce nasal resistance and improve the negative 
intraluminal pressure which generates upper air-
way collapse. Nasal obstruction can be relieved 
medically or surgically.
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23.7.2  Medical Treatment

Only reversible causes of nasal obstruction can 
be treated with medications. The commonest 
causes of inflammation of the mucosa of the 
upper respiratory tract are allergic rhinitis, acute 
and chronic rhinosinusitis and nasal polyposis.

23.7.2.1  General Treatment 
of Allergic Rhinitis

As allergic rhinitis (AR) is the best documented 
disease, we will focus the following paragraph on 
it. AR is a very common hereditary health prob-
lem. It affects 20–40 million US people, approxi-
mately 26% of the United Kingdom population, 
29.6% of the Belgian population and approxi-
mately 10–25% of the population worldwide 
[64]. It is characterised by inflammation of the 
upper airway mucous membranes mediated by 
binding of antigens to specific immunoglobulin E 
(IgE). The patients suffer from nasal symptoms 
(itching, sneezing, rhinorrhoea and nasal conges-
tion), ocular symptoms (red itchy eyes) and head-
ache. AR has a negative impact on the patient’s 
quality of life. The patient usually suffers from an 
impairment of the quality of sleep, daytime 
fatigue, impaired cognitive function and reduced 
work productivity and performance [65–67]. AR 
represents a heavy burden in terms of direct and 
indirect costs for the patient and the community. 
There are many drugs on the market to treat it. 
ARIA proposed some guidelines to use them in a 
more effective way [68]. H1-antihistamines are 
certainly the best-known medications to treat AR 
in adults and children. There are actually two 
generations of H1-antihistamines: the older ones 
(the first generation) and the newer ones (the sec-
ond generation).

First-generation H1-antihistamines are in 
many countries over-the-counter drugs. A GA(2)
LEN position paper recommends to forbid their 
use over the counter in particular in patients with 
SDB because they are all sedating and have poor 
receptor selectivity [69]. They penetrate the 
blood–brain barrier. Their proclivity to interfere 
with neurotransmission by histamine at central 
nervous system H1 receptors potentially leads to 
drowsiness, sedation, somnolence and fatigue, 

resulting in impairment of cognitive function, 
memory and psychomotor performance. In addi-
tion, the central H1-antihistaminic effects are pri-
marily responsible for the potentially 
life-threatening toxicity of first-generation 
H1-antihistamines overdose. They have been 
implicated in civil aviation, motor vehicle and 
boating accidents, deaths from accidental or 
intentional overdosing in infants and young chil-
dren and suicide in teenagers and adults. Finally, 
they exacerbate daytime somnolence because 
they decrease the quality of sleep and reduce 
rapid eye movement (REM) sleep. Moreover, 
they have anticholinergic properties, which can 
cause dry mouth and make mouth breathing even 
more uncomfortable in the allergic individual 
with nasal obstruction [70]. The first generation 
of H1-antihistamines should therefore be avoided 
in SDB patients.

The second generation of H1-antihistamines 
is not associated with fatigue, sedation and diz-
ziness even at high dose. They do not change the 
structure of the sleep because they have more 
affinity to the H1 receptor, do not pass the 
blood–brain barrier and do not have anticholin-
ergic properties [69]. The H1-antihistamines are 
effective drugs: they improve significantly itch-
ing, sneezing and rhinorrhoea, but they are not 
so effective on nasal congestion. The recom-
mended indications to prescribe an 
H1-antihistamine are mild to moderate intermit-
tent AR and mild persistent AR.  Azelastine, a 
topical H1-antihistamine, significantly reduces 
rhinorrhoea and improves subjective sleep, but 
evidence is lacking on its effects on daytime 
sleepiness and nasal congestion [71].

Topical intranasal glucocorticoids are con-
sidered the gold standard for the treatment of all 
forms of AR.  For the most recent molecules, 
they have a low systemic bioavailability and a 
high affinity to the receptors. They have a long-
lasting effect with minor adverse events. They 
are active on sneezing, rhinorrhoea and nasal 
congestion. A meta-analysis published in 1998 
confirmed the place of the intranasal steroids in 
the treatment of AR [72]. One position paper of 
the Joint Task Force for the American Academy 
of Allergy, Asthma and Immunology does not 
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recommend their use over the counter because 
of the side effects observed in the past with the 
older generations of topical glucocorticoids 
[73]. The plasma concentrations of intranasal 
fluticasone and mometasone are low due to 
extensive metabolism and clearance by cyto-
chrome P450 enzyme 3A4. Caution is recom-
mended when co- administered with potent 
CYTP3A4 inhibitors, especially in HIV popula-
tion. Current antiretroviral regimens often con-
tain the HIV protease inhibitor ritonavir, and 
co-administration with topical fluticasone 
results in a dramatic increase in the latter bio-
availability. This may result in iatrogenic 
Cushing’s syndrome as alerted in increasing 
number of case reports [74–77]. Ironically, in 
patients treated by ritonavir, older generations 
of topical glucocorticoids appear to be safer 
options [78]. Apart from these particular cases, 
second- generation topical glucocorticoids (fluti-
casone, mometasone) remain the first-line and 
safest treatment for main patients with allergic 
rhinitis. Intranasal corticosteroids have broad 
anti- inflammatory activities. They are the most 
potent long-term pharmacologic treatment of 
congestion associated with allergic rhinitis and 
show some congestion relief in rhinosinusitis 
and nasal polyposis (Table 23.2).

Topical decongestants reduce congestion 
associated with allergic rhinitis, but because of 
the risk of rhinitis medicamentosa, they should 
not be used for prolonged periods. Oral decon-
gestants reduce nasal congestion but may have 
adverse effects on sleep, even insomnia, because 
of their stimulatory effects and their association 
with systemic side effects.

Oral leukotriene receptor antagonists can be 
of some help in the management of patients unre-
sponsive to the conventional medications. They 
effectively reduce rhinorrhoea, congestion and 
inflammatory mediators [70].

Anticholinergic ipratropium bromide is not 
considered effective in relieving nasal conges-
tion; however, limited data suggest that sleep and 
quality of life may be minimally improved with 
this treatment [88].

23.7.2.2  Management of SDB 
in Rhinitis Patients

Patients with perennial allergic rhinitis often 
present with nasal congestion, poor sleep quality, 
daytime fatigue and loss of productivity. 
Pharmacologic therapy that reduces nasal con-
gestion should improve these symptoms. In the 
literature there are a lot of publications related to 
the management of allergic rhinitis and the 

Table 23.2 Effect of medical treatment on sleep-related breathing disorders

Reference Study Medication n
Symptoms 
improvement

PSG 
improvement

Kerr et al. [79] Controlled, prospective Xylometazoline + nasal 
dilator

10 Yes No

Craig et al. 
[80]

Controlled, prospective Fluticasone 20 Yes –

Hughes et al. 
[81]

Controlled, prospective Budesonide 22 Yes –

Ratner et al. 
[82]

Controlled, prospective Fluticasone vs. montelukast 705 Yes –

Craig et al. 
[83]

Controlled, prospective Fluticasone 32 Yes No

Kiely et al. 
[84]

Controlled, prospective Fluticasone 24 Yes Yes

Craig et al. 
[85]

Controlled, prospective 
(pooled study)

Fluticasone/budesonide/
flunisolide

42 Yes No

McLean et al. 
[86]

Controlled, prospective Xylometazoline + dilator 
strip

10 No Yes

Gurevich et al. 
[87]

Controlled, prospective Budesonide 26 Yes –
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impact on sleep (Table 23.2). These studies often 
demonstrate positive effects of the medical treat-
ment on the SDB. However, a majority of these 
papers are based on subjective assessment 
(disease- specific quality-of-life measures, quality- 
of-life questionnaires, general questionnaires, 
Epworth Sleepiness Scale, Pittsburgh Sleep 
Quality Index, etc.). Only a few studies have 
objectively assessed sleep (using polysomnogra-
phy) in allergic rhinitis. In 20 patients with aller-
gic rhinitis and symptoms of daytime sleepiness, 
flunisolide significantly improved sleep quality 
and congestion but not daytime sleepiness [89]. A 
similar study with fluticasone propionate showed 
improvement in subjective sleep parameters, but 
there was no significant change in objective sleep 
measurements recorded on polysomnography 
[83]. On the other hand, Kiely et al. have demon-
strated a slight decrease in the AHI in snorers 
with rhinitis treated with fluticasone propionate 
compared with placebo [84]. Nasal obstruction 
secondary to allergic inflammation has an impact 
on sleep quality, and topical corticoid therapy 
seems to have a positive effect on sleep quality 
[90]. In one study, 25 patients with seasonal AR 
and 25 healthy  volunteers underwent two consec-
utive nights of PSG before and during the pollen 
season [91]. There were statistically significant 
differences between the two groups in sleep 
parameters, including increases in the apnoea 
index, hypopnoea index, apnoea-hypopnoea 
index, snoring time, amount of REM sleep and 
sleep latency. Nevertheless, the changes were not 
considered clinically relevant, as values remained 
within normal limits. Further research involving 
objective measures is thus still necessary.

23.7.2.3  Treatment of Nasal Valve 
Collapse with Nasal Dilators

Nasal valve dysfunction is another underrated 
and underdiagnosed cause of nasal obstruction. 
The nasal valve obstruction can be static or 
dynamic. The diagnosis is made by clinical 
examination, Cottle manoeuvre, anterior and 
posterior active rhinomanometry and acoustic 
rhinometry. An easy way to treat a patient with a 
nasal valve collapse is to use a nasal dilator. Nasal 
dilators are an attractive method of decreasing 

nasal resistance in the valve area with subse-
quently a probable positive impact on snoring 
and/or apnoea [92]. Measurements of nasal resis-
tance in awake subjects with a nasal dilator have 
shown a reduction in resistance, though not uni-
form, depending on the compliance of the nasal 
vestibule walls [93]. The dimension of the nasal 
valve is increased by approximately 30%. Most 
sleep studies have considered two devices com-
mercially available as nasal dilators: Nozovent®, 
an internal device, and Breathe Right®, an exter-
nal device. Other products are now commercially 
available, like Nasanita®, Airplus®, Respir  +  ®, 
Francis alar dilator®, Ognibene dilator® and Side 
Strip® [94, 95]. There is even a paper on how to 
bend your own nasal dilator from a plastic-coated 
paper clip [96]. These devices have been studied 
in patients with polysomnographic measure-
ments in nine studies (Table 23.3). The conclu-
sions from these studies are that nasal dilators 
may reduce the subjective sensation of snoring. 
However, objective measurements of snoring and 
sleep parameters, such as AHI reveal that nasal 
dilators are ineffective in the vast majority of the 
SDB patients. Nasal dilators may be more effec-
tive in patients with SDB with concomitant 
chronic rhinitis [104]. Djupesland et  al. found 
that Breathe Right® was an effective treatment of 
snoring in a subgroup of patients with morning 
nasal obstruction and when acoustic rhinometry 
has revealed a minimal cross-sectional 
area < 0.6 cm2 [105]. Based on this information, 
nasal dilators although ineffective for the vast 
majority of apnoeic patients may be recom-
mended as a trial for nonapnoeic snorers. Nasal 
dilators have no side effects and are relatively 
inexpensive. They may improve CPAP tolerance 
and reduce the CPAP pressure level [106].

23.7.3  Surgical Management

Surgery concerns nonreversible causes of nasal 
obstruction: nasal septum deviation, hypertrophy 
of the mucosa of the inferior turbinates, nasal 
collapse and nasal polyposis. Two procedures are 
frequently performed: septoplasty associated or 
not to turbinates reduction.
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Table 23.3 Effect of nasal dilators on sleep-related breathing disorders

Reference Study
Nasal 
dilators n

Symptoms 
improvement PSG improvement

Hoijer et al. [97] Noncontrolled, 
prospective

Nozovent 10 Yes Yes (36%)

Hoffstein et al. [98] Noncontrolled, 
prospective

Nozovent 15 – No

Liistro et al. [99] Noncontrolled, 
prospective

Breathe right 10 – No

Todorova et al. [100] Noncontrolled, 
prospective

Breathe right 30 Yes Not significant

Gosepath et al. [101] Noncontrolled, 
prospective

Breathe right 26 – Yes (15%)

Bahammam et al. 
[102]

Controlled, prospective Breathe right 18 – No

Schonhofer et al. 
[103]

Noncontrolled 
prospective

Nozovent 21 – No

Pevernagie et al. 
[104]

Noncontrolled, 
prospective

Breathe right 12 – No

Djupesland et al. 
[105]

Controlled prospective Breathe right 18 – Slight if MCA 
<0.6 cm2

MCA mean cross-sectional area

Septoplasty involves removing excess septal 
cartilage and reshaping the cartilage to bring it to 
the midline. The procedure is usually done under 
general anaesthesia. Turbinate reduction can be 
performed with different methods: laser, electro-
cautery or radiofrequency ablation. The proce-
dure can be done under local or general 
anaesthesia. Surgery of the nasal valve is not yet 
extremely popular in SDB. Concerning the nasal 
polyposis, there is a wide variety of procedures 
ranging from endoscopic-guided polypectomy 
[107, 108].

Table 23.4 summarises the effect of surgical 
procedures on SDB.  Most studies were uncon-
trolled case series [120]. The main surgical pro-
cedure was septoplasty, associated or not with 
turbinoplasty. Only 11 patients (among 420 
pooled subjects) underwent septorhinoplasty 
[109, 111, 119], and the management of the nasal 
valve was not specifically described. These stud-
ies confirmed that current nose surgery improves 
subjectively the snoring, the daytime sleepiness 
and the quality of life but failed to improve objec-
tive PSG data. The absence of pharyngeal 
obstruction could predict the success of nose sur-
gery [115]. Conversely, increased nasal resis-
tance could predict the failure of CPAP therapy 
[121]. Most studies have not demonstrated that 

reducing nasal obstruction and resistance from 
various causes and using various techniques (e.g. 
septoplasty, turbinectomy, polypectomy, turbino-
plasty) correlate with a significant reduction in 
objective OSA indicators, such as the apnoea- 
hypopnoea index (AHI) or nocturnal oxygen 
desaturation. Three studies suggested the efficacy 
of combined nasal and pharyngeal surgery on 
polysomnography parameters [122, 123] or snor-
ing [124]. Friedman et  al. have also suggested 
that sometimes postoperative polysomnographic 
data may be worse for mild OSA patients after 
nasal obstruction relief [125]. They explain this 
paradoxical effect of nasal surgery by the fact 
that nasal obstruction relief may allow the 
patients to sleep in deeper sleep stages. Therefore, 
apnoea and sleep fragmentation increase because 
patients sleep more comfortably.

Discrepancies in nose surgery outcome stud-
ies may be explained by the variety of surgical 
procedure, the heterogeneity of patients studied 
and the variety of outcome measurements 
(quality- of-life questionnaire, polysomnographic 
values, subjective snoring) [126]. The pathophys-
iology of the nose function in sleep-related 
breathing disorders could explain the relative 
failure of nose surgery. First, these disorders 
involve multilevel airway obstruction, including 
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Table 23.4 Effect of nasal surgery on sleep-related breathing disorders

Reference Study Procedure n
Symptoms 
improvement

PSG 
improvement

Verse et al. [109] Controlled, 
prospective

Septoplasty, 
septorhinoplasty, FESS

26 Yes No

Kim et al. [110] Noncontrolled, 
retrospective

Septo-turbinoplasty 21 Yes Yes (19%)

Virkkula et al. [111] Noncontrolled, 
prospective

Septo-turbinoplasty, 
septorhinoplasty

40 No No

Koutsourelakis et al. 
[112]

Controlled, 
prospective

Septoplasty 49 – No

Li et al. [113] Noncontrolled, 
prospective

Septo-turbinoplasty 51 Yes No

Li et al. [114] Noncontrolled, 
prospective

Septo-turbinoplasty 52 Yes

Morinaga et al. 
[115]

Noncontrolled, 
prospective

Septo-turbinoplasty, FESS 35 – Yes (23%)

Tosun et al. [116] Noncontrolled, 
prospective

FESS 27 Yes No

Li et al. [117] Controlled, 
prospective

Septo-turbinoplasty 66 Yes No

Choi et al. [118] Noncontrolled, 
prospective

Septo-turbinoplasty, FESS 22 Yes No

Sufioglu et al. [119] Noncontrolled, 
prospective

Septoplasty, 
septorhinoplasty, FESS

31 Yes No

airway length, lateral wall thickness, tongue vol-
ume and skeletal structure [127]. One single 
intervention is therefore unlikely to address the 
disease. In obese patients, these upper airway 
anatomic factors may be masked, and obesity is 
the main etiologic factor for priority handling. 
Second, usual nose surgery (septoplasty, turbino-
plasty) does not attend to correct nose bony 
framework, which determines the transverse 
nasal airway dimension, and does not adjust the 
curvilinear airflow pattern, which is important for 
the nasopharynx opening. Some researchers 
speculate that nasal valve surgery combined with 
a mouth-closing oral appliance may be an ideal 
therapy for sleep apnoea in nonobese patients 
[44]. This intervention could address the curvi-
linear airflow pattern and promote nose breath-
ing. Further studies are, however, necessary to 
design future surgical algorithms.

Another group of patients that may be con-
sidered for nasal surgery are those who have 
failed CPAP therapy [126]. CPAP therapy 
remains the first-line therapy of OSA but may 
cause rhinitis itself and compliance rates rang-
ing from 65 to 80%. Dry nose or mouth in the 

morning affects 65% of the patients. Sneezing 
and nasal drip are present in more than 35% of 
the patients and nasal congestion in 25% [128]. 
Using a humidifier reduces only poorly the nose 
side effects [128]. A high nasal resistance is a 
significant risk factor for nonacceptance of 
CPAP [129]. Careful evaluation of the nose is 
mandatory to identify the factors that may be 
correctable, in order to improve compliance. 
Septoplasty ±  turbinoplasty has been shown to 
allow for reduced pressure levels of CPAP and 
easier use of the apparatus [125]. Likewise, 
radiofrequency turbinate reduction increases 
CPAP adherence [130]. Early identification and 
management of OSA patients with high nasal 
resistance can potentially improve CPAP treat-
ment outcome. However, variable additional 
factors also impact CPAP compliance, such as 
individual perception of symptoms and improve-
ment in sleepiness and daily function from ini-
tial use of CPAP.  For these reasons, larger, 
well-designed studies are needed to confirm the 
durability of any beneficial effect on CPAP 
compliance from nasal surgical procedures for 
individuals with OSA [131–133].
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Subjective nose blockage?

Objective nose blockage?

Therapeutic test
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Treatment of the nose
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Pharynx surgery/mandible

advancement splint/epiglotte surgery
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Subjective nose blockage?

Objective nose blockage?
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anatomy

Mucosal/turbinate
surgery

Sinus surgery
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Anatomic blockage

a

b

Rhinitis Sinusitis ± polyps

Medical treatment

Fig. 23.4 Simplified 
management scheme for 
adults with simple 
snoring (a) and OSA (b)

To summarise, reducing nasal obstruction 
and resistance from various causes and using 
various techniques improve subjectively the 
snoring, the daytime sleepiness and the quality 
of life but fails to improve significantly objec-
tive data at the polysomnography, such as the 
apnoea- hypopnoea index (AHI) or nocturnal 
oxygen desaturation. When some positive 
effects have been reported, improvement of 

sleep apnoea occurs only in approximately 
15–20% of the patients. Results of nasal sur-
gery in patients with sleep apnoea/hypopnoea 
are therefore barely predictable. Nevertheless, 
nasal procedures improve CPAP compliance in 
individuals with OSA and nasal obstruction 
requiring high CPAP settings. A simplified 
management scheme for adults with SDB is 
proposed in Fig. 23.4.
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23.8  Conclusions

Increasing evidence shows that nasal resistance is a 
contributing risk factor for sleep-related breathing 
disorders. Nevertheless, nose management alone 
fails in many cases to address the objective param-
eters of SDB [109, 134, 135]. Compelling data are 
lacking concerning the exact role of obstructed 
nasal breathing in the pathogenesis of obstructive 
sleep disorders [10, 136]. Under an evidence-based 
approach, nasal surgery in OSA patients with nasal 
obstruction effectively ameliorates clinical symp-
toms of snoring and daytime sleepiness and conse-
quently improves quality of life. However, the 
efficacy of nasal treatment alone in treating OSA is 
limited. Nasal management should be integrated in 
a multimodal approach (diet/smoking cessation/
CPAP/mandibular splint/multilevel surgery), truly 
reflecting the complexity of SDB.
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24Pathophysiology of Obstructive 
Sleep Apnea

Kivanc Gunhan

Core Messages
• Obstructive sleep apnea (OSA) is a common 

disorder, affecting approximately 12% of the 
adult population and 10% of children. Patients 
should be identified and treated accordingly 
with a fundamental understanding of the 
pathophysiology and knowledge of common 
patterns of OSA.

• The disorder is characterized by recurrent epi-
sodes of upper airway narrowing and obstruc-
tion, and is associated with reductions in 
ventilation, resulting in recurrent arousals and 
episodic oxyhemoglobin desaturations during 
sleep. Significant clinical consequences of the 
disorder cover a wide spectrum, including 
daytime hypersomnolence, neurocognitive 
dysfunction, cardiovascular sequelae (hyper-
tension, stroke, myocardial infarction, and 
heart failure), metabolic dysfunction, respira-
tory failure, and cor pulmonale.

• Sleep is essential and an active role player in 
neural plasticity, such as memory consolida-
tion and synaptic downscaling.

• The major risk factors include obesity, male 
gender, hormones, age, anatomical factors, 
genetic factors, posture, and gravity.

• Wakefulness provides compensatory neuronal 
activation of dilator muscles in an anatomi-

cally compromised collapsible pharynx sup-
porting ventilator control. Accordingly, when 
this activation is lost at sleep onset, the airway 
narrows and/or collapses. However, the ten-
dency to result (or not to result) in repeated 
cyclical apneas is the end product of multiple 
compensatory processes that vary markedly 
among and within individuals.

• The pathophysiology of OSA is summarized 
in three steps:
 – The varied structural and functional deter-

minants of an anatomical predisposition 
for airway closure, an absolutely essential 
component for OSA.

 – The effects of the sleep itself, which 
emphasizes on mechanisms underlying 
both obstructive and central apnea and ven-
tilatory instability.

 – The integration of anatomical deficits with 
mechanisms underlying central neuro-
chemical control of breathing stability and 
compensatory neuromuscular control of 
upper airway caliber, to explain the repeti-
tive nature of OSA.

• The anatomical determinants of upper airway 
in OSA consists of the unique anatomy of the 
human airway, the sites of airway collapse, 
soft tissue and bony abnormalities, obesity 
and lung volume, airway edema and surface 
tension, and obesity.

• The mechanical determinants of airway 
patency are similar to those regulating caliber 
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of any collapsible tube. There is a critical clos-
ing pressure (Pcrit) of the passive airway, which 
is defined as the pressure inside the airway at 
which the airway collapses. With increasing 
Pcrit, as the differential between Pupstream and 
Pcrit decreases, inspiratory airflow limitation 
will eventually develop and complete airway 
occlusion occurs.

• Neuromuscular controls of upper airway 
dynamics during sleep influence the pharyn-
geal muscle tone and upper airway 
 collapsibility. A variety of defective respira-
tory control mechanisms are found in OSA, 
including impaired chemical drive, defective 
inspiratory load responses, and abnormal 
upper airway protective reflexes. Tonic and 
phasic EMG activity of pharyngeal airway 
dilator muscles (genioglossus and tensor pala-
tine) are progressively reduced from wakeful-
ness to NREM to REM sleep. Changes in 
proprioceptive and chemoreceptor feedback 
play a significant role in the dynamics of 
upper airway caliber. Chemoreceptor influ-
ences also have substantial effects on upper 
airway muscle recruitment, and in the case of 
CO2, upper airway motor neurons relative to 
phrenic motor neurons have a substantially 
higher threshold for inhibition (via hypocap-
nia) and activation (via hypercapnia).

• Throughout this review, these mechanisms are 
discussed with an emphasis on understanding 
the physiology and pathophysiology of sleep- 
related breathing disorders and OSA better 
that are believed to be some of the essential 
knowledge for the proper management of this 
multi-facet and complex disorder. The main 
focus is to review the key pathophysiological 
factors and their interactions, to highlight 
recent innovations in our understanding of 
OSA pathogenesis.

24.1  Pathophysiology 
of Obstructive Sleep Apnea

Hypnos was the god of Sleep. He resided in 
Erebos, the land of eternal darkness, beyond the 
gates of the rising sun living in the dark cave, in the 

Hades (Underworld), whose entrance was full of 
poppies and other hypnotic plants; and that through 
his cave the river of forgetfulness, Lethe, used to 
flow. From there he rose into the sky each night in 
the train of his mother Nyx (the goddess of Night).

Hypnos was often paired with his twin brother 
Thanatos (the god of peaceful Death). He was 
married to the youngest of the Graces - Pasithea, 
a deity of hallucination or relaxation and 
Morpheus and Phobetor (the gods of Dreams) 
were their sons.—Hesiod, Theogony (Greek epic, 
C7th B.C.) [1]

In the early ages of humanity sleep was 
defined as a world of unknown hand in hand with 
death, whose mystery was full of dreams where 
everything was forgotten. Compared to other 
widely studied human behaviors, sleep has been 
a rather misunderstood phenomenon over the 
course of human history. Physicians regarded 
sleep as nothing more than a monolithic loss of 
consciousness, and believed that it was caused by 
a lack of blood flow to the brain. Many famous 
scientists and philosophers, like Hippocrates, 
Aristotle, Plato, Galen, and Avicenna, had com-
mented over the physiologic and psychological 
aspects of sleep throughout history, but sleeping 
and dreaming has been one of the most under- 
researched areas of human behavior. Despite cen-
turies of speculation and research, we still do not 
know what sleep really is, or exactly what it is 
for. Allan Rechtschaffen suggested in 1978 that 
“If sleep does not serve an absolute vital func-
tion, then it is the biggest mistake the evolution-
ary process ever made.” [2]

We have only really begun to study and to 
understand sleep apnea over the past 40  years. 
Observations of periodic breathing in sleep were 
first reported in the mid-1850s, and in the 1870s 
physicians reported on several cases of obstructed 
apneas as “fruitless contractions of the inspira-
tory and expiratory muscles against glottic 
obstruction with accompanying cyanosis during 
sleep.” [2] During the latter half of the nineteenth 
century, several cases of obese persons with 
extreme daytime sleepiness were described [3] 
and labeled the “Pick Wickian syndrome” after 
Charles Dickens Fat Boy Joe as described in the 
Pickwick Papers in 1837. By the mid-1960s, 
Gastaut et al. recognized obstructive sleep apnea 
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in obese subjects as intermittent airway obstruc-
tion with frequent arousals, thereby providing the 
first comprehensive links between obesity, sleep- 
induced airway obstruction, sleep fragmentation, 
and daytime sleepiness [4]. Following these key 
observations, research proceeded slowly with 
case reports of obstructive sleep apnea and the 
occasional use of chronic tracheostomy for treat-
ment in the early 1970s [5].

Not until recently have scientists attempted to 
understand how and why we sleep. Currently, 
there are four major theories explaining why we 
sleep, which are adaptive or evolutionary, energy 
conservation, restorative, and brain plasticity 
theories. On the other hand, there have been over 
100 diseases defined as sleep disorders.

Disturbance of sleep is one of the most detri-
mental components to our health. Sleep disorders 
are extremely common in the general population 
and can lead to significant morbidity. Sleep dis-
turbances lasting at least several nights per month 
have been reported by 30% of the population [6]. 
Sleep disorders may cause or exacerbate preex-
isting medical and psychiatric conditions and are 
associated with high rates of depression, anxiety, 
and impaired daytime functioning [6, 7]. They 
may also lead to poor occupational performance, 
motor vehicle accidents, cardiovascular and 
endocrine disorders, or heightened pain percep-
tion [7, 8].

24.1.1  Obstructive Sleep Apnea

The International Classification of Sleep 
Disorders, third edition (ICSD-3) subdivides 
sleep disorders into six major categories: insom-
nia, sleep-related breathing disorders, central dis-
orders of hypersomnolence, circadian rhythm 
sleep–wake disorders, parasomnias, and sleep- 
related movement disorders [9]. Sleep-related 
breathing disorder describes a group of disorders 
referring to momentary, often cyclical, cessations 
in breathing rhythm (apneas), or momentary or 
sustained reductions in the breath amplitude 
(hypopneas), sufficient to cause significant arte-

rial hypoxemia and hypercapnia. These apneas 
and hypopneas are specific to the sleeping state 
and are accompanied by:

 1. A compromised, often even completely 
closed, extrathoracic upper airway “obstruc-
tive” event.

 2. A marked reduction or cessation of brain stem 
respiratory motor output “central” event.

 3. A combination of central and obstructive 
events.

These ventilatory inadequacies and their 
accompanying intermittent hypoxemia often 
lead to transient arousals from sleep and sleep 
state fragmentation throughout the night and 
cause overcompensatory responses of the auto-
nomic nervous system. Obstructive sleep apnea, 
the most common such disorder, is character-
ized by the repetitive collapse or partial collapse 
of the pharyngeal airway during sleep and the 
need to arouse to resume ventilation. Sleep is 
thus disrupted, yielding waking somnolence and 
diminished neurocognitive performance. The 
recurrent sleep arousal in association with inter-
mittent hypoxia and hypercapnia has been 
implicated in the occurrence of adverse cardio-
vascular outcomes and insulin resistance. 
Despite considerable progress, most patients 
remain undiagnosed and the principal therapeu-
tic approach, continuous positive airway pres-
sure (CPAP), remains somewhat cumbersome 
and hence not associated with optimal compli-
ance rates.

Obstructive sleep apnea is a highly prevalent 
disease, affecting approximately 20% of the 
adult population [6]. The major risk factors for 
OSA include obesity, male gender, postmeno-
pausal status, age, anatomical factors, posture 
and gravity, genetic factors, and hypothyroidism 
(Table 24.1).

In the presence of an anatomically compro-
mised, collapsible airway, the sleep-induced loss 
of compensatory tonic input to the upper airway 
dilator muscle motor neurons leads to collapse of 
the pharyngeal airway. In turn, the ability of the 
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Table 24.1 Mechanisms involved in the genesis of OSA

Obesity
   High body mass index. Central or visceral obesity is 

quite important. Predisposing factors: Abdominal 
circumference >94 cm in men and >80 cm in 
women; neck circumference >40 cm

Gender
   Prevalence is higher in men than in women. Women 

present greater genioglossus muscle tone, which can 
be considered a defense mechanism designed to 
maintain upper airway permeability

Hormones
   Estrogen and progesterone promote the maintenance 

of upper airway permeability (by improving muscle 
tone), as well as increasing respiratory drive. The 
androgens induce greater fat deposition and 
relaxation of the pharyngeal dilator muscles. 
Menopause also increases the risk of OSA

Age
   The activity of the upper airway musculature is 

decreased with aging
Anatomical factors
   Micrognathia and hypoplasia of the mandible are 

associated with the posterior positioning of the base 
of the tongue and with upper airway narrowing. 
Thickening of the lateral pharyngeal walls also 
causes upper airway narrowing

Genetic factors
   Some risk factors, such as craniofacial structure, 

distribution of body fat, neural control of the upper 
airways, and central respiratory command, can be 
inherited

Posture and gravity
   The dorsal decubitus position promotes the posterior 

positioning of the tongue and soft palate, thereby 
reducing the area of the oropharynx

Other causes
   Acromegaly, Down’s syndrome, hypothyroidism, 

genetic syndromes, and deposition diseases 
(amyloidosis and mucopolysaccharidosis) can 
promote the narrowing of the upper airways, which 
are predisposing factors for OSA

sleeping subject to compensate for this airway 
obstruction will determine the degree of cycling 
of these events. Several of the classic neurotrans-
mitters and a growing list of neuromodulators 
have now been identified that contribute to neuro-
chemical regulation of pharyngeal motor neuron 
activity and airway patency.

Knowledge and understanding of the patho-
genic basis, clinical presentation, and diagnosis of 
OSA are essential for the development of preven-
tive, screening, and therapeutic strategies to reduce 
the public health burden of the disorder [7, 10].

24.1.2  Influences of Wakefulness 
on Ventilatory Control

Remarkably, sleep apnea patients experience lit-
tle or no problems with their breathing or airway 
patency while awake. In fact, the great majority 
of people with sleep apnea possess ventilatory 
control systems that are capable of precise regu-
lation of their alveolar ventilation and arterial 
blood gases with extremely small variations 
from the norm throughout the waking hours. In 
addition, these healthy control systems, while 
awake, possess sufficiently sensitive feedback 
and feed forward controls to ensure precise coor-
dination of chest wall and upper airway “respira-
tory” muscle recruitment so as to provide 
maximum airway diameter, low airway resis-
tance, and optimum lung volumes and respira-
tory muscle lengths, regardless of the ventilatory 
requirement.

To underscore the importance of the “waking 
stimuli” to breath and to upper airway patency 
and to ventilatory control, consider the following 
qualitative influences of sleep on the control of 
breathing. Electrical activity from medullary 
inspiratory neurons, EMG activity of diaphragm 
and abductor muscles of the upper airway in 
healthy humans and/or in cats, shows reductions 
in amplitude upon the transition from awake to 
NREM sleep, usually accompanied by a mild to 
moderate hypoventilation (2–8  mmHg PaCO2) 
and two- to fivefold increases in upper airway 
resistance [11]. Sleep induces consistently 
greater proportional reductions in the EMG activ-
ity in the upper airway versus chest wall pump 
muscles [12].

PaCO2 can be lowered substantially (using 
mechanical ventilation) during wakefulness with 
little or no disruption of breathing pattern; how-
ever, in NREM sleep, very small transient reduc-
tions in PaCO2 (even only to the waking level) 
result in significant apnea [13].

Sleep-disordered breathing leading to repeated 
bouts of ventilatory overshoots and undershoots 
and accompanying swings in arterial blood gases 
and intrathoracic pressure takes on many forms. 
Commonly, sleep-disordered breathing is divided 
into the so-called central events, denoting an 
absence or marked reduction in central respira-
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tory motor output to respiratory pump muscles, 
or “obstructive” events, which are composed of 
respiratory efforts against a closed upper airway. 
However, as we discuss below, most cyclical 
sleep-disordered breathing events are driven by 
anomalies in both anatomical and neurochemical 
control of upper airway and/or chest wall respira-
tory musculature [14].

In short, the process is initiated because the 
wakeful state provides compensatory neuronal 
activation of dilator muscles in an anatomically 
compromised collapsible pharynx; accordingly, 
when this activation is lost at sleep onset, the air-
way narrows and/or collapses. However, the ten-
dency to result (or not to result) in repeated 
cyclical apneas is the end product of multiple 
compensatory processes that vary markedly 
among and within individuals. Concepts have 
continued to evolve as we learn more about the 
neurophysiological mechanisms governing con-
trol of respiratory rhythm and its coupling with 
upper airway control and states of consciousness 
and applying these principles to human patients 
during sleep.

We will discuss the pathophysiology of OSA 
in three steps. First we detail the varied structural 
and functional determinants of an anatomical 
predisposition for airway closure, an absolutely 
essential component for OSA. The second essen-
tial component is sleep. This section emphasizes 
the effects of the sleeping state on mechanisms 
underlying both obstructive and central apnea 
and ventilatory instability. Finally, we attempt to 
integrate anatomical deficits with mechanisms 
underlying central neurochemical control of 
breathing stability and compensatory neuromus-
cular control of upper airway caliber, to explain 
the repetitive nature of OSA.

24.1.2.1  Anatomical Determinants 
of Upper Airway in OSA

The pharyngeal airway is a complex structure 
that serves several purposes, including speech, 
swallowing, and respiration. The human pharynx 
is composed of more than 20 muscles and divided 
into four sections that include the nasopharynx 
(from the nasal turbinates to the start of the soft 
palate), velopharynx (from the start of the soft 

palate to the tip of the uvula), oropharynx (from 
the tip of the uvula to the tip of the epiglottis), 
and hypopharynx (from the tip of the epiglottis to 
the level of the vocal cords) (Fig.  24.1). The 
human pharynx can be considered as a collaps-
ible tube that is uniquely susceptible to collapse 
due to the presence of a floating hyoid bone, a 
longer airway, and a less direct route for inspired 
air to travel when compared to other mammals. 
The presence of soft tissues and bony structures, 
which increase extraluminal tissue pressures sur-
rounding the upper airway, can predispose the 
pharynx to collapse. In contrast, the actions of 
pharyngeal dilator muscles maintain pharyngeal 
patency due to reflex pathways from the central 
nervous system and within the pharynx. The 
presence of these opposing forces suggest that 
increased pharyngeal collapsibility is due to 
alterations in anatomically imposed mechanical 
loads and/or in dynamic neuromuscular responses 
to upper airway obstruction during sleep [15].

Unique Anatomy of the Human Airway
The upper airway is a complex structure required 
to perform deglutition, vocalization, and respira-
tion. In the human, this structure must also per-
form tightly controlled and complex motor 
behaviors required for speech. Upper airway 
obstruction in sleep is most prevalent in the 
human in part because the hyoid bone, a key 
anchoring site for pharyngeal dilator muscles is 
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Oropharynx
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Fig. 24.1 Anatomy of the upper airway and the impor-
tant muscles controlling the airway patency
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not rigidly attached to skeletal structures [16]. In 
other mammals, the hyoid bone is attached to the 
styloid processes of the skull. Thus, the human 
pharynx has no rigid support except at its extreme 
upper and lower ends where it is anchored to 
bone (upper) and cartilage (larynx); therefore, 
pharyngeal cross-sectional area will vary with 
lumen pressure. Humans depend critically on the 
coordinated actions and interactions of over 20 
skeletal muscles that dilate and stent open the 
oropharynx.

Beyond the hyoid arch, it is also pointed to the 
anatomical changes in the adult human upper air-
way during the evolutionary development of 
speech as a potential major contributor to OSA 
[17]. Specifically, the gradual decent of the lar-
ynx to a position greatly inferior to the orophar-
ynx separated the soft palate from the epiglottis 
in which the tongue encroaches significantly on 
the available space.

Sites of Airway Collapse
Studies using nasal pharyngoscopy, computed 
tomography and magnetic resonance imaging, or 
pharyngeal pressure monitoring have shown that 
one or more sites within the oral pharyngeal 
region are usually where closure occurs in most 
subjects with OSA, and this region is also smaller 
in OSA patients versus controls even during 
wakefulness [18]. Although the retropalatal 
region of the oropharynx is the most common site 
of collapse, airway narrowing is a dynamic pro-
cess, varying markedly among and within sub-
jects and often includes the retroglossal and 
hypopharyngeal areas [19].

Soft Tissue and Bony Structure 
Abnormalities
The recent use of quantitative imaging techniques 
has allowed advances that reveal important dif-
ferences in both craniofacial and upper airway 
soft tissue structures in the OSA patient. The 
reduced size of cranial bony structures in the 
OSA patient include a reduced mandibular body 
length, inferior positioned hyoid bone, and retro 
position of the maxilla, all of which compromise 
the pharyngeal airspace [20]. Airway length, 
from the top of the hard palate to the base of the 

epiglottis, is also increased in OSA patients, per-
haps reflecting the increased proportion of col-
lapsible airway exposed to collapsing pressures 
[21]. As expected, these craniofacial dimensions 
are primarily inherited, as the relatives of OSA 
patients demonstrated retroposed and short man-
dibles and inferiorly placed hyoid bones, longer 
soft palates, wider uvulas, and higher narrower 
hard palates than matched controls [22].

Enlargement of soft tissue structures both 
within and surrounding the airway contributes 
significantly to pharyngeal airway narrowing in 
most cases of OSA. An enlarged soft palate and 
tongue would encroach on airway diameter in the 
anterior-posterior plane, while the thickened pha-
ryngeal walls would encroach in the lateral plane. 
Volumetric time overlapped magnetic resonance 
imaging (MRI) or computer tomography (CT) 
images strongly implicate the thickness of the 
lateral pharyngeal walls as a major site of airway 
compromise, as the airway is narrowed primarily 
in the lateral dimension in the majority of OSA 
patients [22]. Furthermore, treatment with CPAP, 
weight loss, or mandibular advancement all show 
increases in the lateral pharyngeal dimensions 
[22]. There are many potential causes of lateral 
wall thickening in OSA patients. First, as shown 
in both humans and rodent models, obesity is a 
major contributor to airway compression through 
increased area and volume of pharyngeal fat 
deposits [23]. This excess fat deposition has also 
been observed under the mandible and within the 
tongue, soft palate, or uvula. Obesity also gives 
rise to excess fat-free muscular tissue, thereby 
increasing the size of many upper airway struc-
tures and compressing the lateral airway walls. In 
children with OSA, tonsillar and adenoid hyper-
trophy form the major anatomical contributors to 
airway narrowing [23].

Obesity and Lung Volume
Obesity also contributes indirectly to upper air-
way narrowing, especially in the hypotonic air-
way present during sleep, because lung volumes 
are markedly reduced by a combination of 
increased abdominal fat mass and the recumbent 
posture. In turn, the reduced lung volume reduces 
the “tug” on the trachea induced by the traction 
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exerted via mediastinal structures by negative 
intrathoracic pressures and by the diaphragm 
descent, thereby further increasing the thickness 
of the lateral pharyngeal walls and narrowing the 
airway [24].

Airway Edema and Surface Tension
Surface tension of the liquid lining the mucosa 
affects collapsibility of the upper airway in the 
same way as it has been well documented in the 
lung’s airways [25]. A higher surface tension in 
the upper airway wall of OSA patients has been 
reported using a method that quantifies surface 
tension as the force required to separate two sur-
faces bridged by a droplet of the liquid under 
study. Furthermore, in limited studies, surfactant 
therapy in OSA patients was shown to signifi-
cantly reduce airway collapsibility and improve 
apnea–hypopnea index (AHI) by 20–30% [26].

Obesity, Leptin, and Inflammation
Central, or visceral, obesity is associated with the 
greatest risk for OSA [27]. This suggests that fac-
tors other than pure mechanical load may contribute 
to the pathogenesis of respiratory disturbances dur-
ing sleep. The concept is now emerging that visceral 
fat depots, which represent a rich source of humoral 
mediators and inflammatory cytokines, can impact 
on neural pathways associated with respiratory con-
trol [28]. Perhaps the most well-studied adipocyte- 
derived factor affecting respiratory control is leptin, 
which was initially determined to have a primary 
role of binding to receptors in the hypothalamus to 
reduce satiety and increase metabolism. Leptin can 
also act as a respiratory stimulant, and impairment 
of the leptin signaling pathway, as occurs in leptin-
resistant or leptin-deficient states of obesity, causes 
respiratory depression in mice, and is associated 
with obesity hypoventilation syndrome in humans 
[29]. Even though obesity and OSA are associated 
with elevated circulating levels of leptin, if centers 
in the brain impacting on respiratory control act in a 
similar leptin-resistant manner to hypothalamic 
regions controlling appetite and metabolism, then 
impaired leptin signaling in the CNS may contrib-
ute to respiratory depression as predicted in murine 
studies [19].

In addition to respiratory control, animal stud-
ies show leptin is also critical in lung develop-
ment and affects the distribution of muscle fiber 
types in the diaphragm. However, as yet there is 
no direct evidence that impaired leptin signaling 
can impact on the control of respiratory muscles 
of the upper airway, although it may play a role in 
nocturnal hypoventilation, particularly in REM 
sleep where respiration is markedly depressed in 
leptin-deficient mice [19].

24.1.2.2  Mechanical Determinants 
of Upper Airway Patency

Mechanical determinants of airway caliber of the 
human pharynx in sleep are similar to those regu-
lating caliber of any collapsible tube [18]. Other 
well-known biological examples in respiratory 
physiology include intrathoracic airway collapse 
upon forced exhalation, collapse of pulmonary 
capillaries in the lung apex, and collapse of alae 
nasi at high inspiratory flow rates. A Starling 
resistor model developed by Schwartz and col-
leagues consists of a collapsible tube with a 
sealed box interposed between two rigid seg-
ments [28, 30]. The critical closing pressure (Pcrit) 
of the passive airway is defined as the pressure 
inside the airway (Pin) at which the airway col-
lapses. The pressure gradient during airflow 
through the system is defined by Pupstream, Pcrit, and 
remains independent of Pdownstream. Therefore, 
with increasing Pcrit, as the differential between 
Pupstream and Pcrit decreases, inspiratory airflow 
limitation will eventually develop, and when the 
Pus falls below Pcrit, complete airway occlusion 
occurs (Fig.  24.2). Effective therapy for sleep 
apnea requires that the Pus to Pcrit pressure differ-
ential be widened, and this can be accomplished 
by either:

 1. Increasing in Pus with appropriate amounts of 
CPAP applied at the airway opening or

 2. Decreasing Pcrit via either reducing the col-
lapsing pressures on the airway (e.g., weight 
loss or alteration of cranial-facial anatomy or 
increasing lung volume) or by augmenting 
“active” neuromuscular control of airway 
tone [30].

24 Pathophysiology of Obstructive Sleep Apnea
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Fig. 24.2 Starling resistor model of obstructive sleep 
apnea. In the Starling resistor model, the collapsible seg-
ment of the tube is bound by an upstream and downstream 
segment with corresponding upstream pressure (Pus), 
downstream pressure (Pds), and upstream resistance and 
downstream resistance. Airway occlusion occurs when 
the surrounding tissue pressure (Pout) (composed of pha-
ryngeal muscles and pharyngeal and submucosal fat, 
mucosal edema, etc.) becomes greater than the intralumi-
nal pressure (Pin), resulting in a transmural pressure of 
zero. In this model of the upper airway, Pus is atmospheric 
at the airway opening, and Pds is the tracheal pressure. The 
critical closing pressure of the collapsible airway (Pcrit) is 
represented by Pin. When the Pcrit is significantly lower 
than Pus and Pds, flow through the tube occurs. When Pds 
falls during inspiration below Pcrit, inspiratory airflow 
limitation occurs and is independent of further decreases 
in Pds. Under this condition, the pharynx is in a state of 
partial collapse, and maximal inspiratory airflow varies 
linearly as a function of the difference between Pus and 
Pcrit. Finally, when Pus falls below Pcrit, the upper airway is 
completely occluded

24.1.2.3  Neuromuscular Control 
of Upper Airway Dynamics 
in Sleep

Clearly the effects of airway anatomy on airway 
collapsing pressure in a hypotonic airway are a 
critical determinant of obstructive apnea. 
However, several lines of evidence also support 
neuromuscular factors as significant  determinants 
of airway collapsibility in sleep. First, tonic and 
phasic EMG activity of pharyngeal airway dilator 
muscles (genioglossus and tensor palatine) is 
progressively reduced from wakefulness to 
NREM to REM sleep and further inhibited coin-
cident with the “phasic” eye movement events in 
REM [31]. This powerful effect of state has been 
adequately documented in tracheostomized ani-
mal models and recently has been demonstrated 
in OSA patients in whom the potentially con-
founding, compensatory responses to sleep- 

induced changes in upper airway resistance, 
negative pressure, PaCO2, and respiratory motor 
output were controlled through the use of either 
CPAP or positive pressure controlled mechanical 
ventilation [32]. These state effects on the neuro-
muscular control of the upper airway likely 
explain, along with reductions in lung volume 
why Pcrit is never positive in the waking state, 
even in OSA patients.

Second, neuromuscular factors also play a sig-
nificant role in the dynamic breath-to-breath and 
intrabreath regulation of upper airway caliber, 
through changes in proprioceptive and chemore-
ceptor feedback. During inspiration, the passive 
pharynx narrows as intraluminal pressure is pro-
gressively reduced because of energy lost in 
overcoming frictional airway resistance and 
increases in flow velocity secondary to the 
Bernoulli effect operating in a reduced lumen 
size [18]. This collapsing effect of a reduced 
luminal pressure is opposed during inspiration by 
a reduction in dynamic compliance, i.e., collaps-
ibility, of the airway achieved via reflex activa-
tion of pharyngeal dilator muscles. In turn, the 
reflex activation occurs in response to negative 
pressure airway mechanoreceptors located prin-
cipally in the larynx and to a lesser extent in the 
superficial layers of the pharyngeal wall, with 
their afferent projections located in the superior 
laryngeal nerve, and also in glossopharyngeal 
and trigeminal nerves [11]. Large changes in neg-
ative pressure in the isolated upper airway trigger 
a dual protective reflex, which restores airway 
patency by both activating airway dilators (to 
reduce airway compliance) while inhibiting dia-
phragm EMG activity (which minimizes intralu-
minal negative pressure) (Fig.  24.3). Vagally 
mediated feedback influences on laryngeal, 
tongue, and hyoid muscle via pulmonary stretch 
receptors also protect against airway collapse as 
the rate of lung inflation is slowed in the face of 
increased airway resistance, thereby reflexly acti-
vating upper airway motor neurons.

Finally, chemoreceptor influences also have 
substantial effects on upper airway muscle 
recruitment, and in the case of CO2, upper airway 
motor neurons relative to phrenic motor neurons 
have been shown to have a substantially higher 
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Fig. 24.3 (a) Contraction of the diaphragm and chest 
wall muscles leads to the generation of subatmospheric 
pressures in the thoracic cavity and airflow into the lungs. 
For effective lung ventilation, however, this airflow must 
pass through an open upper airspace. Activation of the 
pharyngeal muscles, such as the genioglossus muscle of 
the tongue, helps keep the upper airspace open for effec-
tive passage of air. Pharyngeal muscle activation acts to 
enlarge the airspace. Importantly, reduced pharyngeal 
muscle tone in sleep can reduce the size of the upper air-
space and even promote complete airway obstruction. 
This tendency for airway collapse is exacerbated by 
increased weight of the tongue or neck (e.g., caused by 
obesity), an already anatomically narrow upper airway 
(e.g., caused by adenotonsillar hypertrophy), or the supine 
sleeping position. (b) The pharyngeal muscles exhibit 
respiratory-related activity superimposed upon a back-
ground of tonic activity. The background tonic muscle 
tone contributes to baseline airway size and stiffness. The 
increased pharyngeal muscle activity during inspiration 
enlarges and further stiffens the airspace to resist the sub-
atmospheric collapsing pressures generated during 
inspiration

threshold for inhibition (via hypocapnia) and 
activation (via hypercapnia) [33].

In summary, the evidence to date supports 
important roles for both anatomical and neural 
control of dilator muscles to the regulation of 
upper airway caliber in the sleeping human. The 
relative contributions of these factors will vary 
widely among and within individuals with, for 
example, patterns of fat deposition on the one 
hand and neurochemical sensitivity for dilator 
muscle recruitment on the other.

24.1.3  Measurements of Pharyngeal 
Collapsibility

Quantitative measurements of mechanical and 
neuromuscular contributions to pharyngeal col-
lapsibility have been difficult to derive during 

sleep. One approach has been to model the upper 
airway as a collapsible tube (i.e., a Starling resis-
tor) as mentioned above. The relationship of 
pressure and flow through collapsible tubes has 
been well defined in the pulmonary and systemic 
circulation, the intrathoracic airways, and more 
recently the upper airway. In the Starling resistor 
model (Fig. 24.2), the collapsible segment of the 
tube is bound by an upstream and downstream 
segment with the corresponding upstream pres-
sure (Pus), downstream pressure (Pds), and 
upstream resistance and downstream resistance. 
Occlusion occurs when the surrounding pressure 
(Pcrit) becomes greater than the intraluminal pres-
sure, resulting in a transmural pressure of zero. In 
this model of the upper airway, Pus is atmospheric 
pressure at the airway opening and Pds is the tra-
cheal pressure. When the Pcrit is significantly 
lower than the Pus and Pds (Pus > Pds > Pcrit), flow 
through the tube follows the principles of an 
Ohmic resistor. When the Pds falls during inspira-
tion below Pcrit (Pus > Pcrit > Pds), inspiratory air-
flow limitation occurs and is independent of 
further decreases in Pds. Under this condition, the 
pharynx is in a state of partial collapse and maxi-
mal inspiratory airflow varies linearly as a func-
tion of the difference between the Pus and Pcrit. 
Finally, when the Pus falls below Pcrit 
(Pcrit > Pus > Pds), the upper airway is occluded.

Operationally, Pcrit in the human upper air-
way is determined by lowering the nasal pres-
sure until inspiratory airflow ceases. 
Measurements of Pcrit have been shown to define 
a spectrum of upper airway obstruction from 
normal breathing (Pcrit  <  −10  cm cmH2O), to 
snoring (Pcrit range, −10 to −5  cmH2O), to 
obstructive hypopneas (Pcrit range, −5 to 
0  cm  cmH2O) and, finally, obstructive apneas 
(Pcrit  >  0  cmH2O) during sleep [26]. Patients 
with the upper airway resistance syndrome 
(UARS), an entity characterized by flow-limited 
breathing that results in arousals, has been 
shown to have Pcrit levels that are between snor-
ing and hypopneas [34]. (Gold, Marcus) 
Depending on the methodology, measurements 
of Pcrit reflect either the contributions of anatom-
ically imposed mechanical loads on the upper 
airway or dynamic neuromuscular responses 
that maintain upper airway patency (Fig. 24.4).
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Fig. 24.4 Airflow into the lungs is generated by contrac-
tion of the primary respiratory muscles (e.g., diaphragm 
and intercostal muscles) and modulated by contraction of 
the secondary respiratory muscles (e.g., genioglossus 
muscle), which helps keep the upper airway open for 
effective airflow. The upper airway has been modeled as a 
collapsible tube where maximum airflow through the col-
lapsible segment of the pharynx (FLOWMAX) is deter-

mined by upstream nasal pressure (PN) and resistance 
(RN). Airflow ceases in the collapsible pharyngeal seg-
ment of the upper airway at a particular value of critical 
pressure (PCRIT). Maximum airflow through the upper air-
way is determined by (PN − PCRIT)/RN. This relationship is 
linear, and experimentally induced decreases in PN 
decrease FLOWMAX and ultimately elicit complete airway 
collapse

24.1.4  Contribution of Anatomic 
Factors to OSA

OSA is known to be associated with alterations in 
upper airway anatomy. Structural changes, 
including tonsillar hypertrophy, retrognathia, and 
variations in craniofacial structures, have been 
linked to an increased risk of sleep apnea, pre-
sumably by increasing upper airway collapsibil-
ity [17, 35, 36]. Ethnic differences in craniofacial 
features are one potential mechanistic explana-
tion for observed differences in OSA prevalence 
and severity for a given level of obesity [35]. 
During wakefulness, CT and MRI studies have 
demonstrated increased fatty tissue deposition 
and submucosal edema in the lateral walls of the 
pharynx, both of which narrow the pharyngeal 
lumen and may predispose to obstruction during 
sleep [37].

Based on the presence of upper airway ana-
tomic alterations in OSA patients, it has been 
proposed that structural or mechanical altera-
tions are a primary determinant of upper airway 
obstruction during sleep [10]. Recent data sug-
gest that structural alterations in the lateral pha-

ryngeal walls and tongue aggregate on a familial 
basis, suggesting genetic susceptibility to OSA 
[38]. In addition, experimental data in the 
absence of neuromuscular activity demonstrate a 
reduction in maximal pharyngeal area and ele-
vated Pcrit in OSA subjects compared with nor-
mal subjects [30]. Furthermore, obesity, jaw 
position, acromegaly, tonsillar hypertrophy, and 
a smaller bony enclosure surrounding the phar-
ynx have been demonstrated to predispose 
toward pharyngeal collapsibility [10]. These 
studies imply that upper airway structural differ-
ences distinguish OSA patients from normal 
subjects, and may predispose to upper airway 
obstruction when protective neuromuscular 
mechanisms wane at sleep onset [39].

Obesity, the major risk factor for OSA, has 
been linked with elevations in neck circumfer-
ence and increased amounts of peripharyngeal 
fat, which could narrow and compress the upper 
airway [40]. Furthermore, increased parapharyn-
geal fat has been correlated with increased sleep 
apnea severity [27]. The compressive effects of 
fatty tissue deposited around the pharynx may 
increase upper airway collapsibility, and possibly 
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offset the effects of dilator muscles that maintain 
airway patency. Obesity may also increase pha-
ryngeal collapsibility through reductions in lung 
volumes, particularly decreases in functional 
residual capacity, which are accentuated with the 
onset of sleep. Reductions in function residual 
capacity may increase pharyngeal collapsibility 
through reductions in tracheal traction on the 
pharyngeal segment. Conversely, increases in 
lung volumes result in increased tracheal traction 
and stabilize the upper airway during inspiration 
[41]. In OSA patients, increases in lung volumes 
have been shown to decrease continuous positive 
airway pressure (CPAP) requirements and OSA 
severity, suggesting corresponding improve-
ments in pharyngeal collapsibility [42, 43].

24.1.5  Contribution 
of Neuromuscular Factors 
to OSA

It should be noted, however, that anatomically 
imposed mechanical loads on the upper airway 
might not be sufficient to produce pharyngeal 
collapse during sleep. For example, women have 
been shown to have a smaller pharynx and oro-
pharyngeal junction than men, despite having a 
lower prevalence of OSA [17]. Furthermore, 
measurements of Pcrit under conditions of low 
neuromuscular activity, which reflect upper air-
way mechanical loads, demonstrate significant 
overlap between OSA and normal subjects [44]. 
Thus, nonstructural (i.e., neuromuscular) factors 
must also play a role in protecting the upper air-
way. In fact, changes in upper airway neuromus-
cular activity during sleep were originally 
described by Remmers et al., who demonstrated 
that genioglossal electromyogram (EMGGG) 
activity was reduced at apnea onset and increased 
with arousal when airway patency was restored 
[7, 45]. Subsequently, it was recognized that 
upper airway obstruction could trigger a variety 
of neuromuscular responses that restore upper 
airway patency by recruiting muscles that dilate 
and elongate the airway. Various pharyngeal 
muscle groups are important in stabilizing the 
upper airway throughout the respiratory cycle 

(tonic activity, e.g., tensor palatini) and in dilat-
ing the airway during inspiration (phasic activity, 
e.g., genioglossus). Pharyngeal motor output is 
modulated by a number of factors that include 
wake vs sleep state-dependent mechanisms, local 
mechanoreceptor responses to negative pressure, 
and ventilatory control mechanisms.

In OSA patients during wakefulness, ele-
vated genioglossal and tensor palatini muscle 
activity have been observed and are significantly 
lowered with the application of positive nasal 
pressure [46]. In contrast, normal subjects had 
lower levels of genioglossal and tensor palatini 
muscle activity that were not further reduced 
when positive nasal pressure was applied. These 
observations suggested that increased upper air-
way dilator muscle activity compensates for a 
more anatomically narrow upper airway in the 
OSA patient. Thus, reductions in upper airway 
muscle activity with sleep onset through seroto-
nergic, cholinergic, noradrenergic, and hista-
minergic pathways may lead to upper airway 
obstruction and have been hypothesized to be 
due to the loss of a “wakefulness stimulus” that 
may be greater in OSA patients than in healthy 
control subjects [46].

Pressure-sensing mechanisms play a promi-
nent role in modulating upper airway neuromus-
cular activity during wakefulness and sleep. A 
negative pressure reflex within the upper airway 
serves to stabilize the upper airway during inspi-
ration. At least three lines of evidence suggest 
that the negative pressure reflex is primarily 
mediated by mechanoreceptors within the phar-
ynx. First, there is a tight relationship between 
EMGGG and pharyngeal pressure independent 
of the central respiratory pattern generator within 
the brainstem [47]. Second, topical anesthesia to 
the pharyngeal mucosa attenuates the relation-
ship between genioglossal muscle activity and 
pharyngeal pressure with an increased number of 
obstructive apneas and hypopneas during sleep in 
normal subjects and loud snorers, and/or 
increased duration of apneic episodes [48]. Third, 
marked decreases in EMGGG activity with cor-
responding increases in pharyngeal collapsibility 
have been observed in patients when breathing 
through a tracheostomy compared to nasal 
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breathing suggesting that negative pressure 
within the pharynx during inspiration stabilizes 
upper airway patency [11].

It is possible that OSA results from trauma to 
the upper airway due to repetitive collapsing and 
opening of the upper airway over time, resulting 
in muscle and neuronal fiber injury. Upper air-
way sensory pathways may be impaired in OSA 
patients because temperature, two-point discrim-
ination, and vibratory thresholds are disrupted in 
OSA patients compared to normal individuals 
[6]. Sensory receptor dysfunction could attenuate 
the response of upper airway dilator muscles to 
the markedly negative airway pressures gener-
ated during periods of upper airway obstruction. 
Further evidence for sensorimotor dysfunction 
and an upper airway myopathy is provided by 
graded histopathologic and immunochemical 
alterations in the palatopharyngeus and muscula-
ris uvulae in OSA patients, relative to asymptom-
atic snorers and normal subjects [10, 16]. The 
extent to which such mechanisms are important 
in the pathogenesis of OSA, however, remains to 
be established.

24.1.6  Contribution 
of Neuroventilatory Factors 
to OSA

Ventilatory control mechanisms may also play a 
role in modulating pharyngeal collapsibility 
during sleep. Preactivation of the pharyngeal 
dilator muscles stabilizes the upper airway 
prior to the inflow of air and suggests CNS 
coordination between the upper airway and dia-
phragm. The CNS is influenced by central and 
peripheral chemoreceptors with conditions of 
hypercapnia and hypoxemia increasing central 
drive to the upper airway and decreasing pharyn-
geal collapsibility [49]. Increased hypercapnic 
ventilatory responses, prolonged circulatory 
times, or low oxygen stores within the body can 
result in ventilatory instability that leads to the 
development of periodic breathing [50]. Sleep 
also unmasks a highly sensitive apneic threshold 
(the PaCO2 level below which an apnea occurs) 
that remains within 1–2  mmHg of the normal 

waking eupneic PaCO2 level. Therefore, a brisk 
ventilatory response as seen during an arousal in 
the susceptible individual can result in hypocap-
nia that is near or at the sleeping apneic threshold 
and result in a hypopnea or apnea with the reini-
tiation of sleep [11]. In fact, measurements of 
loop gain, a measure of ventilatory control insta-
bility, have been demonstrated to be high in 
patients with more severe OSA compared to 
patients with mild OSA [14, 51]. In contrast, dur-
ing periods of ventilatory instability, individuals 
with low levels of mechanical loads on the upper 
airway appear to be resistant to the development 
of upper airway obstruction [52].

Nevertheless, whether alteration of loop gain 
is important in the pathogenesis of upper air-
way obstruction or is a consequence of OSA 
has not been established. OSA can develop in 
normal subjects with the application of nega-
tive nasal pressure to the upper airway (lower-
ing the Pus near or below the Pcrit level seen in 
normal subjects), which reduces the transmural 
pressure across the upper airway to near or 
below zero, and results in upper airway obstruc-
tion with recurrent obstructive hypopneas and/
or apneas [53].

24.1.7  Interaction of Anatomic 
and Neuromuscular Factors 
on Pharyngeal Collapsibility

It is likely that a combination of upper airway 
mechanical loads and disturbances in neuromus-
cular mechanisms accounts for the pathogenesis 
of OSA. For example, in a group of OSA subjects, 
one third of the variability in OSA severity was 
ascribed to mechanical loads, suggesting that neu-
romuscular mechanisms accounted for the 
remaining two thirds [54]. Using techniques to 
partition the relative contribution of mechanical 
and neuromuscular factors toward pharyngeal 
collapsibility, it has been shown that OSA patients 
during sleep have both an increased mechanical 
load on the upper airway (passive Pcrit) and 
impaired neuromuscular responses to upper air-
way obstruction (active Pcrit). As demonstrated in 
Fig. 24.4, a Pcrit of approximately −5 cmH2O rep-
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resents the disease threshold, above which 
obstructive hypopneas and apneas occur [55]. In 
normal subjects, when mechanical loads on the 
upper airway lowered the Pcrit below the disease 
threshold, OSA is not present. In contrast, sub-
groups of normal subjects elevate mechanical 
loads that raised the Pcrit above the disease thresh-
old and placed them at risk of OSA, but are pro-

tected through the recruitment of neuromuscular 
responses that lowered the Pcrit below the disease 
threshold. The development of OSA requires a 
“two-hit” defect, with defects in both upper air-
way mechanical and neuromuscular responses.

The summary of the above mentioned mecha-
nisms are briefly shown in two schemes below 
(Fig. 24.5a, b).

Fig. 24.5 (a) A scheme of the protective or beneficence 
(outside the circle) and unfavorable (inside the circle) 
physiologic process that are related to the pathophysiolog-
ical sequences developing in OSA. (b) A stepwise scheme 
of the various pathophysiological events (inside the circle) 
predisposing or aggravating the clinical findings in the 
course of OSA. Some of these events are related to each 

other, such as increasing loop gain, may decrease the 
upper airway dilatory muscle activity, hence increasing 
the respiratory response to arousal and prone to cyclic res-
piration. Dotted lines determine the potential management 
approach to the current event. UA upper airway, CPAP 
continuous positive airway pressure, ODD oral dental 
device
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24.2  Conclusion

Obstructive sleep apnea is a common sleep disor-
der that can present in a variety of ways. With a 
fundamental understanding of the pathophysiol-
ogy of OSA, the physician can routinely integrate 
questions into their review of system that will 
assist in appropriate referral for polysomnogra-
phy and diagnosis of the disorder. Knowledge of 
common patterns of OSA may help identify 
patients and guide therapy.

The pharyngeal muscles are essential for 
effective lung ventilation because they help 
maintain an open upper airspace for the unhin-
dered passage of air into the lungs. Sleep, espe-
cially rapid eye movement sleep, however, causes 
fundamental modifications of pharyngeal muscle 

tone and reflex responses that in normal individu-
als lead to airway narrowing and hypoventilation. 
In individuals with already anatomically narrow 
upper airways, these effects of sleep predispose 
them to inspiratory flow limitation (hypopneas), 
airway closure, and OSA.  Obstructive sleep 
apnea is a common disorder, which is associated 
with serious clinical, social, and economic 
consequences.

The primary defect is probably an anatomi-
cally small or collapsible pharyngeal airway, in 
combination with a sleep-induced fall in upper 
airway muscle activity. Current understanding of 
the pathophysiologic basis of the disorder sug-
gests that a balance of anatomically imposed 
mechanical loads and compensatory neuromus-
cular responses are important in maintaining 
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upper airway patency during sleep. OSA devel-
ops in the presence of both elevated mechanical 
loads on the upper airway and defects in compen-
satory neuromuscular responses.

A sleep history and physical examination is 
important in identification of patients and appro-
priate referral for polysomnography. 
Understanding nuances in the spectrum of pre-
senting complaints and polysomnography corre-
lates are important for diagnostic and therapeutic 
approaches. Knowledge of common patterns of 
OSA may help identify patients and guide 
therapy.

Although obesity is a major risk factor for 
OSA, roughly 30% of patients with OSA are not 
obese, emphasizing the need for a high index of 
suspicion in clinical practice. Further, the preva-
lence of OSA is 2–3 times greater in men than in 
women and in older compared to middle-aged 
individuals. Menopause is a well-established risk 
factor for OSA in women. OSA can yield major 
neurocognitive manifestations, including exces-
sive daytime sleepiness/fatigue, impaired cogni-
tion, reduced quality of life, and an up to 
sevenfold increased risk of road traffic accidents. 
Treatment of OSA leads to improvements in 
many of these outcome measures. There is evolv-
ing evidence to support the role of OSA as an 
independent risk factor for adverse cardiovascu-
lar sequelae. Although some argue that OSA was 
simply a marker of an unfit patient group, rigor-
ous recent studies have shown that OSA is caus-
ally linked to a number of important sequelae. 
OSA is now a well-established risk factor for 
hypertension (both incident and prevalent), stroke 
and probably myocardial infarction, congestive 
heart failure, and death. OSA has been causally 
linked to the development of hypertension based 
on large rigorous cross-sectional and longitudinal 
epidemiological studies, mechanistic animal 
studies, and most recently interventional trials 
[56]. The underlying causes of OSA vary consid-
erably between afflicted individuals. Important 
components likely include pharyngeal anatomy, 
pharyngeal dilator muscle responsiveness to 
respiratory challenges during sleep, the arousal 
threshold, and the instability of the negative feed-
back control system regulating ventilation (loop 
gain).

The pathophysiology of OSA is complex and 
incompletely understood. A narrowed upper air-
way is very common among OSA patients, and is 
usually in adults due to nonspecific factors such 
as fat deposition in the neck, or abnormal bony 
morphology of the upper airway. Functional 
impairment of the upper airway dilating muscles 
is particularly important in the development of 
OSA, and patients have a reduction both in tonic 
and phasic contraction of these muscles during 
sleep when compared to normals. A variety of 
defective respiratory control mechanisms are 
found in OSA, including impaired chemical 
drive, defective inspiratory load responses, and 
abnormal upper airway protective reflexes. These 
defects may play an important role in the abnor-
mal upper airway muscle responses found among 
patients with OSA. Local upper airway reflexes 
mediated by surface receptors sensitive to intrap-
haryngeal pressure changes appear to be impor-
tant in this respect.

A better understanding of the integrated 
pathophysiology of OSA should help in the 
proper management of this important multi-facet 
disorder and the development of new therapeutic 
techniques.
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25Rhinomanometry

Zeynep Onerci Altunay

Core Messages
• Rhinomanometry allows objective assessment 

of nasal resistance, the ratio of transnasal 
pressure over transnasal airflow measured 
during nasal respiration.

• Many aspects of the study of nasal physiol-
ogy have been studied with the aid of 
rhinomanometry.

• Rhinomanometry assesses the overall effect of 
nasal airway dimension and shape on the pas-
sage of air through the nose.

25.1  Introduction

Rhinomanometry is the simultaneous measure-
ment of airflow through the nose and pressure 
across the nose during breathing. Figure  25.1 
shows plots of transnasal pressure and flow dur-
ing respiration. As the patient inspires, the curves 
go downward showing a decrease in pressure and 
the corresponding movement of air in the direc-
tion of the lungs. As the patient changes to expi-
ration, the curves move upward, corresponding to 

pressure increasing and causing the movement of 
air out of the nose. Dividing the maximum pres-
sure reached during normal inspiration by the 
highest flow gives a nasal resistance value that 
correlates with the symptom of nasal obstruction 
in symptomatic patients. This objective test has 
been crucial in increasing understanding in many 
areas of nasal physiology. While the extent of its 
use varies in different parts of the world, it is still 
used in research and in clinical assessment of 
nasal function.

Resistance calculated at the maximum pressure 
and flow correlates with the symptom of nasal 
obstruction.

This chapter will provide a framework to put 
the role of rhinomanometry in context among the 
other tools used to objectively assess nasal func-
tion. The methods of rhinomanometry will be 
described. The research role that rhinomanome-
try has played in discoveries in nasal physiology 
will be covered, including the nasal cycle, 
changes with growth, posture, and exercise; 
changes to the downside of the nose when a 
patient is lying down; and resistance in the nor-
mal nose and the nose with disturbed breathing 
function. The chapter ends with a summary of the 
clinical applications for which rhinomanometry 
has been used.
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Fig. 25.1 The plot of 
pressure and flow during 
respiration. As the 
patient inspires, the 
curves go downward 
showing a decrease in 
pressure and the 
corresponding 
movement of air in the 
direction of the lungs. 
As the patient changes 
to expiration, the curves 
move upward 
corresponding to 
pressure increasing and 
the movement of air out 
of the nose

25.2  The Context 
of Rhinomanometry 
in Assessing Nasal 
Respiratory Function

25.2.1  What Are the Functions 
Associated with Nasal 
Respiration?

The movement of the diaphragm and lungs 
results in the movement of air through the nose. 
The passage of air through the nose is beneficial 
for the lungs because of the warming, humidifi-
cation, and protective functions of the nose. The 
mucous layer in the nose can trap particulates, 
allowing the cilia to sweep them away. In addi-
tion, elements of the immune system are able to 
have contact with antigens, stimulating protec-
tive responses. Furthermore, air is delivered to 
the olfactory area providing the enhancement of 
taste and the protective function of detecting 
potentially harmful substances or organisms. The 
measurement of some of the important physio-
logic components of nasal respiration, warming, 
humidification, mucociliary clearance, and olfac-
tion is covered in other chapters in this book as 
noted above.

As air passes through the nose, comfortable 
nasal breathing corresponds with a dimension 
and shape of the nasal airway that in general opti-

mizes the above functions. Rhinomanometry 
assesses the overall effect of nasal airway dimen-
sion and shape on the passage of air through the 
nose.

Comfortable nasal breathing corresponds with a 
dimension and shape of the nasal airway that in 
general optimizes the multiple functions of the 
nose.

25.2.2  What Anatomic Elements are 
Encountered During Nasal 
Respiration?

Measurement of the nasal airway assesses the 
nasal airstream which may be variably affected 
by the physical dimension of the components of 
the nasal airway, including the vestibule, valve 
area, turbinates, and sinus openings. The presen-
tation of these anatomic elements as air is 
inspired through the nose is different than the 
shape of the presenting surfaces as air is expired. 
This may reflect different functions of the two 
phases.

The first part of inspiration is the passage of 
air through the vestibule in a curve first superi-
orly and then toward the nasal valve area. The 
airstream then passes through a narrower area 
referred to as the internal valve. This corresponds 
to the area under the caudal end of the upper lat-
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Fig. 25.2 Volume rendering of the nasal airway. Using 
3D image analysis software and CT scans, the nasal air-
way is portrayed. This gives the same image early anato-

mists accomplished with wax castings. Note the narrow 
part of the airway at the valve area

eral cartilages and is clearly seen on casts or vol-
ume renderings of the nasal airway (Fig. 25.2). 
As the airstream leaves the valve area, it is dis-
persed in a wider distribution, thus providing 
contact with more surface area of the turbinates 
than if the airstream had passed unimpeded. The 
turbinates provide the working surface of the 
nose. By having protuberant curved surfaces, 
they act as flanges in the airstream providing 
increased surface areas on which to contact the 
air for humidification, warming, and filtering. 
The air then passes on to the choana and turns 
again, this time in the direction of the larynx and 
tracheobronchial tree.

As the inspired airstream passes the uncinate, 
the natural os of the maxillary sinus is protected 
from exposure to the passing airstream. Openings 
from the frontal sinus, anterior ethmoid cells, and 
posterior ethmoid cells are similarly sheltered by 
presenting baffles though maxillary sinus acces-
sory openings and postsurgical openings can pres-
ent additional openings to the inspired air. 
Computational fluid dynamics (CFD) studies have 
suggested only minimal, if any, effect of single 
maxillary sinus openings on the respiratory air-
stream in a typical (unoperated) nose, whereas the 
presence of an accessory os can result in some air-
flow into the maxillary sinus [1, 2].

When considering any possible impact of the 
nasal passage during expiration, retention of heat 
is usually mentioned. This may be facilitated by 
having the air pass over the turbinates before 
encountering the restriction of the valve area. The 
baffles that sheltered the ostia in the inspiratory 
direction now may function to catch the expired 
air. Some associate this phenomenon with nitric 
oxide from the maxillary sinus serving a regula-
tory function in respiration. Computational fluid 
dynamics (CFD; see below) in 3D models showed 
an increase in maxillary sinus airflow rate with 
high expiratory flow rates simulating nose blow-
ing [2].

As the airstream leaves the valve area, it is dis-
persed in a broader distribution, thus providing 
contact with more surface area of the turbinates 
than if the airstream had passed unimpeded.

25.2.3  Objective Measurement 
of Nasal Respiratory Function

Of the various anatomic elements present, mea-
surements of the airstream are primarily influenced 
by the dimension of the valve and turbinates, by the 
relative thickness of the mucosal lining, and, at 
times, by the respiratory effort of the patient.

25 Rhinomanometry
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The objective methods of assessing the nasal 
respiratory passages include (a) measurement of 
the dimension of the airway, (b) measurement of 
the nasal airflow alone, and (c) rhinomanometry, 
the simultaneous measurement of the transnasal 
pressure and airflow.

25.2.3.1  Measurement 
of the Dimension 
of the Airway

The assessments of the dimensions of the nasal 
airway are not measurements of the airflow 
through the nose during respiration. Imaging 
with CT or MRI and then doing a 3D recon-
struction of the airway will demonstrate the air-
way dimensions in different parts of the nose. 
This can be helpful especially when used in 
conjunction with computational fluid dynamics 
(CFD).

Acoustic rhinometry also measures the airway 
dimension by calculations done on sound waves 
reflected back by intranasal structures. While this 
is not an assessment of the flow of air through the 
nose, it can be useful for measuring relative air-
way dimensions as well as changes with time, 
treatment, or various interventions [3].

Computational fluid dynamics (CFD) uses 
imaging, typically a CT scan done at one point 
in time, to generate a 3D model of the airway 
and then apply fluid dynamic modeling to that 
airway [4]. By using different transnasal pres-
sures representing a respiratory cycle, the soft-
ware can calculate the relative flow velocity in 
a number of anatomic sites in the nasal airway 
for various points in time during respiration. 
This capability offers exciting possibilities for 
the future study of the impact of various ana-
tomic variations or pathology on the airstream. 
Those studying nasal physiology will be faced 
with the task of finding the meaning of the 
plethora of different flow vectors that result 
from CFD analysis of the nasal airway. To iden-
tify the meaningful parameters derived from 
the large amount of data is a tantalizing possi-
bility for future study that will be facilitated by 
ever increasing computer processing speed and 
data handling.

25.2.3.2  Measurement of the Nasal 
Airflow Alone (Peak Flow 
Measurement)

Measuring only nasal airflow is popular espe-
cially with physicians who already use similar 
equipment to monitor their asthmatic patients by 
measuring peak lower airway flows. While this 
has the limitations of some dependence on patient 
effort, it has been relatively popular because of its 
simplicity and the ready availability of the equip-
ment [5]. It has been demonstrated that physi-
cians would like to have a simple tool for 
objective assessment of results in allergic rhinitis 
[6]. Since the rate of flow changes throughout the 
respiratory cycle, taking the measurement at 
some constant point can help decrease the vari-
ability of results and provide a standard for com-
parison. In this case, the “constant” point is the 
“peak” airflow reached with maximal effort. Peak 
nasal inspiratory flow can be measured by modi-
fying the peak flow device for nasal inspiration. 
The measurements can be affected by valve col-
lapse occurring at higher airflows that may not 
occur at normal physiologic flows [7]. 
Nonetheless, this method has been popular, and 
normative values have been collected [8–11].

Both peak nasal inspiratory flow (PNIF) and 
peak nasal expiratory flow (PNEF) measure-
ments have been used. There is some debate 
about the variability of results [12, 13], but the 
tests have been shown to be useful, particularly 
for challenge testing in patients with allergic rhi-
nitis [14].

25.2.3.3  Rhinomanometry: 
The Simultaneous 
Measurement 
of the Transnasal Pressure 
and Airflow

Collecting simultaneous pressure and flow val-
ues allows the calculation of nasal resistance or 
conductance. Calculation of the ratio of pres-
sure to flow could be done at any one of many 
simultaneous pressure-flow values along the 
continuously changing curve during respiration 
(Fig.  25.3). Using a specific airflow value at 
which to measure the pressure-flow values is an 
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Fig. 25.3 The plot of pressure versus flow. Each point 
represents the simultaneous measurement of pressure and 
the corresponding flow value. Pressure values are on the 
x-axis and flow values on the y-axis. The sigmoid shape of 
the curve shows that in general there is a gradual increase 
in the pressure to flow ratio as one goes further out the 
curve toward the maximum values reached in normal res-
piration. Thus, for a given patient, the resistance value 
reported can vary depending on the point on the curve that 
is selected for calculating the result

Fig. 25.4 The sigmoid pressure-flow curves for two dif-
ferent patients. The curve that is closer to the x-axis (pres-
sure) represents the more obstructed nasal airway with 
higher resistance values

important element allowing consistent compari-
sons. Viewing the entire sigmoid pressure-flow 
curve also allows the observation of the position 
and amount of curvature that reflects the amount 
of flow the patient is generating for the range of 
pressures occurring in the course of their nasal 
breathing. Rhinomanometry is used (except in 
rare studies) to assess the pressure and flow 
across the entire nasal airway, from nasal 
entrance to nasopharynx.

The use of CFD analyses done from CT 
images inspires thoughts of using microsensors 
to unobtrusively detect the pressure and flow 
changes during respiration for multiple sites in 
the nasal airway. Just as Lindemann [15] had 
actual measurements using tiny thermocouples to 
validate the corresponding CFD calculations they 
did for temperature at many sites in the nose, 
multiple localized pressure and flow measure-
ments could verify the results of CFD analyses 
that yield multiple differing flow vectors at dif-
ferent anatomic sites in the nasal airway. Such 

validation of CFD, if combined with actual pres-
sure measurements for a given patient, could 
move it out of the category of assessing airway 
dimensions to the category of yielding measured 
information about nasal airflow.

The plot of pressure and flow during inspiration 
and expiration yields a sigmoid curve that is closer 
to the x-axis (pressure axis) when nasal obstruction 
is greater.

25.2.4  Rhinomanometry 
for Measurement of Nasal 
Respiratory Function

As noted in the introduction, when rhinomanom-
etry is performed, continuous measurement of 
transnasal pressure shows a rising and falling 
curve in the positive and then negative direction 
throughout each respiratory cycle (Fig. 25.1). As 
the changing pressure drives an accelerating and 
then decelerating flow of air, a plot of airflow 
shows a similar positive and negative excursion. 
Plotting pressure (x-axis) versus flow (y-axis) 
during inspiration and expiration yields a sig-
moid curve that is closer to the x-axis when 
obstruction is greater (Figs. 25.3 and 25.4). Vogt 
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Fig. 25.5 The path of the pressure-flow curve away from 
the origin during inspiration (the accelerating limb, A) 
does not follow the same curve on the path back to the 

origin (decelerating phase, B). The same is true for the 
expiratory limb (C, D)

pointed out that the path of the pressure-flow 
curve away from the origin during inspiration 
(the accelerating limb) often does not follow the 
exact same curve on the path back to the origin 
(decelerating phase). The same is true for the 
expiratory limb (Fig. 25.5).

25.3  How Is the Measurement 
Done 
with Rhinomanometry?

25.3.1  Different Techniques: Most 
Common Method

The most commonly employed method of doing 
rhinomanometry is called anterior masked rhino-
manometry. The different methods of rhino-
manometry are distinguished by the location of 
the pressure detection and the apparatus for flow 
measurement. Table 25.1 lists the different types 
(methods) of rhinomanometry and the methods 
of pressure and flow detection that define them.

For measurement of the nasal airway of a 
patient with a nasal septal perforation, only the 
total airway is measured because the septal perfo-

ration would cause an error in unilateral pressure 
assessment. Anterior rhinomanometry thus is not 
used in patients with nasal septal perforations. 
Since the total airway is not measured when the 
anterior method is used, it is necessary to derive 
the total airway values by adding the right and 
left flow values for each corresponding pressure 
value along the pressure-flow curve (Fig. 25.6).

25.3.2  Transnasal Flow 
Measurement: Anterior or 
Posterior Method

Flow through the nasal airway is most commonly 
measured by attaching a flowmeter at the outlet 
of the mask which is sealed tightly on the patient’s 
face. The usual flowmeter consists of pressure 
detection on either side of a resistive element. 
Originally nozzles were used to measure the flow 
through each nostril. When using a mask (or 
body plethysmograph), unilateral measurements 
can be done by occluding the opposite nostril 
with tape.

Since the total airway is not measured when the 
anterior method is used, it is necessary to derive 
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Table 25.1 The different types of rhinomanometry

Type of 
rhinomanometry Flow detection Pressure detection

Side(s) that can 
be directly 
measured

Anterior masked with 
full face mask

Device on outlet of full 
face mask

Catheter with sealed connection to 
non-measured nostril

Unilateral

Anterior masked with 
partial face mask

Device on outlet of partial 
face mask

Catheter with sealed connection to 
non-measured nostril

Unilateral

Anterior with nozzle Device connected to 
nozzle held to nostril 
opening

Nozzle held to non-measured nostril Unilateral

Posterior with full face 
mask

Device on outlet of full 
face mask

Catheter by nasopharynx—either transoral 
or transnasal

Total or unilateral

Posterior with partial 
face mask

Device on outlet of partial 
face mask

Catheter by nasopharynx—either transoral 
or transnasal

Total or unilateral

Body plethysmograph Movement of chest inside 
body plethysmograph

Posterior catheter by nasopharynx—either 
transoral or transnasal or anterior catheter 
to non-measured nostril

Total or unilateral

Anterior masked rhinomanometry is the type most commonly employed

Fig. 25.6 For a given pressure value, the total flow is 
equal to the right-sided flow plus the left-sided flow, both 
measured at that pressure value. Flows are only additive if 
measured at the same pressure. This is analogous to two 
electrical currents being additive at the same voltages

the total airway values by adding the right and left 
flow values for each corresponding pressure value 
along the pressure-flow curve (Fig. 25.6).

25.3.3  Transnasal Pressure 
Measurement for Posterior 
Rhinomanometry

Measurement of transnasal pressure requires 
pressure detection in two sites, outside the nose 
and in the nasopharynx. Measurement of pres-
sure outside the nose is easily done when the 

patient is wearing a mask by measuring the pres-
sure inside the mask. Measurement in the naso-
pharynx can be done in several ways. As shown 
in Table  25.1, in anterior rhinomanometry, the 
nasopharyngeal pressure is detected using a tube 
sealed over the opposite nostril, turning the 
unmeasured nasal passage into an extension of 
the tube (Fig. 25.7). In posterior rhinomanome-
try, the nasopharyngeal pressure is measured by a 
catheter that is held in the back of the oropharynx 
with the lips sealed or by a tube passed to the 
nasopharynx along the floor of the nose 
(Fig. 25.8). The first of these methods can take 
extra time to learn for some patients.

It is also possible to measure a segment of 
transnasal pressure using a double catheter with 
the two openings on each side of the segment to 
be measured or by passing a catheter only par-
tially along the floor of the nose. This methodol-
ogy has only been employed in research but 
could potentially assess resistance at particular 
areas of the anatomic dimension of the airway, 
e.g., at a site suspected to be causing the symp-
tom of nasal obstruction. This calculation uses 
the approximation of assuming a constant flow 
along the length of the nasal airway. Haight and 
Cole passed a catheter progressively further 
along the nasal airway while measuring the pres-
sure at its tip and found that the greatest change 
in pressure and resistance occurred at the nasal 
valve [16].
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Fig. 25.7 Depiction of anterior masked rhinomanometry. 
A full face mask (b) is being used to avoid any distortion 
by the nasal alae. The pressure detection for the nasopha-

ryngeal pressure is done with the tube that is sealed to the 
left nostril (a)

25.3.4  Nasal Resistance or 
Conductance

Resistance at a given point during the cycle of 
pressure and flow values can be obtained by 
dividing pressure by the corresponding flow at 
that point. Conductance is used by some and is 
the ratio of flow over pressure, the inverse of 
resistance. Typically resistance (or conductance) 
values are taken from inspiration, though some 
devices also report expiratory values.

Since rhinomanometry measures the simulta-
neous flow and pressure for the entire length of 

the nasal airway, it is generally thought that it pri-
marily reflects the minimal effective cross- 
sectional airway. Figure 25.9 shows an example 
in which the cross-sectional area of an airway is 
smallest posteriorly rather than in the valve area. 
In this example, the right valve area has a smaller 
cross section than the left valve area, but the cross 
sections further posteriorly are smaller still with 
the left being the least. In this patient, the left 
side, which had the smallest overall cross section, 
is the same side that has the higher measured 
resistance and the same side where the patient 
felt the greatest obstruction.
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Fig. 25.8 Two methods of measuring the nasopharyngeal 
pressure in posterior rhinomanometry. The figure on the 
left shows the pressure detection tube being held in the 
oropharynx with the lips sealed (A) and the patient hold-
ing the soft palate open (B). The figure on the right shows 

the pressure catheter (C) passing along the floor of one of 
the nasal passages back to the nasopharynx. The small 
dimension of the tube is considered to have negligible 
effect on the airflow measurement on that side
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Fig. 25.9 The plot of the cross-sectional area of right 
(blue) and left (pink) nasal airway as one goes further 
back (along the x-axis in mm) in the nasal airway. A 3D 
reconstruction was done from high-resolution CT scans, 
and successive cross-sectional areas were calculated per-

pendicular to the center vector of airflow through the nasal 
airway. Note that at the valve area (30 mm in) the right- 
sided cross-sectional area is smaller, but that (at 
80–90  mm) the smallest overall cross-sectional area 
occurs posteriorly on the opposite (left) side of the nose
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25.4  Rhinomanometry Has Been 
Instrumental 
in Understanding Elements 
of Nasal Physiology

25.4.1  Measuring Changes That 
Occur in the Passage of Air 
Through the Nose 
with Growth and with Age

Children have smaller nasal passages and thus 
higher average nasal resistance. Nasal resistance 
has been shown to decrease as children grow to 
adulthood. Interestingly, Thulesius found nasal 
resistance to decrease as adults aged [17].

25.4.2  Measuring the Nasal Cycle

Unilateral nasal resistance measurements have 
been used to document the periodicity of the nasal 
cycle. One side of the nose is put at rest as the 
other is open and doing the work of humidifying, 
warming, and filtering the air. In some patients, it 
was found to be fairly regular, and in others, it was 
shown to be rather irregular [18, 19].

25.4.3  Discovering the Cause 
of Downside Obstruction 
When Lying on One’s Side (or 
with Pressure Application 
in Yoga)

When asked why the downside of the nose 
becomes more obstructed when lying on one’s 
side, many will say it is due to “gravity.” 
Rhinomanometry was used to demonstrate that 
this is not the case. Haight [20, 21] mapped the 
pressure receptors on the side of the body that 
when activated cause relative congestion of the tis-
sues on that side of the nose. This phenomenon is 
also known to Yoga practitioners who apply pres-
sure with a hand placed in the axilla to enhance the 
breathing through the opposite nostril.

In the nasal cycle, one side of the nose is put at rest 
as the other is open and is doing the work of 
humidifying, warming, and filtering the air.

25.4.4  Quantitating Airway Change 
with Recumbency

Hasagawa has used rhinomanometry to demon-
strate the significant increase in nasal resistance 
that can occur with recumbency [22]. Just as our 
cardiovascular system has to make appreciable 
adjustments to maintain the same blood flow to 
our brain and extremities when we change to 
recumbency, the same regulatory parasympa-
thetic/sympathetic pathways affect the relative 
congestion of the nasal tissues, particularly in 
certain individuals, resulting in increased nasal 
resistance and obstruction in the recumbent 
position.

25.4.5  Assessing Nasal Airway 
Change with Exercise and CO2

Studies using rhinomanometry have shown the 
opening of the nose with exercise [23]. 
Measurements of nasal resistance revealed the 
increase in nasal obstruction occurring as 
increased amounts of CO2 is delivered in the 
inspired air [24].

25.4.6  Finding the Normal Range 
and Abnormal Range of Nasal 
Resistance Values

If nasal resistance is measured in a standardized 
fashion for a large group of people, it is possible 
to show the distribution of “normal” resistance 
values for that population. This has been done for 
the sides of the nose as well as the total nose. By 
then comparing the nasal resistance of a patient 
against this distribution of normal values, one can 
determine if the patient has nasal resistance that 
is far outside the normal range [25].

25.4.7  Measuring Disturbance 
in Nasal Respiratory Function

By measuring a large group of patients who com-
plained of the symptom of nasal obstruction, it 
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was possible to describe the range of resistance 
values that are “abnormal” [26]. The significance 
of an abnormal unilateral resistance value must be 
considered in the light of the variation that occurs 
with the nasal cycle in the non- decongested nasal 
airway. Measuring the unilateral nasal airway after 
thorough decongestion can eliminate a major por-
tion of the contribution of the nasal cycle in many 
individuals, but it will also change the overall 
range of “normal” and “abnormal” values to lower 
resistance ranges [25]. The total resistance of the 
nasal airway is relatively constant [22] through the 
course of the nasal cycle in the non-decongested 
nose. Some investigators have therefore suggested 
the use of total resistance as a value to measure the 
degree of nasal obstruction.

Pressure receptors on the downside of the body 
cause the downside nasal airway to have higher 
resistance.

25.4.7.1  When Is Disturbance 
in the Nasal Airstream 
Significant?

If an abnormal value of nasal resistance is mea-
sured, is this always of significance? By “signifi-
cance” in patients, we usually mean that they are 
experiencing a symptom or condition that war-
rants treatment. Like an abnormal audiogram, it 
is the patient’s choice as to whether any condition 
confirmed or found by a test is treated. Like any 
test, it is possible to have an abnormal result, but 
for a patient not to feel that they have sufficient 
symptoms to be treated.

25.4.7.2  Studying the Correlation 
of Elevated Resistance 
with the Symptom of Nasal 
Obstruction

There continues to be active debate about whether 
objective measurements of the nasal airway cor-
relate with the symptom of nasal obstruction 
[27–33]. There has also been interesting work 
about the sensation of nasal obstruction being 
related to cold receptors that are stimulated by 
menthol- like compounds [34]. If there is more 
resistance to airflow, then is it the narrower air-
way causing less flow and thus less cold receptor 
stimulation that causes the sensation of 
obstruction?

Elevated values of nasal resistance have been 
shown to correlate with the symptom of nasal 
obstruction [26, 35, 36]. Several studies have 
looked at which parameter derived from the 
pressure- flow curve data obtained by rhino-
manometry would best correlate with symptoms. 
Two studies [35, 37] found the maximal resis-
tance during normal respiration to be a parameter 
that correlated with symptoms better than other 
parameters. Phillip Cole (personal communica-
tion) explained this best, noting that the greatest 
time during the respiratory cycle (Fig. 25.1) was 
spent at the extremes of the pressure and flow 
curves; thus, it would follow that a parameter 
from this location would have the greatest corre-
lation with patient’s symptoms.

In general, recumbency increases nasal resistance.

The variability of the nasal cycle and “subjec-
tive” symptoms introduces some noise in demon-
strating this correlation. It is most easily shown for 
larger values of unilateral obstruction and in 
patients who are experiencing symptoms (as 
opposed to studies on patients who had no symp-
toms of nasal obstruction). When studies have 
been done looking for a correlation with the sensa-
tion of obstruction in subjects who are not experi-
encing obstruction, there is more “noise” 
(variation) making the correlation less clear [38]. 
Most subjects with nasal obstruction are able to 
distinguish the side with the higher resistance and 
to give a grading of their obstruction that corre-
lates with other patients who are experiencing 
obstruction of their nose [35]. This ability to per-
ceive the side of the highest resistance has been 
quantitated and found to be best when there is 
more than a slight difference in resistance between 
the sides of the nose at the time of the test [39].

25.4.7.3  Providing Objective 
Assessment When Crusting 
and Dysfunction of Nasal 
Lining Occur 
Due to Disturbance 
in the Airstream

When considering the symptoms of nasal obstruc-
tion, the question arises as to whether a patient can 
have a nasal airway that is too open and a corre-
sponding measure of nasal resistance that is too low. 
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While this is not a common scenario in the mea-
surement of nasal resistance, patients with noses 
that appear widely patent, dry, and crusty can be 
shown to have lower resistance. This would suggest 
that a surgeon’s goal of lowering resistance when 
treating the nasal airway needs to be tempered in 
this case by maintaining the normal physiologic 
range of nasal resistance for the unilateral and total 
nasal airways. This is consistent with the avoidance 
of disrupting nasal physiology by such procedures 
as the total removal of turbinate tissues.

Another interesting application of rhino-
manometry that can be applied in this context 
is the measurement of nasal resistance in a 
patient who complains of symptoms suggest-
ing the type of nasal dysfunction found in 
patients with the “empty nose syndrome”, but 
in whom the exam looks reasonable. Normal 
measured nasal resistance in this context would 
support looking for other explanations for the 
patients’ symptoms.

25.4.8  Studying the Airflow 
in Conditions of Varying 
Temperature and Humidity

Rhinomanometry has shown that nasal resistance 
increases when a patient breathes colder than 
normal air [23].

By measuring nasal resistance, studies have 
looked for whether breathing air of different 
humidities resulted in any change in amount of 
nasal obstruction. Ivarsson and Malm found no 
significant difference in breathing air of different 
percent humidities [40].

Exercise resulting in a higher pulse rate decreases 
nasal resistance.

25.5  Clinical Applications 
of Rhinomanometry

25.5.1  When Things Do Not Add 
Up During Clinical Assessment

We have all been confronted with the cases in 
which a patient complains bitterly about nasal 
obstruction, but we are not able to see pathol-

ogy that would account for the symptoms. 
Furthermore, some patients who have only 
minimal symptoms have what appears to be 
dramatic anatomic obstruction. It is in these 
cases that objective testing can be particularly 
helpful in being the “tiebreaker.” In the first 
example, if airway testing demonstrates a sig-
nificant nasal restriction, it agrees with the 
patient’s complaints and makes us look further 
for the cause. If the airway testing shows a 
widely patent airway, it supports our exam 
observations and cautions that a procedure to 
increase the dimension of the airway to try to 
help this patient’s feeling of obstruction would 
be ill advised.

This use of the test results relies on the 
knowledge that there is a correlation between 
measured airway restriction and the symptom of 
nasal obstruction for many patients, giving us an 
objective basis for comparison to use with the 
patient who seems to have contradictory find-
ings. Further clinical examples have been 
described [41].

25.5.2  For Assessment of Surgical 
Candidate’s Chances 
of Optimal Outcome

Studies have been done showing the value of rhi-
nomanometric results in optimizing the selection 
of patients who will be helped by nasal airway 
surgery [42, 43].

25.5.3  To Analyze Changes 
in Patients Who Do Not Have 
Symptomatic Improvement 
with Surgery

We all want to learn from our patients who con-
tinue to have symptoms despite our surgical 
intervention for their airway. Rhinomanometry, 
applied as noted in Sect. 25.5.1, can suggest 
whether it is the still unhappy patient’s symptoms 
that are exceptional (patients with an unusually 
high resistance threshold for comfort) or whether 
there is still some measurable obstruction in the 
airway.
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25.5.4  Challenge Testing

Some patients may have reactions to airborne 
antigens yet have negative skin testing. In these 
cases, a more direct method of identifying aller-
gens and degree of allergic response can be done 
with challenge testing [44–48]. Rhinomanometry 
is done first. Then the patient inhales the chal-
lenging antigen. Subsequent rhinomanometry 
can detect significant change in nasal obstruction 
caused by the antigen in an allergic patient.

25.6  Summary/Conclusion

Anterior rhinoscopy or endoscopic examination of 
the nasal airway alone do not tell us about the 
function of the nasal airway. An objective mea-
surement method is needed to have better informa-
tion. Rhinomanometry may be the answer and it is 
the measurement of airflow through the nose and 
pressure across the nose during breathing. During 
inspirations, the curves go downward with a 
decrease in pressure and the corresponding move-
ment of air in the direction of the lungs. During 
expiration, the curves move upward corresponding 
to pressure increasing and causing the movement 
of air out of the nose. Dividing the maximum pres-
sure reached during normal inspiration by the 
highest flow gives a nasal resistance value that cor-
relates with the symptom of nasal obstruction in 
symptomatic patients. It is of paramount impor-
tance of understanding nasal physiology. Besides 
understanding normal physiology, this objective 
test, rhinomanometry, plays a significant role in 
understanding the change of physiology in nasal 
disturbances, and after its correction.
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26Acoustic Rhinometry

Evren Hizal and Ozcan Cakmak

Abbreviations

AR Acoustic rhinometry
CT Computed tomography
MRI Magnetic resonance imaging

Pearls
• Acoustic rhinometry technique is principally 

based on the computation of cross-sectional 
area—distance curves from the analysis of the 
reflected sound waves by the anatomical struc-
tures in the nasal cavity.

• Acoustic rhinometry measurements of the 
healthy adult nasal cavity are reasonably accu-
rate to the level of the paranasal sinus ostia. 
Beyond this point, acoustic rhinometry over-
estimates cross-sectional areas.

• The nasal valve is identified by a pronounced 
minimum (the first minimum after the nostril) 
on the acoustic rhinometry area–distance 

curve. However, the second, third and fourth 
local minima on the acoustic rhinometry area–
distance curve do not correspond to any ana-
tomic structure in the nasal passage. These 
three minima are caused by acoustic reso-
nances in the portion of the nasal cavity 
beyond the nasal valve.

• Acoustic rhinometry fails to provide quantita-
tive information about paranasal sinus vol-
ume, paranasal sinus ostium size, nasal cavity 
volume between the nostril and choana and 
the effects of decongestion on the volume of 
the nasal mucosa. The diagnostic value of this 
method is limited with the anterior part of the 
nasal cavity.

• Clinical studies that do not take the limitations 
of the technique into account may easily lead 
to misinterpretations.

26.1  Introduction

Acoustic rhinometry (AR) was introduced as an 
objective tool for the assessment of the nasal cav-
ity geometry in 1989 by Hilberg et  al. [1]. AR 
measurements require minimum patient coopera-
tion and can be performed practically, quickly 
and easily. Due to its advantages, the technique is 
widely accepted in a short time. Clinical applica-
tions of acoustic rhinometry include determina-
tion of the localization and degree of an intranasal 
anatomic pathology that affects nasal patency, 
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evaluation of the results of a nasal surgery, such 
as septoplasty, turbinate surgery, assessment of 
the effects of medications on the nose that are 
used systemically or topically and comparison of 
different therapeutic methods. Furthermore, AR 
gives idea about the reversible component of the 
nasal obstruction as the measurements before and 
after decongestion of the nose can be compared. 
In other terms, AR is potentially useful in the 
assessment of the nasal cavity geometry, nasal 
patency and results of various medical and surgi-
cal therapies. However, complex anatomy of the 
nasal cavity, operator mistakes and factors inher-
ent to the AR algorithms and physics may influ-
ence the measurement of the area–distance 
function in the nose and lead to systematic errors. 
In this chapter, we will try to give some essential 
information on AR and attempt to cover impor-
tant aspects of the technique, especially from the 
clinical point of view.

26.2  History

There have been numerous efforts to understand 
the nature and functions of the nose throughout 
the centuries. First records in written history 
describing the nasal cavity can be found in the 
Papyrus Ebers of ancient Egypt, because of its 
functional importance in mummification process. 
Since then, different methods for the examination 
of nose have been used. Evolution of the scien-
tific method has given rise to attempts to meet the 
need for more quantitative evaluation methods. 
In line with this, a simple nasal patency test was 
introduced by Zwaardemaker and modified by 
Glatzel, in which the size of the vapour conden-
sation on a cold metal plate or mirror caused by 
the expired air through one side of the nose was 
compared to the other [2]. Evaluation of the 
sound during forced expiration (introduced by 
Bruck) or humming (introduced by Spiess) was 
proposed to give a diagnostic idea about the 
occluded side of the nose [3]. Twentieth century 
has witnessed brilliant developments which facil-
itated the use of more quantifiable and objective 
nasal evaluation tools, such as rhinomanometry 
and acoustic rhinometry.

Acoustic waves can be used to determine the 
location of objects in different media, i.e. gases 
(air), liquids (water) or solids (earth’s crust). 
Indeed, some animals, such as bats, whales or 
dolphins, are using sound for object detection for 
millions of years. The use of sound for object 
detection in water was first documented by 
Leonardo Da Vinci, who proposed inserting a 
tube into water and place an ear to the tube in 
order to detect vessels [4]. Evolution of the scien-
tific method within decades and development of 
physical and mathematical techniques have led to 
the development of acoustics as a science and 
physical properties of the sound have started to 
be illuminated. Accumulation of scientific data in 
turn gave rise to innovative thoughts and techno-
logical applications of the knowledge on acous-
tics have started to emerge. One of those 
applications was SONAR (sound navigation and 
ranging) systems which have been used for 
detecting submarines in World War I.  Acoustic 
waves have also been used for object detection in 
solids, i.e. seismic surveys that aimed to investi-
gate underground structures in the earth’s crust. 
Through the use of electronics and development 
of modern computer systems, sound measure-
ment and analysis reached new levels of com-
plexity and accuracy. Acoustic reflections have 
been used to assess the geometry of upper air-
ways, including pharynx, glottis, trachea and 
lungs after the 1970s. Acoustic rhinometry was 
then first introduced by Hilberg et al. in 1989 [1].

26.3  Theoretical Background 
and Criticism

The basic idea behind the acoustic rhinometry 
method is similar with other methods of acoustic 
object location and consists of impacting an inci-
dent acoustic wave into a medium to generate a 
reflected acoustic wave. The size and the location 
of an object through the route of acoustic waves 
can be determined by calculation of the amplitude 
of reflected waves and the time difference between 
the incident and reflected waves, respectively. 
However, some phenomena related with the inher-
ent nature of acoustic waves and acoustic proper-
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ties of the medium in which the wave propagates 
interfere with the measurements and make calcu-
lations complicated. Acoustic waves are longitudi-
nal waves that oscillate along the same direction as 
they move. During their route, they exhibit some 
characteristic patterns, like reflection and diffrac-
tion. Reflection can be defined as the change in 
direction of the wave at an interface between two 
different media. Diffraction is, in general, bending 
of the waves around small obstacles and scattering 
of waves past small ostia. Similar effects occur 
when sound waves travel through a medium with 
varying acoustic impedance. As the waves propa-
gate within a medium (gas, liquid or solid), they 
are reflected by structures or dissimilar media on 
their route. But some of the waves penetrate 
through those structures or media and continue to 
propagate. The waves that remain on their route 
will be reflected again by other structures or dis-
similar media. Additional reflections, thus, will be 
added to the acoustic image and analysis and com-
parison of the waves that are sent into and reflected 
back from a heterogeneous or irregular medium 
will become almost impossible. A solution to this 
problem, i.e. analysis of the acoustic image with 
multiple backward reflections, was offered by 
Ware and Aki in 1969 [5]. By the Ware–Aki algo-
rithm it was then possible to analyse the sound 
waves that were reflected by different layers 
through the route of the wave. Ware–Aki algo-
rithm, which is used in acoustic rhinometry tech-
nique however, has some assumptions regarding 
the ideal properties of airway. This algorithm 
assumes that the sound waves are plane waves, and 
it does not account for losses (airway wall non-
rigidity, viscous losses) or non- planar wave propa-
gation effects [6–8]. In order to understand the 
reasons of some artefacts and errors on acoustic 
rhinometry area–distance curves, these assump-
tions will be explained briefly.

The first reconstruction algorithm used in 
acoustic reflectometry was developed under the 
ideal conditions of no losses in the propagating 
wave and that all frequencies were covered by the 
acoustic pulse. The assumption of planar wave 
propagation is fundamental to passage area mea-
surements made with AR. Waves are assumed to 
propagate along the axis of the airway in one 

dimension. If the frequency of the sound waves is 
high and therefore the wavelengths are too short, 
sound waves do not move along a plane and start 
to be reflected between the walls of the nasal cav-
ity. This, in turn, causes additional delays in the 
reflected waves, complicates the relation between 
incident and reflected waves and eventually affects 
cross-sectional area and distance computations. In 
other words, planar wave assumption determines 
and limits the spatial resolution and the frequency 
bandwidth of the method, and imposes limitations 
on the transverse sizes of an airway model [6–8].

Spatial resolution is defined as the smallest 
axial distance that separates two cross-sectional 
areas that can still be resolved by AR.  In rigid- 
walled airways, the spatial resolution is approxi-
mately equal to one-sixth of the shortest 
wavelength of the incident sound pulse. The fre-
quency bandwidth of the incident sound pulse is 
important in determining the spatial resolution of 
the technique, and hence has a major influence on 
the accuracy of AR measurements. The limited 
frequency bandwidth of the AR technique may 
increase the rise distance, and thereby produce a 
smoother incline in the area–distance curve [6, 9].

The Ware–Aki algorithm is valid under the 
condition that the acoustic impedance of the one- 
dimensional acoustic pathway is continuous. If 
there is a finite sudden jump in the acoustic 
impedance, the transformations and the potential 
functions used in the mathematical formulation 
of this algorithm are not well defined. In other 
words, the Ware–Aki algorithm is not suitable for 
calculating the area–distance function at loca-
tions where there are abrupt changes in the acous-
tic impedance [6–9].

It has been argued that any form of energy loss 
or sound wave attenuation would reduce the 
amplitude of the reflected wave, which, in turn, 
would lead to area underestimation. Viscous 
forces, transmission losses and internal losses 
that take place as the sound wave is transmitted 
through the constriction in an airway model have 
all been attributed to area underestimations that 
occur with AR. However, the main reason of area 
underestimations distal to an anterior constriction 
seems to be a “barrier effect”, i.e. “barrier” cre-
ated by the anterior constriction reflects most of 
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the incident sound power. In models with con-
strictions (inserts) of small passage area, the 
high-frequency components of the acoustic pulse 
generated by AR equipment do not reach the por-
tion of the model beyond the constriction, 
because these waves are reflected back from the 
barrier created by the constriction [6–8, 10, 11]. 
The effect of a constriction on AR measurements 
will also be covered in nasal valve section below.

26.4  Acoustic Rhinometry 
Equipment

Acoustic rhinometry is based on the principle of 
computation of cross-sectional area–distance 
curves from the analysis of the reflected sound 
waves by the anatomical structures in the nasal 
cavity. In other terms, analysis of the sound 
waves that are sent into and reflected back from 
the nasal cavity gives the cross-sectional area at a 
given distance.

A picture and a schematic representation of 
acoustic rhinometry unit are shown in Figs. 26.1 
and 26.2, respectively. Acoustic waves that are 
produced by a loudspeaker pass through a sound 
tube and a nose adapter, which is a detachable 

pipe that establishes a connection between the 
AR device and the nose. The sound waves that 
cross the nose adapter then reach the nose. As the 
sound waves propagate in the nasal cavity, they 
are reflected by the anatomical structures. A 
microphone that is placed within the sound tube 
detects the waves that are reflected back, and 
transforms these into electrical signals. These 
signals are then amplified by an amplifier and 
converted into numeric data by an analogue- 
digital converter. Numerical data is then analysed 
by a computer. Frequency bandwidth of the 
sound waves that are sent into the nasal cavity 
may contain all audible frequencies between 20 
and 20,000 Hz. However, low-pass filters exclude 
the frequencies over 10,000  Hz since interfer-
ences and diffractions increase as the wavelength 
of the sound waves travelling in nasal cavity 
decrease [3, 6–8].

The changes in cross-sectional area of the air-
way affect acoustic impedance. Since the nasal 
cavity is not a straight pipe and has an irregular 
and complex anatomy, acoustic waves show dif-
ferent reflection patterns at differing cross- 
sectional areas on their route. Although the 
mathematical background of the analysis is very 
complex and will be detailed to some extent later 
in this chapter, computerized calculations basi-
cally give two parameters for a given cross sec-
tion: Comparison of the amplitudes of the sent 
and reflected sound waves gives cross-sectional 
areas, while the time difference between the sent 
and reflected sound waves gives the distance of a 
given cross-sectional area to the reference point. 
These data are then combined and a distance–
area curve is obtained. The areas here define the 
cross-sectional areas that are vertical to the 
acoustic pathway, i.e. the way that acoustic waves 
follow in the nasal cavity. Cross-sectional area of 
a given section is plotted on vertical axis, while 
distance of that section to the reference point is 
plotted on horizontal axis of the graph. In order to 
evaluate the nasal valve region better, vertical 
axis can be plotted in logarithmic scale.

Nose adapters

Computer

Calibration
probe

Sound tube

AR device

Fig. 26.1 Acoustic rhinometry equipment (Rhinoscan 
SRE 2000, Interacoustics A/S, Assens, DK)
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NOSE
NOSE ADAPTER

MICROPHONE

SOUND TUBE

LOUDSPEAKER COMPUTER

AMPLIFIER LOW-PASS FILTER

Fig. 26.2 Schematic 
representation of an 
acoustic rhinometry 
circuit

Fig. 26.3 Various types of nose adapters are designed to 
achieve a better fit to shape of the right or left nostril

26.5  Test Technique

Classic acoustic rhinometry utilize single impulse 
and one microphone (transducer) setup. However, 
there are other methods that use two microphones 
[12], or devices that use continuous acoustic 
stimulation [13]. Although the theory is identical 
to that of the single impulse method and the test 
technique is similar, a continuous wide-band 
noise model allows for almost real-time adjust-
ment of the equipment since a visual output is 
generated more than 20 times per second [14].

By means of the modern computer software 
the use of acoustic rhinometry is relatively sim-
ple. Since external noise, temperature and humid-
ity have potential effects on measurements, 
testing room should have standard environmental 
conditions. Test should be applied by experi-
enced staff who are aware of the recommenda-
tions for reliable testing [15]. Both sides should 
be tested separately. Single measurement takes 
about a few seconds and whole testing process 
ends in a couple of minutes. After the device is 
switched on and computer program is opened, 
calibration is simply done by following the on- 
screen instructions that are provided by the man-

ufacturer. Calibration should be done every time 
the device is opened. The patient should have a 
sitting position and position should not be 
changed during the tests. Swallowing and breath-
ing should be avoided during the measurements. 
Any kind of secretions can narrow the airway and 
affect the measurements. Hence, nasal cavity 
should be cleaned off from secretions before the 
test [16]. Several types of nose adapters with dif-
ferent rim shapes are available (Fig. 26.3). A nose 
adapter that would best fit to the shape of the 
patient’s nostril should be chosen and attached to 
the probe. To avoid acoustic leak, a medical seal-
ant gel should be applied circumferentially to the 
edge of the nose adapter, providing an air secure 
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Fig. 26.4 During the measurements, nose probe should 
be placed accordingly to prevent acoustic leak. Distortion 
of the nose should be avoided

contact between the nose adapter and the nostril 
[17]. Nose probe should be placed accordingly to 
prevent acoustic leak, but distortion of the nose 
or changes in position of the nose probe should 
be strictly avoided (Fig. 26.4).

Measurements should be repeated for at least 
three times to obtain the most correct results. By 
this way, erroneous measurements due to acous-
tic leakage or distortion of the vestibule owing to 
incorrect positioning of the probe can be detected 
and eliminated.

The operator should be aware of the above 
mentioned testing principles and instructions. 
Besides the operator errors, complex anatomy of 
the nasal cavity, physical limitations of the AR 
and factors inherent to the AR algorithms may 
influence the measurements and lead to system-
atic errors. Nasal cavity has a complex geometry 
consisting of cartilaginous and bony framework 
covered with erectile tissue and mucosa, includ-
ing a narrow segment of nasal valve at the ante-
rior part, and sinus ostia more posteriorly. Narrow 
segments at anterior parts negatively affect the 
measurements of more posterior parts and this 
leads to a potential problem since the narrowest 
part of the nasal cavity, the nasal valve, is on 
anterior part of the cavity. Similarly, ostia of the 
paranasal sinuses affect AR measurements, and 
cross-sectional areas behind the paranasal sinus 
ostia are overestimated. In order to understand 
the results of AR measurements, we will try to 
take a closer look to the cross-sectional area–dis-
tance curve.

26.6  Cross-Sectional Area–
Distance Curve

In order to interpret AR results correctly, it is 
essential to know how some anatomical struc-
tures in nasal cavity appear on AR area–distance 
curves and how these structures’ localizations 
and size affect the area–distance curve.

In a typical AR area–distance curve, there is a 
minimum on the junction between the nose 
adapter and the nostril (Fig. 26.5). This minimum 
is generally not considered as a “minimum” and 
hence not termed as the “first minimum”, since it 
occurs at “0 cm” which is the start point of the 
nose. first minimum after the nostril represents 
the nasal valve region (Fig. 26.5).

There is no clear consensus on interpretation 
of AR results, even in healthy humans. Inspection 
of the literature reveals that up to 4 local minima 
have been commonly observed on the AR area–
distance curves and different terms have been 
used to define these minima. The terms “1st con-
striction, I-notch, CSA1, MCA, start of isthmus 
region, start of valve region, or ostium internum” 
have been used for the first minimum, which was 
attributed to the nasal valve; “2nd constriction, 
C-notch, CSA2, inferior concha, or piriform 
aperture” have been used for the second mini-
mum, which was attributed to the head of the 
inferior turbinate, and “CSA3” has been used for 
the third minimum, which was usually attributed 
to the middle turbinate [3, 10]. However, recent 
experimental studies with nasal cavity models 
and clinical studies revealed that the second and 
third minima on cross-sectional area–distance 
curves do not represent an anatomical point, and 
hence, most of these terms might be used inap-
propriately [6–11, 16, 18, 19].

In healthy humans cross-sectional areas mea-
sured by different imaging modalities, such as 
CT and MRI were compared with AR cross- 
sectional area measurements and the techniques 
were found to give comparable results especially 
on the anterior part of the nasal cavity [9, 10, 
20–25]. Regarding the validation of AR curve 
with imaging modalities, a methodological issue 
has to be concerned. Areas calculated on AR 
measurements are the cross-sectional areas that 
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Fig. 26.5 A typical AR 
cross-sectional 
area–distance curve. 
Start point of the nasal 
cavity (nostril) is 
accepted as “0 cm”. 
Horizontal axis gives the 
distance of a given 
cross-sectional area that 
is perpendicular to the 
acoustic axis to the 
nostril. The cross- 
sectional area of that 
section is plotted on 
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are perpendicular to the sound wave propagation 
axis (acoustic axis). In some of the validation 
studies, images of the nose were taken perpen-
dicular to the base of the nose, not to the acoustic 
axis, and the reference point to be used in dis-
tance measurements was either chosen as the 
anterior nasal spine [21, 23], or tip of the nose 
[25] or even not clearly defined [24]. Studies that 
do not care to the sloped anatomy of the nasal 
cavity or use different reference points may lead 
to significant errors when interpreting the AR 
curve.

In a study on healthy humans, the actual 
cross- sectional areas of the nasal cavity together 
with the actual locations of the nasal valve, the 
head of the inferior turbinate, the head of the 
middle  turbinate, the openings of the ostia of the 
maxillary and frontal sinuses and the choanae 
were calculated from computed tomography 
sections perpendicular to the curved acoustic 
axis of the nasal passage [18]. The findings were 
then compared with the corresponding cross-
sectional areas measured by AR. Comparison of 
the CT- and AR-derived area–distance curves 
both before and after decongestion revealed that 
the nasal valve is identified by a pronounced 
minimum (the first minimum after the nostril) 
on the CT- and AR-derived area–distance 
curves. However, neither the head of the inferior 

turbinate nor the head of the middle turbinate 
could be distinctly identified on the CT area–
distance curves of healthy humans. The same 
held true for the AR measurements in both 
cadaver cast models and healthy humans [9, 18]. 
The second and third minima on the AR area–
distance curves did not correspond to the actual 
locations of the head of the inferior turbinate 
and the head of the middle turbinate determined 
from CT, neither before nor after decongestion 
[9, 18].

In a study that used cast model of the nasal 
cavity of a cadaver, Cakmak et al. demonstrated 
that AR was able to detect changes in cross- 
sectional area larger than approximately 0.19 cm2 
and 0.38 cm2, at the head of the inferior turbinate 
and the head of the middle turbinate, respectively 
[18]. This finding suggests that AR cannot resolve 
any change in the cross-sectional area of the nasal 
passage at each of these specific anatomic sites 
that is smaller than the corresponding limit. In 
addition, the ability of AR in measuring abrupt 
changes in cross-sectional area is poor, because 
of the limited spatial resolution and the long rise 
distance of the technique [6, 9].

In summary, with the exception of the first 
minimum after the nostril, which represents the 
nasal valve, the subsequent minima on the AR 
area–distance curves for both non-decongested 
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Fig. 26.6 The cross-sectional area–distance curves of a 
healthy human’s nasal cavity as determined by computed 
tomography and acoustic rhinometry, before (a) and after 
(b) decongestion. Actual locations of the anatomical 
structures are determined on computed tomography sec-
tions and depicted on the graphs with vertical dashed 
lines. The ability of acoustic rhinometry to detect the ana-
tomical structures in nasal cavity can be seen. Acoustic 

rhinometry fails to quantify the volume change after 
decongestion (CT cross-sectional area–distance curve as 
determined by computed tomography, AR cross-sectional 
area–distance curve as determined by acoustic rhinome-
try, N nostril, NV nasal valve, IC head of the inferior con-
cha [turbinate], MC head of the middle concha [turbinate], 
FS frontal sinus ostium, MS maxillary sinus ostium)

and decongested nasal cavities do not correspond 
to any anatomic structure in the healthy human 
nose (Figs. 26.6a, b and 26.7a, b). These minima 
are formed because of the acoustic resonances in 
nasal cavity behind the nasal valve region. Effects 
of some important anatomical landmarks on AR 
cross-sectional area–distance curves are summa-
rized below.

26.6.1  Nasal Valve

The nasal valve area is widely accepted as the 
most important part of the nasal passage with 
respect to its essential role in respiratory physiol-
ogy. Boundaries of this triangular region are 
formed by the caudal septum (medial wall), 
 caudal edge of the upper lateral cartilages and 
head of the inferior turbinate (lateral wall) and 
floor of the nose (inferior wall). Nasal valve is the 
narrowest part of the nasal passage and functions 
as an essential regulator of nasal airflow. The 
accuracy of AR measurements in the anterior part 
of the nose, which contains the nasal valve, is 
substantial in terms of the value of this method in 
rhinology. Individual anatomical variations of the 

anterior narrow segment might significantly limit 
the role of AR as a diagnostic tool for the entire 
nasal cavity.

As mentioned above, the nasal valve is identi-
fied by a pronounced minimum (the first mini-
mum after the nostril) on the AR area–distance 
curve. Experimental studies on pipe models and 
nasal cavity models have shown that AR gives an 
accurate measure of the distance from the nose 
adapter to the narrow segment that simulates 
nasal valve, and AR measurements of the anterior 
nasal passage are reasonably accurate if the nasal 
valve area is within normal adult ranges [7, 11]. 
Clinical studies that compare the cross-sectional 
areas derived by AR and by imaging modalities, 
such as computed tomography and magnetic res-
onance imaging, also showed that AR is a valu-
able method for measuring nasal valve area [10, 
18, 20–24]. These studies noted significant cor-
relations between the cross-sectional areas 
obtained by imaging modalities and AR, with 
particularly high agreement in the anterior part of 
the nasal cavity and nasal valve. For the area of 
the nasal valve, agreement between the AR and 
imaging techniques was apparent when imaging 
was obtained perpendicular to the acoustic axis 
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Fig. 26.7 The cross-sectional area–distance curves of a 
nasal cavity before and after decongestion, as determined 
by computed tomography (a) and acoustic rhinometry (b). 
Actual locations of the anatomical structures before and 
after decongestion are determined on computed tomogra-
phy sections and depicted on the graphs with arrows. 
Acoustic rhinometry fails to detect the localizations of the 

anatomical structures except for the nostril and nasal 
valve. (CT cross-sectional area–distance curve as deter-
mined by computed tomography, AR cross-sectional area–
distance curve as determined by acoustic rhinometry, N 
nostril, NV nasal valve, IC head of the inferior concha 
[turbinate], MC head of the middle concha [turbinate], FS 
frontal sinus ostium, MS maxillary sinus ostium)

that follows the curve of the nasal passage 
through the centre of the curved airway [10].

One of the best-recognized problems with 
acoustic pulse response analysis is its inability to 
precisely measure the cross-sectional areas 
beyond narrow apertures. Concomitantly, the 
accuracy of AR measurements of the nasal cavity 
depends greatly on nasal passage anatomy, espe-
cially that of the narrowest section. In model stud-
ies, the cross-sectional area and the length of the 
narrow segment have been shown to be the factors 
that most significantly influence the accuracy of 
AR [6]. When the cross-sectional area and the 
length of the narrowest part of the passage were 
relatively small and short, the probability of mea-
surement error was higher. It is well established 
that the area of a region beyond a severe constric-
tion may not be measured accurately by AR, and 
a narrowing in the anterior part of the nasal cavity 
causes errors in AR-derived areas posterior to the 
site of constriction [1, 7, 16, 26, 27]. The results 
obtained for living human subjects suggest that, 
when the nasal valve passage area is within the 
normal adult range, AR is a valuable method for 
measuring the cross- sectional areas of the nasal 

cavity anterior to the paranasal sinus ostia [18, 
19]. In other terms, accuracy of AR measurements 
is closely related with the narrowest section of the 
nasal passage, the nasal valve, and the passage 
area of the nasal valve is the most important limit-
ing factor when quantifying the geometry of the 
anterior nasal cavity with AR. The effects of nasal 
valve passage area on accuracy of AR measure-
ments were examined by Cankurtaran et al. using 
simple pipe models with a constriction [7]. These 
authors demonstrated that the constriction reflects 
most of the incident sound power. In models with 
constrictions of small passage area, the high- 
frequency components of the acoustic pulse gen-
erated by AR equipment do not reach the portion 
of the model beyond the constriction, because 
these waves are reflected back from the barrier 
created by the constriction. This finding is of vital 
importance for AR because the transmitted sound 
waves probe and hence provide information 
about, the cross-sectional area posterior to the 
constriction. Accordingly, an examiner should 
expect relatively higher degrees of error when 
measuring the cross-sectional area of a nasal cav-
ity model beyond a constriction of small passage 
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area. Since AR measures the intensity of reflected 
sound waves and compares this with the intensity 
of incident waves, AR-measured cross- sectional 
areas beyond the constriction (a nasal valve that is 
smaller than normal adult size) are underesti-
mated and the corresponding area–distance curve 
shows pronounced oscillations [6, 11].

The anatomy of the human nose is complex, 
and the spectrum of individual differences is 
broad. For patients with pathologies that narrow 
the nasal valve, such as septal deviations, polyps, 
tumours, webs, strictures, or alar cartilage insuf-
ficiencies, the value of AR for measuring the 
entire nasal cavity is limited. All users of this 
technique must be aware of the effects of nasal 
valve to prevent misinterpretation of AR findings 
during clinical assessment.

Together with the nasal valve, the second 
important anatomical structure that affects the 
AR measurements is paranasal sinuses.

26.6.2  Paranasal Sinuses

To interpret the AR measurements correctly, it is 
essential to know how paranasal sinuses affect 
AR area–distance curves and to what extent the 
AR measurements give idea on paranasal sinus 
and their ostia. At this point, the effect of nasal 
valve on AR measurements should be noticed 
once more. Model studies revealed that as the 
area of the nasal valve decrease (<0.283 cm2), the 
areas of both the nasal valve and regions poste-
rior to the nasal valve are underestimated and 
oscillations appear [6, 7, 10, 11]. Clinical studies 
on healthy humans supported the results of the 
experimental studies and showed that AR gives 
reliable results between the nostrils and sinus 
ostia if the nasal valve area is in normal range 
[18, 19]. Even if the nasal valve area is within 
normal range, the areas posterior to the sinus 
ostia are overestimated and the degree of error 
increases for the areas that are located more 
posteriorly.

Clinical and experimental studies revealed 
that AR measurements behind 5–6  cm, where 
sinus ostia are located, can include significant 
mistakes and AR measurements cannot give 

accurate information about the paranasal sinuses 
and sinus ostia [6, 8, 11, 19]. The effects of para-
nasal sinus volume and their ostia on AR mea-
surements have been assessed with model studies, 
in detail [8, 11]. The pipe models that have been 
used for that purpose were consisting of a main 
pipe with a side branch as Helmholtz resonator. 
The neck diameter (simulating sinus ostium) and 
the cavity volume (simulating the paranasal 
sinus) were variable. The results of those studies 
showed that small ostia had little impact on AR 
measurements, regardless of sinus volume [8, 
11]. However, AR overestimated cross-sectional 
areas posterior to the simulated sinus ostium 
when the ostium was large. Overestimation was 
more pronounced as the diameter of the sinus 
ostium and volume of the sinus increased. This 
result suggests that for patients who have a large 
sinus ostium and large paranasal sinus volume 
(i.e. after functional endoscopic sinus surgery), 
the precision of AR measurements beyond the 
sinus ostium is lower. Paranasal sinus volume can 
influence the area–distance curve beyond the 
ostium, but this effect is significant only when the 
sinus is connected to the nasal cavity by a rela-
tively large opening [11].

Since AR cannot measure the cross-sectional 
areas on posterior nasal cavity correctly, it also 
cannot give accurate data on nasal cavity volume. 
The results of a clinical study revealed that AR 
overestimates nasal cavity volume by 21% before 
decongestion and 24% after decongestion, when 
compared with volume measured by CT [18]. 
The nasal cavity volume difference with decon-
gestion was 30% more in AR measurements, 
when compared with CT measurements [18]. In 
other words, AR overestimates the effect of 
decongestion on nasal cavity erectile tissue mass.

In order to understand the reasons of the area 
overestimation behind the sinus ostia, it is essen-
tial to review the physical properties of the AR 
technique once more. The reason for area overes-
timations is not the acoustic energy loss to the 
sinuses through the ostia, but it is the interaction 
between the nasal cavity and paranasal sinuses 
[19]. The physical principle of AR is based on the 
reflections of the sound waves that propagate in a 
pipe [1, 26–28]. As the cross-sectional areas 

E. Hizal and O. Cakmak



331

change within the pipe, sound waves are partially 
reflected and the changes in acoustic impedance 
at each point constitute a reflection series. 
Reflection series of the pipe is termed as the 
“input impulse response of the pipe” and cross- 
sectional areas are calculated as a function of the 
distance [1, 29, 30]. Experimental data that 
include input impulse response is transformed 
into cross-sectional area–distance curve by the 
Ware–Aki algorithm [5]. Sound waves that pass 
through the nasal valve are exposed to multiple 
reflections at localizations with acoustic imped-
ance changes, such as sinus ostia. Oscillations 
that are formed by the resonator characteristics of 
paranasal sinuses are also superimposed with the 
waves that are reflected from the posterior parts 
of the nasal cavity. The Ware–Aki algorithm 
 misinterprets superimposed waves and this leads 
to area overestimations. Previous experimental 
studies showed that complex acoustic resonances 
of the paranasal sinuses and nasal cavity and thus 
the acoustic resonance effects of sinuses and pos-
terior nasal cavity are not accounted in Ware–Aki 
algorithm, which is still used in AR calculations 
[8]. The results from healthy humans also showed 
that the reason of area overestimations behind the 
paranasal sinus ostia was not sound loss through 
the sinus ostia to the sinuses, in both non- 
decongested and decongested cavities [19].

In summary AR does not give reliable data on 
the dimensions of the paranasal sinus ostia, vol-
umes of the sinuses, nasal cavity volumes 
between nostril and choana and the effect of the 
decongestion on nasal mucosa. AR overestimates 
the cross-sectional areas behind the sinus ostia. 
The diagnostic value of this method is restricted 
with the anterior part of the nasal cavity. Thus, 
the volume measurements in any instance should 
be done for the area between 0 and 5–6 cm.

26.7  Applications of Acoustic 
Rhinometry

A simple search on the Medline/PubMed data-
base with the words “acoustic rhinometry” reveals 
more than 1100 studies between 1989 and 2020. 
Together with the need for an objective tool to 

evaluate nasal patency, some attractive factors, 
such as relative ease of use and low application 
costs, seem to keep this technique as a popular 
tool for research. Theoretically, acoustic rhinom-
etry can be used to assess the geometry of nasal 
airway and the effect of anatomical, physiological 
or pathological conditions that interfere with 
nasal patency.

AR has been used to assess the effects of envi-
ronmental factors (effect of temperature [31, 32], 
posture [33], nasal cycle [34], inhaled pollutants, 
gases or particles [3]), pharmacological agents 
(decongestants [35, 36], antibiotics [37], steroids 
[38–40], nasal irrigations [41], antiallergic drugs 
[42–44], systemic drugs [45], nasal challenge test-
ing [46]) and surgical therapies on nasal airway. It 
also has been used in evaluation of allergic and 
non-allergic rhinitis, snoring and sleep apnoea [47, 
48]. AR can be a useful tool for evaluation of the 
symptom of nasal obstruction, and for document-
ing the pre-treatment status and post-treatment 
outcomes of surgical or medical therapies, for both 
medical and medicolegal purposes [49–52].

Acoustic rhinometry has been shown to be 
reproducible in animal studies, both in vivo and 
post mortem [53, 54]. However, physical and 
technical improvements for more accurate and 
applicable results and modification and optimiza-
tion of the equipment for measurement of small 
dimensions [55] are necessary to use this tech-
nique in animal studies.

Acoustic rhinometry has also been used for 
measurements in children [56–59]. Due to the 
uncomplicated and non-invasive nature of the 
technique, it may prove to be a useful tool in 
examination of the airways in children. However, 
the dimensions of the nasal cavity and thus the 
nasal valve in this population are usually much 
smaller than those of the adults. Accordingly, limi-
tations of the technique and the validity of mea-
surements should always be kept in mind [60, 61].

26.8  Conclusion

In conclusion, AR is potentially helpful in defin-
ing the geometry of nasal cavity, measurement of 
nasal patency and assessment of the results of 
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nasal medical and surgical interventions. 
However, AR measurements can include signifi-
cant mistakes due to the operator’s technique and 
nasal passage anatomy. AR measures the cross- 
sectional areas in anterior part of the nose with 
high accuracy and overestimates the cross- 
sectional areas behind the paranasal sinus ostia. 
In other terms, diagnostic value of the technique 
is limited with the anterior part of the nasal cav-
ity. Nasal valve can be identified as a minimum 
on AR area–distance curves (first minimum after 
the nostril). The second, third and fourth minima 
on AR area–distance curves cannot be associated 
with an anatomical structure in nasal cavity. 
These minima are formed because of the acoustic 
resonances in nasal cavity behind the nasal valve 
region. The cross-sectional areas behind the para-
nasal sinus ostia are overestimated with AR. This 
is not because of the sound loss to the sinuses 
through the sinus ostia, but because of the inter-
actions between the nasal cavity and paranasal 
sinuses. Acoustic rhinometry cannot give quanti-
tative data about the volumes of the paranasal 
sinuses and dimensions of the sinus ostia, neither 
before nor after decongestion. Acoustic rhinom-
etry significantly overestimates the effect of 
decongestion on nasal mucosa. Clinical studies 
that do not take the potential errors of AR into 
account can easily be misinterpreted. Physical 
limitations should be taken into account to 
develop better AR equipment and related com-
puter software.
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27New Measurement Methods 
in the Diagnostic of Nasal 
Obstruction

Gunter H. Mlynski, Giorgi Gogniashvili, 
and Achim G. Beule

Core Messages
• Accurate preoperative analysis of extent and 

causes of nasal breathing complaints in com-
bination with a stronger physiological per-
spective in surgical therapy is needed if we 
want to make progress beyond unsatisfactory 
long-term outcomes with inadequate improve-
ment in nasal airway obstruction and frequent 
postoperative sicca symptoms.

• New measurement methods need to be used to 
objectify nasal obstruction, since rhino-
manometry is only capable of adequately dif-
ferentiating the degree of obstruction, but not 
all its causes.

• Rhinoresistometry, a refinement of rhino-
manometry, makes it possible to objectively 
determine not only the degree of obstruction 

but also to differentiate between swelling, 
skeletal stenosis, inspiratory collapse of the 
nasal valves and pathological turbulence as 
possible fluid dynamics causes of nasal 
obstruction.

• By combining rhinoresistometry with acoustic 
rhinometry, it is possible to accurately localize 
skeletal stenosis and determine the causes of 
pathological turbulence.

• Rhinoresistometry and acoustic rhinometry 
only enable the objective measurement of 
conditions in the nose at the time of measure-
ment. Long-term rhinometry has been devel-
oped to overcome this limitation.

• Long-term rhinometry yields information 
about the nasal cycle in specific conditions 
and provides an objective measurement of 
reactive congestion over a 24-h period under 
the usual conditions of the patient’s everyday 
livings conditions.

• New techniques for the diagnostic evaluation 
of nasal obstruction make it possible to set 
better surgical indications prior of functional 
nasal surgical interventions and to better plan 
the surgery.

• Rhinoresistometry, acoustic rhinometry and 
long-term rhinometry now offer the practitio-
ner tools that allow essential postoperative 
quality control in functional rhinosurgery.
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27.1  Preliminary Remarks

Despite several significant advances in the area of 
procedures for the diagnostic evaluation of nasal 
obstruction, there has been a striking failure until 
now to implement routine objective preoperative 
diagnostic testing prior to functional and  aesthetic 
rhinosurgery, and for postoperative quality 
control.

To objectify nasal obstruction currently rhino-
manometry (RMM) is being used worldwide [1]. 
This method measures nasal airflow provided 
pressure and thereby enables the physician to 
estimate the extent of nasal obstruction. Also, dif-
ferentiation between a constriction caused by 
congestion or skeletal stenosis is possible. A crit-
ical functional analysis of the important nasal 
valve area is not possible even though a patho-
logical internal nasal valve is a frequent cause for 
an obstructed nasal breathing. Moreover, the 
important endonasal airflow pattern regarding the 
transition of laminar to turbulent flow is not suf-
ficiently objectified. This is one reason for the 
fact that pathological turbulence is being seldom 
analysed as possible pathophysiological factor in 
the pathophysiology of nasal obstruction and 
thereby the underlying causes overlooked, result-
ing in unsatisfactory surgical results.

However, evaluation of nasal airway patency 
is not sufficient by itself and in some cases may 
even be misleading. Thus, nasal airway resis-
tance can be decreased by resecting the nasal tur-
binates, thereby improving airflow. The results of 
RMM testing might simulate functional improve-
ment [2], even though, in fact, nasal respiratory 
function has been largely destroyed after resec-
tion of the nasal turbinates [3–13].

RMM only provides an evaluation of nasal 
airflow at one flow velocity. However, nasal resis-
tance varies depending on the flow velocity due 
to constantly changing endonasal generation of 
turbulence and also often varies dynamically 
because of the collapse of the nasal valve from 
negative pressure as a result of the Bernoulli 
effect (see Sect. 20.2.2).

For these reasons, we must consider RMM as 
being of limited value for the diagnostic evalua-
tion of nasal obstruction [2]. Until now, this has 

the effect of leaving many surgeons sceptical 
about the overall value of functional testing in the 
field of functional rhinosurgery. Consequently, 
RMM has been further refined to rhinoresistom-
etry (RRM) [2, 14–17].

In recent years, acoustic rhinometry (ARM) 
has been established as an additional analysis 
tool for rhinologic diagnostic testing (see Chap. 
26). It enables measurement of the cross- sectional 
areas of the nasal flow channel in relation to the 
distance from the external nasal ostium [1, 18]. 
Because airway resistance does not solely depend 
on the magnitude of the cross-sectional area of a 
flow channel but also on its shape, ARM cannot 
be used to estimate the magnitude of nasal 
obstruction. However, ARM permits conclusions 
about the location of narrowings and possible 
causes and locations of pathological turbulence 
in the nose (see Sects. 27.2.1.1 and 27.2.3).

RMM, RRM and ARM only permit an assess-
ment of nasal obstruction at the time of measure-
ment. To gain insight into the rhinologic function 
of the nose during patient’s normal physical 
activity, long-term rhinometry (LRM) was devel-
oped [19, 20]. LRM technique permits side- 
specific measurement of the nasal cycle over a 
24-h period. It yields information on the func-
tionality and adaptive capacity of the nose during 
periods of increased oxygen demand resulting 
from physical activity under the typical condi-
tions of a patient’s everyday life.

This book devotes a separate Chapter to RMM 
and to ARM. In this chapter, RRM and LRM will 
be described in Sects. 27.2.1 and 27.2.2. In addi-
tion, we will show how ARM can be used to 
make deductions about the causes of pathological 
nasal valve collapse and of pathological nasal 
turbulences (see Sect. 27.2.1.1). Moreover, we 
will demonstrate how the combination of RRM 
an ARM (and in specific cases LRM) makes it 
possible not only to objectify the extent of nasal 
obstruction but also to differentiate among its 
possible causes. This diagnostic algorithm will 
be illustrated by means of clinical examples.

The subjective sensation of nasal obstruction 
depends not solely on airway resistance but also 
on several additional factors, and therefore, it 
cannot be completely measured even with the 
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most refined methods [21]. Especially because of 
the known discrepancy between objective mea-
surements of functional impairment and subjec-
tive sensations [22–26], the objectification of the 
different aetiologies of functional impairment is 
important for effective planning of the appropri-
ate treatment.

A precise preoperative analysis of the extent 
and the cause of breathing difficulties in the nose 
in combination with a greater consideration of 
physiological aspects in surgical therapy is nec-
essary if we want to make progress in long-term 
results [3–5, 7–9, 13, 27–32]. The latency 
between surgery and the emerging of sicca symp-
toms, which often takes several years, reflects the 
compensatory capacity of the healthy mucosa 
[33]. This makes it more difficult to recognize the 
causal relationship with previous surgery, some-
thing that will only be possible in the context of 
prospective cohort studies that look at long-term 
outcomes [34, 35].

27.2  New Techniques 
for the Diagnostic Evaluation 
of Nasal Obstruction

In the following sections, we will describe new 
techniques for objectifying nasal obstruction and 
its causes.

27.2.1  Rhinoresistometry (RRM)

Motivated by the inadequacy of information 
obtained through rhinomanometric testing and 
the capabilities of modern computer technology, 
RMM was further refined into RRM [2, 14–17]. 
Based upon the laws of fluid dynamics, this 
method uses values measured by rhinomanome-
try of the pressure difference between the exter-
nal nasal orifice and the choanal area 
simultaneously with the airflow velocity to com-
pute diagnostically relevant parameters. The 
equipment and the measurement procedure used 
in RRM completely correspond to this used in 
active anterior RMM.  However, for the RRM 
equipment, the guidelines established by the 

“International Committee on Objective 
Assessment of the Upper Airways” [1] need to be 
followed. In addition, to determine not only the 
extent of nasal obstruction, RRM permits the dif-
ferentiation between the possible causes of a 
nasal obstruction: narrowing caused by swelling, 
and/or by skeletal stenosis, and/or by inspiratory 
collapse of the nasal valves, and/or pathologi-
cally turbulence behaviour.

The results of RRM are presented by means of 
graphs and numerical values. The graphs allow 
the reader to make a “diagnostic at a glance”, and 
the numerical values are used for precise analysis 
and pre- and post-therapeutic comparisons.

27.2.1.1  Graphical Presentation
Figure 27.1 shows the graphic illustrations used 
in rhinoresistometry. The findings are presented 
in red for the right side of the nose and blue for 
the left side. Measurements taken before mucosal 
decongestion are shown in a light colour. 
Measurements taken after decongestion are 
shown in a dark colour.

Flow-dependent increase in resistance is pre-
sented in the upper graph (Fig. 27.1). It is appar-
ent that in both inspiration and expiration, nasal 
airway resistance rises with increasing flow 
velocity.

We know from physiology that during moder-
ate physical activity, maximal breathing flow 
(both sides of the nose combined) of approx., 
500 mL/s is required to maintain adequate oxy-
gen supply. During heavy physical activity, the 
oxygen requirement is met through supplemental 
bypass breathing through the mouth. As a result, 
flow velocities rarely exceed 500  mL/s in the 
nose. For this reason, we describe the range 
between 0 and 500 mL/s as “physiologic breath-
ing range” (see Sect. 20.1). Experience tells us 
that during the rhinometric test situations, 
patients breathe more deeply than necessary. The 
patient achieves flow velocities of up 800 mL/s. 
This is reason why we observe very long inspira-
tory and expiratory curves in rhinomanometric 
testing. Therefore, in RRM, the inspiratory and 
expiratory portions of the curves are marked with 
points to indicate where the flow through the 
right and left side of the nose together contributes 
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Fig. 27.1 Graphic representation of the findings from 
RRM. Right side of the nose, red; left, blue. Light-colored 
curves: before decongestion of the mucosa. Dark-colored 
curves: after decongestion of the mucosa. Upper graph: 
nasal airway resistance. Lower graph: turbulence flow 

behavior of the nasal airstream. x-axis: left of the midline: 
inspiratory flow in mL/s. right of the midline: expiratory 
flow in mL/s. y-axis: upper graph: resistance in sPa/mL. 
lower graph: turbulent flow behavior: lam. laminar, turb. 
turbulent

up to 500 mL/s. This makes it possible to see at a 
glance how much each side of the nose is contrib-
uting to total flow if moderate physical activity is 
performed and what levels of nasal flow resis-
tance are acting on each side of the nose during 
“physiologically required airflow”.

The graph enables us to evaluate nasal airway 
resistance for each side of the nose “at a glance”: 
the higher the course of the curve, the more pro-
nounced is the nasal obstruction. In Fig. 27.1 the 
right side of the nose is moderately obstructed 
before decongestion. After decongestion the 
resistance has normalized. On the left side, the 
resistance is physiological before and after 
decongestion.

As in RMM, by examining the distance 
between the curves before and after deconges-
tion, we can differentiate between the portions of 
nasal airway resistance due to congestion and due 
to skeletal narrowing. Figure 27.2 shows rhinore-
sistometric resistance curves of a nose with 

mucosal swelling on both sides. After deconges-
tion, on the left side the resistance drops to very 
small values but on the right side an increased 
resistance remains, indicating an additional skel-
etal narrowing.

In addition to identifying swelling and skeletal 
stenosis at a glance, the graph can also be used to 
identify whether or not there is significant inspi-
ratory nasal valve collapse (NVC). For this pur-
pose, a calculated curve for inspiration is shown 
as a dotted line, which shows the flow-dependent 
increase in airway resistance with a stable ves-
tibular sidewall without collapse. The measured 
and calculated curves are congruent if the nasal 
valves are not sucked in Fig. 27.2. Deviations of 
the measured (solid) line from the dotted line 
indicate abnormalities in the width of the flow 
channel, such as those caused by NVC (Fig. 27.3).

The greater the extent of NVC, the more pro-
nounced the measured curve will deviate from 
the calculated curve [36]. A slight deviation at 
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Fig. 27.3 Resistance curves measured by rhinoresistom-
etry (continuous lines) and resistance curves calculated 
with a stable lateral vestibular wall (dotted lines on the 
inspiratory side of the curve). (a) Before decongestion: no 
NVC. (a) After decongestion and left before deconges-

tion: physiological NVC. Left after decongestion: patho-
logical NVC rhinoresistometric resistance curves of a 
nose with nasal valve collapse (a) physiologic nasal valve 
collapse; (b) pathological nasal valve collapse

high flow velocities (> 500  mL/s) indicates a 
physiological collapse of the nasal valve 
(Fig. 27.3a). One can identify pathological col-
lapse of the nasal valve based on a significant 
deviation of the measured from the calculated 
curves (Fig. 27.3b).

In the RRM, the lower graph (Figs. 27.1 and 
27.5) displays the turbulence behaviour of nasal 
airflow in relation to airflow velocity. The level 
on the X-axis corresponds to pure laminar flow, 

and the upper blue-grey striped bars correspond 
to complete turbulence.

At very low flow velocities, the flow is com-
pletely laminar in any flow channel and thus in 
the nose as well [37]. As the velocity of flow 
increases, both in inspiration and expiration 
laminar flow portions transition more and more 
into turbulent flow portions (see 20.4). This 
“transition range” is important for the respira-
tory function of the nose. It creates the optimal 
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situation for conditioning the air. It provides 
adequate mucosal contact by the streaming air 
without leading to dryness or pathological cool-
ing of the mucosa (see Sect. 20.4). At very high 
flow velocities, nasal airflow becomes com-
pletely turbulent [37–42]. Complete turbulence 
hardly ever occurs in a normal nose. When high 
airflow velocities are required to provide ade-
quate oxygen supplies during heavy physical 
stress, mouth-bypass breathing is unconsciously 
employed so that the nasal airstream decreases 
(see Sect. 20.1).

Nasal airflow should become more turbulent 
when the mucosa is in a decongested state (cor-
responding to the working phase of the nasal 
cycle; see Sect. 20.4) as a condition for sufficient 
mucosal contact than in the congested state (cor-
responding to a resting phase in the nasal cycle). 
In the resting phase (decongested mucosa), the 
flow character should not become purely turbu-
lent up to an airflow velocity of 200  mL/s 
(Fig. 27.1 bilaterally; Fig. 27.4 right side of the 

nose; see Sect. 20.4), and thus reduces turbulence 
in the nose.

At pathological turbulence, there is a rapid 
transition so that pure turbulence will already 
develop in the nose at flow velocities <200 mL/s 
(Fig. 27.4. left side of the nose).

Complete turbulence in the nose can gener-
ate elevated airway resistance, and besides it 
also causes sicca symptoms with a sense of 
obstruction.

27.2.1.2  Numerical Evaluation
Besides using the graphical representation to get 
a “diagnosis at a glance” numerical values are 
calculated for a more precise assessment of 
extent and causes of obstruction (Fig. 27.5).

Differences between individuals with the 
same degree of nasal obstruction may have quite 
varied levels of symptoms depending on age, 
gender, body mass index, level of the physical fit-
ness and additional medical conditions. 
Therefore, the reference values presented here 
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should not be applied too rigidly. They are simple 
benchmarks for the purpose of orientation. The 
values were determined through studies on both 
rhinologically healthy patients and patients with 
nasal obstruction [21, 43–45].

Nasal resistance (R) is numerically repre-
sented at a flow velocity of 250 mL/s before and 
after decongestion. As reported in Sect. 20.6, an 
airflow of approx. 500  mL/s is required in the 
physiological breathing range. If both nasal sides 
make an equal contribution to this requirement, 
250  mL/s would flow per second through each 
nasal side.

Thus, for the practical evaluation of nasal 
obstruction, the resistance measured at 250 mL/s is 
an appropriate value ([42, 46]; see also Sect. 20.1). 
The extent of nasal obstruction can be estimated 
according to the reference values in Table 27.1.

The hydraulic diameter (dh) is a measure for 
the width of the nasal cavum. The nasal cavity is 
a space with irregular cross sections. Therefore, 
its width cannot be defined simply by its diameter 
as it is common with a perfectly round tube. In 
technological science, the usual practice when 
dealing with an irregular cross section of a chan-
nel is to use the “hydraulic diameter”. This is the 
diameter of a tube of the same length with a 
round cross section for a channel that has the 
same resistance to airflow as the irregularly 
shaped flow channel. The figures shown in 
Table  27.2 can be used as reference values for 
estimating the width of the interior of the nose.

The hydraulic diameter of both sides of the 
nose is calculated before and after the deconges-
tion. Using these values, one can identify a muco-
sal swelling and a skeletal narrowing as causes 
for nasal obstruction. The increase in magnitude 

of the hydraulic diameter by decongestion is an 
index of the extent of mucosal swelling. If the 
hydraulic diameter remains low after deconges-
tion, this is evidence of skeletal stenosis. A very 
large hydraulic diameter indicates a nose that is 
pathologically too wide.

Numerical values for the NVC are calculated 
before and after decongestion. Therefore, the cal-
culated course of the flow-dependent increase of 
resistance without nasal valve collapse (see Sect. 
27.2.1.2) is used. The numerical value for the 
increase of nasal resistance caused by the valve 
collapse (∆R) is calculated at a flow of 500 mL/s 
(Fig.  27.6). Using this parameter, physiological 

Table 27.1 Reference values of nasal obstruction via 
resistance

Resistance at 
250 mL/s

Extent of obstruction 
on one side of the 
nose Interpretation

<0.17 sPa/mL No obstruction Physiological 
resistance0.17–

0.35 sPa/mL
Slight obstruction

0.36–
0.70 sPa/mL

Moderate 
obstruction

Pathological 
resistance

>0.70 sPa/mL Severe obstruction

Table 27.2 Reference values for the interior of the nose 
based on the hydraulic diameter

Hydraulic diameter Width of the nose
<5.0 mm Too narrow
5.0–6.5 mm Normal width
>6.5 mm Too wide

R

R

Max. inspir. flow

Inspir. flow 500ml/s FNVC

∆R

Fig. 27.6 Calculation of numerical value (∆R) for the 
increase of nasal resistance by the nasal valve collapse
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and pathological nasal valve collapse can be dif-
ferentiated. The reference values are indicated in 
Table  27.3. In addition, the minimal flow at the 
starting point of the inspiratory nasal valve col-
lapse (FNVC) is indicated as value. This parameter 
indicated the flow, at which the calculated curve of 
nasal resistance starts to differ from the measured 
one. Physiologically, the nasal valve should not 
show an inspiratory nasal valve collapse up to 
500 mL/s.

The numerical value for the increase in resis-
tance from NVC (∆R) allows us to estimate the 
magnitude of the suction phenomena as well as to 
differentiate between physiological and patho-
logical NVC in accordance with Table  27.3. In 
addition, the nasal airflow velocity at which col-
lapse begins (FNVC) is quantified (Table  27.4). 
The nasal valves should not be significantly col-
lapsed in (∆R > 25%) at airflow velocities up to 
the maximum physiologically required nasal air-
flow of 500 mL/s.

The transition to turbulence in endonasal air-
flow is numerical classified according to the flow 
velocity, at which flow is completely turbulent. 
For the respiratory function of the nose airflow 
within the physiologic breathing range (see Sect. 
20.1) in the transition from laminar to turbulent 
flow allows a physiological amount of contact to 
the endonasal mucosa (see Sect. 20.4). In a 
decongested state, like a working phase of the 
nasal cycle (see Sect. 20.5), complete turbulence 

should be achieved at a flow velocity of 
<200 mL/s. This flow value is indicated as “Full 
turbulence inspiratory at flow (mL/s)” and corre-
sponds in the graph to a dotted (red or blue) line 
in the inspiratory section (Figs. 27.4 and 27.5).

27.2.1.3  Objectification of Nasal 
Obstruction with RRM

The diagnostic possibilities of RRM are illus-
trated in the following part using a rhinoresisto-
metric result of the patient (cf. Fig. 27.5).

At one glance, the graph of the right nasal side 
allows detection of a severe obstruction due to the 
steep course of nasal resistance curve. As aetiology, 
a skeletal stenosis can be detected because resis-
tance after decongestion persists in an increased 
matter despite some effect of decongestion. 
Besides, on this nasal side a pathological NVC 
(with the steeper course of the measured, continu-
ously illustrated resistance line than the calculated, 
dotted resistance line) and a pathological behaviour 
of turbulence generation (fast transition to full tur-
bulence at an inspiratory flow of <200 mL/s) attri-
bute to the increase of nasal resistance.

The corresponding numerical values after 
decongestion confirm these pathologies. On the 
right nasal side after decongestion, the flow resis-
tance is pathologically increased with 1.51 sPa/
mL, and the nose remains too narrow after decon-
gestion (hydraulic diameter: 4.4  mm). Besides, 
the contribution of inspiratory nasal valve col-
lapse to nasal resistance at 250  mL/s is larger 
than 100% and nasal airflow is already com-
pletely turbulent at 68 mL/s.

The curve of nasal resistance on the left nasal 
side is very shallow. With 0.04 sPa/mL, nasal resis-
tance after decongestion is pathologically 
decreased. This nasal side is pathologically wide 
(hydraulic diameter: 7.8  mm). Also, after decon-
gestion the behaviour of turbulence is marginal 
(complete turbulence already at a flow of 201 mL/s).

27.2.2  Acoustic Rhinometry (ARM)

Acoustic rhinometry has been extensively pre-
sented in Chap. 26 with its possibilities and 
limitations.

Table 27.4 Classification of turbulence based on the 
commencement of full turbulent flow at an inspiratory 
flow

Full turbulence at inspiratory flow 
(mL/s)

Turbulence 
behaviour

≥200 mL/s Physiological
<200 mL/s Pathological

NVC nasal valve collapse, ΔR refers to the difference 
between measured and calculated resistance at 500  m/s 
endonasal flow

Table 27.3 Differentiation between physiologic and 
pathologic nasal valve collapse (NVC)

ΔR NVC

≤25% Physiological
>25% Pathological

G. H. Mlynski et al.
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ARM is an appropriate method to objectify 
stenosis due to congestion and skeletal deformi-
ties [1, 2, 15–17]. It is not suitable to assess the 
extent of nasal obstruction, because nasal resis-
tance depends not only on the magnitude of the 
cross-sectional area but also on their configura-
tion. In case of similar cross- sectional areas, the 
channel with a slit-like configuration has a higher 
resistance than the more circular one, because the 
wall area and thereby the friction are larger 
within the slit-like channel (see Sect. 20.2.1). 
ARM should therefore only be used in connec-
tion with a dynamic measurement method for 
assessment of resistance, like rhinomanometry or 
rhinoresistometry. Apart from this limitation, 
ARM nevertheless accomplishs a valuable con-
tribution to the diagnostic of nasal obstruction. It 
allows a sufficiently exact assessment of the 
geometry within the nasal vestibule and the ante-
rior cavum. Shape changes in this for the nasal 
airflow important inflow area of the nose are 
common causes for symptoms of the patient (see 
Sect. 20.3.1).

27.2.2.1  New Parameter in ARM
Using the previously in Sect. 27.2.1 described 
RRM, an objectification of the effect of a skeletal 
stenosis or nasal valve collapse on nasal resis-
tance becomes possible. However, information is 
missing regarding localization of the stenosis or 
shape changes causing air pathological valve 
function or pathological turbulence in the nose. 
However, for effective correction of these shape 
changes by functional rhinologic surgery all this 
information is valuable.

To improve the detection of pathological 
shape changes in the inflow area, the previously 
calculated parameter was supplemented by two 
newly introduced ones [2, 15–17]; Fig. 27.8.

• MCA0 for the external ostium (external nasal 
valve): This inflow opening for the inspiratory 
air flow is the first physiological constriction, 
which often causes an increase in the nasal 
resistance due to an additional permanent path-
ological constriction. Dynamic stenosis during 
inspiration (collapse of the outer nasal valve) 
can also lead to pathological resistance.

• Opening angle of the diffuser φ: From the 
enlargement of the cross-sectional area inside 
the anterior cavum, an opening angle of the 
nasal diffuser can be calculated from the areas 
measured by ARM (Fig. 27.7, Table 27.5). This 
parameter makes it possible to distinguish two 
aetiologies of increased pathological turbu-
lence of the nose:
 – A narrow diffuser entrance area (small 

MCA1).
 – A large increase in the cross-sectional area 

within the diffuser (see Sect. 20.4).

27.2.2.2  Objectification of Causes 
for Nasal Obstruction 
with ARM

The extent of an obstruction cannot be assessed 
with the ARM (see above). However, the method 
is suitable to localize pathological constrictions 
and to objectify the flow dynamic causes of path-
ological turbulence.
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Fig. 27.7 Calculation of the opening angle of the diffuser 
φ using acoustic rhinometry

Table 27.5 Impact of diffuser opening angle φ on endo-
nasal turbulence

Turbulence in the nose
Diffuser opening angle 
φ

Slight turbulence formation <7°
Moderate turbulence 
formation

7°–9°

Severe turbulence formation >9°
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Fig. 27.8 Illustration of acoustic rhinometric assessment including numerical values

In Fig. 27.8 the ARM examination of the same 
patient as in Fig. 27.5 is illustrated. As a diagno-
sis at first glance on the right nasal side it is 
possible.

• To identify the localization of the skeletal ste-
nosis as aetiology for the pathological resis-
tance after decongestion (cf. Fig. 27.8 in the 
area of MCA1).

• On the right nasal side the narrow entrance of 
the diffuser (MCA1) before and after decon-
gestion is the cause for the pathologically 
increased turbulence behaviour (cf. Fig. 27.8).

• The narrow MCA1 causes a high local airflow 
velocity and thereby a strong Bernoulli effect 
in the area of the internal nasal valve.

• On the left nasal side a marked increase of the 
cross-sectional area in the diffuser causes a 
turbulence, which is on the border to patho-
logical finding (cf. Fig. 27.8).

Information obtained by RRM and ARM are 
helpful in the preoperative planning of rhinosur-
gical steps.

In case of the patient with the diagnostic RRM 
and ARM findings in Figs. 27.5 and 27.7, the sur-
gical aim is to increase the width on the right 
nasal side by septoplasty. Thereby, the pathologi-
cally increased resistance on the right side and 

the pathologically low resistance on the left side 
are normalized.

It is not necessary to increase the stiffness of 
the right nasal wing to correct the pathological 
valve collapse, caused by a strong Bernoulli phe-
nomenon due to a high local air flow velocity 
within the narrow MCA1 (see Sect. 20.2). After 
correcting the constriction, physiological func-
tion of the nasal valve is to be expected. The 
pathological turbulence behaviour is also 
improved if the entry area of the diffuser (MCA1) 
becomes larger.

A reduction of the turbinates is contraindi-
cated, because the already large opening angle of 
the diffuser would result in a further increase of 
endonasal turbulence. The marginal turbulence 
behaviour on the left nasal side will be improved 
by straightening of the nasal septum because the 
nozzle effect of the vestibule is regained by nor-
malization of the MCA1.

The postoperative result 1 year after surgery is 
presented in Sect. 27.3.2.2 and Fig. 27.14b.

27.2.3  Long-Term Rhinometry (LRM)

LRM was developed because RMM, RRM and 
ARM only allow an assessment of nasal obstruc-
tion at the time of the measurement [47]. 
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Fig. 27.9 Measurement system for long-term 
rhinoflowmetry

However, some patients complain about symp-
toms that occur at other times of the day. LRM 
makes it possible to measure nasal flow sepa-
rately for each side of the nose, along with the 
heart rate to serve as an index for physical activ-
ity over a 24-h time period under the patient’s 
everyday life conditions. Nasal flow is measured 
using standard commercial nasal oxygen cannu-
las and the heart rate using standard ECG elec-
trodes. Recording and storing is performed by 
means of a battery-powered portable device 
(Fig.  27.9). The recording of the nasal cycle 
enhance the facilities to objectify the nasal respi-
ratory function [48].

Figure 27.10 illustrates the graphical curves 
resulting from a LRM examination. The upper 
graph presents the maximal nasal flow values 

during inspiration separately for each side of the 
nose in relation to time. The lower graph shows 
the heart rate for estimating physical activity, 
respiratory rate, as well as nasal minute volume 
(NMV) in relation to time.

27.2.3.1  Upper Graph (Figs. 27.10 
and 27.11)

The curves for the nasal flow allow a visual 
assessment of the nasal cycle at a glance. At 
physical rest or light physical activity, a “clas-
sical type” of nasal cycle should occur, with 
reciprocal alternations between the two sides 
of the nose in working and resting phases. With 
increasing physical activity, the simultaneous 
transition of both sides of the nose into work-
ing and resting phases (the “In-concert” type) 
is a physiological response to increased oxy-
gen demand (see Chap. 20). In this situation, 
the nasal flow in both sides should reach 
between 250 and 500  mL/s, as shown in 
Fig.  27.10. These flow velocities cannot be 
reached in the presence of pathological nasal 
air resistance with the deployment of mouth- 
bypass breathing. An example is shown in 
Fig. 27.11.

27.2.3.2  Lower Graph (Figs. 27.10 
and 27.11)

Heart Rate (Orange Curve)
In LRM, the heart rate is used to determine the 
level of physical activity. This relationship is 
known from physiology (Table  27.6). Please 
note that these values can vary considerably 
between people, depending on age, gender, level 
of education and also on medication (e.g. beta 
blockers). Therefore, these values can only be 
used relatively.

Since the oxygen requirement depends on 
physical activity, the heart rate provides an 
 information of the oxygen requirement and thus 
the necessary respiratory flow. The heart rate is 
therefore an important measure when assessing 
the curves for flow, breathing rate and nasal 
breathing minute volume.
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Fig. 27.10 Findings from LRM in a person with normal 
nasal breathing. To better grasp the relation between phys-
ical activity and mucosal congestion in the nose, in this 
figure the type of cycle and the amount of physical activity 
were marked. x-axis: time of day in hours. y-axis: upper 

graph, nasal respiratory velocity at maximal inspiration in 
mL/s (red right nose, blue, left nose). Lower graph: 
orange, heart rate (HR); green, nasal respiratory minute 
volume (NMV) in L/min; purple, respiratory rate (BR)
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Fig. 27.11 RRM, ARM, and LRM findings in a patient without nasal obstruction

With sufficient nasal breathing, the minute vol-
ume and the heart rate should have a similar pro-
file: with increasing activity, the nasal minute 
volume also increases and vice versa. If, with 
increasing physical activity, the nasal airflow is no 
longer sufficient for the current oxygen demand, 
mouth-bypass breathing occurs. This can be rec-
ognized by a falling curve of the nasal respiratory 
minute volume while the heart rate rises.

Breathing Rate (Purple Curve)
The breathing rate under resting conditions rate 
is 12–16 breaths per minute.

The breathing rate curve provides an informa-
tion of the effectiveness of the patient’s breathing 
technique. In conditions of increased oxygen 
demand under physical stress, there are two 
breathing techniques available to increase the 
minute volume:
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Table 27.6 Heart rate as indicator of physical activity

Heart rate Physical activity
<80/min Physical rest
80–100/min Slight physical activity
>100–120/min Moderate physical activity
>120/min Severe physical activity

Table 27.7 Physiologic reference values of nasal respi-
ratory minute volume during physical activity

Physical activity
Nasal respiratory minute 
volume

Physical rest At least 5 L/min
Light physical activity At least 10 L/min
Moderate physical 
activity

At least 20 L/min

Severe physical activity At least 30 L/min

Table 27.8 Estimation of nasal obstruction based on 
onset of mouth breathing

Onset of mouth-bypass 
breathing during

Extent of nasal 
obstruction

Physical rest Severe obstruction
Slight physical activity Moderate obstruction
Moderate physical activity Slight obstruction
Severe physical activity No obstruction

• Increasing the respiratory rate with decreasing 
tidal volume.

• Decreasing respiratory rate with increased 
tidal volume. Due to the lower percentage of 
dead-space ventilation, the latter technique is 
more effective.

Nasal Minute Volume (NMV) (Green Curve)
Nasal minute volume is the total volume of air 
that is inhaled through both sides of the nose dur-
ing 1  min. In combination with the physical 
activity, one can use the reference values known 
from physiology in Table 27.7.

If the measured values for the nasal minute 
volume fall below the indicated reference value 
(as in Fig.  27.11), one can conclude that 
mouth- bypass breathing is taking place. This 
can be a sign of nasal obstruction [49]. 
Table 27.8 provides an initial evaluation of the 
obstruction.

27.2.3.3  Indications for Long-Term 
Rhinometry

LRM is not required for every patient with nasal 
obstruction. It is indicated when the magnitude of 
nasal obstruction determined by RMM or RRM 
does not fully explain the patient’s symptoms. 
Since nasal airway resistance accounts for about 
60% of total airway resistance, a deficiency in the 
respiratory musculature or the cardiovascular 
system or poor general physical condition may 

lead to symptoms that occur at even normal or 
slightly elevated levels of nasal airway resistance, 
which the patient compensates by mouth-bypass 
breathing. In such cases the LRM shows low lev-
els of baseline nasal respiratory volume per min-
ute that do not increase with increased physical 
activity.

In diagnosing sicca symptoms and in evaluat-
ing the “empty nose syndrome” LRM can be a 
valuable diagnostic tool. The complete absence of 
resting phases suggests that either the nose is too 
wide or that the congestive capacity of the nasal 
mucosa has been so greatly reduced that closure 
of the nose permitting a resting phase is no longer 
possible. In such cases, LRM often shows only 
minimal ventilation indicated by a very low nasal 
minute volume, since these patients minimize 
nasal airflow by unconsciously switching over to 
mouth-bypass breathing as a way to reduce 
chronic dryness in their nose by minimizing nasal 
airflow. By this habit, they artificially create rest-
ing phases for both nasal side by means of mouth-
bypass breathing. Such LRM findings provide an 
indication for the treatment option of surgically 
reducing the nasal cavity width. If resting phases 
can still be observed in the nasal cycle, this would 
justify conservative therapy.

27.3  Diagnostic Procedures 
for Objectifying Nasal 
Obstruction and Its Causes

27.3.1  Combination of RRM, ARM 
and LRM

With RRM, ARM and LRM different but 
additional information about nasal obstruc-
tions can be obtained

27 New Measurement Methods in the Diagnostic of Nasal Obstruction



348

• RRM provides fluid dynamic information 
about the extent of an obstruction (airway 
resistance), about the effects of a narrowing 
(hydraulic diameter) and about the turbulence 
behaviour (flow at complete turbulence). 
Measuring the inspiratory NVC can also esti-
mate the nasal airway resistance due to the 
Bernoulli phenomenon (ΔR).

• ARM provides insight into the geometry of 
the inside of the nose up to a depth of 5 cm 
from the outer nasal ostium [50] and thus pro-
vides information about the structure of the 
inner nose in the anterior region, which is 
important for air dynamics with regard to ste-
noses and regulation the airflow in the nasal 
cycle (see Sect. 20.3).

• LRM provides information about the nasal 
cycle as an important basis for the respiratory 
function of the nose. We receive data with 
which we can recognize the physiological pro-
cess and the pathological disorders of the 
nasal cycle under the daily living conditions of 
the patient. The regulation of the nasal air flow 
according to the oxygen demand during physi-
cal activity can be assessed in terms of 
efficiency.

The complementarity of these three meth-
ods leads to the conclusion that combining 
them is useful for improving the diagnostic 
evaluation of nasal obstruction. Every patient 
complaining of nasal obstruction should 
undergo a RRM and ARM.  A supplemental 
LRM should be performed:

• If the patient’s symptoms occur at times of 
day or night other than the time of testing.

• If the endonasal findings and results of 
acoustic and rhinoresistometric testing can-
not fully explain the symptoms reported by 
the patient [48].

• If insight into the nasal cycle is necessary, e.g. 
in the presence of unexplained fluctuating 
obstructions, for sicca symptoms and when 

mouth breathing predominates despite only 
minor nasal obstruction.

The extent and the causes of nasal obstruction 
should be objectively determined according to the 
algorithm presented in Fig.  27.12. The positive 
impact of standardized decision making in rhino-
surgery has recently been demonstrated [51].

27.3.2  Examples

In the following section, we will use clinical 
examples to demonstrate how the combination of 
RRM and ARM allows to diagnose the extent and 
the cause of nasal obstruction. LRM will be addi-
tionally included in a few of the examples for 
didactic purposes, even though it would only be 
necessary for establishing the diagnosis in exam-
ples 6 and 7.

In describing the findings, we will employ the 
classification of regions in the nose recommended 
by Cottle (1961) (Table 27.9).

27.3.2.1  Example 1: No Nasal 
Complaints

Patient: male, 20 years of age

• History: No trauma recalled.
• Complaints: No rhinologic symptoms.
• Outer nose: Normal.
• Endonasal findings: Slight septal deviation to 

the right without any relevant stenosis. 
Turbinates on the left swollen, after deconges-
tion normally configured. Mucosa normal.

• Measurement findings: cf. Fig. 27.13.

Analysis of the Rhinometric Findings

Extent of Obstruction
RRM resistance: Before decongestion: very slight 
obstruction on the right and severe obstruction on 
the left. After decongestion: on both sides no 
obstruction.
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2. Step: cause of obstruction

Narrowing

Mucosal

Skelettal

Path. NVC

Path. turbulence

RRM: Transition of laminar to turbulent flow behavior

RRM: extent and beginning of the
          resistance increase caused by NVC

ARM: extent and localization of a narrowing
RRM: aerodynamic effect (dn, R)

RRM: resistance or hydraulic diameter difference
          before and after decongestion
ARM: MCA2 or volume difference before and after decongestion

AR: In flow opening (MCA1) and shape (diffuser opening angle ϕ)
       of the nasal diffusor

Fig. 27.12 Schematic algorithm: procedure for diagnosing the extent and cause of nasal obstruction using RRM and 
ARM

Table 27.9 Cottle area and corresponding anatomical 
endonasal areas

Cottle 
region Anatomical area in the nose
Region 
1

External nasal ostium (nostrils)

Region 
2

Isthmus nasi (nasal isthmus)

Region 
3

Region beneath the cartilage and bony 
pyramid, corresponding in terms of fluid 
dynamics to the nasal diffuser (see Chap. 20, 
Sect. 20.3.1.3)

Cause of the Obstruction
RRM: The increase of width due to decongestion on 

the left from a hydraulic diameter of 3.5 mm to a 
normal dimension of 5.9 mm indicates a severe 
congestion without skeletal stenosis. An increased 
resistance due to inspiratory nasal valve collapse 
or pathological turbulence is absent.

ARM: Normal curves with regard to both area 
and distances with sufficient wide physiologi-

cal stenoses. MCA1 on the left slightly more 
narrow. Because resistance is not increased, 
this narrowing and the septal deviation have to 
be assessed as physiological. The slightly 
enlarged diffuser opening angle on the right 
results in a pronounced, but not a pathological 
turbulence.

LRM: During light and moderate physical activ-
ity (heart rate 80–>100/min.) between 
11:30 a.m. and 8:30 p.m. in concert type of 
the nasal cycle. Later on up to 2:00 a.m. with 
decreasing activity classical type with 
decreasing flow values up to complete resting 
phases during sleep between 2:00  a.m. and 
8:00 a.m.

Assessment
Normal nasal breathing on both sides in the pres-
ence of a physiological deviation of the septum 
towards the left. Congestion on the left is regarded 
as resting phase of the nasal cycle.
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Fig. 27.13 Rhinoresistometric measurements for clinical example 1
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27.3.2.2  Example 2: Severe Nasal 
Obstruction on the Right 
Due to a Septal Deviation

Patient: male, 24 years of age (same patient like 
in Figs. 27.5, 27.8 and 27.11)

• History: Trauma 2 years ago.
• Complaints: Since the trauma, a severe nasal 

obstruction on the right.
• Outer Nose: Normal.
• Endonasal findings: Severe septal deviation 

towards the right in Cottle’s regions 2 and 3. 
Inferior turbinate enlarged on the left, after 
decongestion normally configured. Mucosa 
normal.

Rhinometric Findings: cf. Fig. 27.14a
• Analysis of the preoperative rhinometric 

findings.

Extent of Obstruction
RRM: resistance: Before decongestion, severe 

obstruction on the right side, no obstruction 
on the left. After decongestion, severe obstruc-
tion on the right side and unphysiological low 
resistance on the left side.

Cause of the Obstruction on the Right
RRM: hydraulic diameter: The increase of the 

width on the right side from a hydraulic diam-
eter of 3.5 to 4.4 mm by decongestion indicates 
both, a swelling and a skeletal stenosis. The 
increase of resistance due to inspiratory NVC 
at 250 mL/s is >100%. Besides, complete tur-
bulence at 68  mL/s contributes to the severe 
nasal obstruction. The left nasal side is with the 
hydraulic diameter of 7.4 mm too wide. This 
causes a pathologically low resistance as well 
as a borderline turbulence behaviour.

ARM: The Cottle regions 2 and 3 are after decon-
gestion on the right side very narrow and on 
the left side too wide. The strong swelling on 
the left side can be regarded as physiological 
swelling to achieve a more narrow space for 
allowing the creation of resting phases in a 
nasal cavity, which has too wide skeletal 
dimensions (“compensatory enlargement of 
the turbinate by swelling”).

LRM: This examination was only performed for 
scientific and illustrative reasons. Clinically, it 
was not necessary for diagnosis.

During 24  h, no cyclic change of resting and 
working phases can be observed. The right side does 
not contribute to oxygen supply and the left nasal 
side only to a very small amount. Nasal minute vol-
ume at 2–3  L/min indicates a permanent mouth-
bypass breathing. During rising physical activity no 
increase of nasal minute volume is observed (RRM).

Assessment
The congestion on the right side is regarded as phys-
iologic. After decongestion, on the right side a skel-
etal stenosis remains as cause for the sever 
obstruction (septal deviation in Cottle regions 2 and 
3). This results in an increased resistance due to a 
constriction of nasal airflow canal (see Sect. 20.2.1). 
In addition, this stenosis causes a pathological inspi-
ratory NVC via a Bernoulli phenomenon (see Sect. 
20.2.3). Moreover, the constriction in the opening of 
the diffuser causes pathologically increased turbu-
lence (see Sect. 20.4). Both contribute to the severe 
nasal obstruction. Stiffening of the nasal wing is not 
indicated because the correction of the stenosis via a 
septoplasty will normalize the width of the internal 
ostium and therefore reduce the underlying patho-
logical high negative pressure because of Bernoulli 
phenomenon) (see Sect. 20.5). Consequently, patho-
logical NVC will abolish. The narrow ostium inter-
num is also the cause for the pathological turbulence 
behaviour (see Sect. 20.4). Constant mouth-bypass 
breathing is required as sufficient nasal minute vol-
ume cannot be achieved even with physical rest.

Rhinosurgical Planning
Septoplasty to correct the stenosis on the right 
side. Thereby, two aims are achieved:

 – On the right nasal side in Cottle areas 2 and 3 
the stenosis will be enlarged, thus decreasing 
both resistance and Bernoulli phenomenon. 
Besides, the opening of the diffuser will be 
expanded, reducing endonasal turbulence.

 – On the left nasal side, cross-sectional area of 
Cottle areas 2 and 3 will decrease and thereby 
the pathologically low resistance corrected.
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a b

Fig. 27.14 Pre- (a) and 1 year postoperative (b) rhinoresistometric measurements for clinical example 2

A turbinate reduction of the left inferior turbi-
nate is contraindicated [52, 53]. The too wide 
cavum will get more narrow in Cottle area 3. 
Consequently, endonasal congestion will 
decrease postoperatively within a few days.

Rhinosurgery
Septoplasty without surgery of the turbinate.

One year postoperatively, the patient was 
re-assessed

• Complaints: No nasal obstruction on the right.
• Outer Nose: Normal.
• Endonasal findings: Septum in the midline in 

Cottle’s regions 2 and 3. Inferior turbinates after 
decongestion normally configured. Mucosa 
normal.

• Measurement findings: see Fig. 27.14b.

Analysis of Postoperative Rhinometric 
Findings
RRM: The preoperatively increased resistance on 

the right and too low resistance on the left has 
normalized to a very slight obstruction 
(0.20 sPa/mL) on both sides. Besides, the severe 
turbulence on the right and the borderline turbu-
lence on the left have normalized to a physio-
logical status. A normalization of NVC can be 
observed in comparison to preoperatively.

ARM: The septum is within the midline in Cottle 
areas 2 and 3 and accordingly, both nasal cavi-
ties are sufficiently wide.

LRM: A classical nasal cycle is observed with 
the capability of compensation during ris-
ing physical activity, so that the heart rate 
curve and the curve for the NMV have a 
largely uniform course (see Sect. 20.5).

G. H. Mlynski et al.



353

27.3.2.3  Example 3: Severe Nasal 
Obstruction on the Left 
Due to Septal Deviation

Patient: female, 19 years of age

• History: Trauma at the age of 16 years.
• Complaints: Severe nasal obstruction on the 

left. Dry nasal mucosa with nasal crusts (Sicca 
syndrome).

• Outer Nose: Normal.
• Endonasal findings: Septal deviation 

towards the left in Cottle’s region. Small 
valve angle on the left > on the right. 
Turbinate congestion on both sides (right > 
left), after decongestion normally config-
ured inferior turbinates. Dry mucosa on the 
left > on the right.

• Measurement findings: cf. Fig. 27.15a.
• Preoperative analysis of rhinometric findings.

Extent of Obstruction
RRM: Resistance: Before decongestion, severe 

obstruction on both sides. After decongestion, 
slight nasal obstruction on the right and severe 
obstruction on the left.

Cause of the Obstruction on the Right
RRM: Based on the increase of width by decon-

gestion from a hydraulic diameter of 3.2 to 
5.9 mm, a severe swelling is indicated but no 

skeletal stenosis. No pathological inspiratory 
NVC. Complete turbulence at 165 mL/s after 
decongestion contributes only in a moderate 
amount to nasal obstruction.

ARM: After decongestion internal ostium right 
(MCA1 0.61  mm) is only slightly greater 
compared to the left (MCA1 = 0.59 mm).

Cause of the Obstruction on the Left
RRM: Based on the increase of width by deconges-

tion from a hydraulic diameter of 4.6 to 4.9 mm, 
both a slight swelling and a severe skeletal ste-
nosis is indicated. Moreover, pathological tur-
bulence (complete turbulence at 72  mL/s) 
contributes to nasal resistance and thereby to 
nasal obstruction. No pathological inspiratory 
NVC.

ARM: In the region of the septal deviation (Cottle 
area 2) cross-sectional area after decongestion 
of 0.59 cm2 is only slightly smaller than the 
non-obstructed contralateral side (0.61 cm2).

LRM: not mandatory.

Assessment
The swelling on the right side causes the severe 
obstruction. This congestion has to be regarded as 
physiological state due to a resting phase at the 
time of the measurement. After decongestion, 
resistance remains slightly increased. On the left, 
decongestion reveals a persisting skeletal stenosis 

a b

Fig. 27.15 Pre- (a) and 1 year postoperative (b) rhinoresistometric measurements for clinical example 3
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(septal deviation). This cannot be proven by 
ARM. Taking into account the limitations of ARM 
(see Sect. 27.2.1.1) and the physiologic laws of 
fluid dynamics (see Sect. 20.2.1), a slit- like con-
figuration of the internal ostium indicated by the 
small valve angle with a sufficient cross- sectional 
area has to be suspected as aetiology of nasal 
obstruction in this setting (see Sect. 27.2.1.1).

Moreover, the pathologically increased turbu-
lence on the left > right causes mucosal dryness, 
including sicca syndrome, and contributes to 
nasal obstruction.

Rhinosurgical Planning
Septoplasty to correct the stenosis will not lead to 
satisfactory results. While resistance on the left 
would get better, it would not be normalized. 
Simultaneously, the slightly increased nasal 
obstruction on the right would get worse. 
Consequently, septoplasty needs to be combined 
with a nasal valve repair on both nasal sides. A 
turbinate reduction is not necessary, as configura-
tion after decongestion is normal.

Rhinosurgery
Septoplasty and valve repair on both nasal sides 
without surgery of the turbinates.

One year postoperatively, the patient was 
re-assessed:

• Complaints: No nasal obstruction, no sicca 
syndrome.

• Outer Nose: Normal.
• Endonasal findings: Septum in the midline. 

Sufficiently wide nasal valve angle on both 
sides. Inferior turbinates after decongestion nor-
mally configured. Mucosa normal (no dryness).

• Postoperative rhinometric findings: cf. 
Fig. 27.15b.

• Analysis of postoperative rhinometric findings

RRM: The preoperatively increased resistance on 
the right has normalized. On the left slightly 
too low. Besides, the pathological turbulence 
is normalized on the right and clearly improved 
on the left.

ARM: The septum is within the midline in Cottle 
areas 2 and 3 and accordingly, both nasal cavi-

ties are sufficiently wide. MCA1 indicating 
the dimensions of the internal ostium is 
enlarged on both sides in comparison to 
preoperatively.

27.3.2.4  Example 4: Severe Nasal 
Obstruction on Both Sides 
Due to a Tension Nose

Patient: female, 32 years of age

• History: No trauma recalled.
• Complaints: Severe nasal obstruction on both 

sides since many years.
• Outer Nose: overprojected nasal tip with a 

high bony and cartilaginous dorsum, an 
oblique nasal labial angle and the nasal pyra-
mid is narrow and resembles a high, narrow, 
pointed gothic arch, positive U-phenomenon.

• Endonasal findings: Typical tension nose with 
slit-like internal ostium on both sides and to a 
lesser extent also external ostium on both 
sides. Septum within the midline. Turbinate 
on both sides congested, after decongestion 
normally configured inferior turbinates. 
Normal mucosa.

• Rhinometric findings: cf. Fig. 27.16a.
• Analysis of preoperative rhinometric findings:

Extent of Obstruction
RRM resistance: Before and after decongestion, 
severe obstruction on both sides.

Cause of the Obstruction on Both Sides
RRM: Based on the increase of width by decon-

gestion from a hydraulic diameter of 1.8 to 
3.3 mm on the right and from 2.2 to 3.5 mm on 
the left indicate severe swelling and severe 
skeletal stenosis on both sides. Complete tur-
bulence at 81  mL/s on the right and at 
122 mL/s on the left as well as the increase of 
resistance by NVC of more than 100% con-
tribute to the severe nasal obstruction.

ARM: The most pronounced stenosis on both 
sides is localized in the internal ostium 
(MCA1). But also the external ostia (MCA0) 
contributes to the increased resistance due to 
its small dimensions.
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a b

Fig. 27.16 Pre- (a) and 1 year postoperative (b) rhinoresistometric measurements for clinical example 4

Assessment
The strong swelling on both nasal sides should be 
clarified by more refined diagnostic testing for 
allergic and non-allergic rhinitis [54]. The severe 
obstruction after decongestion is caused on both 
sides by a stenosis of the internal more than the 
external ostium. In addition, the narrow internal 
ostium on both sides leads by the Bernoulli phe-
nomenon to a pathological NVC and by a narrow 
diffuser entrance to severe pathological turbu-
lence (see Sects. 20.4 and 20.5). Thus, the resis-
tance is further increased.

Rhinosurgical Planning
Correction of the internal and external ostium on 

both sides is possible by decreasing the height 
of the septum and reducing overprojection, as 
well as reducing and reconfiguring the bony 
pyramid. This will result in extension and 
rounding of both ostia on both nasal sides. 
Due to this change, Bernoulli phenomenon 
will be greatly reduced and the entrance of the 
nasal diffuser will be enlarged. Accordingly, 
normalization of the nasal valve and of turbu-
lence behaviour has to be expected. Reduction 
of turbinates is not required, as configuration 
after decongestion is normal.

Surgery
Septorhinoplasty to relax and deproject the nose. 
No stabilization of the lateral nasal wall, no turbi-
nate surgery.

One year postoperatively, the patient was 
re-assessed:

• Complaints: No nasal obstruction.
• Outer Nose: Normal. In comparison to preop-

eratively, deprojected nose, physiologic nasal 
pyramid.

• Endonasal findings: Septum in the midline. 
Sufficiently wide nasal valve angle on both 
sides, rounded in comparison to preopera-
tively. Inferior turbinates after decongestion 
normally configured. Mucosa normal.

• Rhinometric findings: cf. Fig. 27.16b.
• Analysis of postoperative rhinometric findings:

RRM: The preoperatively increased resistance on 
both nasal sides is normalized. Besides, the 
pathological turbulence behaviour is nearly 
normal on the right and completely physio-
logic on the left. Pathological NVC has been 
corrected on both sides; only a physiologic 
one persists on the left.

ARM: The septum is still within the midline. 
The entrance areas of both nasal cavities 
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are significantly increased in width, as 
indicated by MCA0 and MCA1 after 
decongestion.

27.3.2.5  Example 5: Severe Nasal 
Obstruction on Both Sides 
Due to Broad Columella

Patient: male, 40 years of age

• History: No trauma recalled. Patient is referred 
for septoplasty and turbinate surgery.

• Complaints: Severe nasal obstruction on both 
sides since childhood.

• Outer Nose: broad columella, small external 
ostia on both sides, otherwise normal.

• Endonasal findings: Slight septal deviation to 
the right in Cottle areas 2 and 3, no stenosis of 
endonasal airflow channel within the cavum. 
Normal mucosa.

• Measurement findings: cf. Fig. 27.17a.
• Preoperative analysis of the findings.

Extent of Obstruction
RRM resistance: Before and after decongestion, 
severe obstruction on both sides.

Cause of the Obstruction on Both Sides
RRM: Based on the increase of width by decon-

gestion from a hydraulic diameter of 2.8 to 

3.1 mm on the right and from 2.5 to 3.5 mm on 
the left indicate both, severe swelling and 
severe skeletal stenosis on both nasal sides. 
On both nasal sides, increase of resistance by 
NVC of more than 100% contributes to the 
severe nasal obstruction. Turbulence behav-
iour is physiologic on both sides.

ARM: The most pronounced stenosis on both 
sides is localized in the external ostium 
(MCA0).

Assessment
The aetiology of congestion on both nasal sides 
should be clarified by more refined diagnostic 
testing for allergic and non-allergic rhinitis [54]. 
Septal deviation is regarded as physiologic, 
because no impact on fluid dynamic parameter of 
nasal airflow is detectable [54, 55]. The severe 
obstruction after decongestion is caused on both 
sides by a stenosis of the external ostia. In addi-
tion, the Bernoulli phenomenon at the ostium 
externum contributes to nasal resistance by NVC.

Rhinosurgical Planning
Correction of the external ostium on both sides 
by addressing the pathological broad columella 
will decrease the skeletal, permanent resistance 
as well as the dynamic increase in nasal resis-
tance caused by pathological NVC. Stiffening of 

a b

Fig. 27.17 Pre- (a) and 1 year postoperative (b) rhinoresistometric measurements for clinical example 5
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the lateral nasal valve is not indicated, as enlarge-
ment of the nasal airflow channel in this segment 
will reduce the effect of the Bernoulli phenome-
non. Reduction of turbinates is not required, as 
configuration after decongestion is normal.

Surgery
Columella narrowing.

One year postoperatively, the patient was 
re-assessed:

• Complaints: No nasal obstruction.
• Outer Nose: Normal. In comparison to preop-

eratively normal width of the Columella.
• Endonasal findings: Septum in the midline. 

Inferior turbinates after decongestion nor-
mally configured. Mucosa normal.

• Postoperative rhinometric findings: cf. 
Fig. 27.17b.

• Analysis of postoperative rhinometric findings:

RRM: The preoperatively increased resistance on 
both nasal sides is nearly normalized. Besides, 
the pathological NVC has been successfully 
corrected on both sides. The turbulence behav-
iour remains physiologic.

ARM: The septum is still within the midline. The 
ostium externum (MCA0) is clearly enlarged 
compared to preoperatively.

27.3.2.6  Example 6: Subjective Nasal 
Obstruction Without Evident 
Aetiology

Patient: male, 46 years of age

• History: No trauma recalled. Multiple prior 
consultations of different rhinologists because 
of “insufficient nasal breathing”. Concurring 
assessments after clinical and rhinomanometric 
examination. RRM (cf. Fig. 27.18): right side: 
no obstruction, left side: very slight obstruc-

a b

Fig. 27.18 Pre- (a) and 1 year postoperative (b) rhinoresistometric measurements for clinical example 6
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tion. Hence, no pathological endonasal finding 
as evident aetiology of the nasal obstruction. 
Therefore, no indication for functional rhino-
surgery. However, the patient complains believ-
ably on disability by obstruction of his nasal 
breathing. Consultation of a psychologist: no 
evidence on aggravation. Decision for a RRM 
re-examination (Fig. 27.18).

Clinical re-examination
• Complaints: Nasal obstruction on both sides, 

during several years increasing.
• Outer nose: Normal.
• Endonasal findings: Septum in the midline. 

Inferior turbinates after decongestion nor-
mally configured. Normal mucosa.

• Rhinometric measurement findings: cf. 
Fig. 27.18a.

• Preoperative analysis of the rhinometric 
findings:

Extent of Obstruction
RRM resistance: Before decongestion slight 
obstruction on the right. After decongestion on 
the right no and on the left side slight nasal 
obstruction.

Cause of the Obstruction
RRM: The increase of width by decongestion on 

the right from a hydraulic diameter of 4.9 to 
5.4 mm objectives a slight congestion, but no 
skeletal stenosis. The increase of the hydraulic 
diameter on the left from 3.5 to 4.9  mm by 
decongestion indicates a severe congestion 
and a very slight skeletal stenosis. NVC and 
turbulence are physiologic.

ARM: The physiologic stenoses on both sides 
seem sufficiently wide.

Assessment
The congestion on the left is interpreted as rest-
ing phase of the nasal cycle. The subjective nasal 
obstruction claimed by the patient cannot be suf-
ficiently explained by clinical examination and 
rhinometric objective diagnostics.

This discrepancy between subjective com-
plaints and objective assessment is the indication 
to employ LRM [54, 56].

LRM (cf. Fig. 27.9a, lower graph): During 
the whole measurement, a classical type of a 
nasal cycle persists. But nasal airflow, indi-
cated by nasal minute volume, is very low 
with flow values during the day of about 5 L/
min and increasing during physical activity, as 
indicated by increased heart rate, only up 
to10  L/min (e.g. 21:00, 11:00, 14:15 and 
18:15). This indicates a permanent mouth-
bypass breathing.

Assessment Together with Results 
of the LRM Examination
The constant mouth-bypass breathing objectively 
confirmed the subjective complaint of nasal 
obstruction by the patient. The key message is 
that “this respiratory function is insufficient for 
this patient”.

Rhinosurgical Planning
The aim is a limited enlargement if the isthmus 
region on the left > right using functional (wedge- 
shaped) spreader grafts [17]. Reduction of turbi-
nates is not required, as configuration after 
decongestion is normal.

Surgery
Septorhinoplasty with functional spreader grafts 
to enlarge the internal ostium. No turbinate 
surgery.

One year postoperatively, the patient was 
re-assessed:

• Complaints: No nasal obstruction.
• External Nose: Normal.
• Endonasal findings: Septum in the midline. 

Sufficiently wide nasal inflow area on both 
sides. Inferior turbinates after decongestion 
normally configured. Mucosa normal.

• Rhinometric findings: cf. Fig. 27.18b.

Analysis of Postoperative Rhinometric 
Findings
RRM: The preoperatively only slightly increased 

resistance on the left nasal side is decreased 
and normalized. Also on the right side the 
resistance is slightly increased, and NVC and 
turbulence behaviour are normal.

G. H. Mlynski et al.
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ARM: The nasal inflow area is slightly wider on both 
nasal sides in comparison to preoperatively.

LRM: Classical type of nasal cycle with signifi-
cantly increased nasal minute volume in com-
parison to preoperatively. During physical 
activity [56], in concert type with sufficient 
and more pronounced increase of NMV (e.g. 
at 19:00, 7:45, 10:00, 10:45 12:45, and 16:45).

27.4  Conclusions

• RMM does not allow a sufficient differentia-
tion of nasal obstruction causes. It only pro-
vides the rhinosurgeon with insufficient 
information with regard to the appropriate 
diagnosis and surgical approach. Despite 
RMM being world widely currently available, 
it has not yet been implemented in routine pre-
operative diagnostics. However, preoperative 
mismanagement may contribute to an unsatis-
fying surgical result.

• Therefore, RMM has been refined further to 
RRM. With this method, not only the extent of 
nasal obstruction can be objectified but it also 
allows a differentiation of the four possible 
causes of nasal obstruction:
 – Mucosal swelling
 – Skeletal stenosis
 – Inspiratory collapse of the nasal valve
 – Pathologically increased degree of 

turbulence
• With ARM the localization of the decisive 

narrowings which cause obstruction, the iden-
tification of narrowings as cause of a NVC and 
causes for pathological turbulences in the 
nose, such as
 – Strong increase of diameter in the nasal dif-

fuser (opening angle).
 – Narrow diffuser entrance may be diagnosed.

• LRM allows objectification of the following:
 – Changes in flow due to physiological swell-

ing, separately in both sides of the nose, 
depending on physical stress.

 – The nasal cycle as an important precondi-
tion for the nasal respiratory function and 
its disturbances.

 – Pathological swelling under a patient’s 
daily living conditions within the course of 
24 h.

A combination of these methods allows a pre-
operative objectification of the aetiology of a 
patient’s complaints due to nasal obstruction. 
With this, also the measurement-relevant precon-
dition for a postoperative quality management as 
a  fundament for an evidence-based therapy, simi-
lar to developments in other specialities such as 
otology/neurotology or phonosurgery, is given.
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28Testing of Transport 
and Measurement of Ciliary 
Activity

Mark Jorissen and Martine Jaspers

Core Messages
• The mucociliary transport (MCT) can be stud-

ied by recording MCT as well as by measur-
ing ciliary activity, but none of these tests are 
reliable for the diagnosis of inherited 
abnormalities.

• Most people with PCD have unusually low 
levels of nasal NO, but a low nNO measure-
ment is nondiagnostic for PCD.  Sequential 
monolayer–suspension cell culture with dedif-
ferentiation and redifferentiation of the cili-
ated epithelium is the most reliable screening 
test for the diagnosis of PCD.

28.1  Introduction

Ciliary activity causes the transport of mucus in 
the airways, which is an essential defense mecha-
nism of the respiratory tract. Inhaled particles, 
bacteria, and viruses are trapped in the mucus 
layer that covers the airways and are transported 
by the beat of the cilia to the nasopharynx, where 
they are either swallowed or coughed up. Inborn 
disorders of the mucociliary transport are due to 
ciliary dysfunction as in primary ciliary dyskine-

sia (PCD) or to increased viscosity of the respira-
tory secretions as in cystic fibrosis (CF). Also 
frequently mucociliary transport is impaired 
because of inflammation, infection, and exposure 
to ciliotoxic agents.

Mucociliary transport (MCT) can be studied 
by recording MCT in vivo, as well as by measur-
ing ciliary activity in  vitro. Methods based on 
nasal ciliary motility for the diagnosis of primary 
ciliary dyskinesia (PCD) are often hampered by 
the presence of acquired abnormalities [second-
ary ciliary dyskinesia (SCD)].

Mucociliary clearance can be evaluated by using 
the saccharine and/or the 99mTc-albumin colloid 
test as well as by measuring ciliary activity and is 
important in the diagnosis of primary ciliary 
dyskinesia.

28.2  Testing of Transport

28.2.1  Testing of Transport In Vivo

The mucociliary transport rate can be measured 
in vivo either by using the saccharine test [1, 2] or 
by using the radioisotope technique [3]. If with 
one of these methods active mucociliary trans-
port can be demonstrated, it is accepted that the 
diagnosis of PCD is excluded. An abnormal 
result can certainly not be considered as proof for 
the disease. It implicates only that further investi-
gation is needed.
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28.2.1.1  Saccharine Test
With the saccharine test, a particle of saccharine 
(most frequently dipped in a blue color, such as 
indigo blue powder) is placed on the inferior tur-
binate and the time elapsed before the patient 
taste the saccharine is measured. Patients are 
instructed to swallow at least once per minute. 
The appearance in the pharynx can be verified by 
the blue color in the pharynx. With this technique 
the mean normal mucociliary transport time 
(MTT) is about 10 min. MTT up to 30 min is still 
considered normal. If this takes more than 
30 min, the test is considered abnormal. For this 
test cooperation of the individual is needed, since 
he/she has to report the sweet taste. Also sniffing, 
sneezing, and blowing the nose are prohibited 
since these may affect the position of the parti-
cles. This limits the use of the test in children. 
The saccharine has to be placed on the respira-
tory (ciliated) epithelium. Otherwise no transport 
will be found.

Most frequently a color (methylene blue, 
indigo blue, charcoal, etc.) is added to the test, as 
a visual control. Repeated examination will allow 
one to verify the transport of the particle and to 
compare the appearance of the color in the phar-
ynx with the perception of the sweet taste.

When combined with nasal endoscopy, the 
colored particles can be followed to evaluate the 
transport pattern. That technique can also be used 
to follow and study the pathways within the 
(maxillary) sinuses.

28.2.1.2  Nuclear Testing
Up to now measuring the transport of radiola-
beled albumin remains the most reliable method 
for measuring mucociliary transport.

When a minute amount of radiolabeled 99mTc- 
albumin colloid particles [3] is placed on the 
inferior turbinate or on the nasal septum, the 
migration can be followed with a gamma camera. 
Normally within 30  min the majority of the 
radioactivity must have disappeared from the 
nasal cavity. The percentage of radioactivity 
remaining in the nasal cavity can be calculated 
and in sagittal views the migration of the spot can 
be measured. It has been shown that the dose of 
radioactivity is low enough that immotility does 

not create problems. In contrast to the saccharine 
test, this test is not influenced by sniffing. A nor-
mal test result is considered an exclusion crite-
rion of PCD. If the particles moved insufficiently, 
further investigation is needed, because dysmotil-
ity could be due to upper airway infections or 
PCD. Moreover, in up to 25% of individuals with 
SCD and also in controls, no migration of the 
tracer is found.

Marthin et  al. [4] studied an alternative 
method, the pulmonary radioaerosol mucociliary 
clearance technique, which has a higher specific-
ity for PCD as secondary dysmotility is much 
less prevalent in the lower airways. The 
radioactive- labeled 99mTc-albumin transportation 
test is more reliable than the saccharine test but 
requires expensive equipment and can only be 
done in specialized centers.

28.2.2  Testing of Transport In Vitro

Bioptic or brushed material can be checked for 
the presence of cilia under phase contrast micros-
copy. Real movements such as displacements and 
rotations of cell clusters or cell sheets within the 
fluid and movement of particles within the fluid 
lining the cilia are criteria for the presence of 
coordinated ciliary activity. Absence of these ele-
ments in the presence of ciliary activity is 
recorded as “uncoordinated ciliary activity.” It 
should always be checked whether cilia are 
present.

28.3  Testing of Ciliary Activity

28.3.1  In Vivo

Laser light-scattering spectroscopy provides an 
improved, precise, and simple method to study 
ciliary activity. The light from a laser beam is 
directed at a ciliated surface, and due to the 
Doppler effect, the scattered light returning from 
the moving cilia has an altered frequency and 
phase induced by the movement of the reflecting 
surfaces of the cilia. The scattered light can be 
detected with a photomultiplier tube, and the 
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spectral structure of its intensity fluctuations can 
be analyzed to provide quantitative information 
regarding the frequency and synchrony of the 
ciliary beat [5].

Other techniques are under development for 
measuring ciliary activity in vivo.

28.3.2  In Vitro

CBF is 8  Hz at room temperature and 12  Hz at 
37 °C.

In vitro brushings from the nasal cavity or 
biopsy samples taken from the inferior border of 
the middle turbinate or from the inferior turbinate 
can be evaluated for coordinated ciliary beating 
and ciliary beat frequency (CBF). Using micro-
scope photometry [6], CBF can be deduced from 
fast Fourier transform analysis of the light scat-
tering. Normal CBF values depend on the tem-
perature with normal values around 8 Hz at room 
temperature and 12 Hz at 37 °C.

The introduction of high-speed cameras (up to 
500 Hz) created new possibilities [7, 8]: not only 
ciliary beat pattern analysis but also amplitude, 
degree, and speed of ciliary beat cycle. Also field 
analysis with measurement of ciliary coordina-
tion on a whole area of ciliated cells has become 
available [9].

For clinical use only CBF is used, and one 
should realize that there is no good correlation 
between CBF and mucociliary transport veloc-
ity [10].

28.4  Additional Testing

28.4.1  Nasal Nitric Oxide

Nasal nitric oxide (nNO) measurement is a good 
screening tool for PCD.

Nasal nitric oxide (nNO) was found to be ten-
fold lower in PCD patients than in control 
patients, and it can be used as an easy screening 
test for the diagnosis of PCD. It is a noninvasive 
technique, but as it requires cooperation of the 
patient (breath holding for stable plateau mea-
surements), it is almost impossible to use it below 

5 years of age. nNO measurement cannot be used 
neither for exclusion of PCD nor for proof of 
PCD since normal values can be observed in 
PCD and low values can be caused by other fac-
tors, e.g., obstruction [11–15].

28.4.2  Genetic Analysis

Making a diagnosis of primary ciliary dyskinesia 
(PCD) remains challenging. Molecular diagnosis 
involves time-consuming tissue culturing, cilia 
beating measurements, and/or electron micros-
copy of microtubule structures.

Also at the genetic level, a diagnosis of PCD 
has been challenging. PCD is an autosomal reces-
sive disease. Mutations in many different genes 
can result in PCD, and from a genetic point the 
disease is very heterogeneous. Next-generation 
sequencing, including the use of whole exome 
sequencing or whole genome DNA sequencing, 
has further identified genes causing PCD. So far, 
mutations in 50 genes (ARMC4, CCDC103, 
CCDC114, CCDC151, CCDC39, CCDC40, 
CCDC65, CCNO, CFAP298, CFAP300, 
CFAP53, DNAAF1, DNAAF2, DNAAF3, 
DNAAF4, DNAAF5, DNAH11, DNAH5, 
DNAH6, DNAH8, DNAH9, DNAI1, DNAI2, 
DNAJB13, DNAL1, DRC1, ENKUR, GAS2L2, 
GAS8, HYDIN, LRRC56, LRRC6, MCIDAS, 
MNS1, NEK10, NME8, OFD1, PIH1D3, RPGR, 
RSPH1, RSPH3, RSPH4A, RSPH9, SPAG1, 
SPEF2, STK36, TEKT1, TTC12, TTC25, 
ZMYND10) have been reported to cause 
PCD.  Mutations in these genes account for 
approximately 70% of PCD cases; therefore, fur-
ther gene discovery is still expected [16, 17]. The 
ciliary axoneme is composed of over 250 pro-
teins [18], and a mutation in each of their genes 
possibly can result in PCD.  It is expected that 
several of them will be found to be mutated in 
PCD patients.

Next-generation sequencing, especially 
exome sequencing, has been become the method 
of genetic analysis of PCD patients [19–22]. 
Only in PCD families in which the PCD muta-
tions have been identified, Sanger sequencing is 
still mainly used for genetic analysis of other 
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Table 28.1 PCD causing genes classified by associated 
ultrastructural defect

Ultrastructural 
defect in TEM Mutated genes
ODA deficiency ARMC4 CCDC103 CCDC114 

CCDC151 DNAH5 DNAH9 
DNAI1 DNAI2 DNAL1 
LRRC56 NME8 TTC25

ODA + IDA 
deficiency

CFAP298 CFAP300 DNAAF1 
DNAAF2 DNAAF3 DNAAF4 
DNAAF5 LRRC6 PIH1D3 
SPAG1 ZMYND10

Normal ciliary 
ultrastructure

CCDC65 DNAH11 DRC1 
GAS8 HYDIN SPEF2 STK36 
TEKT1

Central pair 
abnormalities and 
radial spokes

CCDC39 CCDC40 DNAJB13 
RSPH1 RSPH3 RSPH4A 
RSPH9

Ciliary aplasia CCNO MCIDAS
Unclear TEM DNAH6 DNAH8 NEK10 ODF1 

RPGR GAS2L2 TTC12

a

b

Fig. 28.1 (a) Schematic representation of a spheroid in 
suspension culture. (b) SEM picture of spheroid after 
6 weeks in suspension

members in that family, such as determining 
whether a relative is a carrier of that mutation, 
or not.

Mutant genes causing PCD can be classified 
by location of their protein products in the ciliary 
axoneme (e.g., outer dynein arm, radial spoke, 
central complex, nexin–dynein regulatory 
 complex; [22]) or by associated ultrastructural 
defect (e.g., absent outer dynein arm, absent 
outer and inner dynein arms, central pair abnor-
malities; Table  28.1). However, mutations in 
some genes (such as DNAH11) do not result in a 
detectable ultrastructural defect on transmission 
electron microscopy (TEM).

Worldwide, further studies are being per-
formed to identify candidate genes and to detect 
disease causing mutations in these genes. Earlier 
diagnosis could help prevent evolution into irre-
versible lung damage with bronchiectasis.

28.4.3  Cell Culture

Evaluation of cilia after ciliogenesis in culture 
remains the most reliable diagnostic technique for 
PCD.

Epithelial cells from biopsies can be cultured 
in vitro. During the growth phase, epithelial cells 

will dedifferentiate and cilia will get lost com-
pletely. A sequential monolayer–suspension cul-
ture system can then be used to let epithelial cells 
redifferentiate [23] into ciliated cells (see Fig. 28.1).

These newly formed cilia do not express the 
acquired abnormalities, but the inherited abnor-
malities (PCD) are expressed in the culture sys-
tem [24]. As the functional abnormalities are 
also clearly present, this culture can be used for 
the diagnosis of PCD [25]. PCD with normal 
ultrastructure would easily be missed with clas-
sical transmission electron microscopy on biop-
tic material [26]. Ciliogenesis in vitro has also 
been achieved by placing the cells in an air–liq-
uid interface culture system [27].
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28.5  Conclusion

The mucociliary transport rate can be measured 
in vivo using either the saccharine and/or color test 
or radioisotope transport testing as well as by mea-
suring ciliary activity in vitro. Inborn disorders of 
the mucociliary transport as in primary ciliary dys-
kinesia (PCD) result in the absence of mucociliary 
transport. Nasal nitric oxide (nNO) was found to 
be tenfold lower in PCD patients. None of these 
tests are absolutely reliable for the diagnosis of 
inherited abnormalities. Sequential monolayer–
suspension cell culture with dedifferentiation and 
redifferentiation of the ciliated epithelium 
improves the reliability of PCD diagnosis.
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29Nasal Defensive Proteins: 
Distribution and a Biological 
Function

Hideyuki Kawauchi

Core Messages
• There are various defensive mechanisms in 

upper respiratory tract mucosal linings, such 
as mechanical and functional barriers.

• The mechanical barrier of sinonasal mucosa 
consists of mucus, motile cilia, and respira-
tory epithelial cells linked by adhesion com-
plexes that include tight junctions.

• The functional barrier in sinonasal mucosa 
is dynamic and more complex, being 
equipped with innate and acquired immune 
response among resident cells on the epithe-
lia and immunocompetent cells in sinonasal 
submucosa.

• Various types of nasal defensive proteins in 
human nasal mucosa are responsible for exert-
ing those defensive mechanisms. Those pro-
teins are essential for a defense system against 
various invading pathogens, such as bacteria 
and viruses, and modulate allergic or infective 
chronic inflammations as well.

• Those proteins derived from epithelial cells or 
recruited inflammatory cells are also one of 
the important key players in the pathogenesis 
of rhinosinusitis and allergic rhinitis at the 

epithelial linings of nasal cavity and paranasal 
sinuses.

• Those defensive proteins could be classified 
from constitutional and functional aspects, 
such as surfactants, mucins, antimicrobial 
peptides, and inflammatory cell-derived 
enzymes.

• Chemokines, cytokines, and various antibod-
ies can be dealt with as defensive proteins, to 
provoke cellular interactions against microbial 
infections or pathogenesis of sinonasal persis-
tent inflammations.

29.1  General Concept of Nasal 
Defensive Proteins and Its 
Mechanism of Actions

29.1.1  Surfactants

Surfactant proteins are considered to play an 
important role in surfactant metabolism and host 
defense mechanisms in mucosal linings of respi-
ratory tract. Surfactant proteins (SPs) are sialo-
glycoproteins and members of the collectin 
family. They are now distinguished as SP-A, 
SP-B, SP-C, and SP-D [1]. They are hydrophilic 
proteins responsible for innate immunity [1, 2], 
as SP-A and SP-D bind various pathogens, such 
as bacteria, viruses, and fungi, at the initial phase 
of defense line of mucosal linings. On the other 
hand, SP-B and SP-C are hydrophobic proteins, 
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contributing to surfactant function and packing 
and organizing of phospholipids [3]. SPs are now 
elucidated to be expressed in many mucosal sites, 
such as gastric and intestinal mucosa [4], joints, 
peritoneum, nasal mucosa [5], maxillary sinus 
mucosa [6], and middle ear mucosa as well [6], 
employing various experimental methods with 
immunohistochemistry, Western blotting, and 
reverse transcription-polymerase chain reaction 
(RT-PCR).

29.1.2  Mucins

29.1.2.1  Classification
Mucins are high molecular weight glycoproteins, 
constituting the major component of mucus 
secretions in various mucosal surfaces, such as 
sinonasal cavity, middle ear, and Eustachian tube 
as well. There are secretory and membrane- 
associated forms of mucin, and they protect the 
epithelial surface and trap pathogenic bacteria 
and viruses for mucociliary clearance. Secretory 
mucins contribute to the viscid mucus of the 
respiratory, gastrointestinal, and reproductive 
tracts and typically form extremely large oligo-
mers through linkage of their protein monomers 
by disulfide bonds. These proteins are secreted 
from the cell to form the mucous gel, which 
becomes an integral part of the mucociliary esca-
lator. In contrast, the membrane-associated 
mucins have a hydrophobic membrane-spanning 
domain and have not been observed to form 
oligomer complexes. The histochemical profile 
of cellular glycoprotein in normal condition is 
quite different in regard with airway level, stage 
of maturation, and species. A majority of surface 
secretory cells contain a glycoprotein consisting 
of a protein backbone with sugar side chains, 
having terminal sialic acid, galactose residues, 
and a variable content of sulfate esters.

29.1.2.2  Mucin Genes
With the development of molecular biological 
techniques, the complementary deoxyribonu-
cleic acid (cDNA) sequences of mucin genes can 
now be obtained and the amino acid sequences 
of the mucin peptide core deduced. Until now, 
21 mucin genes (MUC1–MUC21) have been 

reported, but later on some of them were found 
as the same gene as already reported [7, 8]. 
Among them, there are at least eight human 
mucin genes (MUC1–MUC4, MUC5AC, 
MUC5B, MUC6, and MUC7) and one mouse 
mucin gene (MUC1) confirmed to be present in 
respiratory tract mucosae.

29.1.2.3  Mucin Gene Expression 
and Upregulation in Animal 
Model

The specific mechanisms by which pathogens or 
mucosal irritants induce the mucin gene upregu-
lation are unknown yet. It could be easily consid-
ered that they probably act either by increasing 
the transcription rate or decreasing the rate of 
degradation of mucin messenger ribonucleic acid 
(mRNA). Jany observed human MUC2 gene 
expression in SO2-exposed rats [9]. They used 
rats exposed to 400 ppm SO2 for 3 h day-1, 5 days 
a week, for 1–3 weeks, and found increased num-
bers of goblet cells and visible mucinous secre-
tions in the airway lumen. In addition, they 
employed the northern blot analysis using the 
total ribonucleic acid (RNA) extracted from the 
rat lung and hybridized it with human MUC2 
cDNA (SMUC41) and demonstrated an upregu-
lation of the MUC2 gene in the SO2-exposed rats.

29.1.2.4  Localization of Mucin Genes 
in Human Airways

A number of experimental approaches have been 
performed with regard to localization of mucin 
genes in human airways by in situ hybridization. 
As regard lung or bronchial mucosal linings, the 
localization of MUC2 gene expression was 
reported by Audie et al. [10]. In their study, bron-
chial mucosae were obtained from four patients, 
whose lungs had been surgically resected for can-
cer. A radiolabeled antisense oligonucleotide 
probe corresponding to the tandem repeat domain 
of MUC2 was applied on the tissue specimens, 
and consequently, it was localized to occasional 
goblet cells of the surface epithelium and to sub-
mucosal gland ducts, but not to their secretory 
acini. However, on the other hand, oligonucle-
otide probes to MUC4, MUC5B, and MUC5AC 
strongly labeled the gland acinar cells. These 
data indicate that several distinct mucin genes are 
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expressed in the mucosa either by the same or 
distinct cells of the epithelium and glands. Li 
et  al. [11] demonstrated in nasal mucosa that 
MUC2 mRNA transcripts are present in ciliated 
and basal cells of the surface epithelia, serous and 
mucous acini of submucosal glands, and occa-
sionally mononuclear inflammatory cells. 
Voynow et al. precisely compared expression lev-
els of three mucin genes, MUC1, MUC2, and 
MUC5/5 AC, in the respiratory tract of patients 
with cystic fibrosis, patients with allergic rhinitis, 
and normal individuals [12]. Mucin transcript 
levels in nasal epithelial cells free from inflam-
mation were quantitated by an MUC mRNA slot- 
blot method. Their elegant study revealed that 
MUC5/5  AC mRNA was expressed at five- to 
tenfold greater levels than MUC2 or MUC1 for 
all subjects and MUC2 mRNA levels were simi-
lar among all subject groups. To be generally 
considered, in situ hybridization demonstrated 
that MUC5AC-positive mucous cells are popu-
lated in upper respiratory epithelium, whereas 
MUC5B-positive mucous cells are populated in 
mucous glands of upper respiratory epithelia. In 
contrast, middle ear epithelial cells are negative 
for MUC5AC mRNA transcripts, but spotty 
MUC5B mRNA transcripts are identified [13, 
14]. These data remind us the transitional process 
of mucin member from the lower airway to the 
middle ear cavity. Preciado et  al. found that 
MUC5B mucin is predominant in patients with 

chronic otitis media [15, 16] and confirmed that 
transitional process. However, other mucins, 
such as MUC2, may be involved in middle ear 
mucus of animal models [17], but their amount is 
limited or undetectable in human [13, 14]. 
Conclusively, the quantitative study of mucins 
and its comparison looks notoriously difficult 
and should be evaluated at the semiquantitative 
level, because of higher level of glycosylation 
representing a posttranslational modification.

29.1.3  Antimicrobial Peptides

The body fluids and organized tissues naturally 
contain a variety of antimicrobial substances that 
kill or inhibit the growth of microorganism. The 
sources and activities of a variety of host antimi-
crobial substances are summarized in Table 29.1. 
Among them, a low-molecular weight antimicro-
bial peptide, defensin, is introduced herein in 
relation to the various receptors contributing to 
innate immunity.

29.1.3.1  Defensin
Defensins are a family of evolutionarily related 
vertebrate antimicrobial peptides with a charac-
teristic beta-sheet-rich fold and a framework of 
six disulfide-linked cysteines. Two main defens-
ing subfamilies, α- and β-defensins, differ in the 
length of peptide segments between the six cyste-

Table 29.1 Antimicrobial substance of host origin present in body fluids and organized tissues

Substance Common sources Chemical composition Activity
Lysozyme Serum, saliva, tears Protein Bacterial cell lysis
Complement Serum Protein–carbohydrate 

lipoprotein complex
Cell death or lysis of bacteria; 
participates in inflammation

Basic proteins Serum Proteins or basic peptides Disruption of bacterial plasma 
membrane

Lactoferrin and 
transferrin

Body secretions, serum 
epithelial cells

Glycoprotein Inhibit microbial growth by binding 
(withholding) iron

Defensin Epithelial cells, 
neutrophils

Oligopeptides Cell death or lysis of bacteria

Peroxidase Saliva, tissues, neutrophils Protein Act with peroxide to cause lethal 
oxidation of cells

Fibronectin Serum, mucosal surfaces Glycoprotein Clearance of bacteria
Interferons Virus-infected cells Protein Resistance to virus infections
Interleukins Macrophages, 

lymphocytes
Protein Cause fever; promote activation of 

immune system
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ines and the pairing of the cysteines that are con-
nected by disulfide bonds. Defensins are abundant 
in cells and tissues that are involved in host 
defense mechanism of mucosal linings, such as 
respiratory and intestinal mucosa. In many spe-
cies, the highest concentrations of α-defensins 
are found in granules, the storage organelles of 
leukocytes [18, 19]. β-Defensins are mainly pro-
duced by a variety of epithelial cells, such as lung 
and middle ear [20, 21], and 30 genes from 
DEFB1 to DEFB136 are currently identified as 
human β-defensin family. Human β-defensin 1 
(DEFB1) is expressed constitutively, whereas 
β-defensin 2 (DEFB4A) is induced by bacterial 
molecules [22, 23] as well as cytokines [24]. 
Paneth cells are another site of high α-defensin 
concentration and contain defensin-rich secre-
tory granules. Claeys et  al. reported that there 
was no baseline detection of human β-defensin 
2 in any sinus mucosal samples, and no upregula-
tion was measured for human β-defensin 2  in 
paranasal sinus mucosa in patients with chronic 
sinusitis or nasal polyposis compared with con-
trol turbinate mucosa [25]. On the other hand, α- 
and β-defensins were detected in human nasal 
mucosa by Lee et  al. [26]. They examined the 
expression of defensins in inferior turbinate 
mucosa of normal subjects and inferior turbinate 
mucosa and nasal polyps of patients with chronic 
sinusitis, employing reverse transcription- 
polymerase chain reaction (RT-PCR) and immu-
nohistochemistry. According to their results, 
β-defensin 1 mRNA was expressed in all tissue 
samples. β-Defensin 2 mRNA was detected in the 
turbinate mucosa and nasal polyps of patients 
with chronic sinusitis, but not in normal mucosa. 
Its expression level was significantly higher in 
nasal polyps than in turbinate mucosa. α-Defensin 
5 and 6 mRNAs were not expressed in any tis-
sues, but α-defensins 1, 2, and 3 were detected in 
all tissue samples obtained from patients with 
chronic sinusitis. These results suggest that 
β-defensin 1 may play a constitutive role in nasal 
defenses, whereas α-defensins 1, 2, and 3 and 

β-defensin 2 may be induced in response to local 
infection or inflammation.

The average concentration of defensins in 
these epithelial cells reaches the 10–100 μg/mL 
range [27], but the local concentrations might be 
higher because of uneven distribution.

Most defensins show antimicrobial activity 
against bacteria and fungi, especially when tested 
under low ionic strength conditions [28, 29] and 
with low concentrations of divalent cations, 
plasma proteins, and other interfering substances. 
It should be taken into consideration that under 
these optimal conditions, antimicrobial activity is 
observed at concentrations as low as 1–10 μg/mL 
(low micromole). Permeabilization of target 
membrane is the crucial step in defensin- mediated 
antimicrobial activity and cytotoxicity. It is also 
reported that defensins act as an immunomodula-
tory molecules, inducing IL-8  in epithelial cells 
and modulating complement activation [30, 31] 
and neutrophil apoptosis [32, 33].

29.1.3.2  Defensin Synthesis and Its 
Regulation

Defensin synthesis and release are regulated by 
various signals, such as microbial signals, devel-
opmental signals, and cytokines. Human 
β-defensin 1 (DEFB1) is expressed constitutively 
with low level, whereas β-defensin 2 (DEFB4A) 
is highly induced by bacterial molecules [23, 24] 
as well as cytokines [25]. Various signaling path-
ways are identified to orchestrate β-defensin 2 
expression, such as toll/IL-1 receptor (TIR)-
dependent NF-κB activation, TIR-dependent 
MAPK signaling, and NOD-2-dependent NF-κB 
activation. Wang et al. actually demonstrated that 
airway epithelia regulate expression of human 
β-defensin 2 through toll-like receptor 2 [34]. 
Vora et al. also proved that human β-defensin 2 
expression is regulated by toll-like receptor sig-
naling in intestinal epithelial cells and that LPS 
and peptidoglycan stimulated β-defensin 2 pro-
moter activation in a TLR4- and TLR2-dependent 
manner, respectively [35].
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29.2  Brief Introduction of Toll- 
Like Receptors in Nasal 
Epithelial Cells and Signaling 
Pathway

29.2.1  Distribution of TLRs 
in Nasopharyngeal Mucosae 
and Involvement of IL-15 
in Inflammation

We employed northern blot assay and RT-PCR to 
see the TLR distribution (Fig.  29.1) in upper 
respiratory mucosa and showed that human nasal 
epithelial cells constitutively expressed mRNA 
for TLR2, 3, and 6, but not for TLR4 and TLR9 
(Fig.  29.2). Lipoprotein used as a pathogen- 
associated molecular pattern (PAMP) also 

induced IL-15 production of respiratory epithe-
lial cells, which strictly depend on TLR2 
(Fig. 29.3). In Fig. 29.3, in northern blot analysis, 
IL-15 mRNA was strongly expressed after lipo-
protein stimulation. But in contrast, it was not 
found after lipid A stimulation as a ligand of 
TLR4. IL-15 concentration in the supernatants of 
CCL185 was also upregulated after lipoprotein 
stimulation in a dose-dependent manner. 
Figure 29.4 shows NF-κB activation of respira-
tory epithelial cells in response to lipoprotein. In 
Western blot analysis, phosphorylation of IkB- 
alpha is detected in epithelial cells 15 and 30 min 
after lipoprotein stimulation. Luciferase assay 
and DNA-binding assay reveal that NF-κB activ-
ity actually correlated with the lipoprotein 
concentration.

Fig. 29.1 Toll family proteins
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a b

Fig. 29.2 Expression of TLRs on macrophages and nasal epithelial cells. (a) Northern blot assay. (b) RT-PCR

Fig. 29.3 Lipoprotein inducing IL-15 from respiratory epithelial cells
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Fig. 29.4 NF-kB activation of respiratory epithelial cells in response to lipoprotein and lipid A

29.3  Conclusion

In this chapter, I have extensively introduced the sig-
nificance of the so-called defensive proteins on the 
upper respiratory tract mucosal linings from various 
aspects. As you can see, there are so many complex 
factors involved in the defense line of our sinonasal 
mucosa in accordance with microbial invasion and 
pathogenesis of sinonasal disorders through intracel-
lular signaling pathways. Further investigation of 
those mechanisms should be absolutely needed for 
elucidating pathologies of sinonasal disorders and 
seeking for promising therapeutic strategies. To fur-
ther end, I have intensively described antiviral 
immunity with interferons as an appendix, for your 
understanding of SARS-CoV-2 virus infection.

 Appendix: Antiviral Proteins 
and Immunity 
for the Understanding of SARS- 
CoV- 2 Virus Infection

 Introduction

We all know viruses are the intracellular para-
sites, taking place infection at various mucosal 
linings or nerve tissue, including central ner-

vous system, by invading to resident cells of the 
 mammalian body. Viral life cycle consists of a 
short period of extracellular phase, and a longer 
intracellular period as long as viruses keep rep-
lication. Interferon, defensin, complement, and 
antiviral antibodies are, respectively, important 
as antiviral proteins. And as antiviral cellular 
responses, natural killer (NK) cells, cytotoxic T 
lymphocytes (CTLs) are elucidated to, respec-
tively, exert non-specific and specific immune 
responses [36]. Those immune system com-
poses of three different stages: innate responses 
(complement, interferon, NK cells) appear with 
a few days after viral infection and suppress 
viral replication. Antigen-specific CTL 
responses develop a few days later, having peak 
response between days 7 and 10 and resolve on-
going intracellular infection. Finally, antiviral 
antibodies in serum reach maximum titers and 
continue for months to years, and specific those 
antibodies provide a protection against reinfec-
tion. The concept of “innate immunity” includes 
all sorts of defense mechanism that expel infec-
tions with little specificity and less clonal 
expansion. It works without much adaptation 
and no generation of a long- lasting memory. 
So, the mammalian innate immune defenses 
comprise defensins, the complement system, 
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non-specific phagocytic and cytolytic leuko-
cytes, and cytokines, such as the antiviral active 
interferons.

 Defensins

Defensins are already introduced in this chapter, 
but the details why defensins inhibit viral infec-
tion. They are produced by immune cells and 
skin and mucosal epithelial cells and are conse-
quently present on epithelia and in body fluids. 
Defensin genes can be induced by viral infection 
[37]. Their most common antimicrobial function 
is the formation of destructive pores in mem-
branes of pathogens, including enveloped viruses. 
Defensins can, however, also block infection by 
enveloped and non-enveloped viruses alike by 
aggregating the particles, blocking receptor bind-
ing, inhibiting virus entry, particle uncoating or 
intracellular trafficking, interfering with essential 
cell signaling, or viral gene expression. Moreover, 
besides these direct antiviral activities, defensins 
were shown to attract immune cells and modulate 
adaptive immune responses.

 Complement System

Complement activation is mediated by specific 
receptors recognizing pathogens or immuno-
complexes. Three different pathways are distin-
guished: the classical pathway (triggered by 
antigen–antibody complexes), the mannan- 
binding lectin pathway (triggered by lectin 
binding of pathogen surfaces), and the alterna-
tive pathway (triggered by complement factor 
C3b- coated pathogen surfaces), respectively. 
They all activate a cascade of reactions involv-
ing more than 20 soluble and cell-bound pro-
teins, resulting in a rapid and massive response. 
The complement system is able to tag infected 
cells for destruction by phagocytic cells (opso-
nization), prime humoral immune responses, 
and perforate membranes of infected cells by 
the membrane attack complex [38]. In response 
to those defense mechanisms, viruses have 
evolved effective counter weapons, such as 

incorporation of cellular complement regulatory 
proteins into particles or expressing specific 
inhibitors in infected cells.

 Interferons

Interferons and innate and adapted antiviral 
immune response interferons (IFNs) are a group 
of signaling proteins made and released by host 
cells in response to the infection or presence of 
several viruses. In a typical scenario, a virus- 
infected cell will release interferons, causing 
nearby cells to upregulate their antiviral activity. 
Interferons are originally named for their ability 
to “interfere” with viral replication by protecting 
cells from virus infections. And, IFNs have vari-
ous functions. They activate immune cells, such 
as natural killer cells and macrophages. And they 
increase host defenses by upregulating antigen 
presentation by virtue of increasing the expres-
sion of major histocompatibility complex (MHC) 
antigens. More than 20 distinct IFN genes and 
proteins have been identified in animals and 
human beings. They are typically divided among 
three groups, namely, Type I IFN (IFN-alpha and - 
beta), Type II IFN (IFN-gamma), and Type III 
IFN.  In general, type I and II interferons are 
responsible for regulating and activating the 
immune response.

Type I interferons are produced by a variety of 
immunocompetent cells and exert inhibition of 
viral replication and cell proliferation. Those also 
enhance natural killer cell activity to lyse virus- 
infected host cells. Natural killer cells represent a 
different lymphocyte lineage that recognize and 
lyse virally infected cells. They are mainly effec-
tive during an early stage of viral infection, since 
there is no lag phase of clonal expansion for NK 
as occurs with T and B lymphocytes. Specific 
immune antiviral mechanisms are both humoral 
and cellular [39]. Specific antibodies protect 
against viral infections and play an important role 
in antiviral immunity, mainly during the early 
stage of the infection. The most effective antiviral 
antibodies are neutralizing antibodies which bind 
to the viral envelope or capsid proteins and block 
the virus from entering host cell. The main effec-
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tors involved in specific antiviral immunity are 
CD8+ cytotoxic T lymphocytes (CTL). These 
cells recognize viral antigens presented at the cell 
surface associated with class I MHC molecules. 
CTL response is not always beneficial, since the 
tissue destruction caused by CTL is sometimes 
greater than the damage done by the virus.

In response to virus infection, plasmacytoid 
dendritic cells (pDCs) are particularly equipped 
to synthesize and secrete IFN-a/b, but in princi-
ple all nucleated cells can do it. In autocrine and 
paracrine manner, IFNs trigger a signaling chain 
leading to the expression of genes for potent anti-
viral proteins which limit further viral spread. In 
addition, IFNs initiate, modulate, and enhance 
the adaptive immune response. The signaling 
events which culminate in the direct IFN- 
dependent restriction of virus growth can be 
divided into three steps, namely, (1) transcrip-
tional induction of IFN synthesis, (2) IFN signal-
ing, and (3) antiviral mechanisms.

 Interferon Induction

Nucleic acids are main pathogen-associated 
molecular patterns (PAMPs) of viruses, being 
recognized by a number of pattern recognition 
receptors (PRRs) to initiate induction of IFN 
genes. Virus-triggered PRRs classes can be 
divided into the endosomal Toll-like receptors 
(TLRs) and various intracellular (mostly cyto-
plasmic) receptors. It is thought TLRs can be 
activated by viral nucleic acids that had been 
released from virus particles. Major PAMPs are 
double-stranded RNA (dsRNA), single-stranded 
RNA (ssRNA), 5′-tripho-sphorylated RNAs, and 
double-stranded DNA (dsDNA). dsRNA is an 
almost ubiquitous by-product of virus infection 
that is recognized by a number of PRRs. In the 
endosome, it is recognized by the TLR3, and in 
the cytoplasm by the RNA helicases RIG-I and 
MDA-5 during genome transcription and replica-
tion. Viral ssRNAs can be recognized in the 
endosome by TLR7 and TLR8.

In addition to nucleic acids, some viral pro-
teins can provoke a TLR response, such as enve-
lope protein of respiratory syncytial virus and 

measles virus by activating TLR4 and TLR2, 
respectively.

All PRRs are triggering signaling chains which 
culminate in activation the IFN regulatory factor 
(IRF)-3, the general immune regulatory transcrip-
tion factor NF-kB, and the stress activated tran-
scription factor AP-1. In a cooperation, they 
upregulate IFN gene expression. This leads to a 
“first wave” of IFN production (IFN-beta and IFN-
arupha4 in mice) which triggers expression of the 
transcription factor IRF-7. IRF-7 is a master regu-
lator of IFN gene expression cooperating with 
IRF-3 for full activity. IRF-7 can be activated in the 
same way as IRF-3 and is responsible for a positive 
feedback loop that initiates the synthesis of several 
IFN-alpha subtypes as the “second wave” IFNs.

While cells with a nucleus are thought to be 
equipped with the set of intracellular PRRs, 
expression of TLRs is more restricted to epithelial 
and immune cells. Myeloid dendritic cells (mDCs), 
for example, can recognize dsRNA by the classi-
cal intracellular RLR pathway and, in addition, by 
TLR3. pDCs recognize the presence of viral 
ssRNA or dsDNA by TLR7, TLR8, and TLR9 to 
transcriptionally activate multiple IFN- alpha 
genes. IRF-7 is further upregulated in response to 
IFN and generates a positive feedback loop for 
high IFN-alpha and IFN-beta production. 
Furthermore, TLR7 and TLR9 are retained in the 
endosomes of pDCs to allow prolonged IFN 
induction signaling.

 Type I IFN Signaling

IFN-beta and multiple IFN-alpha subspecies acti-
vate a common type I IFN receptor signaling to 
the nucleus through the so-called JAK–STAT 
pathway [40, 41]. The signal transducer and acti-
vator of transcription (STAT) proteins are latent 
cytoplasmic transcription factors, which become 
phosphorylated by the Janus Kinases JAK1 and 
TYK2. Phosphorylated STAT1 and STAT2 
recruit a third factor, IRF9, to form a complex 
known as IFN-stimulated gene factor 3 (ISGF3), 
which translocates to the nucleus and binds to the 
IFN-stimulated response element (ISRE) in the 
promoter region of ISGF.
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 Direct and Indirect Antiviral Effects 
of Type I IFNs

Type I IFNs activate the expression of several 
hundred STAT-dependent ISGs of which only a 
fraction has been studied in great detail. IFN- 
alpha and IFN-beta bind to the type I IFN recep-
tor (IFNAR) and activate the expression of 
numerous ISGs via the JAK/STAT pathway [42]. 
Several ISGs contribute in a more indirect man-
ner to the enhancement of both innate and adap-
tive immune responses. Type I IFNs can directly 
enhance clonal expansion and memory formation 
of CD8+ T cells. IFNs promote NK cell- mediated 
cytotoxicity and trigger the synthesis of other 
cytokines, such as IFN-gamma or IL-15. These 
cytokines modulate the adaptive immune 
response, enhance NK cell proliferation, and sup-
port CD8+ T cell memory. Moreover, by upregu-
lating TLRs, MHCs, and costimulatory 
molecules, IFNs enable APCs (most prominently 
DCs) to become competent in presenting viral 
antigens and stimulating the adaptive immune 
response.

 Type II IFN

IFN-gamma categorized type II interferon is a 
cytokine that is essential and critical for innate 
and adaptive immunity against viral, some bacte-
rial, and protozoan infections [43]. IFN-gamma 
is an important activator of macrophages and 
inducer of major histocompatibility complex 
class II molecule expression. Aberrant IFN- 
gamma expression is associated with a number of 
autoinflammatory and autoimmune diseases. The 
importance of IFN-gamma in the immune system 
stems in part from its ability to inhibit viral repli-
cation directly, and most importantly from its 
immunostimulatory and immunomodulatory 
effects. IFN-gamma is produced predominantly 
by natural killer (NK) cells and natural killer T 
(NKT) cells as a part of the innate immune 
response, and by CD4 Th1 and CD8 cytotoxic T 
lymphocyte (CTL) effector T cells once antigen- 
specific immunity develops as part of the adap-

tive immune response. IFN-gamma is also 
produced by non-cytotoxic innate lymphoid cells 
(ILCs), a family of immune cells first discovered 
in the early 2010s.
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30Olfaction

Huart Caroline, Philippe Eloy, and Philippe Rombaux

Core Message
• This chapter reviews the physiology and the 

pathology of the olfactory system. The aim is 
to provide adequate information to clinicians 
in order to improve their understanding about 
olfaction and its troubles and to promote ade-
quate management of patients with olfactory 
disorders.

30.1  Introduction

Olfaction is one of the most ancient senses. 
Nevertheless, the field of olfaction has received 
far less attention as compared to other sensory 
modalities. This is notably due to the technical 
challenge of working with odorous stimuli and 
the difficulties of measuring brain activity 
induced by a chemosensory stimulus.

Although a majority of people consider it as 
one of the less important senses, this sense plays 
a major role in our interaction with the environ-
ment. Not only olfactory system acts for the 
detection of potential danger in the environment, 
such as smoke or gas, but also it influences our 
nutrition, social behavior, well-being, and mem-
ory processes.

This chapter proposes a global view of human 
olfaction. First we will extend on physiology of 
olfaction, paying a particular interest to olfactory 
pathways. Then, we will study pathological situ-
ations associated with olfactory dysfunction. 
More particularly, we will see into detail post- 
infectious olfactory loss, post-traumatic olfactory 
loss, and sinonasal-related olfactory disorder.

30.2  Physiology

30.2.1  Embryology

The olfactory placode is induced at the end of the 
fourth week of pregnancy when the local ecto-
derm makes direct contact with the prosence-
phalic vesicle. Some cells of the olfactory placode 
will differentiate into primary neurosensory cells, 
further constituting the olfactory neuroepithe-
lium. At the end of the fifth week, these cells will 
develop axons, reaching the neurons from the 
anterior wall of the prosencephalon, which 
becomes the telencephalon. This will induce the 
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development of the olfactory bulb which begins 
to differentiate from the telencephalon. At the 
seventh week, the olfactory bulb individualizes at 
the tip of each hemisphere. It will then lengthen 
and come to lie on the cribriform plate of the eth-
moid bone at the 12th week of pregnancy. 
Secondary neurosensory cells will differentiate 
inside the olfactory bulb and their dendrites syn-
apse with axons of the primary neurosensory 
cells. Axons of secondary neurosensory cells will 
group to form the olfactory tract and synapse 
with cortical olfactory areas of the entorhinal 
paleocortex and archicortex [1, 2].

30.2.2  Olfactory Pathways

The olfactory system detects odorant molecules 
dissolved in air and trapped in the airflow passing 
through the nasal cavity. Nasal turbinates will 
guide the airflow to the olfactory cleft, allowing 
the odorant molecules to reach the olfactory 
neuroepithelium.

30.2.2.1  The Olfactory 
Neuroepithelium

The olfactory neuroepithelium is located in the 
upper part of the nasal vaults. It covers the cribri-
form plate of the ethmoid bone, medially to the 

middle turbinate and can extend to the superior 
turbinate, the superior part of the septum, and the 
middle turbinate [3]. In adult humans, its surface 
area is 2.5 cm2 per nasal fossa. The location of the 
olfactory epithelium is dependent on individual 
factors and is thought to change with age, result-
ing from a conversion of olfactory neuroepithe-
lium to respiratory epithelium or due to loss of 
olfactory neurons with age or from damages 
(smoke, toxics, chemicals, chronic infection).

The olfactory neuroepithelium is a pseu-
dostratified columnar epithelium covering a lam-
ina propria. It is composed of (1) olfactory 
receptor neurons (ORNs), (2) supporting cells, 
(3) basal cells, some of which serve as ORN stem 
cells for the regeneration of new olfactory sen-
sory neurons throughout life, and (4) the duct of 
the Bowman’s glands (which are located in the 
lamina propia) (Fig. 30.1).

The ORNs are bipolar cells, with their den-
dritic extensions directed toward the olfactory 
cleft and carrying on its surface several cilia that 
project into the mucus. Odorants are carried 
through the mucus layer by olfactory binding 
proteins, and bind to olfactory receptors located 
on the ORNs. In 1991, Axel and Buck [4] dis-
covered a family of approximately 1000 genes 
that encode for an equivalent number of olfac-
tory receptors, corresponding to the largest fam-

Fig. 30.1 Schematic 
representation of 
olfactory 
neuroepithelium. The 
olfactory 
neuroepithelium is 
composed by olfactory 
receptor neurons, 
supporting cells, and 
basal cells. The dendritic 
extension of olfactory 
receptor neurons carries 
on its surface several 
cilia, where are located 
the olfactory receptors. 
The axons run through 
the cribriform plate of 
the ethmoid bone and 
reach the olfactory bulb 
where they synapse with 
mitral cells in spherical 
structures named 
glomerulus
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Fig. 30.2 Basic schematic representation of odor coding 
at the level of neuroepithelium and glomeruli. Odorant 
molecules bind with specific olfactory receptor neurons. 
Each olfactory receptor neuron possesses only one type of 

odorant receptor. Olfactory receptor neurons carrying the 
same type of receptor send their axon to the same glom-
erulus at the level of the olfactory bulb

ily of genes in the mammalian genome [5], 
highlighting their important role in physiology. 
In the majority of mammals most of these genes 
are functional, but in primate the number of 
functional genes decreases and is to about 
350  in humans [6]. Axel and Buck found that 
each ORN possesses only one type of odor 
receptor and each receptor is specialized for a 
small number of odors. Hence, a given odorant 
will bind a typical pattern of olfactory receptors. 
The binding results in the activation of G pro-
teins. The activation of G proteins stimulates the 
formation of cyclic AMP.  Increased levels of 
cAMP open cyclic nucleotide-gated channels. 
This causes the opening of the channels and 
Ca2+ influx. This influx activates chloride chan-
nels, opening them up, causing Cl−leaves, and 
finally depolarizing the ORN and generating the 
action potential.

ORNs axons converge into the olfactory 
nerves, passing through the cribriform plate of 
the ethmoid bone and projecting directly to the 

ipsilateral olfactory bulb where they synapse into 
spherical structures known as the glomerulus.

30.2.2.2  The First Olfactory Structure: 
The Olfactory Bulb

The olfactory bulb is ovoid in shape and located 
in the anterior cranial fossa, above the cribriform 
plate of the ethmoid bone, and under the frontal 
lobe. It contains a major structure that is consid-
ered as the first olfactory structure: the glomeru-
lus. The glomerulus is the only relay between the 
periphery and the cortex. Each glomerulus col-
lects ORN axons from the same type of odorant 
receptor (Fig. 30.2). ORNs axons and dendrites 
of mitral cells synapse in the glomerulus.

The olfactory bulb has a multilayered cellular 
architecture. It encompasses 6 different layers: 
(1) the external layer is composed of ORNs 
axons; (2) the glomerular layer is composed by 
glomeruli wherein axons of ORNs synapse with 
dendrites of mitral cells; (3) the external plexi-
form layer consists of dendrites of mitral and 

30 Olfaction



384

tufted cells; (4) the mitral and tufted cells layer 
contains cell bodies of mitral and tufted cells 
(second-order olfactory neuron); (5) the internal 
plexiform layer; and (6) the granule cell layer 
contains rows of mitral and tufted axons and 
granule cells which are interneurons.

Axons of the mitral cells and tufted cells 
coalesce to form the olfactory tract, located at the 
base of the forebrain.

Centripetal information is secondary to neuro-
nal activation, with glutamate as the principal 
neurotransmitter.

30.2.2.3  The Second Olfactory 
Structure: The Primary 
Olfactory Cortex

As compared to all other senses, olfaction is 
particular in that second-order olfactory neu-
rons send information directly to primary olfac-
tory cortex. In humans, the olfactory bulb is 
connected to the primary olfactory cortex by 
the fibers of the lateral olfactory tract (LOT). 
The LOT conveys olfactory information to a 
wide number of brain areas within the frontal 

lobe and the dorsomedial surface of the tempo-
ral lobe, often referred to primary olfactory 
cortex.

The primary olfactory cortex comprises the piri-
form cortex, which covers the uncus, the entorhinal 
cortex, the anterior olfactory nucleus, the periam-
ygdaloid cortex, the olfactory tubercle, and nucleus. 
These projections are mainly ipsilateral, but there 
are also contralateral connections via the anterior 
commissure [7–9]. Some of the structures of the 
primary olfactory cortex then project to tertiary 
highest cognitive centers of the brain. The major 
projection of the piriform cortex is the thalamus, 
but it will also project to the insular cortex, the orbi-
tofrontal cortex (neocortex), and the hypothalamus. 
The entorhinal cortex supplies afferent input to the 
hippocampus, while the olfactory tubercle con-
nects to the thalamus. The amygdala is the major 
source of afferents to the hypothalamus (Fig. 30.3). 
Interestingly, there are many interactions between 
the secondary olfactory structures: between the 
anterior olfactory nucleus and the piriform cortex, 
the piriform cortex and the olfactory tubercle, the 
piriform cortex and the entorhinal cortex.

Fig. 30.3 Schematic diagram of major olfactory pathways
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30.2.2.4  The Tertiary Olfactory 
Structures

The tertiary olfactory structures are the thalamus, 
the hypothalamus, the amygdala, the hippocam-
pus, the orbitofrontal cortex, and the insular 
cortex.

The thalamus receives information from the 
piriform cortex and the olfactory tubercle. The 
hypothalamus, the orbitofrontal cortex, and the 
insular cortex also receive afferent input from the 
piriform cortex, while hippocampus is connected 
to entorhinal cortex. We should also note that 
there are also some interactions between these 
tertiary olfactory structures. In this way, the thal-
amus connects to the orbitofrontal cortex and the 
insular cortex. Therefore, the orbitofrontal cortex 
and the insular cortex receive direct input from 
the piriform cortex and indirect input via the 
thalamus.

30.2.2.5  Centrifugal Information
Most secondary and tertiary structures have 
numerous centrifugal fibers leading to the olfac-
tory bulb, with GABA and acetylcholine as prin-
cipal neurotransmitter. The supposed aim of this 
centrifugal information is to allow the brain to 
control the incoming flow of olfactory signals.

30.2.2.6  Properties of Olfactory 
Pathways

The olfactory pathways are distributed to differ-
ent brain structures that are involved in the deter-
mination of our personal and social behavior. For 
example, the connections with:

 1. Hippocampus and limbic system are thought 
to influence our memory system.

 2. Amygdala system could act on emotional, 
motivational and craving circuits.

 3. Hypothalamus, that mediates feeding regula-
tion, could influence our feeding behavior.

 4. Orbitofrontal cortex mediates our conscious 
perception of odors and could influence our 
preferences [10].

Hence, odor perception may affect our behav-
ior and plays a major role in our interaction with 
the environment.

The olfactory system present unique proper-
ties as compared to other sensory systems. They 
are (1) the predominance of ipsilaterality of the 
olfactory projections, (2) the conduction of odor- 
evoked signals without an obligatory thalamic 
relay, and (3) the intimate overlap with limbic 
regions of the brain [11].

 1. Odor processing remains principally ipsilat-
eral [7–9] all the way from the nasal periphery 
to the primary olfactory cortex. This feature is 
different for other sensory modalities, such as 
the visual or auditory systems which, early in 
the processing pathways, supply sensory 
information in both hemispheres. This may 
help the cortex better discriminate and make 
bilateral odor comparisons and perhaps pro-
vide differential access to odor memories.

 2. The absence of an obligatory thalamic relay is 
also in contrast with other sensory modalities 
in which an incoming signal undergoes 
 thalamic modulation prior to being delivered 
to the sensory-specific cortex [11]. The 
absence of thalamic sensory integration in the 
olfactory pathways would seem to have an 
evolutionary explanation [11].

 3. The connections between the olfactory sys-
tem and the limbic system appear to be 
involved in the emotional and memory back-
ground to odorant stimuli, our social behavior, 
and the formation of novel stimulus- reinforced 
associations [11].

30.2.3  Orthonasal and Retronasal 
Olfaction

Paul Rozin noted that smell is unique in having a 
“dual nature”—meaning that it can sense signals 
originating outside (orthonasal) or inside (retro-
nasal) the body [12].

Orthonasal olfaction refers to odorants origi-
nating outside and sniffed in through the nares to 
reach the olfactory neuroepithelium. This route is 
used to smell odors from the environment, such 
as perfumes, food aromas, smoke, predator smell, 
social odors, or pheromones. Orthonasal olfac-

30 Olfaction



386

Fig. 30.4 Schematic representation of the central pro-
cessing of orthonasal and retronasal olfaction. Orthonasal 
olfaction is processed by the olfactory pathways. On con-
trast, retronasal olfaction is not only processed by olfac-

tory pathways but is also influenced by other sensory 
modalities, which are taste, sound, vision and propriocep-
tion. These multisensory information are integrated in the 
orbitofrontal cortex

tion is processed by olfactory pathways and is 
influenced by the visual pathway.

Retronasal olfaction refers to odorants origi-
nating from the back of the mouth and reaching 
the olfactory neuroepithelium via the nasophar-
ynx. This retronasal stimulation occurs during 
food ingestion. It is activated only when breath-
ing out through the nose, between mastication 
and swallowing [10, 13]. The retronasal olfac-
tion, also termed as “flavor,” account for an 
important part of food identification. This 
explains why a majority of patients suffering 
from smell disorder also complain of “taste” dis-
order, although their sense of taste is intact. On 
contrast to orthonasal olfaction, flavor perception 
is not only processed by olfactory pathways but is 
also influenced by almost all sensory modalities, 
which are taste, touch, sound, and proprioception 

(for a review see [10]). Indeed, the orbitofrontal 
cortex receives connections from other sensory 
neocortical areas (taste, hearing, touch, and 
vision) [14] (Fig. 30.4). Since it is receiving mul-
tisensory input and integrating these different 
sensory information, the orbitofrontal cortex is 
an important area to influence our food prefer-
ences and choices.

30.2.4  Olfactory and Trigeminal 
Interactions

The nasal fossa has double innervations from 
olfactory and trigeminal afferents. Although 
odorants are defined as volatile compounds hav-
ing the ability to activate the olfactory system, 
the vast majority of odorants will actually acti-
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vate both the olfactory and trigeminal system. 
Sensations resulting from the activation of the 
olfactory system are those of odors, while sensa-
tions induced by the stimulation of the trigeminal 
nerve are somatosensory (tactile, thermic, pain, 
humidity).

Olfactory and trigeminal systems closely 
interact with each other, and the stimulation of 
these two systems leads to important overlap 
in their activation pattern in the brain [15–19]. 
The interaction between both systems is com-
plex and takes place both at a peripheral or 
central level (for a review see [20, 21]). This 
interaction is difficult to predict, but it has a 
powerful influence on odor perception both at 
different concentrations of a single stimulus 
and between mixtures of chemosensory stim-
uli. According to the literature, the pattern of 
interaction seems to depend on stimulus qual-
ity, intensity, and relative intensity of olfac-
tory and trigeminal components of the mixture 
(for a review see [21]). Some reports have 
investigated the olfactory modulation of 
trigeminal- mediated sensations in patients 
with olfactory loss demonstrating that a close 
interaction and many compensatory mecha-
nisms exist [22].

30.2.5  Variability in Normal 
Olfactory Function

Among other senses the olfactory function 
decreases over time and it has been described in 
numerous previous studies that there is a strong 
decrease in olfactory function above the age of 
55 years [23, 24]. Several mechanisms have been 
proposed to explain this age-related olfactory 
dysfunction. At a peripheral level, changes in 
mucociliary movement, mucus composition, sub-
mucosal blood flow, and epithelia thickness 
might disturb the transport of the odorant to the 
receptor [25]. At the level of the neuroepithelium 
it is assumed that the regeneration of olfactory 
receptor neurons decreases over age [26, 27]. At 
a central level, brain damages due to chronic 

ischemia or systemic disturbance might also be 
proposed as a potential cause of age-related 
olfactory disorder.

Hummel et al. reported that there is a differen-
tial change of olfactory functions with aging. 
Indeed, olfactory thresholds decrease more 
strongly with age as compared to odor discrimi-
nation and odor identification [23, 28]. Since 
threshold measurements best reflect the function 
of the peripheral olfactory system than other 
olfactory tests [29–31], this finding might indi-
cate that age-related change of olfactory function 
is at least in part due to damage of the olfactory 
epithelium [23]. Nevertheless, we should also 
keep in mind that age-related decrease of olfac-
tory function might also be a consequence of side 
effects of drugs, onset of neurodegenerative dis-
eases, etc.

A sex-related difference in olfactory function 
has also been widely reported [23, 32–35], with 
women outperforming men. Several causes have 
been proposed to explain this phenomenon, such 
as hormonal effects and congenital factors. 
However, the origin of this sex-related difference 
is still unclear.

Finally, some healthy people might present a 
specific anosmia. That is a physiological condi-
tion where a person of otherwise normal olfac-
tory acuity is unable to detect a specific odorant. 
Specific anosmias have been described for series 
of odors [36]. It is admitted that specific anosmia 
has a genetic basis and the occurrence of specific 
anosmia indicates that specific receptors are nec-
essary for perceiving specific odors [37–41]. One 
of the most frequent and well-known specific 
anosmia is androstenone anosmia. The preva-
lence of this specific anosmia is still a matter of 
debate. It is usually admitted that about 30% of 
the population is unable to detect the odor of the 
androstenone. But there is a high variability in 
the prevalence reported in the literature, ranging 
from 1.8 to 75% [42] (for a review see [42]). This 
might be at least in part explained by the various 
stimulation methods, criterion for non-detection, 
and concentrations that were used in the different 
studies [42].
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30.3  Pathology

Although olfaction is often described as one of 
the less important sense, smell disorders have 
severe consequences, including impaired qual-
ity of life, daily life problems (cooking, detec-
tion of potentially dangerous odors) [43], 
altered food choices and consumption patterns 
than can negatively impact health (decreased 
body weight, overuse of salt inducing blood 
hypertension, overuse of sugar inducing diabe-
tes mellitus, impaired immunity, etc.), and even 
depression [44].

The incidence of olfactory dysfunction among 
the population is still a matter of debate. Authors 
report an incidence of 1–3% of dysfunction 
among population [24, 45]. Nevertheless a study 
by Landis et al. reported higher values of olfac-
tory dysfunction among population without sino-
nasal complaints, with a rate of 4.7% of anosmia 
and 16% of hyposmia. The frequency of paros-
mia and phantosmia was reported with a rate of 
2.1% and 0.8%, respectively [46]. Recently, the 
SARS-CoV-2 pandemic has been found to be fre-
quently associated with olfactory dysfunction, 
causing an anosmia pandemic across the world.

The evaluation of patients suffering from 
olfactory disorders requires a precise clinical 
work-up procedure in order to (1) determine the 
etiology of the olfactory dysfunction, (2) assess 
olfactory function and, hence, (3) provide an 
optional treatment, a prognosis, and appropriate 
counseling to patients. Assessment of olfactory 
function is reviewed in Chap. 33.

30.3.1  Classification of Olfactory 
Disorders

30.3.1.1  Quantitative Olfactory 
Disorders

Quantitative olfactory disorders are hyposmia, 
hyperosmia, and anosmia (Table 30.1). Hyposmia 
refers to a decreased ability to smell. This is a 
common condition. Indeed, Landis et al. reported 
that up to 16% of the general population is 
hyposmic [46].

Hyperosmia is a rare condition and refers to 
enhanced ability to smell. It can happen after 
exposure to toxic vapors [47] or during 
migraine [48].

Anosmia refers to the lack of ability to smell. 
It is assumed that about 5% of the general popu-
lation exhibit functional anosmia [46]. Functional 
anosmia refers to a significantly reduced ability 
to smell although some smell sensations can be 
present.

30.3.1.2  Qualitative Olfactory 
Disorders

Qualitative olfactory disorders are parosmia, 
phantosmia, and olfactory agnosia. Parosmia is 
sensation that a given odor is different than the 
typical odor for this substance. Parosmia is typi-
cally associated with reduced olfactory sensitiv-
ity and is particularly frequent in patients 
suffering from post-infectious olfactory loss (up 
to 50%) [49]. It is also associated with post- 
traumatic olfactory loss or sinonasal-related 
olfactory disorder. Studies found a prevalence of 
parosmia in 19% [50], 20% [51], and 28% [49] of 
patients presenting to « Smell and Taste » clinics, 
while the prevalence of parosmia in the general 
population is reported to be 2.1 [46] to 4% [52]. 
It is typically unpleasant. Euosmia is a rare form 
of parosmia with a pleasant parosmia to selected 
odorants [53]. The pathophysiology of parosmia 
is not clear. There are two hypotheses: the central 
and the peripheral hypotheses. In periphery, loss 
of olfactory receptor neurons changes the integ-
rity of the olfactory image, resulting in an incom-
plete and meaningless picture of the odorant. 
Centrally, it has been proposed that the integra-
tion and interpretation of odors are altered [54].

Phantosmia is the perception of an odor when 
none is present. It may be reed to a wide range of 

Table 30.1 Classification of smell disorders

Quantitative smell 
disorders

Qualitative smell 
disorders

• Hyposmia
• Anosmia
   – Functional anosmia
   – Specific anosmia
• Hyperosmia

• Parosmia
• Phantosmia
• Olfactory agnosia
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pathologies (post-infectious olfactory loss, post- 
traumatic olfactory loss, rhinosinusitis, neuro-
logic, etc.).

Finally, olfactory agnosia is defined as the 
inability to recognize odor sensation.

30.3.2  Etiology of Olfactory 
Disorders

There are several causes of olfactory dysfunc-
tion. The most frequent are chronic rhinosinus-
itis, post-infectious olfactory loss, and 
post-traumatic olfactory loss. These three etiolo-
gies account for up to two-thirds of the patients 
with olfactory disorder [55, 56]; therefore, we 
will largely extend on these 3 pathologies. 
However, several pathologies might also affect 
olfactory function, such as neurological disease, 
metabolic diseases, toxics, and tumoral disease 
of the sinonasal cavities or brain (Table 30.2). It 
is therefore essential to investigate about the eti-
ology of olfactory dysfunction. An algorithm for 
the management of olfactory dysfunction is pro-
posed in Fig. 30.5.

30.3.2.1  Chronic Rhinosinusitis
Chronic rhinosinusitis (CRS) with or without 
polyps is the most common cause of olfactory 
dysfunction, accounting for 14–30% of cases 
[57–60]. Inversely, olfactory impairment is 
acknowledged as a key symptom for the diagno-
sis of CRS [61]. Nevertheless up to one quarter 
of patients with CRS are unaware of their 
decreased olfactory abilities, probably because 
the olfactory dysfunction in CRS develops 
slowly, and in consequence, only a few patients 
note this disorder [62].

Olfactory dysfunction in CRS is explained by 
a combination of conductive olfactory loss (i.e., 
polyps, edema, nasal discharge, etc.) and neuro-
sensory disturbance due to mucus and neuroepi-
thelial alterations resulting from chronic 
inflammation [63].

In the context of CRS, olfactory dysfunction 
is mainly quantitative, appears gradually and 
fluctuates over time. Patients may also report 
qualitative dysfunction such as parosmia and 

Table 30.2 The different etiologies of olfactory disorders

Rhinologic disease
   –  Chronic rhinosinusitis (with or without nasal 

polyps)
   – Allergic rhinitis [164–166]
   – Atrophic rhinitis [167]
   – Post-surgical [167, 168]
   – Olfactory cleft syndrome
Post-infectious olfactory loss
COVID-19-related olfactory loss
Post-traumatic olfactory loss
Congenital anosmia
Neurologic disorder
   – Alzheimer’s disease
   – Idiopathic Parkinson’s disease, …
Tumor
   – Intranasal
    • Esthesioneuroblastoma
    • Adenocarcinoma

   – Intracranial
    • Gliomas
    • Olfactory meningiomas

Toxic [169–171]
   – Metals (cadmium, manganese, mercury, aluminum)
   –  Gases (formaldehyde, methyl bromide, styrene, 

chlorine)
   – Solvents (toluene, butyl acetate, benzene)
   – REF
   – Hairdressing chemicals
   – Intranasal zinc
Drug induced (for review, see [172, 173])
   – Chemotherapy drugs
   – Analgesic (antipyrine)
   –  Local anesthetics (cocaine HCL, procaine HCL, 

tetracaine HCL, lidocaine)
   – General anesthetics
   –  Antimicrobial (amoxicillin, aminoglycosides, 

macrolides, doxycycline, pyrazinamide)
   –  Antirheumatics (mercury/gold salts, 

d-penicillamine)
   – Antithyroids (propylthiouracil, thiouracil)
   –  Cardiovascular, hypertensives (angiotensin 

conversion enzyme inhibitors, nifedipine, 
amlodipine)

   – Gastric medication (cimetidine)
   –  Intranasal saline solutions (with acetylcholine, 

menthol, zinc sulfate)
   – Opiates
   – Sympathomimetics
Metabolic/endocrine (for a review, see [174])
   – Adrenocortical insufficiency
   – Cushing’s syndrome
   – Hypothyroidism
   – Pseudohypoparathyroidism
   – Hepatic [175] or renal failure [176]
Psychiatric [177]
Idiopathic

 Pathologies that are underlined are deeply commented in 
the text
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Olfactory dysfunction

MEDICAL HISTORY ENT EXAMINATION

Obvious sino-nasal originNo obvious sino-nasal origin

Psychaphysical testing with validated olfactory tests
Persisting olfactory dysfunction
or surgical indication

NoNo Yes

Yes

Consider MRI examination when
suspicion of intracranial pathology

Consider electrophysiological
assessment in medico-legal cases

GENERAL TREATMENT

Safety counselling
Olfactory training

Post-infectious Post-traumatic

Close temporal
relationship with URTI

Anosmia or hyposmia

Parosmia +++
Phantosmia+

Decreased OB volume

Decreased or absent
OERP

Close temporal
relationship with
trauma

Anosmia or hyposmia

Parosmia ++
Phantosmia+

Decreased OB volume
Fragmented OB
Basifrontal contusions

Decreased or absent
OERP

Idiopathic

No trighering event
Negative setup

Anosmia or hyposmia

Parosmia +
Phantosmia +

Decreased OB volume

Decreased or absent
OERP

Neurological

Neurodegenerative
disease, brain tumor...

Anosmia or hyposmia

Parosmia +
Phantosmia +

Brain tumor, multiple
scierosis

Decreased or absent
OERP

Toxic/drug

Exposition to toxic
agents or drugs

Anosmia or hyposmia

Parosmia +
Phantosmia +

-

Decreased or absent
OERP

Congenital

No smell since birth

Anosmia

No parosmia
No phantosmia

Aplastic or hypoplastic
OB
Decreased OS depth

No OERP

Sino-nasal disease

Clinical signs
Sinonasal complaints

Anosmia or hyposmia

Parosmia +
Phantosmia+

Normal or decreased 
OB volume
Sinusitis

Decreased or absent
OERP

Normal olfactory function? Parosmia/phantosmia?

Treatment according to current guidelines

Detailed patient’s medical and surgical history
History of the olfactory disorder (triggering event, characteristics...)
Sino-nasal complaints

Including careful sino-nasal endoscopic examination (olfactory
cleft, polyps, rhinorrhoea)

Fig. 30.5 Algorithm for the management of olfactory disorders and summary of the main features of the most frequent 
olfactory disorders. OB olfactory bulb, OS olfactory sulcus, OERP olfactory event-related potentials

phantosmia. However, these symptoms seem less 
frequent in sinonasal disease compared to other 
etiologies (i.e., post-infectious, post-traumatic). 
Reden et al. [49] reported incidence of parosmia 
and phantosmia in patients with CRS of 28% and 
7%, respectively.

Studies have described that the severity of 
quantitative olfactory dysfunction is related to 
the importance of the sinonasal disease, based on 
endoscopy and CT score [64]. Patients with nasal 
polyps show a higher incidence of olfactory dis-
turbances and a higher incidence of anosmia than 
patients with CRS without polyps. This more 
severe symptomatology may be explained not 
only by the conductive olfactory loss induced by 
polyps but also by degenerative changes associ-
ated with recurrent infections, scaring, chronic 
nasal medication, exotoxins, and enhanced secre-

tion of cytokines from Staphylococcus aureus 
infection and neurotoxic cytokines released by a 
huge eosinophilic population [65–69].

Treatment of CRS should follow current 
guidelines [61]. Medical treatment notably relies 
on corticosteroids, either topical or systemic 
[61]. Corticosteroids are able to improve CRS- 
related olfactory dysfunction, with usually a 
higher efficacy of systemic steroids (for a review 
see [63]). In the last years biological treatments 
have been developed. Dupilumab is now FDA 
approved for the treatment of CRS and has favor-
able olfactory outcome [61, 70]. Surgery can also 
be proposed to a subset of patients suffering from 
CRS. Several studies have investigated the effect 
of surgery on olfactory function and generally 
showed an improvement of olfactory function 
[71]. However, there is a large heterogeneity 
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regarding the methodology and only a few stud-
ies used validated psychophysical testing to 
assess olfaction [71].

30.3.2.2  Post-Infectious Olfactory 
Loss

Post-infectious olfactory loss is defined as a sud-
den loss of olfactory function following an upper 
respiratory tract infection (URTI) and was 
described for the first time more than 20 years 
ago [72]. The upper respiratory infection sub-
sides over time and leaves the patient with an 
olfactory dysfunction that persists over a long 
period. There is a close connection in time 
between the URTI and the onset of the olfactory 
disorder [73]. The exact pathogenic agent is 
rarely determined but is assumed to be viral, and 
so this disease is known as “post-viral” or “post- 
infectious” olfactory loss. The exact incidence of 
olfactory dysfunction following URTI is not 
known as many patients with URTI do not report 
their symptoms, so the exact incidence of com-
mon cold in the population is unknown. However, 
post-infectious olfactory loss is diagnosed in 
approximately one quarter of the patients in 
groups presenting to specialized centers, such as 
smell and taste clinics [44, 74–76]. Recently, a 
new pathogen, the SARS-CoV-2, is emerged. 
Besides classical respiratory symptoms initially 
described, it revealed to create smell disorders in 
a high rate of patients. COVID-19-related olfac-
tory dysfunction seems to differ from other post- 
infectious olfactory loss. Therefore, we will give 
a specific focus to it.

Patients with post-infectious olfactory loss are 
usually women and the disease typically occurs 
between the fourth and the sixth decades of life 
[73, 75, 77]. Onset of the URTI is often sudden 
and awareness of the olfactory dysfunction is 
present when major symptoms secondary to the 
infection subside. Many patients also have endo-
scopic or radiological evidence of rhinosinusitis. 
It is therefore mandatory to treat this condition 
and observe the impact of this treatment on the 
sensorineural disorder. Patients usually complain 
of moderate to severe olfactory loss but the 
degree of olfactory loss is usually less severe than 
in patients with head trauma [78]. Parosmia and 

phantosmia are also present and range to 10–50% 
[49, 72, 79]. Seasonal variation in the incidence 
of post-infectious olfactory loss has been demon-
strated with the highest incidences being in 
March and May [80]. This is probably due to the 
seasonal variation of viral particles, such as para-
influenza virus type 3 [75, 81, 82].

Diagnosis should be based on (1) history of an 
olfactory disorder following an URTI and a close 
temporal relationship between the two, (2) 
patency of the olfactory cleft at the endoscopic 
examination, and (3) absence of any other causes, 
such as toxic exposure (medication taken to treat 
the URTI and possibly causing an olfactory dis-
order themselves), an inflammatory process in 
the nasal fossa (diagnosed with an endoscopic 
evaluation), or neurological problems, such as 
neurodegenerative diseases.

The exact mechanism leading to post- 
infectious olfactory loss is not yet fully under-
stood. Viral particles may damage the olfactory 
receptor neuron and provoke immune response 
that also leads to damages in the olfactory neuro-
epithelium and damage the central olfactory 
pathways. Viruses are also capable of penetrating 
the brain via the fovea ethmoidalis. Many viruses 
may cause olfactory impairment, examples being 
the influenza virus, parainfluenza virus, respira-
tory syncytial virus, coxsackievirus, adenovirus, 
poliovirus, enterovirus, and herpes virus. The 
exact determination of the viral agent is not use-
ful in the clinic and viral serology is not manda-
tory. Experimental intranasal infection with 
influenza virus A leads to increased apoptosis 
and increased fibrosis in the olfactory neuroepi-
thelium [83, 84]. This mechanism is thought of as 
a protective one that limits the access of viral par-
ticles to the brain. Histopathological findings 
relating to the olfactory neuroepithelium of 
patients with post-infectious olfactory loss have 
revealed that severely affected patients have 
reduced numbers of ciliated olfactory receptor 
cells [85]. Moreover, dendrites of the olfactory 
receptor neurons usually fail to reach the epithe-
lial surface and therefore have no contact with 
odorant particles. Attempting to correlate the 
importance of the olfactory neuroepithelial dam-
age with the extent of the olfactory dysfunction 

30 Olfaction



392

as well with the chances of recovery generated 
conflicting results [85, 86]. Overall, post- 
infectious olfactory loss is probably secondary to 
a viral attack both at a peripheral level (olfactory 
neuroepithelium) and at a central level (olfactory 
bulb) and these two sites interact both in the path-
ological condition and in the recovery phase.

The spontaneous recovery of olfactory perfor-
mance is found, due to the plasticity of our olfac-
tory system, in about one-third of the 
post-infectious olfactory loss patients [87]. 
Olfactory function may decline (rare), not 
change, show some improvement, a major 
improvement, and improve into the absolute nor-
mal range or into the range adjusted for age [88]. 
Several prognosis factors have been described in 
the literature. Prognosis seems to be more favor-
able when the psychophysical tests reveal incom-
plete olfactory loss (i.e., hyposmia vs anosmia) 
[88–90]. Age and sex also seem to be important 
in the assessment of the prognosis since women 
and younger patients tend to recover more fre-
quently than men and older patients [89]. Another 
prognostic factor is the duration of the disease 
[88, 90]. Electrophysiological measures are also 
predictive of recovery since it was demonstrated 
that the presence of olfactory event-related 
 potentials at the time of diagnosis is linked to a 
better outcome in patients with post-infectious 
olfactory loss [91]. With regard to the meaning of 
qualitative olfactory disorders, reports have been 
mixed in relation to the likelihood of recovery 
[49, 90].

At present there is no medical therapy that has 
been proven effective. Many drugs have been 
tried in non-randomized and uncontrolled trials: 
topical or systemic corticosteroids [92], zinc sul-
fate [93, 94], quinoxaline derivatives [95], alpha 
lipoic acid [96], and pentoxifylline [97]. Although 
early promising results with some molecules 
have been demonstrated, these medications 
helped patients achieve partial or full recovery in 
unpredictable ways [87]. Recent systematic 
reviews about the usefulness of corticosteroids 
concluded that there is a paucity of high-quality 
studies demonstrating the efficacy of oral or topi-
cal steroids. Notably, topical steroids do not 
improve olfactory function, while weak evidence 

supports oral steroids, that could be considered as 
an option, in some selected patients after careful 
consideration of the potential side effects [98, 
99]. On contrast, olfactory training is acknowl-
edged as the gold-standard treatment of post- 
infectious olfactory loss [99]. This method 
consists in smelling four odorants, for 10 min, 
twice a day, during at least 12 weeks [100]. 
Finally, adequate counseling of the patient is of 
importance to help him cope with his deficit in 
his everyday life (for nutrition, hazard detection, 
hygiene, etc.).

30.3.2.3  COVID-19-Related Olfactory 
Dysfunction

Olfactory loss is a common symptom of 
COVID- 19, a disease caused by the severe acute 
respiratory syndrome coronavirus 2 (SARS- 
CoV- 2). The SARS-CoV-2 pandemic was there-
fore associated to a pandemic of olfactory 
dysfunction. This raised media and public atten-
tion toward the, until there usually neglected, 
sense of smell.

The reported frequencies of olfactory loss 
vary a lot across the different studies, probably 
because of the large heterogeneity in method-
ological approaches. Meta-analyses have deter-
mined that the pool frequency olfactory 
dysfunction (either based on questionnaire or 
smell tests) was 56 [101]–61% [102]. Importantly, 
olfactory dysfunction can be reported as the first 
symptom of COVID-19  in 20% of cases [103]. 
Olfactory dysfunction can range from anosmia to 
hyposmia [104]. Patients usually recover within 
the first month [104]; however, it is estimated that 
5% patients will remain with persistent smell loss 
at 6  months after the onset [105]. Importantly, 
olfactory dysfunction does not seem to be associ-
ated with other nasal symptoms, such as nasal 
congestion or rhinorrhea [106]. Parosmia fre-
quently occurs a few months after the acute event 
and has been reported by 27.5% of patients at 
4-month follow-up. It usually resolves over time, 
but 12.5% of patients still report anosmia at 
1 year [107].

Several mechanisms have been proposed to 
explain COVID-19-related olfactory dysfunction 
[108]. First, it could result from the release of 
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proinflammatory mediators at the level of the 
olfactory cleft. Indeed, high levels of TNF-α and 
IL-6 have been reported in COVID-19 patients 
with olfactory dysfunction. These mediators not 
only could induce edema of the olfactory mucosa 
and conductive smell loss but could also impair 
sensory transduction and induce apoptosis [108–
110]. Second, ACE2 and TMPRSS2, the entry 
proteins of SARS-COV-2, have been found in the 
olfactory supporting cells. Infection of olfactory 
supporting cells could lead to a disorganization 
and hence a dysfunction of the olfactory epithe-
lium [111, 112]. Third, although olfactory sen-
sory neurons do not express ACE2 and TMPRSS2, 
it is possible that these cells are infected through 
tight junctions with sustentacular cells [108]. 
Finally, it has been found that IgA produced 
against SARS-CoV-2 may block odorant recep-
tors carried at the surface of olfactory sensory 
neurons [113].

Until now, there is no specific treatment for 
COVID-19-related olfactory dysfunction and 
olfactory training is recommended considering 
its effectiveness in other causes of olfactory dys-
function and safety. Moreover, considering the 
high recovery rate after COVID-19 olfactory 
 dysfunction, it is also important to reassure the 
patient regarding its probable outcome.

30.3.2.4  Post-traumatic Olfactory 
Loss

Head trauma is, according to Nordin’s literature 
review published in 2008, the third most common 
cause of olfactory disorder [114]. The incidence 
of olfactory disorder following head injury is dif-
ficult to estimate because (1) patients admitted to 
emergency often fail to receive an assessment of 
their sense of smell due to the potentially life- 
threatening nature of head trauma and the fre-
quent occurrence of other injuries requiring 
immediate medical attention, (2) the time and the 
resources for such an examination are lacking in 
emergencies, (3) patients are not able to recog-
nize their loss of olfactory function, more espe-
cially when there is an associated neurological 
deficit, (4) there is no medical follow-up if the 
olfactory disorder has no subjective impact for 
the patient, and (5) there is a lack of reports about 

spontaneously resolving olfactory disorder. For 
these reasons, the reported incidence is probably 
underestimated and variable depending on 
recruitment: in patients seen at a Head Injury 
Clinic, incidence is estimated between 2 and 12% 
[115, 116] and between 8 and 20% in Smell and 
Taste Centers [44, 49, 50, 60, 117, 118].

The patients at most risk of post-traumatic 
olfactory loss are young male adults. This is 
thought to be related to increased severity of 
trauma in this population. In both sexes gener-
ally, patients aged over 70 are most at risk [115, 
119]. The most common type of trauma is a fall 
in 61% of patients, followed by car accidents in 
20% and assault in 13% [115]. Several risk fac-
tors for the development of post-traumatic olfac-
tory loss have been described: (1) the severity of 
the injury with more severe trauma being at 
higher risk of olfactory dysfunction [115, 120, 
121], (2) the impact location and direction with a 
higher prevalence of post-traumatic olfactory 
loss when the front of the back of the head is 
stuck rather than the side [115, 122], and (3) the 
age of the patient, with a higher risk in the elderly 
patients [119]. In addition, it is important to note 
that in a traumatic context, olfaction might also 
be affected by the treatment of the injury, possi-
bly complicating the etiological diagnosis (i.e., 
neurosurgical procedures, facial fracture reduc-
tions, usage of drugs, such as opioids and antimi-
crobial agents).

Typically, patients experience a sudden onset 
of olfactory symptoms [44], occurring some days 
after the trauma. Head trauma produces, on aver-
age a greater degree of olfactory decrement as 
compared with other etiologies of olfactory dys-
function [44, 119]. Post-traumatic olfactory dis-
order patients have anosmia ranging from 48 to 
78% and hyposmia ranging from 5 to 27.4% [54, 
115, 116, 122]. Qualitative disorders are com-
monly found in patients with head trauma. 
Parosmia is reported in 14–35% of cases [49, 60, 
117] and phantosmia in 10–41% of the patients 
[49, 50, 117]. The prevalence of parosmia tends 
to decrease over time.

Three possibly co-existent lesions are likely to 
cause post-traumatic olfactory loss [116]. First, 
injuries to the sinonasal tract with obstruction of 
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the passage to the olfactory cleft can lead to an 
obstructive post-traumatic olfactory loss. Second, 
shearing of the olfactory nerves at the cribriform 
plate might induce an olfactory loss. Notably, 
olfactory nerves can be injured after: (1) a trans-
lational shift of the encephala secondary to pos-
tero-anterior coup and contrecoup forces in the 
case of occipital impact; or (2) fractures is the 
naso-orbito- ethmoid region involving the cribri-
form plate. Third, contusions and brain hemor-
rhage involving olfactory bulbs and/or the 
olfactory cortex might also produce an olfactory 
disorder.

The prognosis seems to be reserved: some 
improvement may be expected in about one-third 
of the patients, although complete recovery is 
only achieved in 10–15% [44, 49, 88, 89]. 
Recovery is most likely to occur within the first 
6  months to 1  year after the initial insult [88]. 
However, late recovery has been described, 
occurring until 9  years after the trauma 
[123–125].

No medical treatment has yet been proven to 
be effective. Olfactory training is currently rec-
ommended as gold-standard treatment [100, 126] 
and appropriate counseling is also mandatory.

30.3.2.5  Congenital Anosmia
Congenital anosmia is defined as the absence of 
olfactory sensation since birth or early childhood. 
This condition can be divided in (1) syndromic 
anosmias (e.g., Kallmann’s syndrome [127] and 
Klinefelter’s syndrome [128, 129], congenital 
insensitivity to pain [130, 131], and ciliary dys-
function [132, 133]) or (2) anosmias without evi-
dence of other defects (isolated anosmia since 
birth or early childhood), which seems to be more 
frequent than syndromic anosmia [134–137]. 
Although 5% of the general population is anos-
mic [46], congenital anosmia remains a rare 
cause of olfactory disorder and isolated congeni-
tal anosmia account for about 1% of anosmias.

Diagnosis of congenital anosmia is based on 
anamnesis (patients have no recollection of ever 
being able to smell), psychophysical and electro-
physiological assessment of olfactory function, 
and imagery. Magnetic resonance imaging is the 
imaging modality of choice for the assessment of 

olfactory apparatus in cases of suspected congen-
ital anosmia. Indeed, we know from the literature 
that in isolated anosmia and in Kallmann’s syn-
drome, the olfactory bulb and olfactory tract can 
be aplastic or hypoplastic [138–140]. The depth 
of the olfactory sulcus is also a useful indicator of 
congenital anosmia since we know that the depth 
of the olfactory sulcus at the level of the “plane of 
the posterior tangent through the eyeballs” 
reflects the presence of olfactory bulbs and tracts 
[140] and clearly indicates isolated anosmia if it 
is smaller than 8 mm [141].

When diagnosing a congenital anosmia, it 
should be discussed to realize a genetic and 
endocrinological evaluation. Also, since this 
disease cannot be treated, it is mandatory to give 
the patient or his/her parents the best informa-
tion about this disease and to give counseling 
about everyday life (i.e., gas and smoke alarms, 
particular attention when cooking, hygiene, 
etc.).

30.3.2.6  Neurological Disorders
It is well known that some neurodegenerative dis-
eases, such as idiopathic Parkinson’s disease and 
Alzheimer’s disease are associated with early 
olfactory dysfunction [142]. Because of the high 
prevalence of these neurodegenerative diseases in 
elderly subjects, the early diagnosis of these dis-
eases constitutes a major public health issue for 
our aging societies. At present, the early differen-
tial diagnosis between idiopathic Parkinson’s dis-
ease and Parkinsonism associated, for example, 
to multiple system atrophy, Lewy body disease, 
or corticobasal degeneration remains difficult, 
such as the differential diagnosis of mild cogni-
tive impairment that may be the early expression 
of Alzheimer’s disease, but also other forms of 
neurodegenerative diseases, and late-life depres-
sion. Many studies have suggested that the evalu-
ation of the olfactory function can contribute 
significantly to the early diagnosis of these 
pathologies.

In idiopathic Parkinson’s disease (IPD), olfac-
tory dysfunction was first described by Ansari 
and Johnson in 1975 [143]. Olfactory disorders 
are often considered as an early and reliable sign 
of idiopathic Parkinson’s disease (IPD), since 
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they are present in more than 90% of all IPD 
patients [144, 145]. In accordance with the stag-
ing of Braak [146] it has been hypothesized that 
the early development of olfactory dysfunction is 
due to the early involvement of olfactory regions 
in the course of the disease. Several recent stud-
ies have shown that people suffering from idio-
pathic hyposmia or anosmia have an increased 
risk of developing IPD [147, 148], and that che-
mosensory event-related potentials are delayed 
or absent in IPD patients [149]. While IPD is 
associated with marked olfactory dysfunction 
leading to anosmia, other causes of Parkinsonism 
are not associated with strong olfactory dys-
function. For example, olfactory disorders 
would be moderate in multiple system atrophy, 
and absent in Parkinson’s disease and in vascu-
lar Parkinsonism [150].

Olfactory disorders can also constitute one of 
the first signs of Alzheimer’s disease (AD) [151]. 
The time course of histopathological changes in 
AD also indicates that olfactory dysfunction 
should precede cognitive dysfunction. Indeed, it 
has been shown that the formation of neurofibril-
lary tangles occurs first in the entorhinal cortex, 
while cognitive symptoms appear only once neu-
ropathological changes have spread to the hippo-
campus and temporal neocortex [151]. Olfactory 
discrimination of AD patients is significantly 
lower than olfactory discrimination of patients 
suffering from mild cognitive impairment, which 
itself is lower than that of age-matched control 
subjects [152]. In addition, a recent clinical study 
has shown that the olfactory bulb and olfactory 
tract volume is decreased in AD patients, and that 
this atrophy is already present at an early stage of 
the disease [153]. Since early diagnosis of AD 
remains problematic, assessment of olfactory 
function should be useful for the early differen-
tial diagnosis of AD.  This should be further 
investigated.

30.3.2.7  Olfactory Cleft Disease
Olfactory cleft disease is defined as an olfactory 
dysfunction due to a pathologic process limited 
to the olfactory cleft that can be visualized on 
clinical or radiological examination. Only few 
authors have reported this entity [154–156]. 

Biacabe et  al. showed that olfactory disability 
was the major symptom of olfactory cleft disease 
and they identified three possible pathologic pro-
cesses inducing olfactory cleft disease – malfor-
mative, inflammatory, and inflammatory 
associated with anatomical deformities of olfac-
tory cleft boundaries  – and hence suggest that 
computed tomography scanning is useful for the 
diagnosis of this disease. Finally, they showed 
that medical therapy was effective in lowering 
olfactory thresholds in 25% of the cases. 
Nevertheless, until now, indications of functional 
endoscopic surgery remain to be defined after 
failure of medical therapy.

30.3.2.8  Miscellaneous
Several other pathologies that might affect the 
olfactory function, such as tumors, toxics, drugs, 
and endocrine disorders, have been described. 
They are reported in Table 30.1.

30.3.2.9  Idiopathic Olfactory Loss
For a large number of patients, no obvious etiol-
ogy to the olfactory disorder can be found. These 
people are thus considered as suffering from idio-
pathic olfactory loss. The reported prevalence of 
idiopathic olfactory loss in the literature range 
from about 20% [44, 49] to one-third [117] of 
patients suffering from olfactory disorder. These 
patients not only complain of quantitative olfac-
tory disorder but may also complain of qualita-
tive olfactory dysfunction [49, 157].

Previous work has indicated that idiopathic 
olfactory loss may be related to sinonasal dis-
ease. In fact in a study of 55 patients, almost 1/3 
of patients with idiopathic olfactory loss 
responded to systemic treatment with corticoste-
roids [92], possibly indicating the presence of 
inflammation-related dysfunction. Hence, sys-
temic steroid trial could be considered in patients 
suffering from idiopathic olfactory loss, after 
careful consideration of possible side effects. 
Olfactory training seems to be effective and 
should thus be proposed to patients suffering 
from idiopathic olfactory loss [126].

Finally, it is important to keep in mind that some 
patients with idiopathic olfactory loss may develop 
idiopathic Parkinson’s disease or Alzheimer’s 
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disease [158]. A recent retrospective study from 
Haehener et al. on a cohort of 474 patients found 
that 9.9% of patients with idiopathic smell loss 
developed Parkinson’s disease after an 8-year mean 
follow-up. This rate increased to 28.6% for patients 
with combined smell and taste loss [159].

30.3.2.10  Olfaction and Quality 
of Life

We must note that olfactory dysfunction severely 
impairs the quality of life of patients, including 
detection of hazardous events, eating habits and 
cooking, nutritional intake, and interpersonal 
relations [43]. Furthermore, it has been demon-
strated that patients suffering from olfactory 
disorders have a higher prevalence of mild to 
severe depression as compared to the general 
population [44]. Importantly, the impact on the 
quality of life is more severe when patients have 
an associated qualitative olfactory dysfunction 
[160, 161]. Indeed, parosmia leads to higher 
rate of mild depression than quantitative olfac-
tory disorders. Finally, since patients reporting 
an improvement of their olfactory abilities have 
a better quality of life than patients reporting no 
 improvement [162]; it is essential to investigate 
about the etiology of olfactory dysfunction in 
instance to provide an optimal treatment to the 
patients.

Several studies have also highlighted the link 
between age-related olfactory loss and nutritional 
disorders in older people. As reported above, 
there is a physiological decrease of olfactory 
function with advancing age. This age-related 
olfactory disorder negatively impacts the food 
intake of older people. Indeed, not only older 
people might have a reduced interest in food and 
hence reduced food intake, but also they tend to 
have less varied diet and consequently might 
develop deficiencies. This is problematic since 
inadequate diet and malnutrition are associated 
with a decline in functional status, impaired mus-
cle function, decreased bone mass, immune dys-
function, anemia, reduced cognitive function, 
poor wound healing, and delay in recovering 
[163]. This may constitute a major public health 
issue in our aging population.

30.3.2.11  Counseling of the Patient
Consequences for daily life and coping strategy 
should be integrated in clinical management of 
patients, focusing on instructional information 
about fire alarms, domestic gas, hygiene, etc.

Nutritional recommendations should also be 
proposed to the patients in order to avoid altered 
food choices and consumption patterns than can 
negatively impact health (decreased body weight, 
overuse of salt inducing blood hypertension, 
overuse of sugar inducing diabetes mellitus, 
impaired immunity, etc.).

Finally, as reported above, olfactory training 
seems to be effective and should thus be recom-
mended to patients [126].

30.4  Conclusion

Describing the olfactory pathways, we have 
shown that olfactory system has connections with 
brain areas associated with memory processes, 
feeding circuits, emotional, motivational, and 
craving circuits. Hence, it is easy to understand 
that, although often neglected, the olfactory sys-
tem plays a preponderant role in our everyday’s 
life and strongly influence consciously or non- 
consciously on emotions, social behavior, nutri-
tion, memory, etc. Therefore, we can easily 
understand that olfactory disorders severely 
impact our quality of life and that patients suffer-
ing from olfactory disorders need a particular 
support. Indeed, physicians taking care of 
patients suffering from olfactory disorders must 
pay a particular attention to the quality of life of 
patients and to the potential negative impact of 
olfactory dysfunction on the patient’s health 
(nutrition, detection of danger, depression, etc.).

Olfactory dysfunction due to sinonasal dis-
ease can be treated either medically or surgically, 
according to available guidelines. Unfortunately, 
medical treatments are still missing today for 
non-sinonasal causes and olfactory training 
remains the mainstay of the treatment. Besides 
this, considering the impact of olfactory dysfunc-
tion on everyday life, it is mandatory to provide 
patients complete information about the nature of 
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their olfactory disorder and their prognosis, as 
well as advices about occupations, safety at 
home, and how to make food more palatable and 
safe to eat.

Nowadays, about 20% of the population is 
hyposmic. But this number could increase in the 
future years due to our aging population and 
COVID-19 pandemic. This might constitute a 
major public health issue in the future years con-
sidering the close relationship between olfactory 
dysfunction and nutritional disorders in elderly 
people. Further researches are thus mandatory in 
order to propose new treatments to recover or to 
compensate for the olfactory loss.

Take-Home Messages
• Olfaction plays an important role in our daily 

life and olfactory impairment negatively 
affects quality of life and well-being.

• Besides physiological age-related decline of 
olfaction, olfaction can be affected by a wide 
range of pathologies. Identifying these 
 possible causes is mandatory for the appropri-
ate management and counseling of the patient.

• Sinonasal-related olfactory dysfunction 
should be treated according to current guide-
lines available.

• Unfortunately, no medical treatment as yet 
been proven to significantly impact the out-
comes of non-sinonasal olfactory 
dysfunction.

• Olfactory training remains the gold-standard 
treatment for olfactory disorders.

• Counseling, psychological, and nutritional 
support are also mainstay of the treatment.
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31Olfactory Impairement in Disease 
and Aging

Ayşe Elif Özdener-Poyraz 
and Mehmet Hakan Özdener

Core Messages
• Olfactory dysfunction can present as reduced, 

altered, or complete loss of the sense of smell.
• Etiologies of olfactory dysfunction include 

diseases, such as certain viral infections or 
neurodegenerative disorders, normal aging 
processes, and adverse effects of medication. 
In some cases, olfactory dysfunction may be 
permanent.

• Olfactory dysfunction significantly reduces a 
person’s quality of life and may cause serious 
complications, such as inability to smell 
spoiled foods. Thus, health care providers 
should regularly assess olfactory function, 
especially in patients at high risk for olfactory 
dysfunction due to underlying conditions.

• It is important to investigate whether a per-
son’s olfactory dysfunction is caused by medi-
cations, such as enalapril and amlodipine. If 
so, the medication should be discontinued, if 
clinically possible, or switched to an alterna-
tive medication that does not have the same 
risk of adverse effects.

• Function of the chemosensory system specifi-
cally olfactory function should be evaluated in 
routine exams by ENT specialists.

31.1  Introduction

The sense of smell is critical for most mammals 
in terms of identification and evaluation of food, 
mate, and territories, and in general for the main-
tenance of a good quality of life. The olfactory 
sensory system is able to detect and discriminate 
an enormous variety of volatile molecules with 
great sensitivity and specificity. Tens of thou-
sands of chemicals can be detected, many at con-
centrations as low as a few parts per trillion [1, 2]. 
This feat is accomplished through anatomical, 
cellular, and molecular features that are designed 
to amplify, encode, and integrate a vast array of 
incoming olfactory information.

The neurological systems responsible for 
olfactory function represent perhaps the most 
diverse, complex, and adaptable components of 
the nervous system. Losses in olfaction result 
from changes at both the anatomical and molecu-
lar level. This loss can result from aging, toxins, 
infectious agents, environmental factors, and a 
variety of diseases. Chronic inflammation of the 
nasal lining can cause damage to nasal tissues 
and cause anosmia, which can be permanent. 
One study shows that chronic allergic rhinitis 
may lead to hyposmia and anosmia in 5–22% of 
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people [3]. Other disorders associated with smell 
impairment include Alzheimer’s disease, cleft 
palate, diabetes, head trauma, influenza, malnu-
trition and zinc deficiency, Parkinson’s disease, 
schizophrenia, HIV, and Sjögren’s syndrome [4].

Interest in olfactory dysfunction has increased 
tremendously in the past decade, in part because 
chemosensory impairment is an early symptom 
of many neurodegenerative diseases. Several fea-
tures of the olfactory system make it particularly 
relevant to understanding neurodegeneration/
regeneration. First, while being vulnerable to 
environmental and infectious exposure, the olfac-
tory system has the unique property of ongoing 
replacement of the olfactory sensory neurons 
under physiological conditions and following 
injury. Second, the receptor neurons residing in 
the periphery are developmentally related to the 
central nervous system (CNS) yet are accessible 
relatively noninvasively via biopsy from living 
subjects. Third, olfactory performance can easily 
be tested in a variety of ways that provide insight 
into the function of brain areas involved in olfac-
tory detection, identification, and memory.

A better understanding of olfactory neurobiol-
ogy is needed to develop ways to treat olfactory 
dysfunction, which affects both quality of life 
and personal safety. At least 3,000,000 Americans 
suffer from chemosensory disorders, and that 
number is likely to grow as the aging segment of 
the population increases. Olfactory impairment 
affects patients’ acceptance of food and drink, 
causes difficulties in daily life, and has an impact 
on safety by impairing detection of spoiled foods, 
natural gas, smoke, and other volatile compounds 
in the environment.

Although smell and taste pathways are differ-
ent, the ability to taste is strongly affected by 
smell, and those suffering from anosmia or other 
olfaction problems also have difficulties perceiv-
ing the flavor of food and drink [5]. In fact, a 
person smells 75% of a food’s flavor [4]. A study 
of 750 patients showed that 68% of them reported 
decreased quality of life due to olfactory dys-
function [6]. Another study of 225 participants 
showed that patients reported incidences of 
burning food or ingestion of spoiled food 
(62.8%), mood changes or depression (35.9%), 

changes in communication habits (58.1%), and 
negative impact on sexual behavior (56.8%) 
because of olfactory dysfunction [7]. Over time, 
patients can suffer from nutritional deficits and 
lose weight. Those suffering from olfactory dis-
turbances may also resort to adding excess sugar 
and salt in their diet to improve the taste of foods. 
This can lead to new onset or worsening of pre-
existing hypertension, diabetes, heart failure, 
and renal dysfunction.

Understanding the neurobiology of this sen-
sory system may help us develop new diagnostic 
measures and treatments for neurodegenerative 
disease, as well as improving the quality of life 
for millions of people who are handicapped by 
the inability to detect the odors and flavors around 
them. This review provides a brief overview of 
the olfactory system and then covers recent prog-
ress in understanding olfactory function and dys-
function caused by disease, aging, and drugs.

31.2  Overview of the Olfactory 
System

31.2.1  Anatomy and Cellular 
Features

The olfactory epithelium is localized to the inte-
rior surface of the nasal cavity and consists pri-
marily of three basic cell types: olfactory receptor 
neurons (ORNs), supporting cells, and basal cells 
[8]. Postmortem biopsies, anatomical studies, 
and explant cultures of ORNs from different 
parts of the nasal cavity show that sensory epithe-
lium extends from the olfactory cleft down onto 
the superior aspect of the medial turbinate [9–
11]. The turbinate structures are cartilaginous 
ridges covered with respiratory epithelium, a 
nonsensory ciliated columnar epithelial tissue 
also populated with mucus-secreting goblet cells. 
This structure increases the surface area available 
for both warming and humidifying incoming air, 
as well as funneling volatile chemicals up into 
the sensory epithelium.

Human ORNs have a morphology generally 
similar to those of other vertebrates, although 
there is variation across species [12]. The ORN 
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comprises a cell body, an axon, and an apical 
dendrite terminating in a knob containing 
 multiple nonmotile cilia. The cilia project into 
the mucus overlying the nasal epithelium, where 
their receptors have direct contact with volatile 
chemicals in the air. The axon projects through 
the cribriform plate to synapse with the dendrites 
of mitral cells in the olfactory bulb. The mitral 
cells project via the olfactory nerve (cranial nerve 
I) to the entorhinal cortex, as well as regions 
involved in emotion and memory, such as the 
amygdala and hippocampus. Several types of 
interneurons modulate mitral cell activity, includ-
ing periglomerular cells, tufted cells, and granule 
cells (dopaminergic/GABAergic interneurons 
that are involved in signal processing and modu-
lation) [13, 14].

31.2.2  Regeneration of Olfactory 
Neurons

The exposure of ORNs to the external environ-
ment makes these primary sensory neurons vul-
nerable to injury from environmental insults, 
such as toxins, infectious agents, and trauma. 
However, unlike CNS neurons and other sen-
sory neurons, ORNs are able to be replaced after 
injury. The average life cycle of an ORN is 
approximately 30–120 days [15]. This replace-
ment process begins with a population of multi-
potent basal neuroepithelial precursor cells, 
which undergo successive stages of differentia-
tion to a fully mature ORN.  It is also thought 
that these cells may differentiate along a non-
neuronal pathway, although there may be sepa-
rate populations of precursor cells as well 
[16–19].

Following olfactory nerve injury or toxic 
exposure, reconstitution of neuroepithelial cells 
and establishment of connections within the 
olfactory bulb can be enhanced by growth fac-
tors, including retinoic acid, IGF-1, TGF-α, 
TGF-β, and FGF2 [20–24]. Apoptotic cell death 
has been observed in cells representing all stages 
of neurogenesis (e.g., in proliferating neuronal 
precursors, immature ORNs, and mature ORNs), 
implying that apoptotic regulation of neuronal 

numbers may occur at multiple stages of the neu-
ronal lineage [25, 26].

Remarkably, central components of the olfac-
tory system may also be replaced. A population 
of proliferating stem cells arising in the subven-
tricular zone migrate into the olfactory bulb, 
where they differentiate into granule cells [27, 
28]. This process appears to continue throughout 
life, although the impact on olfaction and the 
mechanisms controlling proliferation and differ-
entiation of these cells are unknown.

31.2.3  Human Olfactory Epithelium

Human olfactory mucosa is a specialized neuro-
epithelium in the superior turbinate of the nasal 
cavity. The epithelium is a self-renewing tissue 
that can generate new neurons from stem and 
progenitor cells within the basal layers [9, 10]. 
Mesenchymal-like stem cells are present in the 
underlying lamina propria and are also likely to 
participate in regeneration [11]. The loss of this 
tissue leads to decreased olfactory acuity, hypos-
mia, and irreversible anosmia. In adults the olfac-
tory mucosa is often patchy, with interspersed 
respiratory epithelium that suggests intermittent 
damage and incomplete regeneration throughout 
life [29]. Causes of damage are diverse and 
include viral infection, toxic effects, senescence 
with apoptosis, and degeneration of dopaminer-
gic systems in Alzheimer’s and Parkinson’s dis-
eases [8].

31.2.4  Transduction Mechanisms

The past decade has witnessed tremendous 
advances in our understanding of the initial 
events in olfactory transduction. A cornerstone in 
this progress is the discovery of a large family of 
genes encoding the 7-transmembrane domain in 
G-protein-coupled receptors that apparently rep-
resent odorant receptors. Each olfactory receptor 
is responsive to a range of stimuli. Odorant bind-
ing leads to a depolarizing current within the cilia 
of ORNs, which ultimately triggers action poten-
tials transmitted via the axon to collectively pro-
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vide the neural code deciphered by higher brain 
centers [30]. Most of the olfactory receptor 
 proteins are linked to the stimulatory guanine 
nucleotide- binding protein (Golf). When stimu-
lated, Golf activates the enzyme adenylate cyclase 
to produce the second messenger cyclic adenos-
ine monophosphate (cAMP) [11]. cAMP diffuses 
through the cell and activates cellular depolariza-
tion via the opening of cyclic nucleotide-gated 
ionic channels [12].

Some odorants also activate cyclic guanosine 
monophosphate (cGMP), which is believed to 
play a role in modulating the sensitivity of ORNs, 
such as during adaptation [12]. In addition, recent 
evidence indicates that some odorants may acti-
vate phospholipase C to produce the second mes-
senger inositol trisphosphate (IP3), which may 
also modulate the activity of the cAMP pathway 
via the activity of phosphoinositol-3 kinase [13].

Medications, diseases, or disorders that inter-
fere with or alter the ability of these transduction 
pathways to operate can influence olfactory per-
formance. Also, as this tissue is available via 
biopsy from live subjects, functional studies may 
suggest specific genetic or pathologic alterations 
related to early symptoms or causes of neurode-
generative disease [31].

31.2.5  Diagnosis and Treatment 
of Olfactory Disorders

Although diagnosis of taste and smell disorders 
has improved considerably over the last two 
decades, treatment of these disorders is still lim-
ited to conditions with discernible and reversible 
causes [32, 33]. Olfactory function is commonly 
measured based on either detection sensitivity 
(threshold), identification, or discrimination of 
odors. These tests can be performed easily and 
may be useful tools to improve diagnosis of con-
ditions in which olfactory loss is an early symp-
tom, such as Alzheimer’s dementia, Parkinson’s 
disease, and other neurodegenerative disorders. 
Unlike other sensory neurons and neurons in the 
CNS, ORNs are unique in their ability to be 
replaced after injury. These primary receptor 
neurons are developmentally related to the CNS 

yet are accessible for study from living patients. 
Studies of the cellular processes underlying the 
regenerative capacity of the peripheral and cen-
tral components of the olfactory system are lead-
ing to new therapeutic approaches in the treatment 
of spinal cord injury [34, 35] and stroke [30, 36] 
and may also contribute to the treatment or pre-
vention of neurodegenerative diseases.

31.3  Common Causes of Olfactory 
Dysfunction

Several features of the olfactory system are par-
ticularly susceptible to age- and disease- 
associated changes that may lead to functional 
deficits. Changes at both the anatomical and 
molecular level may contribute to this loss. Local 
injury from physical or chemical causes; damage 
to neural projections; disturbance of the cycle of 
neurogenesis resulting from general malnutri-
tion, infectious diseases, metabolic disturbances, 
drugs, or radiation; and alteration of the composi-
tion of the mucus due to medication are possible 
major causes to consider as the pathogenesis of 
olfactory dysfunction [37].

Aging, chronic sinusitis infections, neurode-
generative diseases, and viral infections, as well 
as head injuries and nasal obstructions, are the 
most common causes of olfactory disorders [37]. 
Olfactory impairment is a common occurrence in 
aging and may be an early signal of neurodegen-
erative diseases. At least one-third of older peo-
ple report dissatisfaction with their sense of taste 
or smell [29, 38].

31.3.1  Age-Associated Olfactory 
Loss

Detailed information about the prevalence of che-
mosensory disorders has been limited. A report by 
the National Institutes of Health (NIH) covering 
the late 1970s indicated that more than two million 
US adults had a smell or taste disorder. Another 
survey conducted by the National Geographic 
Society in 1987 showed that 1% of their 1.2 mil-
lion respondents could not smell 3 or more of the 
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6 odorants in a “scratch and sniff” test. This study 
indicated that age was an important factor: decline 
began in the second decade of life [39]. A study by 
the NIH in collaboration with the National Center 
for Health Statistics, conducted in 1993 to acquire 
information on the prevalence of smell/taste prob-
lems, showed an overall prevalence of 2.7 million 
(1.4%) US adults with olfactory problems. 
Prevalence rates increased exponentially with age; 
almost 40% of 1.5 million respondents reporting a 
chemosensory problem were 65 or more years of 
age [32, 40].

The ability to detect, discriminate, and iden-
tify odors is most sensitive to age- and disease- 
related dysfunction [39, 41]. And the elderly 
population is increasing due to improved health 
care throughout the world. Despite the wide-
spread age-related prevalence of olfactory loss, 
remarkably little is known about the specific 
mechanisms responsible, and no treatments are 
currently available.

The impact of sensory loss on elders is not only 
physiological but also emotional. Taste and smell 
are fundamental sensory systems responsible for 
the perception of aroma and flavor. Olfactory dys-
function can also lead to changes of dietary habits 
that may in turn exacerbate disease states or con-
tribute to nutritional deficiencies [33, 37].

The susceptibility of elderly people to aging 
and diseases, particularly neurodegenerative dis-
eases, varies. Therefore, complaints about sen-
sory functions should be seriously considered as 
possible indicators of neurodegenerative disease 
or another underlying condition (e.g., medication 
side effects).

The composition of mucus is critical to proper 
ORN function and may change with hydration, 
which is often reduced in the elderly, as well as 
from age-related diseases or associated medica-
tions. Changes at the level of the ORN may also 
reduce and/or alter olfactory function. For 
instance, age-related loss of selectivity was 
observed in a study of odorant response charac-
teristics of ORNs dissociated from biopsies [31], 
and age-related changes in ion channel distribu-
tion [42, 43] or other components of the intracel-
lular signaling cascades [44] could result in 
receptor cell dysfunction.

Although the extent of olfactory epithelium is 
reduced with aging [31, 45], whether this 
accounts for age-related olfactory loss remains 
unclear: studies indicate that olfactory function is 
not affected even with substantial reduction of 
olfactory epithelial area [31, 45]. Other anatomi-
cal changes, such as altered vascular and mucosal 
composition and peptidergic innervation, could 
lead to reduced sensitivity through indirect mech-
anisms or changes in the transport and clearance 
of odorants [46]. Sensory dysfunction may be a 
consequence of chronic disease, such as diabetes, 
cancer, radiation, surgery, or dentures. However, 
in most cases the cause of olfactory loss is 
unknown, and the development of treatments will 
require a better understanding of the mechanisms 
underlying this sensory impairment.

31.3.2  Chronic Rhinosinusitis (CRS)

Many olfactory dysfunctions are related to CRS, 
nasal polyps, and allergies [47]. Olfactory dys-
function is a frequent complaint in CRS patients. 
CRS is an inflammatory disease that occurs in the 
nasal cavity and sinus mucosa [29]. In most 
patients, CRS is accompanied by olfactory or 
taste dysfunctions that can compromise their 
quality of life. Many of patients with CRS are 
known to have olfactory impairment [48, 49].

31.3.3  Neurodegenerative Diseases

Olfactory dysfunction can be the direct or indirect 
result of pathological processes at any point in the 
olfactory pathway. Accumulating data indicate 
that neurodegenerative disorders of CNS areas 
involved in olfactory processing may contribute to 
olfactory dysfunction [50–52]. Nevertheless, the 
precise mechanisms that connect these diseases 
with olfactory loss are still unclear [53]. While 
these reports suggest olfactory involvement and 
potential utility in diagnostic approaches for these 
diseases, no studies have been done to directly 
investigate the neuropathology or cell/molecular 
basis for olfactory impairment.
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Since the first observation of olfactory func-
tion impairment in Parkinson disease [54] and 
senile dementia [55], olfactory function testing 
has revealed compromised olfactory function in a 
number of neurodegenerative diseases, such as 
Alzheimer’s disease [56–59], Parkinson disease 
[60, 61], Huntington’s disease [62], HIV- 
associated dementia [63, 64], and amyotrophic 
lateral sclerosis [65]. Using and olfactory brush-
ing procedure to detect the pathologic prion pro-
teins α-synuclein, β-amyloid, tau, and TDP-43 in 
patients with neurodegenerative disorders dem-
onstrated the presence of proteins associated to 
neurodegeneration in the cells of the olfactory 
mucosa [66].

31.3.4  Alzheimer’s Disease (AD)

Olfactory impairment and neuroanatomical 
changes in the central portions of the olfactory 
system occur early in the development of AD, 
and olfactory testing has been explored as a diag-
nostic aide [45, 67, 68]. Patients with AD per-
form more poorly on tests of odor identification 
[59, 69] and exhibit altered olfactory evoked 
response potentials compared to age-matched 
controls [70]. Olfactory tests alone, however, are 
insufficient to discriminate AD from Parkinson’s 
disease, and careful consideration of cognitive 
function is required to ensure reliable results 
[71]. It is generally accepted that the classic AD 
neuropathology occurs in the entorhinal cortex 
very early in the development of the disease [72], 
and this observation led some to speculate that a 
causative agent might enter the brain via the nasal 
epithelium.

Some have investigated whether histological 
studies of biopsies of the olfactory neuroepithe-
lium might be useful as an early diagnostic tool 
for AD. However, more comprehensive studies 
indicate that the density of plaques and tangles 
in the olfactory bulb is less severe, and studies 
of the peripheral olfactory epithelium have been 
inconsistent. In general, phosphorylated tau and 
neurofilament proteins are not observed in the 
perikarya of the olfactory neurons but are evi-
dent within the axons and dendrites of these 

cells [73, 74]. Several studies have reported 
AD-specific neuropathology within the olfac-
tory epithelium [68, 75, 76], but others using 
different markers have noted similar features in 
non-AD and healthy olfactory tissue from 
elderly controls. In addition, studies that have 
included tissue from patients with other types of 
dementia or neurological disease have failed to 
identify any marker present in the olfactory epi-
thelium that would serve to reliably distinguish 
AD from other conditions, such as Parkinson’s 
disease or vascular dementia [77, 78]. Consistent 
with these findings, while we have observed 
some functional differences in preliminary stud-
ies of ORNs obtained via biopsy from patients 
with early- stage AD, these neurons appeared 
normal morphologically and were able to 
respond to odorants [31]. Further studies of 
olfactory neuronal cell function may prove more 
useful than histology alone in understanding 
altered cellular metabolism or signaling that 
heralds the onset of AD.

31.3.5  Down’s Syndrome

Patients with Down’s syndrome display neuro-
pathologic features similar in some respects to 
those seen in AD.  Likewise, individuals with 
Down’s syndrome had significant deficits in 
olfactory functioning compared to the control 
groups [79]. The Alcohol Sniff Test, a rapid 
screen for olfactory function, revealed olfactory 
deficits in children with Down’s syndrome [80]. 
Another study also indicated that olfactory defi-
cits may provide a sensitive and early indicator of 
the deterioration and progression of the brain in 
older patients with Down’s syndrome [81].

31.3.6  Parkinson’s Disease (PD)

Impaired olfactory function is a well-documented 
abnormality in patients with PD [82]. The cellular 
and molecular mechanisms for this deficit are 
unknown but likely relate to impairment at several 
levels of the olfactory system. Olfactory impair-
ment in PD was not related to degree of motor dys-
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function or disease duration but was related to 
disease severity [61, 83–87]. Interestingly, Hawkes 
et al. proposed that idiopathic PD may start in the 
olfactory system prior to damage in the basal gan-
glia [88]. Another study indicated that olfactory 
testing may be useful for differential diagnosis 
between PD and progressive supranuclear palsy 
(PSP) [89]. Both PD and PSP have similar motor 
symptoms, and PSP is commonly misdiagnosed as 
PD, although they are distinct neuropathologic 
entities [31, 89].

In one study, olfactory dysfunction was 
observed in patients with an abnormal reduction 
in striatal dopamine transporter binding who sub-
sequently developed clinical Parkinsonism. None 
of 23 normosmic relatives of these patients devel-
oped signs or symptoms of Parkinsonism [90]. 
These observations indicate that olfactory defi-
cits may precede clinical motor signs in PD and 
support a practical clinical application in the 
early diagnosis/prognosis of the disease.

PD-related olfactory dysfunction may relate 
to the function of dopamine receptors in both 
central [13, 91–93] and peripheral components of 
the system [13, 94–96]. Centrally, dopamine 
modulates synaptic activity in the olfactory bulb 
and entorhinal cortex, influences the activity of 
several ion channels and enzymes involved in 
olfactory transduction, and has been reported to 
induce apoptosis and modulate differentiation of 
olfactory neurons in  vitro [90, 97, 98]. These 
effects are mediated via D2 receptors in the 
periphery [98] and D1 and D2 receptors on 
mitral/tufted and juxtaglomerular cells in the 
olfactory bulb [99]. The dopaminergic granule 
cells in the olfactory bulb derive from stem cells 
that migrate from the subventricular zone 
throughout life. These stem cells are being stud-
ied as a potential source for dopaminergic 
replacement cells via transplant [100].

31.3.7  Huntington’s Disease

Patients with Huntington’s disease exhibit sig-
nificant deficits in odor identification, but odor 
recognition memory was not affected [67, 101]. 
In an animal model of the disease, the olfactory 

system exhibited early and significant accumu-
lation of huntingtin-containing aggregates, 
which may account for the early olfactory 
impairment [102].

31.3.8  Multiple Sclerosis

Olfactory dysfunction may also be an early indi-
cator of disease progression in multiple sclerosis 
[103]. The Cross-Cultural Smell Identification 
test utilized in patients with multiple sclerosis 
indicated that these patients scored significantly 
worse than control groups. They also found sig-
nificant correlations among smell alteration, 
symptoms of anxiety and depression, and sever-
ity of neurological impairments [104]. In several 
studies, neuropathology based on plaque num-
bers was directly related to olfactory function 
[104, 105]: as plaque numbers declined or 
increased in the inferior frontal and temporal 
lobes, olfactory function declined or improved 
[106–108].

31.3.9  Creutzfeldt–Jakob  
Disease (CJD)

This rapidly progressive, fatal neurodegenerative 
disorder is believed to be caused by pathologic 
prion protein (PrPSc), which may be found in the 
neuroepithelium of the olfactory mucosa in 
patients with CJD [109]. Taste and smell loss 
were reported as an early sign of CJD [110]. This 
result indicates that olfactory biopsy may provide 
diagnostic information, and further studies are 
warranted.

31.3.10  Viral Infections

Animal models have shown that neurotropic 
viruses, such as murine coronavirus [111], Borna 
disease virus [112], pseudorabies virus [113], 
herpes simplex virus type 1 and 2 [114, 115], 
Zika virus [116], human coronavirus OC43 
[117], and adenovirus [118], reach the CNS after 
having contact with the nasal mucosa. Vesicular 
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stomatitis virus infects the olfactory epithelium 
and then spreads along the olfactory nerves into 
the glomeruli of the olfactory bulb, progressively 
spreading to the brain [119]. The presence of 
various viruses has been confirmed in the nasal 
discharge of patients with post-viral infection 
olfactory dysfunction, such as rhinovirus, parain-
fluenza virus, Epstein-Barr virus, and coronavi-
rus [120]. Significant recovery was not observed 
after 24 weeks in almost all the patients.

31.3.11  Human Immunodeficiency 
Virus (HIV) Infection 
and AIDS

HIV-associated dementia is a leading cause of 
neurodegenerative disorders among individuals 
under 30  years [121]. HIV infects the CNS; 
7–25% of patients with CNS infection develop 
dementia, and at least 50% of these patients 
develop mild neurocognitive impairment. Several 
studies have shown that patients with neurocog-
nitive impairment caused by HIV infection had 
diminished odor sensitivity [63, 64, 122]. 
Impaired olfactory function may serve as early 
marker of HIV-associated neurological impair-
ment [123] and could be helpful to evaluate the 
impact of therapeutic agents. HIV-positive 
patients had significantly impaired menthol 
detection compared to controls. It is likely that 
chemosensory losses found in patients with HIV 
reflect both central and peripheral deficits [124].

Of 207 HIV-infected patients, 70% of them 
(n = 144) reported that chemosensory complaints 
were associated with a poor quality of life [125]. 
Wasting with reduced caloric intake is an increas-
ingly common clinical manifestation of 
AIDS. The perceptions of taste and smell play an 
important role in stimulating caloric intake, and 
flavor enhancement of food can have a significant 
positive impact on nutritional status in hospital-
ized patients [124]. Significant taste and smell 
losses in HIV-infected patients may be of clinical 
significance in the development or progression of 
HIV-associated wasting and are thus worthy of 
clinical consideration and treatment [126].

31.3.12  Coronavirus-19  
(SARS-CoV-19, COVID- 19) 
Infection

Accumulating reports from around the world 
confirm the high prevalence of different degrees 
of smell and taste loss in COVID-19-positive 
patients. Currently, loss of taste or smell is one 
of the six most reliable symptoms of COVID-
19 [127]. While it is well known that coronavi-
ruses can cause chemosensory dysfunction, the 
underlying pathophysiological mechanism is 
unknown and may be distinct for each chemo-
sensory system. Since the start of the pandemic 
most studies have focused specifically on cel-
lular and molecular mechanisms of coronavi-
rus-induced smell loss.

The novel coronavirus (SARS-CoV-2) is a 
highly pathogenic, Coronaviridae single- 
stranded, positive-sense RNA virus responsible 
for the present outbreak of COVID-19. The RNA 
virus genome is covered by an envelope compris-
ing spike proteins and a lipid membrane. The 
infection cycle is initiated by attachment of the 
spike proteins to angiotensin-converting enzyme 
2 (ACE-2), a host cell membrane protein that 
serves as a receptor for viral entry by endocyto-
sis. In addition, TMPRSS2, a 70-kDa member of 
the serine protease family, becomes activated 
upon proteolytic cleavage and serves as a co- 
receptor for the SARS-CoV-2 spike glycoprotein, 
a step that facilitates virus recognition of the host 
cells.

Whether and how the SARS-CoV-2 virus may 
infect sensory system cells and cause olfactory 
dysfunction still is a question of major interest 
and concern. Sudden loss of smell and taste could 
be the only features in asymptomatic newly 
infected individuals and could also serve as early 
symptoms of the disease. In fact, the American 
Academy of Otolaryngology–Head and Neck 
Surgery recognized that smell and/or taste loss 
could be the only and/or early symptom of newly 
infected individuals and recommended 
 self- isolation for anyone with these symptoms 
[128]. The WHO has also recognized them as key 
symptoms of COVID-19 [129, 130].
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31.3.13  Influenza Virus Infection

Upper respiratory tract viral infections, such as 
influenza, parainfluenza, and rhinovirus, are 
among the most common causes of olfactory dys-
function [131]. Post-viral olfactory disorder devel-
ops after infection with the common cold and is a 
relatively severe and prolonged disorder without 
rhinosinusitis [132]. Changes in olfactory percep-
tion in patients with the influenza or parainfluenza 
type 3 viruses have been reported. Seasonal 
changes in the incidence of olfactory loss have 
been reported with respect to influenza and parain-
fluenza type 3 infections, occurring most fre-
quently in winter and spring, respectively [120].

31.3.14  Medications and Olfactory 
Dysfunction

When assessing patients for reduced ability, com-
plete inability, or distorted ability to smell 
(hyposmia, anosmia, dysosmia/parosmia, respec-

tively), it is important to consider their medica-
tions. Because olfaction is a strong indicator for 
quality of life, drug-induced olfactory changes 
can also lead to medication nonadherence, which 
compromises the management of acute and 
chronic conditions.

Table 31.1 lists some common medications 
associated with olfactory change, including anti-
biotics, cardiovascular drugs, decongestant nose 
sprays, and intranasal zinc products. In 2009, the 
US Food and Drug Administration (FDA) issued 
a warning to consumers to discontinue the zinc- 
containing nasal spray Zicam, which was mar-
keted to shorten the duration of the cold. The 
FDA received over 100 reports from doctors and 
consumers citing a causative relationship 
between the zinc nasal spray and anosmia. In 
some cases, this adverse drug effect was perma-
nent [133, 134].

Most of the information available about spe-
cific drugs causing olfactory changes is from case 
reports rather than from large, randomized, con-
trolled trials. One study identified 71 drugs that 

Table 31.1 Drugs associated with changes in smell [135, 136, 139, 150–156]

Drug class Drug names Effect on olfactory system
Cardiovascular
   ACE inhibitors Enalapril Reduced
   Calcium-channel blockers Diltiazem, amlodipine, felodipine, 

nifedipine
Reduced

   HMGCo-A reductase 
inhibitors

Atorvastatin, lovastatin, pravastatin Altered

   Alpha1 blocker Doxazosin Altered
   Antiarrhythmic Tocainide, amiodarone Altered
Antibiotics
   Macrolides Azithromycin, clarithromycin Reduced
   Penicillin Amoxicillin Reduced
   Fluoroquinolones Ciprofloxacin, levofloxacin Reduced
   Tetracycline Doxycycline Altered
Miscellaneous
   Antihistamine and 

anti-allergy
Intranasal zinc, fluticasone, prednisone Reduced

   Thyroid Levothyroxine Altered
   Opioid analgesic Morphine Reduced
   Blood viscosity reducer Pentoxifylline Enhanced
   Phosphodiesterase-5 inhibitor Sildenafil Reduced
   Immunomodulatory Alpha interferon, methotrexate Interferon reduced, methotrexate 

enhanced
   Antifungal Terbinafine Reduced
   Topical Silver nitrate Reduced
   Antidepressant Duloxetine Altered
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probably alter olfaction in humans [135]. Another 
study showed that long-term use of opioid and 
nonopioid analgesics caused significant reduc-
tion in olfactory function compared to age- 
matched controls not taking analgesics [136].

Patients may develop drug-induced olfactory 
disturbances for several reasons. Medications 
may damage olfactory mucosa regeneration, 
deplete trace metals, such as zinc, or cause neuro-
toxicity that impairs smell pathways. Topical sil-
ver nitrate and silver sulfadiazine are used as an 
antibiotic in thermal injury. Prolonged use of 
these drugs can lead to silver deposition in the 
nasal mucosa, leading to anosmia. Drugs can also 
cause impairment of neuronal and mucosal tissue 
potassium and calcium ion efflux, causing a 
reduction in impulse conduction [4]. Calcium 
channel blockers, such as nifedipine and diltia-
zem, inhibit calcium-mediated impulse transmis-
sion to the olfactory bulb, which can lead to 
anosmia in some patients [137, 138]. Additional 
pathways that can impact olfaction include 
reduced access to receptors due to mucosa dry-
ness; altered chemical or ionic environment in 
the region of the receptor due to changes in the 
components of saliva or mucus or in agonizing or 
antagonizing receptor sites; and changes in neu-
rotransmitter function [139].

As part of the natural aging process that 
causes pharmacokinetic and pharmacodynamic 
changes, people gradually lose their ability to 
smell. Older adults are also at an increased risk 
of developing drug-induced olfactory changes 
and other adverse drug events, because they take 
more prescription and nonprescription medica-
tions compared to younger adults [140, 141]. 
Between 1988 and 2010, the proportion of adults 
65 and older taking at least five medications tri-
pled, from 12.8 to 39.0%, primarily due to 
increased use of cardiovascular and antidepres-
sant medications [142]. One survey study found 
that dysosmia was higher in those taking more 
than four medications per day [7].

Because numerous pathologies can lead to 
olfactory dysfunction, a causal relationship must 
be established between the medication and the 
patient’s symptoms before the event is deemed an 
adverse drug reaction. The Naranjo Algorithm, 

also known as the Adverse Drug Reaction 
Probability Scale, can be used to assess whether 
there is a causal relationship. The algorithm is a 
series of 10 questions with assigned probability 
scores that help determine the likelihood of an 
adverse drug event [143]. If it is decided that the 
person’s smell dysfunction is indeed caused by a 
medication, this medication should be discontin-
ued or switched to an equally efficacious and 
safer alternative.

31.4  Summary and Future 
Directions

The olfactory system is a fundamental sensory 
system responsible for the perception of flavor and 
fragrance. Olfaction is critical for most mammals 
for the maintenance of a good quality of life. 
Scientists and physicians have paid increasing 
attention to the olfactory system and its function 
during the last decade, largely because of (a) 
advances in our understanding of the histocompat-
ibility basis for the receptor mechanisms, (b) evi-
dence that ORNs undergo neurogenesis and both 
programmed and induced cell death, (c) important 
technical and practical developments in psycho-
physical testing, and (d) the accessibility of these 
cells relatively noninvasively from living subjects 
[144–148]. These developments have led to stan-
dardized olfactory testing to assess detection sen-
sitivity (threshold) and ability to identify odors. 
These tests can be easy to perform in the clinic and 
may be useful in improving diagnosis [149].

Although diagnosis of smell disorders caused 
by aging and neurodegenerative diseases has 
improved considerably over the last two decades, 
treatment of these disorders is still limited to con-
ditions with discernible and reversible causes. 
Sensory complaints are often overlooked by the 
medical community. Understanding the biologi-
cal bases for olfactory system disorders can help 
us develop new approaches to improve the qual-
ity of flavor experience for those with impaired 
ability. In addition, studies of olfaction and ORN 
function may lend new insights into the etiology 
of neurodegenerative disease. Future research is 
needed for a better understanding of chemosen-
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sory mechanisms, establishing improved diag-
nostic procedures, and disseminating knowledge 
about chemosensory disorders among practitio-
ners and the public [71, 72].
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32Electron Microscopy and the Nose

Mürvet Hayran

Core Messages
• Electron microscopy is a very important tool 

for evaluating the ultrastructural features of 
the nose and helping diagnose diseases related 
to nasal structures.

• Biopsies should be small (less than 2 mm) and 
fixed in seconds to prevent autolysis and to 
obtain optimum diffusion of the fixatives.

• Cilia are hairlike extensions of the apical 
plasma membrane containing microtubules. 
The basal body is a microtubule-organizing 
center located in the apical region of the cili-
ated cell. The existence of the characteristic 
“9 + 2” organization of the axonemes of the 
cilia and the presence of the basal bodies are 
important for the normal function of the cilia.

• The goblet cell is common in the airway epi-
thelium. The parasympathetic nervous system 
does not control release from goblet cells. 
Rather, these cells respond to physical and 
chemical irritants; however, mediators have 
not yet been clearly identified.

• Basal cells are stem cells from which other 
cell types arise. They lie on the basement 
membrane and do not reach the lumen.

• The olfactory segment is the region at the roof of 
the nasal cavity. In humans, the olfactory region 

is a small area formed by a modified pseudostrat-
ified epithelium. The olfactory epithelium is 
composed of olfactory receptor cells, supporting 
or sustentacular cells, basal cells, and brush cells. 
In contrast with the other regions of the nasal cav-
ity, there are no goblet cells in this area.

32.1  Electron Microscopy 
and the Nose

32.1.1  The Electron Microscope

The electron microscope is a type of microscope 
that uses an electron beam accelerated under high 
vacuum instead of light source to create an image 
of the specimen. In studying the microscopic 
anatomy of the nose, it is essential to understand 
the requirements and capabilities of the electron 
microscope and which tissues and cells should be 
clearly observed by electron microscopy.

The electron microscope uses an accelerated 
electron beam, emitted by a cathode and con-
trolled by a series of electrostatic and electro-
magnetic lenses [1, 2]. Components of the 
electron microscope are (Fig. 32.1):

 1. Electron optical column.
 2. Electron gun that consists of an electron 

source to produce electrons, such as a tung-
sten filament.

 3. Magnetic lenses to demagnify the beam.
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Fig. 32.1 Diagram of standard transmission electron 
microscopy (TEM) and scanning electron microscopy 
(SEM), showing major components: 1 electron optical 

column, 2 electron gun, 3 magnetic lenses, 4 magnetic 
coil, 5 apertures, 6 detector, and 7 digital imaging 
systems

 4. Magnetic coils to control and modify the 
beam.

 5. Apertures to define the beam and prevent 
electron spray.

 6. Detectors to collect, detect, and display the 
signal.

 7. Digital imaging systems that produce an 
image from the signal.

There are also vacuum systems consisting of vac-
uum pumps and a vacuum chamber.

There are two basic types of electron micros-
copy, transmission electron microscopy (TEM) 
and scanning electron microscopy (SEM).

TEM uses an electron beam that transmits 
through ultrathin (60–90  nm) sections that are 
glutaraldehyde-fixed and usually double-stained. 
TEM produces two-dimensional images on a fluo-
rescent screen, photographic film, or CCD (charge-

coupled device) camera. TEM can detect structures 
by the transmission of the electron beam and dis-
criminate details of 0.2 nm. However, the quality 
of the obtained image mainly depends on the prep-
aration of the biological sample [1].

SEM obtains topographic, three-dimensional 
images with a resolution of about 2 nm. The lens 
system of SEM produces a small focused spot of 
electrons that are then scanned over the specimen 
surface by a deflection coil. SEM is able to pro-
duce an image by detecting secondary electrons 
and backscattered electrons generated from the 
specimen. A secondary electron detector in the 
SEM builds the image by mapping the signals of 
a finely focused electron beam that is scanned on 
the sample surface [1, 3, 4].

Both TEM and SEM can provide only black- 
and- white images. Although the original image 
is monochrome, micrographs can be colored 
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digitally to emphasize details. In recent years, 
digital imaging systems provide incredible 
opportunities to obtain high-quality electron 
micrographs.

Biological materials usually require process-
ing before being viewed by electron microscopy 
[1, 3]. The tissue preparation technique varies 
depending on the type of microscope and the type 
of specimen. Low-vacuum SEMs and the envi-
ronmental scanning electron microscope (ESEM) 
overcome both these limitations [5].

The stages for tissue preparation for TEM are 
as follows
 (a) Fixation: can be achieved by perfusion and 

microinjection or immersion using various 
fixatives including aldehydes.

 (b) Post fixation: performed in OsO4.

 (c) Dehydration: done with a graded series of 
alcohol.

 (d) Epoxy resin block preparation: treat with 
propylene and embed in epoxy resin.

 (e) Semi-thin sectioning: one- to two- 
micrometer- thick semi-thin sections obtained 
from the epoxy resin blocks should be stained 
with methylene blue or azure for light 
microscopy.

 (f) Ultrathin sectioning: ultramicrotome, an 
instrument for cutting extremely thin sec-
tions, is used for ultrathin sectioning of tis-
sue. Ultrathin sections are obtained from 
selected areas and then double-stained with 
uranyl acetate/lead citrate.

During SEM sample preparation, after the fixa-
tion step, the specimens must be dried. Electron 
microscopists prefer to use Critical Point Drying. 
By removing carbon dioxide after the transition 
from the liquid to the gas phase at the critical point, 
the specimen can be dried without structural dam-
age. Specimens must be mounted onto a holder 
that can be inserted into the scanning electron 
microscope. The last step prior to sample imaging 
is coating the samples. The objective of this coat-
ing is to increase its conductivity in the scanning 
electron microscope and to prevent the buildup of 
high-voltage charges on the specimen. Typically, 
specimens are coated with a thin layer of gold, 
gold-palladium, or platinum [3].

In addition to visual inspection, a grading sys-
tem can be used to quantitatively evaluate the 
samples to compare different experimental con-
ditions. The data can then be analyzed statisti-
cally to make further evaluations. This grading 
system was established based on similar princi-
ples of methods used for evaluating different tis-
sue samples [6–10].

It is important to pay close attention during 
the sample preparation to get small-sized (less 
than 2 mm) biopsy materials and to fix them in 
seconds to prevent autolysis and obtain optimum 
diffusion of the fixatives [3].

32.1.2  Microscopic Anatomy 
of the Nose

The nose humidifies, filters, and warms the air we 
breathe as well as provides the sense of olfaction. 
The nose is considered to have two parts: the 
external nose and the nasal cavity.

The external nose consists of the skin and a 
framework of compact bone and hyaline cartilage 
that forms a projection covered by skin. Electron 
microscopic observation of this part does not 
show any regional specifications. The skin con-
sists of two main layers. The outer layer is the 
epidermis, which is composed of a keratinized 
and stratified squamous epithelium (Figs.  32.2 
and 32.3) (see Sect. 32.1.2.1). The inner layer is 
the dermis, which is dense connective tissue 
including epithelial derivatives of the skin such 
as hair follicles and sweat and sebaceous glands 
[11]. The supporting framework is composed of 
nasal bones, the frontal process of the maxillae, 
and the nasal part of the frontal bone and septum, 
as well as major and minor alar cartilages. Bone 
is also a connective tissue characterized by a min-
eralized extracellular matrix containing mainly 
type I collagen along with other non-collagenous 
matrix proteins [1]. Bones of the external nose 
consist of layers of relatively thick compact bone 
with a layer of spongy bone covered by perios-
teum, which is a sheath of dense fibrous connec-
tive tissue containing osteoprogenitor cells.

The type of cartilage that contributes to the 
framework of the nose is hyaline cartilage 
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a b

Fig. 32.2 The epidermis, which is composed of a kera-
tinized stratified squamous epithelium (E), and the dermis 
(D) (scale bar: 25 μm). (a) Light micrograph of the epider-
mis of the external nose (paraffin block, stain: H&E). (b) 
Light micrograph of the epidermis of the external nose 

(araldite block, stain: methylene blue). The specimens 
were obtained from a fresh frozen cadaver from a micro-
scopic anatomy lab at Hacettepe University, Faculty of 
Medicine, Department of Anatomy. H&E hematoxylin 
and eosin

Fig. 32.3 Electron micrograph (TEM) keratinized strati-
fied squamous epithelium of the epidermis of the external 
nose (scale bar: 5 μm) (Araldite block, stain: uranyl ace-
tate/lead citrate). The specimen was obtained from a fresh 
frozen cadaver from a microscopic anatomy lab at 
Hacettepe University, Faculty of Medicine, Department of 
Anatomy. TEM transmission electron microscopy, 1 stra-
tum corneum, 2 stratum spinosum, 3 stratum granulosum, 
and 4 stratum basale

(Fig.  32.4). The matrix of the hyaline cartilage 
consists of collagen, predominantly type II fibrils 
and other cartilage-specific collagen molecules 
[1]. The chondrocytes are either rounded or ellip-
soidal (Figs.  32.4 and 32.5). The plasma mem-
brane is folded into a moderate number of 
microvilli. Numerous cytoplasmic filaments and 
coarse granules of glycogen are prominently 
present in the cytoplasm. The Golgi complex is 
also prominent and frequently contains dilated 
vesicles enclosing small dense particles. A small 
amount of rough endoplasmic reticulum is pres-
ent, while unattached ribosomes are not numer-
ous. There are a few lipid droplets in the 
cytoplasm. The nuclei are ovoid and usually con-
tain a single large nucleolus (Fig.  32.5). 
Mitochondria are small and not very numerous. 
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Fig. 32.4 The hyaline cartilage, rounded or ellipsoidal 
chondrocytes (Ch), and fibroblast-like cells of the peri-
chondrium (P). (a) Light micrograph (paraffin block, 

stain: H&E) (scale bar: 100 μm). (b) Light micrograph 
(Araldite block, stain: methylene blue) (scale bar: 
100 μm). H&E hematoxylin and eosin

Fig. 32.5 Electron micrograph (TEM) of the hyaline car-
tilage, rounded or ellipsoidal chondrocytes (Ch) (scale 
bar: 2  μm) (Araldite block, stain: uranyl acetate/lead 
citrate). The specimen was obtained from a fresh frozen 
cadaver at a microscopic anatomy lab at Hacettepe 
University, Faculty of Medicine, Department of Anatomy. 
TEM transmission electron microscopy, Arrows cytoplas-
mic filaments, Gly coarse granules of glycogen

The matrix is composed mostly of collagen fibrils 
and matrix granules. Frequently, granules appear 
to be linked together by extremely fine intergran-
ular fibrils, usually less than 50 Å thick, which 
connect the projections of adjacent granules. 
Infrequently, clusters of membrane-bounded 
matrix vesicles are observed between collagen 
fibrils of the matrix [12].

The perichondrium, a firmly attached dense 
connective tissue composed of fibroblast-like 
cells, surrounds the hyaline cartilage (Fig. 32.4).

The nasal cavity is divided into paired cham-
bers separated by a bony and cartilaginous sep-
tum. Each chamber is divided into three regions:

 (a) Vestibule of the nasal cavity.
 (b) Respiratory region.
 (c) Olfactory region.

32.1.2.1  Vestibule of the Nasal Cavity
The nasal cavity extends from the nares anteriorly 
to the choanae posteriorly. Just behind the nares, 
the nasal cavity widens and forms the vestibule 
[13]. It is lined with keratinized stratified squamous 
epithelium and the dermis (Fig. 32.6) that contains 
connective tissue elements, many hair follicles 
(hairs in this region are called vibrissae) (Figs. 32.7 
and 32.8), and sebaceous glands and sweat glands 
(Figs. 32.9 and 32.10) (see Sect. 32.1.2).

The stratified squamous epithelium consists of 
several layers of cells. The flattened cells form its 
outer layer and the deepest cells are columnar. 
The epidermis is composed of four distinct lay-
ers. These are the stratum corneum, stratum spi-
nosum, stratum granulosum, and stratum basale 
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a b

Fig. 32.6 (a) Light micrograph of the epidermis of the 
vestibule (scale bar: 5 μm) (Araldite block, stain: methy-
lene blue). (b) Electron micrograph (TEM) of the epidermis 
of the vestibule (scale bar: 5 μm) (Araldite block, stain: ura-
nyl acetate/lead citrate). Both specimens were obtained 

from fresh frozen cadavers at a microscopic anatomy lab at 
Hacettepe University, Faculty of Medicine, Department of 
Anatomy. TEM transmission electron microscopy, E epi-
dermis, D dermis, 1 stratum corneum, 2 stratum spinosum, 
3 stratum granulosum and 4 stratum basale

a b

Fig. 32.7 Light micrograph from the dermis of the vesti-
bule (scale bar: 100 μm). (a) Hair follicle and vibrissae, 
longitudinal section (paraffin block, stain: H&E). (b) Hair 
follicle and vibrissae, cross (HC) and longitudinal section 
(HL) (Araldite block, stain: methylene blue) (scale bar: 

100 μm). The specimens were obtained from fresh frozen 
cadavers at a microscopic anatomy lab at Hacettepe 
University, Faculty of Medicine, Department of Anatomy. 
H&E hematoxylin and eosin, E epithelial cells
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a b

Fig. 32.8 Electron micrographs (TEM) from the dermis 
of the vestibule. (a) Cross and (b) longitudinal sections of 
the vibrissae (scale bar: 5 μm) (Araldite block, stain: ura-
nyl acetate/lead citrate). The specimen was obtained from 

a fresh frozen cadaver at a microscopic anatomy lab at 
Hacettepe University, Faculty of Medicine, Department of 
Anatomy. TEM transmission electron microscopy, E epi-
thelial cells

a

b

c

Fig. 32.9 The sebaceous glands (arrows) from the der-
mis of the vestibule (scale bar: 5 μm). (a) Light micro-
graph (paraffin block, stain: H&E). (b) Light micrograph 
(Araldite block, stain: methylene blue). (c) Electron 

micrographs (TEM) (Araldite block, stain: uranyl acetate/
lead citrate). H&E hematoxylin and eosin, TEM transmis-
sion electron microscopy
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a b

Fig. 32.10 The sweat glands and their myoepithelial 
cells (arrows) from the dermis of the vestibule. (a) Light 
micrograph (paraffin block, stain: H&E) (scale bar: 5 μm). 
(b) Electron micrographs (TEM) (Araldite block, stain: 

uranyl acetate/lead citrate) (scale bar: 100  μm). H&E 
hematoxylin and eosin, TEM transmission electron 
microscopy

(stratum germinativum) (Fig. 32.6). The cells of 
the stratum corneum are anucleate corneal cells 
(squamous), called corneocytes or cornified cells. 
The corneocytes are flattened cells that lack 
nuclei and cytoplasmic organelles. The cells con-
tain aggregated keratin filaments. The upper spi-
nous layer and granular cell layer also contain 
smaller lamellate granules called lamellar, 
membrane- coating granules (MCGs or Odland 
bodies). These are numerous within the upper 
spinous layer. They play an important role in pro-
viding the barrier and intercellular cohesion 
functions of the stratum corneum. They release 
their lipid components into the intercellular 
space. The basal and spinous cells together are 
called the Malpighian layer, which includes cells 
such as melanocytes, Langerhans cells, and 
Merkel cells. When outer cells become damaged, 
cell division occurs within the basal layer. The 

cells move outwards to the stratum corneum, 
passing through the stratum spinosum. The char-
acteristics of these cells then transdifferentiate to 
become the cells of the stratum corneum. There 
are biochemical and signaling interactions 
between the epithelial cells, including desmo-
somes, adherens junctions, gap junctions, and 
tight junctions [14].

Posteriorly, where the vestibule ends, the 
stratified squamous epithelium becomes thinner 
and undergoes a transition to the pseudostratified 
epithelium that characterizes the respiratory 
region. At this site the sebaceous glands end [15]. 
At the level of the limen nasi, the lining of the 
nasal cavity gradually changes from squamous 
epithelium to non-ciliated cuboidal or columnar 
epithelium. At the level of the inferior turbinate, 
the epithelium continues as pseudostratified cili-
ated columnar epithelium [16].
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32.1.2.2  Respiratory Region 
of the Nasal Cavity

The mucosa of the respiratory region warms, 
moistens, and filters inspired air. The lamina pro-
pria of the respiratory region has a rich, vascular 
network that includes a complex set of capillary 
loops. The nasal mucosa microvasculature is 
composed of arterioles, venules, capillaries, and 
cavernous sinuses. Both arterioles and venules 
run parallel to the long axis of the nasal concha. 
The capillaries and cavernous sinuses are particu-
larly abundant and interconnect with numerous 
short anastomoses to form a rich dense network 
[17]. The arrangement of the vessels allows the 
inhaled air to be warmed by blood flow through 
the part of the capillaries closest to the surface. 
These capillaries provide a mechanical heat 
exchange system. Submucosal capillaries and 
venules have fenestrated endothelial linings and 
relatively porous basement membranes, facilitat-
ing the transit of fluid and white blood cells to the 
mucosal surface. The lamina propria then 
becomes distended with fluid, resulting in a 
marked swelling of the mucous membrane and 
consequent obstruction of the air passage. This 
makes breathing difficult. The mucosa contains 
large venous-like spaces known as swell bodies, 
which may become congested during allergic 
reactions or infections. The morphological view 
of fenestrated endothelia might change in 
response to alterations in the physiological con-
ditions. It is essential to define the different 
shapes and courses of the muscle cells responsi-
ble for constriction and dilatation of nasal swell 
bodies for proper clinical diagnoses [18].

The nasal vasculature is controlled by dense 
innervations. Myelinated nerve bundles and 
small axons are found in the arterial wall located 
in the adventitia. Veins also have nerve structures, 
but they are fewer and are found in the muscle 
layer. Therefore, no axons are present in capillar-
ies. The differences in the density of axons indi-
cate that these vessels are controlled by neural 
structures and play an important role in the swell-
ing of the nasal mucosa [19].

Seromucous glands are one of the main com-
ponents of the human nasal mucosa. Their secre-
tion contributes to the moistening function of the 

goblet cells in the respiratory epithelium. The 
terminal segments of the glands are surrounded 
by contractile myoepithelial cells in a basketlike 
fashion. These cells, in particular, show a high 
number of mitochondria [20]. This innervation 
pattern is important in understanding the control 
of different physiological glandular functions. 
Unmyelinated nerve fibers have typical neuronal 
components such as neurofilaments, neurotu-
bules, and mitochondria in their cytoplasm [21].

Inhaled agents contact the nasal mucosa and 
cause a local immune response. Because of the 
nature of these local immune responses, nasal 
mucosal antibody production is best achieved via 
direct stimulation of IgA-committed, nasal- 
associated lymphoid tissue-derived B cells [22].

The respiratory region constitutes most of the 
volume of the nasal cavities. The medial wall of 
the respiratory region, the nasal septum, is 
smooth, but the lateral walls contain three shelf-
like, bony projections called turbinates or con-
chae. The turbinates increase surface area to 
more efficiently warm inspired air. This air is also 
filtered by the mucus-covered walls of the nasal 
cavity. Particles trapped in this layer of mucus are 
transported to the pharynx by means of coordi-
nated sweeping movements of cilia and are sub-
sequently swallowed. Therefore, these motile 
cilia play a critical role in mucociliary clearance. 
This segment is lined by a ciliated, pseudostrati-
fied columnar epithelium. The pseudostratified 
respiratory epithelium actually consists of one 
layer of cells, but their nuclei frequently lie at dif-
ferent levels, and some cells do not reach the epi-
thelial surface. Hence, the epithelium looks 
stratified even if all the cells rest on a basement 
membrane located between the epithelial cells 
and the loose lamina propria. Basal cells, situated 
close to the basement membrane, replace the cili-
ated cells or the goblet cells when needed [1, 23]. 
The lamina propria is attached to the periosteum 
of the adjacent bone. The submucosa contains 
blood vessels, venous plexus, glandular elements, 
sensory nerves, and immune system cells.

The ciliated, pseudostratified columnar epi-
thelium of the respiratory region is composed of 
five cell types: ciliated columnar cells, non- 
ciliated columnar cells, goblet cells, basal cells, 
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a b

Fig. 32.11 The pseudostratified columnar epithelium (E) 
of the respiratory region. (a) Light micrograph of the epi-
dermis of the external nose (paraffin block, stain: H&E) 
and (b) light micrograph of the epidermis of the external 
nose (Araldite block, stain: methylene blue) (scale bar: 

50 μm). The specimens were obtained from fresh frozen 
cadavers at a microscopic anatomy lab located at 
Hacettepe University, Faculty of Medicine, Department of 
Anatomy. H&E hematoxylin and eosin

Fig. 32.12 Electron micrograph respiratory epithelium 
(TEM) (scale bar: 5  μm) (Araldite block, stain: uranyl 
acetate/lead citrate). The specimen was obtained from a 
fresh frozen cadaver at a microscopic anatomy lab at 
Hacettepe University, Faculty of Medicine, Department of 
Anatomy. TEM transmission electron microscopy. B basal 
cell, C ciliated cell, G goblet cell, N non-ciliated cell

and brush cells (Fig. 32.11). All of these cells can 
be investigated under TEM (Fig. 32.12). However, 
because some of these cells do not reach the sur-
face of the epithelium, only three types (ciliated, 
non-ciliated, and goblet cells) can be seen during 
SEM studies (Fig. 32.13).

The anterior one-third of the nasal cavity is 
non-ciliated. Cilia begin just behind the front 
edge of the inferior turbinate. The posterior part 
of the nasal cavity, as well as the paranasal 
sinuses, is densely covered by cilia [24]. However, 
the epithelium on the tips of the nasal turbinates 
is cuboidal and sparsely ciliated. Additionally, 
mild squamous metaplasia may be seen around 
these areas [16].

Ciliated columnar cells, the predominant cell 
type at the surface, rest on the basement mem-
brane and project both cilia and microvilli from 
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Fig. 32.13 (a–d) Different areas on the nasal mucosal 
surface. Electron micrograph of the respiratory epithelium 
(SEM) (scale bar: 1 μm). Surface invaginations of three 

types of cells: ciliated (C), non-ciliated (N), and goblet 
(G) cells. SEM scanning electron microscopy

Fig. 32.14 Electron micrograph (TEM) of ciliated 
columnar cells, the predominant cell type on the surface, 
resting on the basement membrane and projecting both 
cilia (C) and microvilli (M) from their apical surface 
(scale bar: 1 μm) (Araldite block, stain: uranyl acetate/
lead citrate). The specimen was obtained from a fresh fro-
zen cadaver at a microscopic anatomy lab at Hacettepe 
University, Faculty of Medicine, Department of Anatomy. 
TEM transmission electron microscopy

their apical surface into the nasal lumen [23] 
(Fig. 32.14). Ciliated and non-ciliated columnar 
cells interact with neighboring cells by tight 
junctions and by interdigitations of the cell mem-
brane. The cytoplasm contains many mitochon-
dria located apically (Fig.  32.15), indicating a 
highly active metabolism [24].

Each ciliated cell contains approximately 
1000 motile cilia [23]. Cilia are hairlike exten-
sions of the apical plasma membrane containing 
an axoneme, a microtubule-based internal struc-
ture. Ultrastructurally, cilia are anchored to basal 
bodies below the cell surface. The basal body is a 
centriole-derived microtubule-organizing center 
located in the apical region of the ciliated cell. 
The basal body consists of nine short microtubule 
triplets arranged in a ring. The basal bodies are 
associated with several accessory structures (alar 
sheets, basal feet, and striated rootlets) that 

32 Electron Microscopy and the Nose



430

anchor them in the cytoplasm. Axonemes are 
formed by microtubules arranged in a character-
istic “9 + 2” pattern. Nine outer pairs of microtu-
bules make a cartwheel pattern at the periphery 
of the axoneme, surrounding two single microtu-
bules in the center (the inner microtubules) 
(Fig. 32.16). Each of the paired microtubules of 
the ciliary axoneme is continuous with two of the 
triplet microtubules of the basal body. When 
examining a cross-section at high resolution, 
each outer microtubule pair (doublet) can be seen 
to be regularly arranged dynein arms (ciliary 
dynein). Dynein is a microtubule-associated 
motor protein. Each microtubule pair is linked to 
adjacent pairs by an elastic substance called 
nexin. Although the two central microtubules are 
separate, they are partially enclosed by a central 
sheath projection. Radial spokes extend from 
each of the nine doublets toward the two central 
microtubules [1, 23] (Fig. 32.17).

Fig. 32.15 Electron micrograph (TEM) of the apical 
cytoplasm of columnar cells with numerous mitochondria 
(arrows) (scale bar: 500 nm) (Araldite block, stain: uranyl 
acetate/lead citrate). The specimen was obtained from a 
fresh frozen cadaver at the microscopic anatomy lab at 
Hacettepe University, Faculty of Medicine, Department of 
Anatomy. TEM transmission electron microscopy

A

a b

B

M
M

BB

Fig. 32.16 Diagram showing the basic structure of cilia 
and electron micrographs of the cross (a) and longitudinal 
(b) sections of the cilia (scale bar: 200 nm). Line A and 

line B indicate cross-section levels of the cilia, indicating 
the cilia and the basal body, respectively. M microvilli
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Fig. 32.17 Cross-section of the cilia showing the organi-
zation of the axoneme (scale bar: 100 nm), microtubule 
pairs (doublet) (D), inner doublet (ID), outer dynein (OD) 
arms (comprising ciliary dynein), and an elastic substance 

called nexin (N). The two central microtubules (CM) are 
separate; however, they are partially enclosed by a central 
sheath projection. Radial spokes (RS) extend from each of 
the nine doublets toward the two central microtubules

Fig. 32.18 Electron micrograph of a non-ciliated cell of 
the respiratory epithelium (TEM) (scale bar: 500  nm). 
TEM transmission electron microscopy, M microvillus

All columnar cells, ciliated and non-ciliated, 
are covered by microvilli, short and slender fin-
gerlike cytoplasmic processes containing a core 
of actin filaments (Figs. 32.13 and 32.18). They 
are uniformly distributed over the entire apical 
surface and increase the surface area of the epi-
thelial cells, thus promoting exchange processes 
across the epithelium [1]. The microvilli also pre-
vent drying of the surface by retaining moisture 
that is essential for ciliary function [24].

Another characteristic cell type of the airway 
epithelium is the goblet cell (Fig.  32.19). The 
moistening and protecting of the nasal mucosa by 
secretion are mainly provided by mucous and 
seromucous glands. However, goblet cells also 
contribute to nasal secretion. The release mecha-
nisms from goblet cells are not controlled by the 
parasympathetic nervous system. It is considered 
to be in response to physical and chemical irri-
tants, but the mediators have not yet been clearly 
identified. The surface epithelial cells are joined 
by tight junctions, but ultrastructural studies have 

shown discontinuity of tight junctions around 
filled goblet cells [24].

Basal cells are stem cells from which the other 
cell types arise. They lie on the basement mem-
brane and do not reach the lumen (Fig.  32.12). 
Small granule cells and cells that resemble basal 
cells contain secretory granules.
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b

Fig. 32.19 (a) Electron micrograph of the respiratory 
epithelium (TEM) (scale bar: 2 μm). Characteristic secre-
tory cell called a goblet cell (G) and (b) Golgi complex 
(arrow) (scale bar: 500 nm) (Araldite block, stain: uranyl 

acetate/lead citrate). The specimen was obtained from a 
fresh frozen cadaver at a microscopic anatomy lab at 
Hacettepe University, Faculty of Medicine, Department of 
Anatomy. TEM transmission electron microscopy

Brush cells, a general name for those cells in 
the respiratory tract, bear short, blunt microvilli.

The vomeronasal organ of Jacobson (VNO) is 
the paired embryonic remnant that is situated 
under the lower anterior side of the nasal septum. 
It forms a tubular sac with a diameter of approxi-
mately 0.2–0.6  cm. Columnar epithelium with 
microvilli on their apical surface lines this tubu-
lar structure. In many vertebrates, the VNO is 
highly developed to establish intense olfactory 
sensibility [13]. Differences in the frequency of 
morphological patterns of the VNO between the 
sexes may be one of the factors leading to varia-
tions in pheromone perception between men and 
women [25, 26]. Even with a large number of lit-
erature on the human VNO, there is little 
 consensus on its persistence and functionality in 
humans. While their precise function is unknown, 
it is believed to be associated with pheromone 
recognition and food flavor perception [16, 
26–28].

32.1.2.3  Olfactory Region 
of the Nasal Cavity

The olfactory region is located on the roof of the 
nasal cavity. Human olfaction is not as highly 
developed as it is in other animals. In humans, the 
olfactory region is formed by a modified pseu-
dostratified epithelium occupying a small area. 
The olfactory epithelium is composed of olfac-
tory receptor cells, supporting or sustentacular 
cells, basal cells, and brush cells. In contrast with 
the other regions of the nasal cavity, there are no 
goblet cells in this segment.

Olfactory receptor cells are bipolar neurons 
(Fig. 32.20) that are spindle-shaped neurosensory 
cells. At one end they have sensitive hairlike pro-
trusions and nerve fibers at the other end. They 
have numerous microvilli and long slender cilia 
on their apical surface. Olfactory receptor cells 
have a single dendritic process-forming olfactory 
vesicle. The cilia have typical basal bodies and 
rise from the olfactory vesicle to the epithelial 
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Fig. 32.20 Diagram of the olfactory epithelium. The 
olfactory receptor cells (ORC) have specialized cilia (C), 
supporting cells (sustentacular cell) (SC), and epithelial 
columnar cells (brush cells) (EC) with large, blunt micro-
villi (M) on their apical surfaces

surface. The cilia are nonmotile or have limited 
motility. The basal pole of the olfactory receptor 
cell gives rise to unmyelinated axonal processes 
that leave the epithelial compartment. They are 
grouped into bundles and pass through the cribri-
form plate of the ethmoid bone to form the 
 olfactory bulb of the brain. Mitochondria and 
smooth-surfaced endoplasmic reticula are abun-
dant in their cytoplasm. They also possess lipo-
fuscin granules, which cause the yellowish color 
of human mucosa. Adherens junctions are pres-
ent between these cells and the olfactory cells, 
but the gap and tight junctions are absent [1].

Airborne chemicals diffuse across the mucous 
membrane and reach the cilia, leading to stimula-
tion of the olfactory receptor neuron. Each olfac-
tory receptor makes a specific kind of olfactory 
receptor protein. The receptors, when stimulated, 
activate signaling cascades that eventually gener-
ate action potentials.

The other cell type in this mucosa is the sup-
porting cell (sustentacular cell). Their function is to 
provide both metabolic and physical support to the 
olfactory cells, similar to that of glial cells [1, 24].

The olfactory epithelium also contains a lim-
ited number of brush cells. As previously noted, 

these cells are detected in the epithelium of the 
other regions responsible for air passage conduc-
tion. They are columnar cells that exhibit large, 
blunt microvilli at their apical surface, a feature 
from which their name is derived. The basal sur-
face of the brush cell makes synaptic contact with 
nerve fibers that penetrate the basal lamina. The 
nerve fibers are the terminal branches of the tri-
geminal nerve (cranial nerve V) that functions in 
general sensation rather than olfaction. Brush 
cells appear to be involved in the transduction of 
general sensory stimulation of the mucosa [24].

Basal cells are the progenitors of the other 
mature cell types. These are small rounded cells 
located close to the basal lamina. Their nuclei are 
frequently invaginated and lie at a level below 
those of the olfactory cell nuclei. The cytoplasm 
contains few organelles, a feature consistent with 
their role as a reserve or stem cell. They prolifer-
ate and differentiate into supporting cells.

The lamina propria of the olfactory mucosa 
is directly contiguous with the periosteum of the 
underlying bone. This connective tissue con-
tains numerous blood and lymphatic vessels, 
 unmyelinated olfactory nerves, myelinated 
nerves, and olfactory glands (Bowman’s glands). 
The olfactory glands, a characteristic feature of 
the mucosa, are branched tubuloalveolar serous 
glands that secrete via ducts to the olfactory sur-
face. Lipofuscin granules are prevalent in gland 
cells, and in combination with the lipofuscin 
granules in the supporting cells of the olfactory 
epithelium, they give the mucosa its natural 
yellow- brown color. In the lamina propria, short 
ducts composed of cuboidal cells lead away 
from the glands. As the ducts pass through the 
basal lamina into the olfactory epithelium, the 
ductal cells become squamous and are then dif-
ficult to discern under light microscopy [24]. 
The serous secretion of the olfactory glands 
serves as a trap and solvent for odoriferous sub-
stances. The constant flow from the glands rids 
the mucosa of remnants of detected odoriferous 
substances so that new scents can be continu-
ously detected as they arise [24].
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32.1.3  Clinical Orientation 
of the Microscopic Anatomy 
of the Nose

Examination of samples with electron micros-
copy is particularly aimed to evaluate alterations 
and damages to the ultrastructural features of the 
nose. Many diseases related to nasal structures are 
the subject of electron microscopic studies, 
including primary ciliary dyskinesia, allergic rhi-
nopathy, and chronic inflammatory hyperplasia. 
Electron microscopy is also useful for the diagno-
sis in these cases. Ciliary impairment is the most 
common cause of obstructive nasal diseases. 
“Secretion” and “obstruction” are predominant 
clinical symptoms in rhinology affecting patients 
with disorders of the nose [18]. The surface char-
acteristics of the cells should be investigated 
under SEM in cases of ciliary dysfunction. TEM 
studies are useful for many other diagnoses. For 
many years, the cytological examination of nasal 
secretions has been included among laboratory 
diagnostic tests and performed with various meth-
odologies (blowing, washing, or scraping). 
However, the results obtained differ in terms of 
their reliability and information. Using electron 
microscopy, the study of the nasal mucosa can be 
extended to the epithelial cytostructure with a 
detailed depiction of even the thinnest ultrastruc-
tural components (cytoplasm and organelles, 
cilia, and intercellular junctions) [29].

32.2  Conclusion

Electron microscopic investigation of the ultra-
structural features of the nasal structures, espe-
cially nasal mucosal cells, provides important 
information for both clinical diagnosis and 
research. Nasal epithelial cells can be used as 
indicators when the detailed investigation of the 
epithelium is needed, not only for nasal struc-
tures but also for the whole air pathway. Epithelial 
changes, inflammation, or other pathological 
conditions including mediator release and 
 receptor expression can be observed. In addition 
to the biopsy materials, specimens can be estab-

lished from minimally invasive nasal brushings 
[30]. Diagnosis for some undifferentiated neo-
plasms of the nose and nasal sinuses should also 
be performed by electron microscopy. 
Ultrastructural histopathology of human olfac-
tory dysfunction can also be used for the classifi-
cation and diagnosis of patients with olfactory 
disorders.

Both clinicians and researchers can take 
advantage of being aware of the benefits of elec-
tron microscopy and the ultrastructural features 
of the nose. This awareness offers new horizons 
for future research and more advanced diagnoses 
of patients.
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33Genetic Background 
of the Rhinologic Diseases

Mehmet Gunduz, Eyyup Uctepe, and Esra Gunduz

Core Messages
• It is expected that the prevalence of allergic 

rhinitis in the Western world will reach 50% 
within the next 15 years.

• Exposure early in childhood to microbes and 
infections leads to modification of the immune 
system, a reduced risk of IgE sensitization, 
and a decreased risk of AR throughout life.

• People who have persistent nonallergic rhini-
tis based on the allergy skin test and serum- 
specific IgE test result might have a localized 
form of allergic rhinitis.

• Information on the genetics of allergic dis-
eases is valuable not only for analyzing the 
molecular basis of allergic diseases but also 
for investigating new drugs.

• Environmental effects on various genetic vari-
ants as well as epigenetics determine the fate 
of chronic nasal diseases.

• CFTR genotype affects the progression of air-
way obstruction in CF.

• The studies demonstrated the role of various 
modifier genes such as ADIPOR2, EDNRA, 
IFRD1, IL-8, MBL2, TCF7L2, MSRA, 
SERPINA1, and TGF-b1  in CF for patholo-

gies of pulmonary function, liver disease, 
intestinal obstruction, diabetes, and infection.

• Variants in the promoter region (−509) and 
first exon (codon 10) of TGF-b1 are correlated 
with poor lung function.

• ΔF508 homozygosity was associated with clin-
ical severity of paranasal sinus diseases and 
with the presence of polyps on endoscopy.

33.1  Introduction

Rhinologic diseases are very commonly seen 
pathologies all over the world. They affect mil-
lions of people and cause huge social and eco-
nomic burdens. In this chapter, the genetic origin 
of the main rhinologic diseases is discussed. 
These are allergic rhinitis, chronic sinusitis, vaso-
motor rhinitis, cystic fibrosis, and nasal polyps.

33.2  Architecture and Function 
of the Sinuses

The paranasal sinuses and turbinates are formed 
from the primordial ridge during fetal develop-
ment. Each sinonasal structure develops from 
these ethmoturbinals separate from the inferior 
turbinate. Although there is a fairly consistent 
pattern to the formation of these structures, 
resulting in a series of oblique structures that 
attach to the ethmoid bulla, the extent and com-
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plexity of pneumatization can be variable. There 
is only the ethmoid sinus at birth, while the max-
illary, frontal, and sphenoid sinuses are not fully 
formed and expand out from these primary struc-
tures into their relevant cranial bones during 
childhood and adolescence. Although the struc-
ture of the sinuses is well known, there are differ-
ent opinions to explain the purpose and functions 
of the paranasal sinuses. Among these, lightening 
the weight burden of the cranium, adorning vocal 
resonance, or constituting thermal insulation are 
the most common ideas. Also, a recent theory 
proposes that they form a “crumple zone” for the 
crucial structures of the head such as the brain 
and eyes to diminish damaging forces resulting 
from sudden trauma [1].

It is shown that cranial sinuses produce nitric 
oxide. This molecule has many functions in the 
immune system such as killing microorganisms 
(bacteria, viruses, and fungi) and tumor cells. So 
the sinuses assist the innate immune defense of 
the airway. Proper functioning of the sinuses 
depends on sufficient drainage of their produced 
mucus and normal ventilation. In this regulation, 
mucociliary clearance is a highly coordinated 
effort that consists of millions of beating cilia to 
direct any mucus or particles toward the ostia of 
the sinus. This process is quite prone to obstruc-
tion during swelling or inflammation of the nasal 
mucosa. Therefore, it causes a decrease in ciliary 
beat frequency and results in poor drainage from 
the sinus ostia [2]. This situation leads to stagna-
tion of sinus secretions and a decrease in oxygen 
level in the sinus, subsequently reducing muco-
ciliary clearance and nitric oxide production.

33.3  Histopathologic Features 
of the Nasal and Sinus 
Mucosa

The nasal mucosa is composed of a ciliated pseu-
dostratified columnar epithelium which includes 
ciliated and nonciliated columnar epithelial cells, 
goblet cells, and basal cells [3, 4]. These cell 
types lie on a basement membrane which includes 
types I, III, and IV collagen fibrils; but, generally, 
some of these cells cannot reach the luminal sur-

face and lead to the illusion of a stratified layer. 
Just beneath the basement membrane is a cell- 
free zone, which includes fibronectin and colla-
gen types III and V and a submucosal layer 
consisting of glands, inflammatory and intersti-
tial cells, extracellular matrix, nerves, and blood 
vessels. There are three types of glands within 
this layer: mucous, seromucous, and serous 
glands. These glands, throughout epithelial gob-
let cells, synthesize the mucus that overlies the 
epithelium and serve an antimicrobial function. 
Furthermore, they transport particulate matter, 
antigens, and bacteria by mucociliary clearance. 
Serous glands synthesize secretory IgA, which is 
essential in mucosal defense [5]. The submucosal 
gland area constitutes almost 25% of the lamina 
propria, while this ratio is only 15% in individu-
als without nasal allergies. Normally, lympho-
cytes, macrophages, and mast cells are the basic 
cells in the nasal mucosa, and nasal mast cells are 
usually found immediately beneath the basement 
membrane.

33.4  Allergic Rhinitis and Its 
Genetic Background

33.4.1  Introduction

Allergic rhinitis (AR) is a growing health and 
social problem worldwide and the most common 
type of chronic rhinitis. Most of the children with 
AR become symptomatic and are diagnosed 
before 6  years of age. Recent data indicate that 
10–30% of adults and up to 40% of children in 
developed countries suffer from this disease. The 
prevalence of AR has increased considerably after 
1950  in Western populations. Moreover, it is 
thought that within the next 15 years, the preva-
lence of allergic rhinitis in the Western world will 
reach 50%. Almost 80% of all patients with AR 
have symptoms before 20 years of age. In some 
patients, symptoms of AR can be detected before 
2  years of age [6]. Current data suggest that 
44–87% of patients with rhinitis might have mixed 
rhinitis, both allergic and nonallergic types [7].

Environmental and lifestyle factors are impor-
tant in this prevalence increase. Because it is hard 
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to consider changes in the genetic composition of 
a population in a short time, one of the most pow-
erful hypotheses to elucidate this prevalence 
increase is the hygiene hypothesis. It suggests 
that exposure early in childhood to microbes and 
infections leads to an altered immune system, a 
reduced risk of IgE sensitization, and a decreased 
risk of AR throughout life. AR is a debilitating 
disease on individual and social levels, and it has 
a major negative impact on morbidity, lost work-
ing days, high cost for medical treatment, and 
reduced school performance. Allergic rhinitis 
occurs when inhaled allergens interact with IgE 
antibodies on cells in the airway. AR can some-
times be a restricted disease without a systemic 
response of IgE sensitization, like an increase in 
serum-specific IgE levels or a positive allergen 
skin test result. Patients with AR may initially 
present symptoms like nonallergic rhinitis. These 
patients may have nasal symptoms for longer 
than 2  years but negative skin test results and 
absence of serum-specific IgE response to aller-
gic disease’s nasal markers. On the other hand, 
some of the patients with persistent nonallergic 
rhinitis may have increased eosinophil number, 
increased specific and total IgE levels, as well as 
increased T cell counts in their nasal lavage sam-
ple compared with healthy control subjects. 
These findings must alert us that people who 
have persistent nonallergic rhinitis based on the 
allergy skin test and serum-specific IgE test result 
might have a localized form of allergic rhinitis 
[8]. In these cases, examination of the nasal 
mucosa and nasal challenge tests may help to 
identify these patients.

33.4.2  Allergic Rhinitis and Asthma

It must be emphasized that AR should be evalu-
ated as a global systemic disease. Allergic 
inflammation does not necessarily limit itself to 
the nasal airway, but the attending physician 
must also be aware of the possible comorbidi-
ties of AR, including asthma, conjunctivitis, 
sinusitis, and otitis media [9]. Allergic asthma 
and rhinitis are comorbid conditions that are 
associated pathophysiologically and epidemio-

logically [10, 11]. Epidemiological studies have 
shown that up to 80% of patients with asthma 
demonstrate symptoms of rhinitis, while 
approximately 20–40% of patients with AR 
have clinical asthma. Both are airway diseases 
in which IgE antibody sensitization to aeroal-
lergens is a prominent feature. The link between 
asthma and rhinitis in particular has gained 
much interest. There is evidence that systemic 
trafficking of inflammatory cells from local 
inflammation in one portion of the respiratory 
tract can induce inflammatory changes in the 
other; segmental bronchial allergen challenge in 
patients with AR has been shown to result in 
both bronchial and nasal inflammatory responses 
[10]. There is growing evidence that rhinitis is a 
risk factor for the development of asthma, inde-
pendent of atopy. Additionally, the airway 
mucosa of the nose and bronchi has many simi-
larities, and the clinical and pathophysiological 
changes in asthma and AR are often very com-
parable. Although there are still some differ-
ences that should be highlighted, the strong 
relationship between rhinitis and asthma has 
introduced the concept of “the united airway 
disease.”

33.4.3  Allergic Rhinitis and Genetics

On the basis of genetic studies, multiple groups 
have tried to identify a susceptibility gene for 
allergy using the candidate gene approach and/or 
genome-wide screening. Each of these two 
approaches suggested genetic heterogeneity of 
allergic diseases. Candidate genes identified so 
far are associated with various diseases in differ-
ent ethnic groups and their function is being 
investigated. Based on the information accumu-
lated thus far and the information on the human 
genome sequence, future advances in research on 
genetic factors for allergic diseases will likely 
lead to the establishment of more effective pro-
phylaxis and therapy for these diseases.

There is now overwhelming support for a 
genetic component to allergic diseases. 
Information on the genetics of allergic diseases is 
valuable not only for analyzing the molecular 
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basis of allergic diseases but also for investigat-
ing new drugs [12].

Recent rapid improvements in the field of 
genetics have disclosed several pathways that are 
crucial for AR pathogenesis and perhaps more 
importantly have shown that AR behaves like 
typical complex diseases. That is conditions in 
which various genetic variants that are individu-
ally mild may be capable of major phenotypic 
effects when acting in concert within a certain 
environmental context. Researches in the genet-
ics of AR have made much progress over the last 
decade and are expected to advance even further 
in the near future, as increasingly powerful ana-
lytical tools are being developed to unlock the 
complexities of genetic diseases. However, some 
formidable challenges still remain for AR geneti-
cists: i.e., the identification of all the genes 
involved in the disease, the mechanisms underly-
ing the phenotypic heterogeneity of AR, the dif-
ficulties in replicating associations between 
genotype and phenotype across populations, and 
last, but not least, understanding how environ-
mental and developmental factors interact with 
genetic determinants to affect disease suscepti-
bility [13].

Shirkani et al. (2019) conducted a study in the 
northeast of Iran in which the IL-13 polymor-
phism (rs20541, Exo 4, G > A, Arg130Gln) and 
IL-4 polymorphism (rs2243250 = C-590 T, pro-
moter, T > C) are co-associated with AR and sen-
sitivity to aeroallergens [14]. In another study, a 
significant association of rs20541 (Arg130Gln) 
with serum total IgE levels in Chinese adult 
patients with allergic rhinitis was found [15]. 
They determined that the patients with a gln/gln 
genotype showed much higher serum total IgE 
levels as compared with an arg/arg genotype.

In a Korean population composed of 295 
patients with allergic rhinitis and 418 controls, Li 
et  al. determined a significant association 
between allergic rhinitis and 3 SNPs of the 
FOXJ1 gene:-460C-T (rs880213), 1805G-T 
(rs1868823), and 3375G-C (rs3192453) [16]. 
Haplotype analysis disclosed that the main hap-
lotype, CGG of the 3 SNPs, respectively, was sig-
nificantly associated with allergic rhinitis 
(P  =  0.000018). There was no association 

between the SNPs and serum IgE levels. Based 
on these data, it was suggested that dysregulation 
of FOXJ1 may influence T cell activity.

Amarin et  al. (2017) found that an intronic 
single-nucleotide polymorphism (rs13217795) 
in FOXO3 gene is associated with asthma and 
allergic rhinitis. Under the general model, the 
odds of the asthma phenotype were 1.46 (0.64 to 
3.34) and 3.42 (1.37 to 8.57) times higher in het-
erozygotes and derived allele homozygotes, 
respectively, compared to ancestral allele homo-
zygotes [17].

Guo et  al. (2018) reviewed 29 case–control 
studies in a meta-analysis. They found that 
E237G (B vs. A: OR = 1.28, 95% CI = 1.06–1.53, 
P < 0.001, I2 = 63.1%) and −109 C/T (BB vs. 
AA + AB: OR  =  1.58, 95%CI  =  1.26–1.98, 
P < 0.001, I2 = 66.4%) were risk factors for aller-
gic diseases [18].

Haagerup et al. (2001) performed a genome- 
wide scan to identify susceptibility genes for 
allergic rhinitis in affected sib-pair families [19]. 
From 100 Danish nuclear families selected for 
allergy, families having at least two full sibs with 
clinical allergic rhinitis and enhanced specific 
IgE against at least 1 of the 11 tested allergens 
were chosen. A total of 33 sib-pair families were 
qualified for the genome-wide scan that was 
undertaken using 446 microsatellite markers. The 
collected data were analyzed by nonparametric 
multipoint linkage analysis using the maximum 
likelihood score (MLS) approach. One major 
candidate region on chromosome 4q24-q27 (lod 
score of 2.83) was revealed. There is evidence of 
linkage between allergic rhinitis and the region 
spanning from the marker D4S1651 to D4S2394, 
which is approximately 13 cM and which poten-
tially harbors a specific susceptibility gene. 
Another eight regions including 2q12-q33, 3q13, 
4p15-q12, 5q13-q15, 6p24-p23, 12p13, 22q13, 
and Xp21 showed evidence of linkage detected 
by lod scores in the range of 1.04–1.63. Among 
these eight regions, two regions were in line with 
previous findings associating chromosomes 2q33 
and 6p23 with asthma and asthma-associated 
phenotypes.

Fine mapping in three independent Danish 
populations was performed by Brasch-Andersen 
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et al. (2006), consisting of a total of 236 sib-pair 
families with clinical allergy, including the 33 
sib-pair families with allergic rhinitis originally 
studied by Haagerup et al. (2001) [20]. Analysis 
of 28 microsatellite markers on chromosome 3q 
displayed significant linkage to 3q13.31 for rhi-
nitis (MLS  =  5.55, identity by descent, or 
IBD  =  63.9%) and for atopy (MLS  =  3.71, 
IBD = 61.7%). An MLS of 5.1 (IBD = 67.3%) 
was obtained when sib pairs with both rhinitis 
and atopy were analyzed.

33.4.4  Molecular Targets for AR 
Therapy

The worldwide efforts to discover susceptibility 
genes in allergic diseases are motivated by the 
conviction that the identification of disease 
genes may facilitate the design of new classes of 
anti- inflammatory compounds. Molecules con-
cerned with the allergic reaction, such as cyto-
kines, chemokines, their receptors, major 
histocompatibility complex molecules, and 
transcription factors, could provide a candidate 
drug target. Current medications for AR such as 
antihistamines and leukotriene receptor antago-
nists are aimed at symptom relief and block the 
production of proinflammatory cytokines to 
suppress allergic inflammation. However, SYK 
(spleen tyrosine kinase) inhibitors can block the 
allergen-induced release of all mast cell media-
tors like eicosanoids and cytokines. Therefore, 
SYK kinase is a desirable therapeutic target for 
acute and chronic allergic inflammation. SYK 
kinase inhibitors are now entering clinical trials. 
A series of 2,4- diaminopyrimidine compounds 
were developed as SYK kinase inhibitors using 
cell-based structure–activity relationships with 
primary human mast cells. One of these com-
pounds, referred to as R112, was suitable for 
intranasal delivery and was tested for safety and 
efficacy in allergic rhinitis patients. In a park 
environment, R112 showed remarkable relief of 
acute allergic rhinitis symptoms with rapid 
onset of action. These results indicate the clini-

cal significance of inhibiting SYK kinase in 
allergic upper airway disorders [21]. Figure 33.1 
shows the SYK kinase pathway and its relation 
with FcƐR.

Kato et  al. (2018) showed that JTE-852, a 
novel spleen tyrosine kinase inhibitor, signifi-
cantly blocked effects on antigen-induced aller-
gic reactions in rat models, indicating that 
JTE-852  in oral dosage form would improve a 
wide range of allergic signs. However, the cur-
rent anti-allergic drugs, on the other hand, failed 
to display significant suppression in several 
models [22].

Ramasamy et  al. reported an association of 
three loci for either AR or grass sensitization 
through the evaluation of genome-wide meta- 
analysis of genetic variants. The HLA variant 
rs7775228, which cis-regulates HLA-DRB4, was 
strongly associated with grass sensitization and 
weakly with AR. Variants in a locus near chro-
mosome 11 open reading frame 30 (C11orf30) 
and leucine-rich repeat containing 32 (LRRC32), 
which was previously associated with atopic der-
matitis and eczema, were also strongly associated 
with both phenotypes (rs2155219). The third 
genome-wide significant variant was rs17513503, 
which is located near transmembrane protein 232 
(TMEM232) and solute carrier family 25, mem-
ber 46 (SLC25A46). They also observed strong 
associations of both AR and IgE sensitization to 
grass with a common (minor allele frequency, 
47%) polymorphism in the 11q13.5 locus [23].

Lu et al. (2011) found that the CT/CC geno-
types in IL-4 C-590 T were associated with a sig-
nificantly decreased risk of mite-sensitized PER 
(adjusted odds ratio (OR) = 0.64, 95% confidence 
interval (CI) 0.45–0.92), compared to the TT 
genotype [24]. Moreover, persistent allergic rhi-
nitis (PER) patients with CT/CC genotypes had 
significantly lower serum levels of total IgE than 
those with TT genotype (P  =  0.001). However, 
there was no significant association of the IL-13 
and IL-4RA polymorphisms with mite-sensitized 
PER (P = 0.05).

Kruse et al. (2012) reported genome-wide sig-
nificant linkage to a novel AR locus at 1p13 and 
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Fig. 33.1 Allergens bind FcεRI and trigger the Syk- 
mediated signaling pathway resulting in mast cell degran-
ulation, eicosanoid mediator synthesis, and cytokine 

production. Ionomycin, a calcium mobilization agent, can 
also induce degranulation of mast cells

suggestive linkage to two novel regions at 1q31- 
q32 and 20p12 [25]. The locus has previously 
been demonstrated to have a suggestive linkage 
with asthma [26]. Possible candidate genes are 
the glutathione S-transferase M1 (GSTM1) [27] 
and acidic mammalian chitinase (CHIA) genes 
located at 1p12-p13, earlier shown to be associ-
ated with asthma [28]. Chromosome 20p12 is 
also a novel finding in regard to AR. However, it 
has previously been found to have a linkage with 
atopy as well as asthma [26].

Several studies have found an association of 
filaggrin (FLG), a filament-associated protein 
that binds to keratin fibers in epithelial cells with 
various allergic conditions and diseases includ-
ing atopy as well as atopic dermatitis (AD), 
asthma, and AR [29].

At 2q13-q14, the interleukin 1 gene cluster 
(IL-1A, IL-1B, and IL-1RN) was previously 
associated with AR [30].

At 20p13, a disintegrin and metalloproteinase 
domain 33 (ADAM33) gene residing almost 
3 Mb from the maximum linkage signal has pre-
viously been associated with AR. Toll-like recep-
tors 7 and 8 (TLR7 and TLR8) located at Xp22 
confer susceptibility to several allergic diseases 
and among these are AR [25].

Hussein et  al. showed that the genotype and 
allele frequencies of the TLR2 Arg753Gln and 
TLR4 Asp299Gly polymorphisms are not signifi-
cantly different between asthmatic children or 
allergic rhinitis as compared to controls (P > 0.05 
for each) or even when compared further with 
IgE level [31]. However, it is shown that the 
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mutant allele of TLR2 or TLR4 polymorphisms 
was significantly associated with the moderate to 
severe groups compared to the mild group in both 
atopic asthmatics and allergic rhinitis groups 
(P > 0.001 for each). In conclusion, their study 
demonstrated a lack of association of TLR2 and 
TLR4 polymorphisms with asthma and allergic 
rhinitis but suggests a significant association 
between these genetic variants and the disease 
severity.

To date, two allergy vaccine-containing TLR 
agonists (Pollinex Quattro and AIC) have been 
investigated in clinical trials. Preseasonal subcu-
taneous injection of Pollinex Quattro contains 
monophosphoryl lipid, a TLR4 agonist and AIC 
contains, CpG motifs activating the TLR9 cas-
cade have been found safe and efficacious in con-
trol of nasal symptoms of patients with allergic 
rhinitis. Other molecules like CRX-675 (a TLR4 
agonist), AZD8848 (a TLR7 agonist), VTX-1463 
(a TLR8 agonist), and 1018 ISS and QbG10 
(TLR9 agonists) are currently being investigated 
for allergic rhinitis and asthma [32].

33.4.5  Allergic Rhinitis 
and Epigenetics

The immune system is heavily affected by envi-
ronmental changes. One of the good and current 
examples of this situation is the remarkable 
increase of all immune diseases with urbaniza-
tion. Likewise, the rising prevalence of immune 
diseases in infancy indicates that there may be an 
essential early period of sensitivity. During fetal 
life, essential arrangements occur such as the 
structure, function, and response patterns of 
many systems. So, elucidating early events may 
offer important insights into the pathogenesis of 
the disease, as well as the pathways of environ-
mental influence.

A variety of environmental exposures in preg-
nancy such as maternal diet [33], pollutants like 
cigarette smoke [34], and microbial exposure 
[35] have been shown to alter immune function. 
Conspicuously, the same determinants were 
identified as potential immune modifiers in epi-
demiological studies of allergic disease.

The effects of diet are potentially complex. More 
studies are needed to examine the effects of related 
dietary nutrients such as vitamins B2, B6, and B12, 
methionine, and choline, which may be implicated 
in epigenetic effects through their effects on folate-
mediated one-carbon metabolism.

Belinsky et  al. also showed that exposure to 
the ultrafine particulate matter found in pollution 
may also change DNA methylation in maternal 
and fetal DNA and may be associated with altered 
inflammatory response pathways.

There is current exciting evidence that some 
pathogens can affect the epigenetic profile of the 
host cell, influencing or mimicking mechanisms 
that participate in DNA methylation and histone 
modification [36]. The studies also showed that 
allergy protection by in utero microbial exposure 
in rural farming environments is correlated with 
enhanced neonatal Treg (regulatory–suppressor 
T cells; these cells downregulate the immune sys-
tem, thus keeping tolerance to self-antigens) 
function, FOXP3 expression, and associated epi-
genetic effects (hypomethylation) of the FOXP3 
gene [37].

Several specific nutritional changes have been 
correlated with the rising allergic propensity, 
including a decrease in omega-3 polyunsaturated 
fatty acids (n-3PUFA), soluble fiber, antioxi-
dants, and other vitamins [38], based on epide-
miological associations and immunological 
effects. Similarly, antioxidants have been shown 
to have effects on T cell regulation and induction 
of IL-12 production by antigen-presenting cells 
[39]. So, this could induce the development of 
Th1 and repress Th2 responses. Devereux et al. 
showed an immunomodulatory role for maternal 
dietary antioxidants during pregnancy; this, com-
bined with evidence that oxidative stressors can 
trigger epigenetic changes and alter disease risk 
(see below), indirectly suggests a role for these 
pathways [40].

A recent study in mice also showed that expo-
sure to diesel exhaust particles augments the pro-
duction of IgE after allergen sensitization through 
the hypermethylation of IFNγ and hypomethyl-
ation of the IL-4 locus [41]. In placental tissue, 
nicotine has also been shown to alter cytokine 
production via NFκB [42].
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The current and remarkable rise in allergic 
diseases and the very early onset of disease indi-
cate that in utero events have a more essential 
effect on immune development and allergic sus-
ceptibility than genomic inheritance. Above all, 
as epigenetic modifications are commonly revers-
ible, this may provide for the development of 
novel therapeutic compounds that may be 
 efficacious in arresting or even reversing the 
allergy epidemic [33].

A recent large gene expression microarray 
study of unstimulated CD4+ T cells found no dif-
ferences between allergic and nonallergic indi-
viduals [43].

The existence of monozygotic (MZ) twins 
who are discordant for intermittent allergic rhini-
tis (IAR) suggests disease mechanisms that are 
independent of genetics [44]. Sjogren et  al. for 
the first time performed mRNA and microRNA 
expression microarray analyses of CD4+ T cells 
from MZ twins discordant for IAR.  They ana-
lyzed the CD4+ T cells outside the pollen season, 
after in  vitro allergen challenge and during the 
pollen season without in vitro allergen challenge. 
The allergen challenge in vitro resulted in signifi-
cant differences in mRNA and protein levels 
between the allergic and healthy twins. The cyto-
kines IL-4, IL-5, and IL-13 were increased in the 
supernatants from allergic twins. In their study, 
they performed microRNA expression arrays of 
all the twin pairs but found no significant differ-
ences. Next, blood samples were taken during 
pollen season from four MZ twin pairs discor-
dant for IAR [45]. Consequently, they identified 
disease-relevant mRNAs and proteins that dif-
fered between the discordant MZ twins. No dif-
ferences in microRNA expression were 
determined. Because the MZ twins are almost 
genetically identical, the observed altered expres-
sion of essential disease-associated genes and 
proteins may have epigenetic causes [45].

The elevation in the levels of HDAC1, 3, and 
11 in the nasal epithelia have been shown in dif-
ferent studies related to allergic rhinitis and 
HDAC inhibitors have been found efficient in 
decreasing the symptoms of allergic rhinitis. 
Their effectiveness is attributed to restoration of 
the expression of TWIK-related potassium chan-

nel- 1, regulation of cytokine profile along with 
normalization of Th1/Th2 imbalance. Also, it is 
shown that some miRNAs including miR-135a, 
miR-146a, miR-181a, miR-155 downregulated 
and miRNA19a upregulated in allergic rhinitis 
patients [46].

In conclusion, the role of genetic as well as 
epigenetic factors in the pathophysiology of nasal 
diseases, including allergic rhinitis, is becoming 
more evident. Environmental effects on genetic 
variants and epigenetics determine the fate of 
chronic nasal diseases. Clarification of such rela-
tionships and mechanisms will lead to novel 
molecular diagnostic and therapeutic approaches 
for these kinds of diseases.

33.5  Role of Genetics in Chronic 
Rhinosinusitis

33.5.1  Introduction

The first contact of the respiratory system with 
the external environment occurs in the nose, 
which is responsible for air filtering, humidifica-
tion, and temperature regulation. Because of this 
close contact of the respiratory mucosa with a 
great variety of allergens and pathogens, upper 
respiratory illnesses are one of the most frequent 
diseases in humans. Chronic rhinosinusitis (CRS) 
is characterized by a chronic inflammatory con-
dition of the sinonasal mucosa, but it is mostly 
defined by its clinical manifestation rather than 
the inflammation pattern. CRS presents with 
chronic symptoms such as nasal congestion, 
anterior or posterior nasal drainage, hyposmia, 
and facial pain [47]. It is highly prevalent. 
According to an analysis of the 2008 National 
Health Interview Survey data, almost 1 in 7 adults 
suffering from rhinosinusitis [48]. Additionally, 
it has a huge effect on the quality of life and 
healthcare expense in terms of antibiotic pre-
scriptions filled, lost work days, and lost school 
days [49]. The disease is characterized by chronic 
inflammation of the sinonasal mucosa, and 
because inflammation of the nasal and sinus 
mucosa often coincides, it is named “rhinosinus-
itis” in current literature. It is an attempt to stress 
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the concept that patients present with symptoms 
attributable not only to the sinuses but also to 
nasal inflammation that might often, but not 
always, be present.

The term chronic refers to symptoms persist-
ing for more than 12  weeks with no definitive 
resolution. Also, the most recent consensus defi-
nitions subclassify CRS into CRS without nasal 
polyposis (CRSsNP), CRS with nasal polyposis 
(CRSwNP), and allergic fungal rhinosinusitis 
(AFRS) [50]. A study showed that the inflamma-
tory mediator profile in the nasal mucosa of 
patients with CRS without nasal polyps 
(CRSsNP) and CRS with nasal polyps (CRSwNP) 
is similar. It further strengthens the idea that rhi-
nitis and sinusitis can indeed be classified as one 
disorder entity and supports the use of the term 
rhinosinusitis. Although primary allergic or 
upper respiratory tract infectious inflammation in 
the nose can cause sinus ostia obstruction and 
subsequent sinusitis, it remains unproved from 
prospective studies whether and how often this 
occurs.

Historically, chronic sinusitis has been consid-
ered a single unimodal clinical disease. But in 
recent years chronic sinusitis has been recog-
nized as comprising several diseases with differ-
ent causes, with each one characterized by a 
definite histological pattern and gene and protein 
expression. Identification of specific disease sub-
groups and their etiologies is important for cor-
rect differential diagnosis and to apply appropriate 
therapeutic intervention.

33.5.2  Chronic Sinusitis (CS)

For diagnosis of CS, it is important to see symp-
toms of nasal irritation, anterior and posterior rhi-
norrhea, and nasal congestion with the 
accompanying presence of pressure or pain in a 
“sinus” distribution area that lasts for more than 
12 weeks [51]. But validation with nasal endos-
copy or computed tomography (CT) imaging is 
important because there can be significant over-
lapping of these symptoms that are very likely to 
be of migraine or midfacial pain syndrome origin 
[52]. Chronic sinusitis has been divided into two 

subgroups depending on the presence or absence 
of NPs [51]. Some researchers determined a sig-
nificant correlation between nasal polyposis and 
the presence of tissue eosinophilia. However, 
both the presence and degree of eosinophilia in 
NPs can be quite variable, and researchers did not 
observe eosinophilia in a large patient group with 
idiopathic nasal polyposis [53]. These results 
support the opinion that certain forms of CS such 
as allergic fungal sinusitis (AFS) [54] and aspirin- 
exacerbated respiratory disease (AERD) [55] 
may be more likely to produce NPs and present 
rich eosinophilic infiltrate into the sinus cavity. 
Polyposis can present as a complication in any 
form of CS. So it should not be used as the basis 
for diagnosis or decisions regarding treatment. 
Evaluation of the presence or absence of NPs can 
be especially important in clinical practice for 
identifying patients who are more or less likely to 
have eosinophilic disease and thereby also identi-
fying patients who are more or less likely to 
respond to eosinophil-targeted medicines. 
However, it should be emphasized that, in prac-
tice, CS presents as a spectrum of disorders in 
which the level of eosinophilia and predilection 
for polyposis exist on a continuum. Although we 
will stress the different features of the pathology 
of eosinophilic and noneosinophilic forms of 
these diseases, in daily life patients can generally 
present with variable overlapping symptoms.

It is demonstrated in a recent study that omali-
zumab and mepolizumab treatments improved 
endoscopic nasal polyp score (EPS) and symp-
toms score in patients with CRSwNP when com-
pared with placebo. Reductions in the size of 
nasal polyps have been observed after reslizumab 
treatment in patients with raised intranasal inter-
leukin- 5 levels. Also, a 70% reduction in EPS 
compared with 20% in the placebo group has 
been observed after dupilumab treatment 
(p < 0.001) [56].

33.5.3  Remodeling Theories

When we look at the histological investigation of 
CRS, two different remodeling types are seen. 
One of them is CRSsNP, which is associated with 
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fibrosis, basement membrane thickening, subepi-
thelial edema, goblet cell hyperplasia, and mono-
nuclear cell infiltration. The other is CRSwNP, 
which is associated with an edematous stroma 
with albumin deposition, pseudocyst formation, 
and subepithelial and perivascular inflammatory 
cell infiltration.

Remodeling is a dynamic balance between 
production and degradation of extracellular 
matrix (ECM) and is regulated by various factors 
among which TGF-b has a central role. The Treg 
cells are one of the most important factors in the 
remodeling process. TGF-b is also an essential 
factor in the remodeling process of the airways. It 
is responsible for the attraction and induction of 
proliferation of fibroblasts, and it also causes 
upregulation of ECM synthesis. A study showed 
that TGF-b1 and 2 protein concentrations, TGF-b 
receptor I and III mRNA expression, and the 
numbers of activated pSmad 2-positive cells were 
significantly lower in patients with CRSwNP 
than in control subjects. However, in patients 
with CRSsNP, TGF-b1 protein concentration, 
TGF-b receptor II and III mRNA expression, and 
the number of activated pSmad 2-positive cells 
were significantly higher than in control subjects 
[57]. Indeed, the upregulation of the TGF-b sig-
naling pathway in patients with CRSsNP causes 
excessive collagen deposition associated with 
fibrosis, while its downregulation at the protein 
level in patients with CRSwNP causes edema 
formation and a lack of collagen production 
(Table 33.1).

Past investigations have focused on inflamma-
tory differences, but recent information from 
studies comparing patients with CRSsNP and 
patients with CRSwNP showed that TGF-b pro-
teins and their signaling might be suitable mark-
ers to distinguish between the different CRS 
subtypes.

33.5.4  Chronic Infectious Sinusitis

There is a significant loss of barrier and innate 
immune functions in all types of CS, making 
these patients highly prone to frequent and long- 
standing episodes of acute sinusitis. As a conse-

quence, all forms of CS generally copresent with 
anaerobic bacteria, gram-negative organisms, 
Staphylococcus aureus, and other bacterial colo-
nization in the sinuses. However, chronic infec-
tion (i.e., an episode of acute sinusitis persisting 
beyond 12 weeks despite antibacterial therapy) is 
less often the cause of CS, and, when present, the 
clinician should consider whether there is an 
underlying immune deficiency, HIV infection, 
immotile cilia syndrome, or cystic fibrosis. At the 
present time, the investigation into the presence 
of allergic atopy or anatomic abnormalities is 
recommended for patients with CS because these 
factors might have a causative or modifying role 
on the disease. The exact significance of these 
factors in relation to sinus inflammation is 
unknown, but their impairment might cause a 
decreased level of patient improvement 
(Table 33.2) [58].

33.5.5  Noneosinophilic Sinusitis 
(NES)

Idiopathic noneosinophilic sinusitis (NES) is 
thought to result from chronic or recurrent 
blockage of the sinus ostia caused by anatomic 
predisposition like septal deviation viral rhini-
tis, allergic rhinitis, or other causes. As a conse-
quence, these processes cause recurrent and 
prolonged bacterial infections, possibly in asso-

Table 33.1 ARIA classification of allergic rhinitis

“Intermittent” rhinitis “Persistent” rhinitis
   Symptoms are 

present:
   Symptoms are present:

    ≤4 days a week     ≥4 days a week
     Or ≤ 4 consecutive 

weeks
     And ≥ 4 consecutive 

weeks
“Mild rhinitis” “Moderate/severe” rhinitis
   None of the following 

items are present:
   ≥1 of the following items 

are present:
    Sleep disturbance 

impairment of daily 
activities, leisure, and/
or sport impairment 
of work or school 
work, troublesome 
symptoms

    Sleep disturbance 
impairment of daily 
activities, leisure, and/or 
sport impairment of work 
or school work, 
troublesome symptoms

Adapted from Bousquet et al. (2001)
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Table 33.2 Clinical manifestation of chronic sinusitis

1. Infectious Idiopathic
Associated with immune 
deficiency

2. Eosinophilic AFS
CHES
AERD

3. Noneosinophilic Idiopathic
Induced by an anatomic tendency
Induced by chronic rhinitis

4. Cystic fibrosis

ciation with barotrauma of the sinus cavities and 
harm to the respiratory epithelium, ciliary 
destruction, prominent mucous gland, and gob-
let cell hyperplasia similar to the bronchial epi-
thelium in asthma disease, bacterial colonization, 
and biofilm formation [59]. A mononuclear cell 
infiltrate with few neutrophils is observed in the 
inflammatory component of this form of sinus-
itis. If neutrophils are presented, it indicates 
recent infection, persistent infection, or 
CF.  Prominent remodeling with dense deposi-
tion of collagen and other matrix proteins is 
characteristic of NES.

33.5.6  Molecular Basis of NES

Knowledge about the development of this disease 
is very limited, and as such, there are very few 
studies that have investigated whether there is a 
genetic component to NES. One study identified 
the plasminogen activator inhibitor 1 (PAI-1) 
gene as a possible candidate [60]. Subsequently, 
recent observations related to the expression of 
PAI-1 and the thrombotic/fibrinolytic pathways 
further suggest a role for PAI-1 in CS [61]. The 
4G allele of PAI-1 is involved in the arrangement 
of fibrosis in asthmatic patients and especially in 
airway remodeling that leads to irreversible 
obstruction [62]. In this study, overrepresentation 
of the 4G allele was observed in the NES group 
compared with the control group of subjects 
without sinus disease (0.53 vs. 0.45) [60]. In a 
recent study on subjects (excluding asthma, 
atopy, or aspirin intolerance and thus were more 
likely to have NES), it was found that patients 
with CS had an increased prevalence of a GG 

genotype at position 2174 of the IL-6 promoter 
compared with a control group without sinus dis-
ease (odds ratio, 2.65) [63]. There is an effect of 
IL-6 on the differentiation of naive CD4 T1 cells 
to TH17 lineage, so this result conforms with the 
finding of an increased TH17 signature in 
NE-NPs [64]. IL-6 is also important for plasma 
cell differentiation, and this function also is con-
sistent with the previously discussed role for 
humoral immunity in patients with NES.

Different studies showed that eosinophilic 
CRSwNP (ECRSwNP), and non-eosinophilic 
CRSwNP (NECRSwNP) types had distinct gene 
expression motifs [8, 9]. Interferons and acute 
inflammatory cytokines (IL1 and IL6) were pre-
dicted as upstream regulators in NECRSwNP in 
this study [65].

33.5.7  Chronic Hyperplastic 
Eosinophilic Sinusitis (CHES)

CHES is an inflammatory disease. It is character-
ized by intensive eosinophils accumulation in 
sinuses and also rarely accompanied by NP tis-
sue. It participates a lot of histological and immu-
nologic features with asthma and frequently 
associate with asthma, suggesting that CHES and 
asthma might include similar idiopathic immune 
process, each of them influences the upper and 
lower airways, respectively [66].

33.5.8  Molecular Basis of CHES

The close relation between CHES and NP for-
mation has been shown in more than 30 studies 
addressing a possible genetic linkage. Several 
genes from the inflammatory pathway were 
found to relate/correlate with CHES, thus indi-
cating a role for dysregulation of cytokine pro-
duction in the pathogenesis of CHES.  A few 
studies have replicated the relation between 
IL-1a and CS, similar to the relation between 
IL-1a and NPs. They found a greater risk related 
to the G allele at position 14,858 in exon 5 of the 
gene [67]. Several studies have also found that 
the 2308  G-to-A polymorphism in the TNF-a 
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gene is associated with CS and NPs [68] how-
ever, other studies were unable to replicate these 
findings [67].

A study in patients with asthma reported that a 
C-to-T polymorphism at position 2590 of the 
IL-4 promoter may be connected to an increased 
risk of asthma [69]. Two cohort studies have also 
shown this polymorphism to be associated with 
the development of NPs [69]. IL-1ra, IL-1 
receptor- like 1, IL-33, and matrix metallopro-
teinase 9 have been determined as other relevant 
inflammatory genes. The MHC genetic region is 
very significant for the development of 
CHES.  Various genes within this region have 
been especially associated with defects in antigen 
presentation as a cause of disease. A 2- to five- 
fold increase in disease risk is associated with the 
HLA-DQA1* 0201 allele [70]. Also, more than 
12 other HLA alleles have been described in dis-
ease pathogenesis, but many of them have not 
been replicated in later studies. Tokunaga et  al. 
(2017) compared the gene expression profile of 
nasal polyps from patients who had ECRS and 
nasal polyps from patients who had non- 
ECRS. They demonstrated that the expression of 
transient receptor potential vanilloid 3 (TRPV3) 
was statistically different between these two 
groups [71].

33.5.9  Aspirin-Exacerbated 
Respiratory Disease (AERD)

AERD, also known as the Samter triad, is a con-
dition characterized by NPs, asthma, and aspirin 
sensitivity [72]. Aspirin intolerance presents in 
20% of adult asthmatic patients. Incidence 
increases to 30% if asthma is also associated 
with CS or nasal polyposis [73]. The key fea-
tures of this disorder are its association with 
severe and extensive pansinusitis and its pro-
pensity to develop de novo in adulthood. In 
patients who use aspirin regularly, if pansinus-
itis is present on CT scan examination, it may 
indicate aspirin sensitivity [55]. Nasal polyposis 
in AERD is aggressive with multiple polyps. 
Polypoid changes are characterized by rapid 
growth and frequent recurrence after surgery 

[74]. Despite the diffuse involvement of the 
sinuses with inflammatory tissue, the patient is 
asymptomatic and compared with acute sinus-
itis or NES, patients seldom suffer from head-
aches or “sinus pressure.” However, anosmia is 
one of the consistent complaints and perhaps 
causes the greatest morbidity.

33.5.10  Molecular Basis of AERD

Increased leukotriene synthesis is typical for 
AERD, so genes related to leukotriene synthesis 
or response have been the center of attraction for 
many researchers. LTC4S is the most important 
rate-limiting enzyme in leukotriene synthesis. 
Some studies have found an A-to-C base substi-
tution at position 2444 of the LTC4S promoter, 
which increases LTC4S expression [75]. Some 
researchers subsequently identified a relationship 
between this base change and AERD [76], while 
others have not [77]. Thus, the significance of 
this substitution is still unclear. 5-lipoxygenase is 
the first enzyme in the leukotriene synthesis path-
way. There are multiple variants of the tandem 
repeat GGGCGG within the promoter of the 
5-lipoxygenase gene and Sp1 [78]. One study 
found an increased risk for the development of 
AERD related to this gene (odds ratio, 5.0) [79]. 
Additionally, another study showed that this 
polymorphism gives rise to the severity of airway 
hyperresponsiveness in patients with AERD [80]. 
There are also other proteins in the leukotriene 
pathway associated with AERD such as CysLT1 
and CysLT2 receptors. A recent study summa-
rized that the arachidonic acid metabolism sig-
naling pathway genes LTC4S, ALOX5, 
CYSLTR1, and CYSLTR2 have the strongest 
evidence for a role in AERD pathogenesis [81]. 
Additionally, novel genetic polymorphisms, such 
as P2RY12 and dipeptidyl peptidase 10 gene, and 
epigenetic predispositions of AERD were deter-
mined [82].

In a GWAS, it is demonstrated that HLA- 
DPB1, rs3128965, DPP10 rs17048175  in a 
Korean population and TSLP rs1837253  in a 
Japanese population are associated with the phe-
notypes of NERD [83].
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33.5.11  Allergic Fungal Sinusitis (AFS)

Sometimes, mold living commensally in the 
sinuses can cause activation of innate immune 
pathways and synergistically evoke robust TH2 
lymphocyte and eosinophilic inflammatory 
responses. Initially, AFS was only attributed to 
Aspergillus species, but it is now known that 
many fungi species can be associated with AFS, 
including Cladosporium, Alternaria, Penicillium, 
Curvularia, and Bipolaris [84]. The key feature of 
AFS is specific IgE sensitization, which is dem-
onstrated by skin prick tests or serum immunoas-
says and measurement of increased total serum 
IgE concentrations. AFS generally develops in 
young, immunocompetent, and atopic subjects 
[54]. AFS has some features that distinguish it 
from other forms of eosinophilic sinusitis, such as 
its often being unilateral and limited to one or a 
few sinuses. Dense material fills and expands the 
sinuses and can typically be detected with CT 
scan [85]. The mucous and inflammatory 
responses frequently occupy a space in the nasal 
cavity and lead to expansion into proximate tis-
sue. This blocks the sinus ostia and subsequently 
causes bone absorption with resultant expansion 
into the orbits and cranium [86].

33.5.12  Genetics of AFS

There is only one study that shows a genetic link-
age with AFS. In a study of 74 subjects including 
44 enrolled with AFS, a weakly significant asso-
ciation of disease was determined with the MHC 
class II allele HLA-DQB1*03 [87], however, 
many subjects from the control group had at least 
one fungal species in the skin prick test.

33.6  Genetics of Cystic Fibrosis 
and Pathophysiology in Airways

33.6.1  Introduction

Cystic fibrosis (CF) is the most common lethal 
autosomal recessive genetic disorder, with a rate 
of approximately 1  in 2500 live births among 

Caucasians. There are approximately 80,000 
children and young adults with CF in the world. 
Genetic and nongenetic factors contributing to 
the disease and its variants have been widely 
investigated. Though the major gene responsible 
for the pathophysiology of CF is the cystic fibro-
sis transmembrane conductance regulator 
(CFTR) gene, recent research suggests that varia-
tions in other so-called modifier genes have an 
important influence on phenotypic differences in 
this disease. In recent years, multiple candidate 
modifier genes have been investigated, in particu-
lar, genes that are involved in the control of infec-
tion, immunity, and inflammation [88].

33.6.2  Rationale for Cystic Fibrosis

Subjects with CF typically present with the dis-
ease in the lungs, sweat gland, pancreas, intestine 
(which is especially important during the new-
born period), liver, and male reproductive tract 
[89]. CFTR controls chloride across the apical 
membranes of polarized epithelia [90]. Disruption 
in CFTR function inhibits the transport of 
sodium, chloride and water across epithelial tis-
sues and so it causes insufficient hydration of 
mucous secretions in CF patients. Certain organs 
are eventually damaged from/by a blockage in 
the luminal space and follow recurrent cycles of 
inflammation and fibrosis [89, 91]. Many CF 
patients suffer from intestinal malabsorption and 
an abnormal nutritional status due to obstruction 
of the exocrine pancreas. The major cause of 
death in CF patients is complications arising 
from obstructive lung disease, a condition that 
occurs in approximately 90% of patients [92].

33.6.3  Genetics and CF

Lung function measurements are notably differ-
ent among CF patients with identical CFTR gen-
otypes (e.g., F508del homozygotes) [93]. In fact, 
an analysis of almost 88,000 patients in the 
CFTR2 database showed a low correlation 
between CFTR mutations and FEV1. There are 
only a few mutations that cause a milder pancre-
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atic phenotype (e.g., p. Arg455Glu) [94, 95]. In 
aggregate, these studies show that factors other 
than the CFTR genotype affect the progression of 
airway obstruction in CF.

Recurrence of complications in affected sib-
lings at rates higher than in unrelated patients 
indicates a genetic effect, but care must be taken 
to account for the effect of a similar environment 
for siblings. A more powerful approach is to 
compare monozygous (MZ) and dizygous (DZ) 
twin pairs for concordance for qualitative traits 
and correlation for quantitative traits. When MZ 
pairs show a stronger correlation than DZ pairs 
for a clinical feature, it shows that genetic factors 
may be responsible [96].

A higher correlation between composite mea-
sures of lung function and body mass index (BMI) 
was observed in 29 MZ versus 12 DZ twin pairs. 
This was the first twin-based assessment of the 
contribution of gene modifiers to CF disease sever-
ity and suggested genetic control of this trait [97]. 
Analysis of lung function and weight for height as 
independent measures did not show significant dif-
ferences between the MZ and DZ twin pairs. 
Another comparison of 38 MZ pairs with six 
same-sex DZ pairs and 61 same-sex sibling pairs 
under 3 years of age demonstrated the heritability 
of lung function based on FEV1 measurements 
ranging from 0.54 to 1.0 [98]. Variance analysis of 
231 pairs of affected siblings showed an insignifi-
cantly higher estimate of heritability for the FEV1 
measures (0.68–1.0) [98]. In aggregate, these stud-
ies show that genetic modifiers have an essential 
role in determining FEV1, a key measure of lung 
function, which is correlated with survival.

Collaco et al. recruited 134 MZ twins and 272 
DZ twins and siblings when living together and 
after moving apart to estimate the relative effect 
of genetic and environmental factors on FEV1 
among CF patients. Differences in lung function 
between MZ twin pairs while living together in 
the same house supplied an estimate of the effect 
of unique environmental and stochastic contribu-
tions. Changing the home environment to inde-
pendent living was used to assess the effect of a 
shared environment. The effect of genetic factors 
was estimated by comparing the similarities in 
lung function measures in MZ and DZ twin pairs 

when living together and subsequently when liv-
ing apart. These methods showed that genetic and 
nongenetic factors had approximately equal 
effects on lung function. Analysis of 58 MZ twins 
and 568 DZ twins and siblings showed similar 
estimates for the genetic and nongenetic contri-
butions to lung function variance [99].

33.6.4  Modifier Genes in CF

Two independent studies with more than 500 
patients combined showed that more than nine 
genes can be involved in modifying some fea-
tures of the CF phenotype. Several recent studies 
provide detailed lists of all the CF-related/modi-
fier genes that have been studied thus far [99, 
100]. These studies demonstrated the role of vari-
ous modifier genes such as MBL2, EDNRA, and 
TGF-β1 in lung function; MBL2 in age at first P. 
aeruginosa infection; MSRA in meconium ileus; 
TCF7L2 in CF-related diabetes; SERPINA1 in 
CF-related liver disease.

Three studies in CF patients showed an earlier 
age of infection with Pseudomonas aeruginosa 
(Pa) to be related to mannose-binding lectin 
(MBL) deficiency genotypes. Lung disease sever-
ity, which is measured by FEV1 and infection sta-
tus, is correlated with and two of them are changed 
by the age of the patient and by CFTR genotype. 
In aggregate, MBL2 genotype was found to be 
related to infection status more than the other vari-
ables [101]. Hence, deficits in MBL causes/can 
cause a predisposition to early infection with Pa, 
which leads to more severe lung disease than that 
observed in patients of the same age and CFTR 
genotype but who do not have MBL deficiency.

The Genetic Modifier Study (GMS), one of 
the largest CF genetic modifier studies to date, 
analyzed 808 F508del homozygotes drawn from 
the extremes of lung function (highest 30 percen-
tile and lowest 30 percentile) and reported that 
alleles in the promoter (−509) and first exon 
(codon 10) of TGF-b1 are correlated with worse 
lung function [102]. This finding was studied in 
498 patients with different CFTR genotypes and 
was separately confirmed when a haplotype com-
posed of the opposite alleles at −509 and codon 
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10 was correlated with improved lung function 
[103]. Six studies including over 2500 CF 
patients determined a relationship between 
TGFb1 and CF lung function (see Table  33.1) 
while one study including 118 patients did not 
[104] and another involving 171 patients [105] 
found a relation between worse lung function and 
the opposite alleles than those reported by 
Drumm et al. and Bremer et al. [102, 103].

Three SNPs in the highest ranking gene, the 
interferon-related developmental regulator 1 gene 
(IFRD1), were identified in the whole GMS sam-
ple and showed a relationship using transmission- 
based methods in the family-based CF Twin and 
Sibling Study (TSS) [98]. IFRD1 acts via tran-
scriptional mechanisms to alter neutrophil func-
tion in response to bacterial infection, as 
demonstrated by cell- and mouse-based studies.

It was demonstrated that variants in the inter-
leukin- 8 (IL-8) gene correlated with lung func-
tion. This result supported the idea that 
modification of CF lung disease may be caused by 
an altered neutrophil response to infection [106].

There are other mechanisms, which seem-
ingly contribute to CF lung pathology as dem-
onstrated by evidence that variants in the 
endothelin receptor type A (EDNRA) gene cor-
relate with lung disease severity. Correlation 
between a variant in the 3′ untranslated region 
of EDNRA was identified in 709 F508del homo-
zygous patients in the GMS study and replicated 
in three independent samples of CF patients. 
Also, alleles of the EDNRA variant are associ-
ated with differences in RNA transcript level, 
which indicates a possible functional role. 
Given that variation of EDNRA has been impli-
cated in vasoconstrictive diseases as a result of 
effects on smooth muscle function, it was 
hypothesized that this gene may modulate CF 
lung disease by changing smooth muscle tone in 
the airways and vascular system [107].

33.6.5  Cystic Fibrosis and Nasal 
Findings

Clinical manifestations in the upper airways 
(UAW) occur in almost 100% of CF patients, 

appearing as recurrent sinusitis, rhinitis, and/or 
nasal polyposis [108, 109]. The frontal sinuses 
seldom develop in these patients, perhaps because 
of the early occurring/earlier occurring disorder 
of sinusitis which hinders pneumatization [110]. 
Sinusitis onset and nasal polyposis commonly 
occur between 5 and 14 years of age, with adult 
onset being unusual.

Most patients with CF (over 90%) [111, 112] 
develop chronic and recurring rhinosinusitis with 
or without nasal polyps. Modified mucus compo-
sition and viscoelasticity cause decreased muco-
ciliary clearance and blockage in paranasal sinus 
drainage ostia, thereby promoting local inflam-
mation, hypoxia and increased carbon dioxide 
partial pressure. Mucosal edema generally devel-
ops after impaired ciliary function and bacterial 
colonization, usually by Staphylococcus aureus 
and Pseudomonas aeruginosa [113, 114].

Franco et al. reported a relation between naso-
sinusal symptoms and cystic fibrosis. They found 
(the?) most common symptoms like cough (45%), 
oral breathing (44%), sleep disorders (42%), and 
nasal obstruction (37%) in CF patients. Twenty-
eight patients (28%) had purulent nasal discharge 
and 41% had medial bulging of the nasal lateral 
Wall [115]. It is reported that nasosinusal involve-
ment may worsen pulmonary disorder [116]. 
Hence, otorhinolaryngologists should investigate 
these patients in more detail for signs of pulmo-
nary diseases. A recent study in Brazil [117] dem-
onstrated more attention to the nasosinusal 
findings of CF patients, because CF is genetically 
very heterogeneous, with many types of mutations 
and a wide diversity in clinical presentations [118].

ΔF508 homozygosity was found more fre-
quently in the patients undergoing sinus surgery 
(58%) compared with a control population (48%) 
[119]. Lastly, a study reported that ΔF508 homo-
zygosity was associated with clinical severity of 
paranasal sinus diseases and with the presence of 
polyps on endoscopy in 113 patients [120].

33.6.6  CF and Nasal Polyposis

Nasal polyposis in CF patients was first described 
almost 50  years ago [121] but there is a little 
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known about its pathophysiology [122]. The 
prevalence of nasal polyposis varies by popula-
tion [117]. The incidence of nasal polyps has 
been observed in 6–48% of cases [123] depend-
ing on cystic fibrosis was diagnosed. Nearly 4% 
of patients already have symptomatic nasal pol-
yposis when their diagnosis of CF is established 
and it is expected that nearly 14% of patients will 
undergo surgical intervention for their nasal 
polyp disease [113].

Weber et  al. showed that nasal polyps were 
estimated in 39.1% of CF patients and, interest-
ingly, all of them were older than 6 years of age, 
presenting with recurrent pneumonia in 82.6%, 
pancreatic insufficiency in 87%, and malnutrition 
in 74%. No correlation was seen between nasal 
polyps and sweat chlorine concentration, geno-
type, clinical signs of severity, and nasal symp-
toms. Nasal polyps regressed in seven patients 
treated with topical steroids, while six patients 
showed complete resolution [124].

Some researchers reported that patients with 
nasal polyposis had better pulmonary function, 
however a higher rate of Pseudomonas aerugi-
nosa colonization, more hospitalizations, and 
more prevalence of allergy to Aspergillus fumig-
atus than the comparison group. They found no 
statistically different genotype distribution 
between the group with polyposis and the control 
group. But they also emphasized that the preva-
lence of the compound heterozygous genotype is 
higher within the nasal polyposis group than 
within controls [113].

33.7  Role of Genetics in Nasal 
Polyposis

33.7.1  Introduction

The nasal polyp is one of the final manifestations 
of chronic inflammation. Nasal polyposis is a 
chronic inflammatory disorder of the upper 
respiratory tract that 1–4% of the human popula-
tion suffers from [125]. The lamina propria of 
nasal polyps usually presents great numbers of 
eosinophils and lymphocytes. In chronic inflam-
mation, inflammatory cells produce neuropep-

tides, cytokines, and growth factors. These 
molecules lead to an extensive network of cellu-
lar interactions. In addition, resident structural 
cells can synthesize many of these molecules. 
Fibroblasts, epithelial cells, and endothelial cells 
help to organize the inflammatory process in 
nasal polyps [126].

Recently, it has been shown that there are pro-
inflammatory cytokines such as tumor necrosis 
factor-α (TNF-α) and interleukin-1b (IL-1b) in 
the epithelial and endothelial cells of nasal pol-
yps. Also, cell adhesion molecules such as very 
late antigen-4 (VLA-4) have been found on the 
surface of eosinophils, while integrins such as 
vascular cell adhesion molecule-1 (VCAM-1) 
have been shown on the surface of the small 
venules of the nasal polyp. Lastly, the presence of 
chemokines such as regulated upon activation of 
normal T cell expressed and secreted (RANTES), 
eotaxin, and IL-8  in the epithelium of the nasal 
polyps has been determined.

The nasal polyp tissue and the nasal mucosa 
have a sufficient collection of inflammatory mol-
ecules to combat efficiently against different 
agents such as allergens, bacteria, fungi, chemi-
cal particles, and viruses that come into the nose 
from the external environment. One of the most 
significant cells to offer an immune response may 
be the lymphocyte subpopulations. The percent-
ages of TH1 lymphocytes (which produce IL-2 
and interferon-α [INF- α]) and TH2 lymphocytes 
(which produce IL-4 and IL-5 cytokines) in the 
nasal pharyngeal tonsillar lymphocytes and 
peripheral blood lymphocytes have been deter-
mined in patients with nasal polyposis [127]. 
These same researchers have described the lym-
phocyte subpopulations and cytokines in nasal 
polyps [128].

33.7.2  Mucosal Irritation 
and the Role 
of Staphylococcal Exotoxin

As the nasal polyp symbolizes a final point in 
chronic inflammation, it is difficult to describe 
the initial events that trigger the inflammatory 
process in the lateral wall of the nose. Some 
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 substances, such as allergens, bacteria, viruses, 
air pollutants, and fungal elements, enter the sub-
mucosa of the lateral wall of the nose and dam-
age the airway epithelium. These irritants lead to 
changes in some of the possible modifications of 
the respiratory epithelium that may take place 
after the entrance of these particles. These 
changes include the following: first, the synthesis 
of inflammatory eicosanoids, which are potent 
cell activators and chemoattractants; second, pro-
inflammatory cytokines such as TNF-α and IL-1, 
which have major effects on growth, differentia-
tion, migration, and activation of inflammatory 
cells; and, third, specific cell adhesion molecules, 
which have an essential role in managing the 
inflammatory cell. Lastly, major histocompatibil-
ity class II antigens have a crucial role in antigen 
presentation to T cells [129] and are also respon-
sible for consequent activation of T cells. 
Figure 33.2 shows the possible changes in respi-
ratory epithelium after the entrance of bacteria, 
viruses, allergens, and fungal elements.

Various cytokine subtypes are produced by the 
stimulation of epithelial cells by these elements. 

Shortly after exposure, activation of specific 
inflammatory cells occurs. Hence, the early 
growth of nasal polyposis may be the effect of 
stimulation of the epithelium by allowing irri-
tants to change or damage the surface epithelium 
metabolically or physically. A cascade of inflam-
matory alterations takes place after this surface 
epithelium is damaged (Fig. 33.2).

A superantigen concept for massive nasal pol-
yposis has been postulated. S. aureus is the most 
common bacterial species found in the nasal 
mucus. It has been shown in different studies that 
these bacteria synthesize exotoxins and that the 
corresponding variable-β region of the T cell 
receptor is also upregulated in polyp lympho-
cytes [130]. Based on these results, it is postu-
lated that toxin-producing Staphylococci cause 
preliminary damage to the lateral wall of the 
nose. These exotoxins can act as superantigens, 
which lead to the proliferation of lymphocytes, 
which in turn synthesize cytokines that are asso-
ciated with the massive proliferation of inflam-
matory cells that are observed in massive nasal 
polyposis.

Fig. 33.2 Schematic presentation of epithelial damage in nasal polyp
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33.7.3  Proinflammatory Cytokines 
Produced in Nasal Polyps

TNF-α and IL-1β cytokines play a role in the 
second process involved in the development of 
nasal polyposis after the initial mucosal irrita-
tion. The basic function of these two cytokines in 
the upregulation of endothelial adhesion mole-
cules implicated in inflammatory reactions. 
TNF-α and IL-1β increase the production of 
endothelial adhesion molecules such as intracel-
lular cell adhesion molecule-1 (ICAM-1) and 
VCAM-1. It has lately been shown by in vitro 
studies and animal experiments that certain 
adhesion molecules are important for adherence 
of eosinophils to endothelium and their subse-
quent extravasations.

Eotaxin and RANTES, which are cysteine/
cysteine chemokines, attract and stimulate eosin-
ophils in vitro and direct eosinophils into inflam-
matory lesions. There is strong evidence 
supporting the hypothesis that cytokines released 
from activated CD4 T cells mostly account for 
the restricted accumulation and activation of 
eosinophils in allergy-related disorders. It has 
been reported that these T cells produce some 
cytokines such as IL-4 and IL-13, which are also 
known as TH2 cytokines. These cytokines play a 
role in favored extravasations of eosinophils 
through selective stimulation of VCAM-1 and 
IL-5. Also, granulocyte-macrophage colony- 
stimulating factor (GM-CSF) and IL-3 are essen-
tial for eosinophil activation and survival [131]. 
However, many studies propose that TH1 cells are 
the main cells in nasal polyps and their release of 
INF-γ and IL-2 are highly present in nasal pol-
yps. Thus, the recruitment of eosinophils may be 
linked to both TH1 and TH2 cytokines [132].

The specific localization of the eosinophil 
onto the vascular endothelial surface of the nasal 
polyp occurs due to the interaction of VLA-4 on 
eosinophils and VCAM-1 on venule endothelial 
cells. Eosinophil migration occurs within the 
nasal polyp venules after blood flow slowing 
down, and the subsequent transepithelial migra-
tion of these eosinophilic cells into the lamina 
propria of the nasal polyp occurs via the influ-

ence of chemokines such as RANTES and 
eotaxin. One study suggests that the eosinophil is 
the main cell in the nasal polyp, where eosino-
phils constitute up to 80% of the inflammatory 
cells [133].

Lymphocytes are enormously widespread 
cells accompanied by eosinophils found in the 
lamina propria of the nasal polyp. It is believed 
that protracted survival of these cells occurs via 
the autocrine upregulation of cytokines within 
the lamina propria of the nasal polyp. For 
instance, at least three cytokines (IL-3, GM-CSF, 
IL-5) are shown to decrease the apoptosis of 
eosinophils [134]. They have an impact on the 
long-term survival of eosinophils and their acti-
vation. Among these, IL-5 appears to have the 
most powerful effect in increasing the survival of 
eosinophils in the nasal polyp. Also, it was deter-
mined that the eosinophil itself can react by pro-
ducing similar cytokines in an autocrine 
upregulation pattern. This vicious cycle of auto-
crine upregulation increases the recruitment of 
more eosinophils into the nasal polyp so that the 
chronic inflammatory state of eosinophils is 
extended.

33.7.4  Eosinophils 
and Electrophysiology 
of Respiratory Surface 
Epithelium

Airway mucus secretion is stimulated by eosino-
philic cationic protein and inhibited by eosino-
philic major basic protein (MBP) [135]. Just over 
a decade ago, Jacoby and colleagues (1988) 
showed that MBP increased net chloride secre-
tion [136]. Also, MBP significantly facilitates 
sodium flux into the epithelial cell. Although 
there was a large change of chloride in and out of 
the cell, the net flux of chloride was not clearly 
determined. Finally, the short-circuit current 
seemed to be increased significantly with MBP 
compared with the control group.

One of the potential new strategies for the 
management of nasal polyps is based on the 
effect of amiloride and other sodium channel 
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blocking agents (such as furosemide) on water 
movement into and out of nasal mucosa. 
Amiloride notably reduced sodium absorption 
and the short-circuit current. Hence, amiloride 
or furosemide may be useful as topical agents 
that could reduce sodium absorption into the 
cell and thereby reduce cellular and subcellular 
edema. It is approved by the findings from the 
bioelectric studies suggesting that nasal polyp 
epithelial cells have a normal luminal chloride 
channel which was controlled by increased 
chloride permeability after isoproterenol admin-
istration. Amiloride caused a larger decrement 
in sodium absorption in nasal polyp cells than in 
cells from the inferior turbinate mucosa. 
Amiloride is a specific blocker of the apical 
sodium channel and reduces the basal voltage 
and basal short-circuit current. These results 
show that sodium absorption may be increased 
in nasal polyps.

The mediators such as MBP produced by 
inflammatory cells of nasal polyps may increase 
sodium absorption, which could cause water 
retention in the epithelium of the lamina propria 
of polyps. The efficacy of corticosteroid treat-
ment for nasal polyps depends on the inhibition 
of the synthesis of multiple cytokines. Decreased 
expression of the CFTR protein in remodeled 
human nasal epithelium from non-CF patients 
was demonstrated [137]. In normal adult pseu-
dostratified human nasal surface epithelium, the 
CFTR is localized to the apical domain of the 
ciliated cells, whereas in CF, the mutated DF 508 
CFTR gene causes an abnormal cytoplasmic 
location of the CFTR protein. Airway epithelial 
damage, in CF or non-CF patients, may induce a 
remodeling of the surface epithelium character-
ized by a change in the morphologic structure 
from normal columnar pseudostratified to basal 
hyperplasia, mucus cell hyperplasia, or squa-
mous metaplasia. These histological findings are 
found in human polyp epithelium in the non-CF 
patient. Thus, abnormally low expression of the 
CFTR protein not only may be caused by the 
CFTR gene mutation in CF but also may be asso-
ciated with airway surface epithelial differentia-
tion and remodeling as occurring in nasal polyps 
from non-CF patients.

33.7.5  Medical Treatment 
of Chronic Rhinosinusitis 
with Massive Nasal Polyposis 
Based on the Molecular 
Biology of Inflammation

Patients with CRS and massive nasal polyposis 
typically have eosinophilic and lymphocytic 
infiltration in the lateral wall of the nose. In the 
phases of inflammation, there is a complex inter-
action between cytokine molecules. It gives rise 
to increased numbers and survival of eosinophils 
and lymphocytes in the nose. Hence, a rational 
approach to the medical treatment of this chronic 
inflammatory disorder can be properly achieved 
only after a complete understanding of the cyto-
kine network (Table 33.3).

The major pathologic aspect of CRS with and 
without nasal polyposis is chronic inflammation. 
Hence, the application of specific anti- 
inflammatory drugs such as corticosteroids, 
which are the most commonly utilized drugs in 
the treatment of CRS, particularly with nasal pol-
yposis, is useful. Antileukotriene therapy has also 
been found useful in the management of nasal 
polyposis. This drug may be especially effective 
in the aspirin-sensitive patient who has CRS with 
nasal polyposis.

Erythromycin and clarithromycin have promi-
nent effects against neutrophils and some inflam-
matory cytokines, and interest in the potential 
anti-inflammatory effects of macrolide antibiot-
ics has increased in the last 50 years. However, 
there are many reports of increasing bacterial 
resistance to macrolides for many significant spe-
cies that specifically cause upper respiratory tract 
infection.

Microorganisms can stick on various surfaces 
and shape a three-dimensional constitution 
known as biofilm. After a biofilm has been 
formed on the mucosal surface, the bacteria har-

Table 33.3 Inflammation changes in different CRS 
subtype

CRS with NP CRS without NP

TGF-β1 ↑ Edema TGF-β1↑↑↑↑ Fibrosis

Treg ↑ TH2 + Treg ↑↑↑↑ TH1
TH2 −
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bored in the biofilm are less exposed to the 
immune response and less vulnerable to antibiot-
ics. One study mentions that the use of furose-
mide and amiloride was found to be valuable in 
the postoperative treatment of CRS with nasal 
polyposis [138].

Anti-IgE therapy is a compelling new thera-
peutic molecule for the neutralization of IgE and 
the inhibition of IgE synthesis [139]. Monoclonal 
anti-IgE therapy may be a logical approach in the 
treatment of chronic hyperplastic sinusitis when 
allergy is a major factor in a patient with IgE- 
mediated hypersensitivity.

33.8  Vasomotor Rhinitis and Its 
Genetic Background

33.8.1  Introduction

Rhinitis is an inflammation of the nasal area and 
generally characterized by rhinorrhea, nasal con-
gestion, sneezing, and/or nasal itching [140]. It is 
classified into subtypes of allergic, nonallergic, 
occupational, hormonal (pregnancy and hypothy-
roidism), drug induced, and food ingestion 
induced [141]. Vasomotor rhinitis (VMR) is the 
most common type of chronic nonallergic rhinitis 
(NAR). Millions of people suffer from vasomotor 
rhinitis and it causes uncomfortable symptom-
atology. VMR is an idiopathic condition diag-
nosed after exclusion of infection, allergy, 
eosinophilia, hormonal changes (such as preg-
nancy), and exposure to drugs. Hence, sometimes 
scientists have described it as a “wastebasket 
diagnosis” [142, 143].

Certain odors, alcohol, spicy foods, emotions, 
and environmental factors such as temperature, 
barometric pressure changes, and bright lights 
exacerbate these symptoms [144] (Fig.  33.3). 
Allergic and nonallergic rhinitis have notably 
overlapping symptoms, but the causes appear to 
be entirely different [144].

Skin testing or in vitro tests for allergen- specific 
IgE are usually used for allergic rhinitis (AR) or 
VMR diagnosis. Also, a patient may have both 
allergic and nonallergic components and this is 
named “mixed rhinitis.” These patients must be 

recognized properly because positive testing for a 
specific allergen may cause the clinician to ignore 
the role and management of non- allergic factors.

33.8.2  Epidemiology

Approximately 19 million people suffer from 
NAR in the United States and a further 26 million 
experience mixed rhinitis.

33.8.3  Pathophysiology of VMR

Several hypotheses have been suggested for the 
pathophysiology of VMR.

33.8.3.1  Trauma
Surgical and nonsurgical trauma has been 
accounted to cause VMR as a long-term 
complication.

33.8.3.2  Autonomic Dysfunction
Patients with vasomotor rhinitis are clinically sep-
arated into two subgroups: “runners,” who present 
“wet” rhinorrhea, and “dry” patients, who show 
nasal obstruction and airflow resistance with mini-
mal rhinorrhea. Many researchers have endeav-
ored to explain the pathogenic mechanisms for 
these subgroups. An imbalance in the autonomic 

Fig. 33.3 Possible mechanism of VMR
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input to the nasal mucosa has been held responsi-
ble for VMR since the 1950s. Recent theories pos-
tulate that increased cholinergic glandular 
secretory activity is responsible for runners, while 
nociceptive neurons with increased sensitivity to 
generally innocent stimuli are responsible for dry 
patients. Recent studies have suggested that VMR 
is due to a hypoactive sympathetic nervous system 
rather than a hyperactive parasympathetic system 
[145]. There are some factors that trigger symp-
toms of VMR such as changes in temperature or 
humidity, smoke, alcohol, odors, perfumes, sexual 
arousal, and emotional factors [143]. A study 
determined nasal hyperreactivity to cold air using 
anterior rhinomanometry [146]. Numata et  al. 
determined nasal hyperreactivity to histamine 
using acoustic rhinometry [147].

33.8.3.3  Cytokines and VMR
Chen et al. showed that there were no significant 
differences in levels of IL-10, IL-13, or IL-16 
between vasomotor rhinitis and normal controls. 
But the level of IL-12 in vasomotor rhinitis was 
lower than that of normal controls. Further 
research is needed on the role of IL-12 in vaso-
motor rhinitis [148].

33.8.3.4  Light and Electron 
Microscopic Findings

Giannessi et al. recently studied microscopic and 
ultrastructural alterations in the nasal mucosa of 
VMR patients [149]. VMR patients who under-
went inferior turbinate reduction showed abnor-
mal epithelium in 80–90% of the nasal surface 
with light microscopy. They observed decreases 
in epithelial thickness and loss of ciliated and 
goblet cells on the nasal surface. Also, ultrastruc-
tural studies supported light microscopic find-
ings. They detected ciliary loss, lack of tight 
junctions, loss of vibratile cilia, loss of goblet 
cells and ciliated cells, and a marked expansion 
of the intercellular spaces.

33.8.3.5  Neuropeptides
Some scientists have investigated the neurogenic 
and molecular mechanisms of VMR.  Tai and 
Baraniuk [150] suggest that sensory nerve end-
ings and autonomic dysfunction have a role in 

VMR. Stimulation of nasal sensory nerves caused 
sensations of pain and stuffiness. Type C nocicep-
tive nerves synthesize some neuropeptides such 
as substance P (SP) and calcitonin gene- related 
peptides, and it increased plasma extravasation 
and glandular secretion. Groneberg et  al. [151] 
studied the neuropeptide content of mucosal para-
sympathetic, sympathetic, and sensory nerves of 
patients with toxic rhinitis caused by chronic cig-
arette smoke exposure. They measured concen-
trations of calcitonin gene-related peptides, SP, 
vasoactive intestinal peptide, and neuropeptide 
tyrosine (NPY) and determined significantly 
increased concentrations of vasoactive intestinal 
peptide and NPY in the nasal mucosa of toxic 
rhinitis compared with normal subjects. Also, the 
level of SP expression was increased. SP is gen-
erally distributed in nerve fibers near submucosal 
glands and blood vessels, whereas NPY is found 
near submucosal blood vessels. SP has many 
functions in the body such as increasing plasma 
extravasation, glandular secretion vasodilatation, 
and mucociliary clearance. Vasoactive intestinal 
peptide (VIP) is a neurotransmitter that has a role 
in the inhibitory noncholinergic airway nervous 
system and it always dilates bronchus and vascu-
lature. Increased levels of VIP may lead to hyper-
secretion. Groneberg et al. (2003) postulated that 
a separate subclass of nerves might be responsible 
for the pathophysiology of toxic rhinitis and that 
major changes in the content of mucosal nerves 
occur in toxic rhinitis [151].

Schierhorn et  al. (2002) investigated ozone- 
induced releases of SP and neurokinin A, and 
ozone stimulation was found to increase SP and 
neurokinin A levels [152]. Also, it was reported 
that the ozone-induced increase in neuropeptides 
in allergic patients was higher as compared with 
nonallergic patients. Ozone might increase sen-
sory nerve activity in the upper airways and as a 
result increase neuropeptide release in the upper 
airways.

33.8.3.6  Nitric Oxide
The function of nitric oxide (NO) in the patho-
genesis of VMR was studied by Giannessi et al. 
(2003) and by Ruffoli et  al. (2000) [149, 153]. 
Three isoforms of NOS have been shown in the 
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human nasal mucosa. Nicotinamide adenine 
dinucleotide phosphate (NADPH) is used by all 
isoforms of NOS as a cofactor. Hence, NADPH- 
diaphorase histochemistry is used to investigate 
NOS in tissues. The damaged epithelium con-
taining cells with marked reactivity to NADPH- 
diaphorase was found in the nasal respiratory 
epithelium in VMR by Giannessi et  al. [149]. 
Basal cells in VMR presented strong NADPH- 
diaphorase activity, while NOS activity was neg-
ative in basal cells of normal subjects.

NO is known to have cytostatic and cytotoxic 
effects against microbes and cancer cells. 
Inducible NOS stimulation could synthesize a 
high degree of NO, and it could cause decreased 
viability of normal tissue and necrosis. High- 
level NOS expression in the nasal epithelium 
could lead to a constant high level of NO and 
result in constant epithelial damage. This has 
been postulated as one of the possible pathogen-
eses of VMR.  Repression of mucociliary clear-
ance decreased the number of tight junctions, and 
disruption in the basement membrane continu-
ities might permit environmental agents to inter-
act directly with the subepithelial structures. 
Consequently, symptomatic VMR is caused by 
increased responsiveness to the afferent trigemi-
nal fibers, and recruitment of secretory and vas-
cular reflexes could occur in the nasal respiratory 
mucosa.

Cervin et  al. (1999) studied the functional 
effects of NPY receptors on blood flow and NO 
concentrations in the human nose by using dose- 
dependent effects of the intranasal application of 
NPY [154]. They showed that application of 
NPY leads to vasoconstriction and a decrease in 
NO levels. Braat et al. (2002) showed that pollu-
tion and meteorologic factors are linked with the 
severity of symptoms in VMR patients [155]. 
They determined that minimum daily tempera-
ture and the levels of ozone and NO had the high-
est association with the severity of symptoms.

33.8.3.7  Nasal Secretory Proteins
The protein analysis of nasal washes to differenti-
ate VMR from other forms of rhinitis was studied 
by Iguchi et  al. (2002) and Tosun et  al. (2002) 
[156, 157]. Iguchi et al. (2002) investigated con-

trol, VMR, and perennial AR subjects [156]. The 
total protein and albumin level in AR was higher 
than the total protein and albumin level in NAR 
(P < 0.01 for both). It is shown that the difference 
in total protein and albumin concentration between 
normal control subjects and NAR was also statisti-
cally significant (P < 0.05 for both). The control 
subjects had the lowest total protein and albumin 
levels in their nasal lavage. They also found a pro-
tein with a molecular weight of 26 kDa. The iden-
tity of this protein has not been determined yet, but 
it is believed to derive from the nasal glands since 
its secretion can be provoked in normal volunteers 
with pilocarpine nasal spray. The average level of 
this protein was significantly higher in AR subjects 
compared with control subjects (P  <  0.01) and 
NAR subjects (P < 0.05). The level of the 26-kDa 
protein in NAR was higher than in control subjects 
but it was not statistically significant. It is sug-
gested that increased vascular permeability led to 
increased albumin concentration in nasal dis-
charge. The level of the 26-kDa protein is there-
fore enhanced due to increased gland secretion. In 
the NAR group, vascular permeability may have 
been increased over control subjects, but gland 
secretion was minimal, and the 26-kDa protein 
level remained low. Hence, the presence of the 
26-kDa protein can be used to distinguish AR 
from NAR.

The gel electrophoretic assessments of pro-
teins in nasal washings of patients with AR and 
VMR were studied [157]. The average total level 
of proteins, 66-kDa proteins, and 26-kDa pro-
teins was determined to be higher in AR com-
pared with those from VMR. The lowest rate of 
these proteins was seen in the control group. The 
differences in the mean concentration of proteins 
in AR, VMR, and control groups were statisti-
cally significant (P < 0.05).

Aust et al. (1997) studied the gene expression 
of eight types of mucin in control and vasomotor 
inferior turbinates, and the only difference 
observed between normal and VMR turbinates 
was a minor decrease in mucin 1, transmembrane 
(MUC 1) gene expression in the vasomotor group 
[158]. They suggested whether this decrease 
could begin abnormal neurogenic signals that 
lead to an increase in nasal secretions in VMR.

M. Gunduz et al.



459

33.8.3.8  Acid Reflux
It is suggested that there is a relation between 
laryngopharyngeal reflux and VMR based on 
autonomic dysfunction [145]. Patients with 
VMR and those with extraesophageal manifes-
tations of gastroesophageal reflux show findings 
of autonomic dysfunction. Patients with both 
VMR and esophageal reflux show a consider-
ably greater degree of autonomic dysfunction 
compared with patients with only VMR. Shaker 
et al. investigated the intrapharyngeal distribu-
tion of gastric acid refluxate [159] in reflux lar-
yngitis, VMR, and control subjects using dual 
pharyngeal and esophageal probes. The study 
determined that the number and extent of reflux 
events in the esophagus and lower pharynx are 
indistinguishable between patients and control 
subjects.

33.9  Conclusions

Rhinologic diseases are very common world-
wide. It is known that these diseases have a sig-
nificant genetic background. A lot of development 
in the field of genetics has been achieved over the 
last decade, and it is expected to advance even 
further in the next, as increasingly powerful ana-
lytical tools are being developed to solve the 
complexities of genetic diseases. These progress 
in information about the genetics of allergic dis-
eases and new tools help not only for illuminat-
ing the molecular basis of these diseases but also 
for developing new therapies. In the future, many 
rhinologic diseases with chronic progress will 
have a chance to be treated through new develop-
ments in the field of genetics.
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34Vomeronasal Organ

Cemal Cingi, Aytuğ Altundağ, and İsmail Koçak

Core Messages
• There are still debates about the nature and 

role of the vomeronasal organ in the human 
nose.

• The vomeronasal organ’s remnant appears to 
be a blind-ending tube lined by pseudostrati-
fied epithelium and associated with submuco-
sal glands.

• Vomeropherin pregna-4,20-diene-3,6-dione’s 
local and systemic effects help the human 
VNO’s functioning and its implications for 
autonomic and psychophysiological func-
tions. Some researchers, on the other hand, 
assume that the human VNO has epithelia that 
may function as a chemical sensory organ, but 
that there are no links between the VNO and 
the central nervous system.

The vomeronasal organ (VNO) is an auxiliary 
olfactory system peripheral sensory organ. In 
most amphibians, reptiles, and mammals, it is a 
paired organ found at the base of the nasal sep-
tum or on the roof of the mouth [1].

The VNO is an accessory olfactory organ that 
receives pheromones, which are chemical stimuli 
that induce behavioral, reproductive, or neuroen-
docrine responses in individuals of the same spe-
cies [2]. In the year 1703, Frederik Ruysch 
discovered the vomeronasal cavities in humans. 
On each side of the anterior part of the nasal sep-
tum of a young cadaver, he identified a “canali-
bus nasalibus.” Kölliker examined the role of the 
vomeronasal cavities in the nasal septum of dead 
fetuses, infants, and adults in great detail. The 
cavity’s opening is evident as a pit on the sep-
tum’s surface [3].

In several mammalian species, Ludwig Lewin 
Jacobson described the vomeronasal organ in great 
detail. He did, however, point out that the vomero-
nasal structure does not evolve in humans [4].

According to a recent Bulgarian survey, VNO 
is present in around 27% of the adult population 
(men, 53%; women, 47%) [5].

34.1  VNO Anatomy

The researchers describe a blind-ending tube 
with submucosal glands and a pseudostratified 
epithelium on all sides. It appears that this struc-
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ture is the adult human vestige of the vomerona-
sal organ [6]. The vomeronasal cavities were 
found at the base of the nasal septum’s most ante-
rior portion, which can be seen on computed 
tomography. According to histological research, 
the vomeronasal cavities consisted of a pit con-
nected to a duct running posteriorly under the 
nasal mucosa. In the duct, there were several 
glands that contained mucus [3]. There are some 
differences in how VNO, VNO trap, and VNO 
cavity are defined and identified. Researchers 
have identified the variations of the nasopalatine 
fossa (NPF) and the nasopalatine recess in some 
studies (NPR). The endoscopic view of the vom-
eronasal pit poses several doubts. The NPF and 
the NPR are two distinct but variable structures 
found near the VNO field. The NPF isn’t a trap 
for vomit. The vomeronasal duct opening could 
be hidden by a septal mucosal pit. The VNO is a 
submucosal structure that lies 2–8 mm above the 
NPR and cannot be detected macroscopically or 
endoscopically [7]. However, in another study, 
endoscopy showed vomeronasal cavities in some 
adults, but they lacked sensory neurons and nerve 
fibers [8]. The following are the main findings of 
a report on the human VNO: (1) A VNO is detect-
able in about two-thirds of the population, and 
bilateral VNOs are present in about 40% of inves-
tigated subjects, (2) its location on the left and 
right nasal septum is nearly symmetrical, and (3) 
the VNO’s detectability is unrelated to age or 
gender [9].

VNO has also not been reliably observed dur-
ing fetal development in recent studies, and its 
existence is not dependent on the gender or age of 
the fetus. By weeks 6–7, the VNO is present in 
human fetuses, and its ducts have opened into the 
nasal cavity by the 28th week. The VNO was dis-
covered to be made up of olfactory epithelium, 
lamina propria, and a dense vascularization net-
work when it was examined histologically. The 
VNO epithelium comprises a population of cells 
with neural properties that have the ability to dif-
ferentiate into a chemosensory epithelium at first, 
but the neural population declines significantly as 
the fetal age increases. The findings of these stud-
ies back up the hypothesis that the neuroepithe-
lium present in the early stages of fetal 
development is regressing [10, 11].

34.2  VNO Histology

The human VNO was discovered to have several 
forms. Tall cells with discontinuous cilia on their 
free surface made up the epithelium, which was 
variable in thickness both medially and laterally 
[12]. The anteroposterior and superoinferior 
locations of human VNOs in relation to the ante-
rior nasal spine and the nasal cavity floor were 
also distinct [13].

The epithelium that lines the human VNO var-
ies from that which lines VNOs in other animals 
and from that which lines the olfactory or respira-
tory epithelium in humans. Many elongated cells 
present a microvillar surface to the organ’s 
lumen, but the majority are not like microvillar 
vomeronasal sensory organs (VSNs) in other 
mammals. They don’t have axons that leave the 
epithelium or make synaptic interaction with 
axons in the epithelium, according to research. If 
these cells are chemosensitive, there is no clear 
way for them to communicate with the brain [14].

Several immunomarkers have been discov-
ered to dye these special elongated bipolar 
microvillar cells [15]. The vomeronasal epitheli-
um’s (VNE) histology tended to be highly varied. 
Slender bipolar cells made up portions of strati-
fied, respiratory, and standard pseudostratified 
vomeronasal epithelia. The human VNE does not 
behave like the mature olfactory epithelium, 
according to mainly negative immunohistochem-
ical findings for OMP [16]. These cells have 
physiological properties that are similar to those 
found in other mammalian species’ chemosen-
sory receptor cells. A small subset of VNE cells 
had neuron- like activity, as shown by the exis-
tence of certain bipolar cells positive for both 
protein gene product (PGP) 9.5 and soybean lec-
tin. In the VNE of adult humans, immunohisto-
chemistry was used to look for three molecular 
markers: neuron- specific enolase (NSE) and PGP 
9.5 for neurons and neuroendocrine cells, and 
olfactory marker protein for olfactory receptor 
neurons. Immunoreactive cells for NSE and PGP 
9.5 have been found in the VNE [17].

Human and chimp VNOs resembled nonho-
mologous ciliated gland ducts found in other pri-
mates in terms of structure. The human/chimp 
VNO, on the other hand, differs from the VNOs 
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of other primates or nonhomologous epithelial 
systems in the following ways: (1) bilateral epi-
thelial tubes; (2) superiorly displaced location in 
the same plane as the paraseptal cartilages; (3) 
homogeneous, pseudostratified columnar mor-
phology with ciliated regions; and (4) mucous- 
producing structures inside the epithelium [18].

However, the authors of a recent study discov-
ered serial or semiserial portions of 30 fetuses 
aged 7–18  weeks. Calretinin and S100 protein 
staining showed the terminal nerve along the 
anterior edge of the ethmoid’s perpendicular lam-
ina, as well as the VNO along the lamina’s poste-
rior edge. The terminal nerve was made up of 1–2 
nerve bundles that passed through the cribriform 
plate’s anterior end, while the VNO was made up 
of 2–3 bundles behind the olfactory nerves. The 
terminal nerve ran along the backside of the nasal 
branch of the anterior ethmoidal nerve, crossing 
it. On the lateral surfaces of the ethmoid crista 
galli, multiple clusters of small ganglion cells 
were discovered, which could be the sources of 
both the terminal nerve and the VNO [11].

34.3  Genes Related to VNO

TRPC2, a mouse gene that is required for VNO 
function, is a human pseudogene [19]. TRPC2 is 
only expressed in the VNO, so its loss of selective 
pressure can be used as a molecular marker for 
when the VNO became vestigial [20]. Human 
olfactory mucosa contains transcripts of the 
V1RL1 vomeronasal receptor, which may indi-
cate the fact that the accessory olfactory system 
has been integrated into the primary olfactory 
system in humans (and some other mammals) 
[21]. A second mouse receptor subclass was dis-
covered in the olfactory epithelium in 2006. 
Some of the trace amine-associated receptors 
(TAAR) in mouse urine, including one putative 
mouse pheromone, are activated by volatile 
amines present in the urine [22].

Humans have orthologous receptors, suggest-
ing that there is a mechanism for detecting human 
pheromones [23]. According to research, humans 
have the genes for at least six of the same phero-
mone receptors as mice [24, 25].

34.4  VNO Responses

There appears to be a process in or near the VNO 
pit that selectively generates an electrical reac-
tion to small amounts of certain chemicals. The 
word “vomeropherin” has been proposed as a 
generic term for substances that stimulate the 
VNO in any species and as a name for chemicals 
that evoke this response [26]. The “electrovom-
eronasogram” (EVG) reported from the VNO pit 
region in awake human subjects is the first form 
of response. It gets its name from the electro- 
olfactogram (EOG), which can be reported from 
the olfactory epithelium’s surface in response to 
odor stimulation [23]. It has also documented 
preliminary evidence that bipolar cells aspirated 
from the human VNO pit exhibit electrical 
responses to certain “vomeropherins” as a second 
form of response. These are the EVG-inducing 
steroids that are linked to skin chemicals that this 
group claims are human pheromones [15].

34.5  VNO Function

Almost all social animals are known to interact 
using pheromones [27]. Furthermore, studies 
have shown that people can deduce a person’s sex 
by smelling them [28]. In addition to the conven-
tional olfactory system, also known as the pri-
mary olfactory system, an accessory olfactory 
system has evolved in the vast majority of terres-
trial animals to detect pheromones rather than 
other environmental odorants [29].

Human smegma and vaginal secretions, as 
well as human apocrine glands, have been found 
to contain pheromones or vomeropherins [30]. 
Many experiments have been conducted in order 
to weigh the evidence for and against human 
VNO function, to distinguish this problem from 
the question of pheromone signaling, and to pro-
vide a working definition of “pheromone.” 
Humans have VNO, which is considered to be 
nonfunctional since the vomeronasal receptor 
and signal transduction genes in humans are 
pseudogenes [31]. In addition to a functional 
vomeronasal-pituitary pathway and an effect on 
gonadotropin pulsatility in adult humans, the 
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vomeropherin also has autonomic reflex effects 
after VNO stimulation [32].

Cranial nerve 0 and VNO fibers are embryo-
logically independent of the olfactory nerve, 
according to studies in adult brains and fetuses 
[10, 11]. The ubiquitous hypothalamic-pituitary- 
gonadal axis is thought to play a role in the 
unconscious perception of particular odors that 
influence the autonomic and reproductive hor-
monal systems [33, 34]. Furthermore, research 
indicates that it may play a role in detecting pher-
omones for mate selection and neuromodulation 
of reproductive functions. VNO has been blamed 
for intra-specific chemical communication by 
pheromones, which are chemical messengers 
secreted externally by one animal and detected 
by another [35, 36].

In the male human VNO, vomeropherin 
pregna-4,20-diene-3,6-dione (PDD) has a dose- 
dependent local effect. Then comes a mild para-
sympathomimetic effect, which involves a 10% 
rise in vagal tone and a decrease in the frequency 
of electrodermal activity events. Furthermore, 
local delivery of PDD to the male human VNO 
reduces serum LH and testosterone levels. This 
research backs up the human VNO’s mechanism 
and the effects it has on autonomic and psycho-
physiological processes, as well as neuroendo-
crine secretions [37]. Occlusion or absence of the 
VNO did not affect the perceptual measurements 
or functional processing of the putative human 
pheromone androstadienone, according to 
another study. [38].

As a result, the human VNO has epithelia that 
could potentially act as a chemical sensory organ; 
however, the VNO receptor genes in humans are 
nonfunctional pseudogenes. Furthermore, although 
the human VNO includes sensory neurons, there 
seem to be no interactions between the VNO and 
the central nervous system [39].
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35Physiology of the Nasal Cartilages 
and Their Importance 
to Rhinosurgery

Wolfgang Pirsig

Core Messages
• The complex framework of the human nasal 

cartilages, unique among mammals, is the 
mobile portal to the respiratory system provid-
ing conditions for the passage of airstreams 
and the generation of nasal resistance and 
turbulence.

• The septodorsal (septolateral) cartilage is the 
dominating structure for nasal and midfacial 
growth and is decisive for the appearance and 
several functions of the nose. Together with 
the erectile lining of the nasal cavities, the car-
tilaginous framework enables air-conditioning 
and the acting of the nasal cycle.

• The anterior nose with the nasal valve as its 
crucial functional region is the narrowest part 
of the upper airways and provides two-thirds 
of the total airaway resistance.

• Due to its protruding exposition, it is espe-
cially vulnerable to external injuries and may 
react as a protecting crumpled zone. This 
exposition also is the reason why most of the 
obstructing structures of the nasal airways are 
diagnosed in the anterior nose.

• Long-term observations have shown that the 
most effective outcome after functional and 
aesthetic rhinosurgery is achieved by focusing 
on restoring the physiological functions of the 

anterior nose, the site of the most resistive 
nasal segments.

The human nose, with its prominent bridge, its 
elongated tip, and its downturned nostrils, is 
unique. Besides sniffing strange odours, it acts as 
a vital air-conditioning unit, warming, cleaning, 
and moistening the air we breathe in before it 
reaches the delicate lungs. Assisting this—and 
also adding resonance to the voice—are the nasal 
sinuses, but the price we pay for possessing these 
valuable cavities is an all too common suscepti-
bility to local infections.

This precise summing up of the appearance 
and functions of the nose including its Achilles’ 
heel tendon, the diseases, was published in 1985 
by the zoologist Desmond Morris in his outstand-
ing book Bodywatching [1].

In the following chapter, I’ll focus on some 
functional aspects of the cartilaginous framework 
of the human nose with an emphasis on its vul-
nerability and long-term results following surgi-
cal treatment. Why do we have a nose of such a 
protruding shape, which is divided by the septum 
into two parallel halves? Why is this mobile 
organ built up by a complex framework of hya-
line cartilages and covered by muscles? Why do 
we need this nose at all, although we can survive 
by breathing through the mouth? I asked anato-
mists, physiologists, rhinosurgeons, biologists, 
and also engineers for stream technology. The 
answers varied, several ended with a question 
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mark, but in all of them the terms ‘turbulence’, 
‘resistance’, and ‘air-conditioning’ were some-
how mentioned.

35.1  Part I: Anatomical 
Considerations

35.1.1  Nomenclature

The lower two-thirds of the nose are built up by a 
framework of the following hyaline cartilages: 
septal cartilage (quadrangular cartilage in adult-
hood), a partition separating the two nasal cavi-
ties; soft tissue part of the septum is the septal 
turbinate (septal body or intumescentia septi or 
septal tuberculum); two triangular (upper lateral) 
cartilages as expansions of the septal cartilage 
forming together the T-bar-shaped framework 
also known as septodorsal or septolateral carti-
lage; two paraseptal (vomeronasal) cartilages, 
lying along the inferior margin of the caudal sep-
tal cartilage, attached to the vomer posteriorly 
and to the maxillary crest anteriorly; two alar 
(lower lateral or lobular) cartilages composed of 
a medial and lateral crus melted together at the 

dome on the tip; and some sesamoid (accessory) 
cartilages in the soft tissue area between triangu-
lar cartilage, lateral crus and piriform aperture, in 
the so-called hinge area.

In this chapter, the terms septum, septal, sep-
todorsal, paraseptal, triangular, alar and sesamoid 
cartilages will be used.

35.1.2  Intrauterine Development

A two-tube system and a still unruffled entrance 
are recognisable in the fourth month of foetal 
development of the cartilaginous nose (Fig. 35.1). 
The cartilaginous framework consists of a T-bar- 
shaped bilateral vault fused in the midline to the 
septal cartilage. The complete sidewall of the car-
tilaginous nasal capsule is superiorly connected 
with the spheno-ethmoidal cartilage and dorsally 
with the septal cartilage which posteriorly merges 
into the cartilaginous anterior skull base with the 
crista galli. Both vaults are separated by the 
supraseptal groove. Caudally, the margin of the 
sidewall bends medially to join with the inferior 
turbinate. Thus, the palatine bone, the vomer and 
the paraseptal cartilage are visible.

Apertura
externa

Cartilago
paranasalis

Cartilago
paraseptalis

Os maxillare

Cartilago
spheno-ethmoidalis

Os vomeris

Os palatinum

Foramen opticum

Os lacrimale

Fig. 35.1 Nasal skeleton of a foetus (8 cm) in oblique side view [2]
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Fig. 35.2 Model of the cartilaginous nasal capsule of a 
foetus (27.5 cm, 30–32 weeks) [2]

In the sixth foetal month, ingrowth of connec-
tive tissue divides the cartilaginous nasal capsule 
into the individual septal cartilage, lateral carti-
lages and alar cartilages. Thus, the complex carti-
laginous nasal portal is developed which later 
forms the cartilaginous framework of the mobile 
nose.

In the model of the foetal cartilaginous cap-
sule aged 30–32 weeks (Fig. 35.2), we look at the 
two vaults of the lateral cartilages fused together 
with the septal cartilage in the supraseptal groove. 
The median portion bifida septi remains as the 
rest of the fusion of the vaults. Two semicircular- 
shaped cartilaginous bars have been almost com-
pletely separated from the caudal septal cartilage. 
They encompass the nasal vestibule medially, 
dorsally and laterally to form the definite alar car-
tilages. In the medial upper angle of the alar car-
tilage, an isolated piece of cartilage is visible on 
the right-hand side, while on the left-hand side, it 
is still a process in connection with the left side-
wall. Later, these pieces become the sesamoid 

cartilages. The same happens to small processes 
of the lateral sidewall which are concealed by the 
semicircular cartilage in Fig. 35.2. The paraseptal 
cartilages are concealed by the caudal part of the 
semicircular cartilages. The triangular cartilages 
are not yet differentiated. In the newborn, they 
are still continuous with the cartilaginous ante-
rior skull base. Their caudal margins are firmly 
connected to the alar cartilages and to the piri-
form aperture. In the newborn, the alar cartilages 
are developed as separate structures as in the 
adult and overlap with their cranial margins and 
the caudal margins of the triangular cartilages.

35.1.3  Postnatal Development

The septal cartilage of the newborn is progres-
sively transformed from posteriorly, cranially 
and caudally into a unit of posterior bone and 
remaining anterior quadrangular cartilaginous 
plate as clearly depicted by Virchow in 1857 [3]. 
This old knowledge has recently been supported 
by Kim et al. [4] who evaluated the anatomical 
correlations among components of the nasal sep-
tum using computed tomography. They found 
again that the area of the cartilaginous septum 
decreases with age, while the area of the perpen-
dicular plate increases with age at the expense of 
the area of the septal cartilage. However, the area 
of the total nasal septum remains constant.

In the first decade of life, the triangular carti-
lages show regression from the cephalic to the 
caudal end under the nasal bones until being 
transformed into the approximately triangular 
shape of the adult nose. Only a small cartilagi-
nous remnant of the triangular cartilage remains 
overlapped by the caudal margin of the nasal 
bone. Caudally, the triangular cartilages are 
overlapped by the cranial margins of the alar 
cartilages.

Very rarely the regression process of the trian-
gular cartilage is retarded or even impeded. This 
may happen in the case of a median nasal fistula 
or of a nasal dermoid cyst which can cranially 
end at the crista galli. Nasal bifidity is another 
congenital malformation with impeded regres-
sion of the triangular cartilages.

35 Physiology of the Nasal Cartilages and Their Importance to Rhinosurgery



474

Potter et al. [5] studied 35 adults, white cadav-
eric specimens and specially focused on the cau-
dal attachment of the triangular cartilage to the 
septal cartilage, where usually a small cleft facili-
tates mobility between the caudal edge of the tri-
angular cartilage and the septum, the so-called 
weak triangle of Converse. The attachment 
ranged from no cartilaginous connection (68%) 
to complete fusion (32%), i.e. a coincident loca-
tion of the anterior septal angle and the caudal 
edge of the triangular cartilage.

In the adult, the relationship between the tri-
angular cartilage and the lateral crus of the alar 
cartilage shows four variations [6]. Most often 
Dion et al. found an overlap of the caudal margin 
of the triangular cartilage by the cranial margin 
of the lateral crus. Less frequently are the rela-
tionships ‘end to end’, ‘scroll’ and ‘opposed 
scroll’.

Each cartilage of the cartilaginous vault is 
encased in its own fibrous capsule, whose fibres 
decussate, form a fibrous band or aponeurosis 
and join the capsule of adjacent cartilage. This 
aponeurosis, acting as a flexible membrane, 
allows freedom of movement between the neigh-
bouring cartilages. According to Hinderer [7], the 
most distinctive fibres are:

 1. Those between the terminal ends of the trian-
gular cartilage and septum that supply the 
mobility necessary for valve action between 
these two structures.

 2. Those between the caudal end of the septum 
and the medial crura of the columella which 
form the membranous septum.

 3. Those between the caudal margin of the trian-
gular cartilages and the cranial border of the 
alar cartilages.

A permanent continuity between the encasing 
fibrous capsule of the triangular cartilage and the 
periosteum of the nasal bone was found by 
Bruintjes et al. [8], supporting the clinical obser-
vation of the firm connection between the nasal 
bones and the triangular cartilages.

Additional mobility of the interacting nasal 
cartilages is provided by the thin layer of seven 
muscles covering the external nasal pyramid. 

Besides their mimic function, some muscles act 
as dilators of the valve region or openers of the 
nostrils or provide stability for the lateral nasal 
wall [9]. Especially, the dilator naris accompa-
nies each nasal inspiration, thus directly varying 
with ventilation, nasal resistance, hypoxia and 
hypercapnia. It stabilises the anterior nasal air-
way and precedes diaphragmatic contractions 
and ceases to act with mouth or tracheostomal 
breathing [10].

The framework of nasal cartilages with their 
fibrous connections and covering muscle layer 
acts as a shield and portal to the erectile lining of 
the nasal cavities. Eugene Kern from Rochester, 
USA, termed the nasal mucosa ‘the organ of the 
nose’ to sum up all its many functional tasks 
which are described in other chapters of this 
book. While the nasal vestibule is covered with 
squamous epithelium continuing some millime-
tres around the edge of the caudal margin of the 
triangular cartilages, the nasal mucosa with cili-
ated cylindrical epithelium starts in the posterior 
valve region [11, 12]. Figure 35.3 shows the his-
tological section through the posterior valve 

Fig. 35.3 Section through the posterior valve region of a 
newborn cadaver specimen. Note heads of the inferior tur-
binates deviated anterior septal cartilage with septal body 
and asymmetric maxilla. Haematoxylin-eosin (gift of 
Lindsay Gray/Perth to author 1975)
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region of a newborn. The heads of the inferior 
turbinates catch our eyes as elevations from the 
mucosal lining of the lateral walls. The slightly 
deviated cartilaginous septum with its mucosal 
lining presents its thickening in the middle cov-
ered by the thick pad of erectile mucosa, the sep-
tal body or intumescentia septi. The different 
thickness of the vertically cut septal cartilage is 
clearly visible: the thick cranial part merges cau-
dally with a thin segment to end in the broad 
deviated cartilaginous foot embedded in the pre-
maxillary bone. This pattern of different carti-
laginous thicknesses remains persistent 
throughout its lifetime as investigated by van 
Loosen et al. [13].

35.2  Part II: Functional Aspects

In this book, nasal functions like breathing, resis-
tance, turbulence and nasal cycle are treated in 
special chapters in detail. Thus, I can confine to a 
few comments on functions where nasal carti-
lages are essentially involved like in the nasal 
valve region or the vulnerable anterior septum.

The anterior septodorsal cartilage, the para-
septal and the alar cartilages with the sesamoid 
cartilages form the framework of the nasal lob-
ule and thus the portal to the upper airways. Soft 
tissue connections between the cartilages of 
varying thickness and several small muscles act-
ing on their outside enable mobility and/or sta-
bility of the lateral nasal walls. Thus, the entrance 
to the nose can be dilated and narrowed to mod-
ify the inspiratory and expiratory airstreams. The 
entrance of the airflow is comparable with two 
flat, oval, hollowed structures, the nasal vesti-
bules, which terminate in the aperture between 
the septum and the caudal end of the triangular 
cartilages, both parts of the nasal valve region. 
The vestibule is at an oblique angle to the cavum 
[11]. According to Cole’s studies [10, 14] the 
nasal valve region consists of four anatomical 
airflow-resistive components: the aperture 
between the septum and triangular cartilage, the 
bony entrance to the nasal cavum which is occu-
pied by erectile tissues of both lateral (head of 
inferior turbinate) and septal nasal walls (includ-

ing the septal body) that modulate the cross- 
sectional area of the airway and airflow 
resistance. Two-thirds of the total nasal resis-
tance during inspiration is provided by the nasal 
valve region. This has clearly been proved by 
Haight and Cole [15] using pressure-sensing 
cannulas. As two- thirds of the total airway resis-
tance to breathing is created in the nose—one-
third is provided by the open mouth [16]—the 
nasal valve region is the main resistor of the total 
airway. The narrow nasal valve region with the 
smallest cross- sectional area of the nasal cavum 
accelerates the inspired air, creating turbulence. 
Valve constrictions disrupt the laminar charac-
teristics of the inspired air as it enters the body of 
the cavum and thereby enhance exchanges with 
the nasal mucosa of heat, water and noxious 
materials. In the widened nasal cavum, airflow 
decreases its speed [14].

In clinical praxis, the physician has to face 
several patients complaining of breathing prob-
lems which are caused by a disturbed anatomy of 
the nasal valve region, especially patients with a 
tension nose or a saddle nose. A patient with a 
tense nose presents with a prominent, curved, 
small dorsum due to a too large and too high sep-
tum. Other characteristics are the increased pro-
jection of the tip, slitlike nostrils with an 
elongated columella and elongated thin nasal 
alae. The feet of the medial crura are cranially 
shifted, thus broadening the base of the colu-
mella. The nasolabial angle is enlarged and often 
the upper incisivi are showing. The valve angle is 
less than 10° which results in a bilateral alar col-
lapse during inspiration.

In the cartilaginous saddle nose, the septum is 
too short mostly due to fractures or perforations. 
The caudal septodorsal cartilage is depressed 
which causes an enlargement of the valve angle 
to more than 20°. The nostrils with ballooning 
alae are elliptically distorted; the columella is 
shortened and often retracted. Although the nasal 
cavities look very wide, the main complaint of 
the patients is insufficient breathing due to too 
much turbulence of the airstreams.

The fact that the nasal septum divides the nose 
into two parallel halves is the condition for cyclic 
activities of the erectile nasal mucosa. Kayser in 
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1895 [17] first reported on the spontaneous, 
cyclical congestion and decongestion in the nasal 
cavities. The anatomic conditions for this 
 mucosal behaviour are mainly provided by its 
capacitance vessels. The ‘working phase’ of one 
nasal cavity characterised by decongestion of the 
cavernous tissues alternates with the ‘resting 
phase’ characterised by congestion of the mucosa 
[14, 18, 19]. Changes in flow and resistance dur-
ing the nasal cycle have been studied using rhino-
manometry [18, 20]. By means of acoustic 
rhinometry, Fisher et  al. [21] measured the 
changes in the cross-sectional areas in the nasal 
cavities due to congestion and decongestion.

Using the combination of endoscopic imag-
ing, rhinomanometry and acoustic rhinometry, 
Lang et al. [19] observed a periodic change in 
turbulence behaviour in addition to the known 
cyclical changes in flow resistance and nasal 
width. In the resting phase, the mainly laminar 
flow was found. During the working phase, the 
onset of turbulence occurred already at low 
velocities. The increase of turbulence during 
the working phase was created by the increase 
in cross-sectional area in the anterior cavum 
due to decongestion of the mucosa of the head 
of the inferior turbinate and the septal body. A 
special insight into the behaviour of the nasal 
cycle is measurable using the new method of 
long-term rhinoflowmetry which yields infor-
mation about the nasal cycle over a 24-h period 
[22]. This method is also of practical value in 
Sleep Medicine to investigate sleep-disordered 
breathing.

The nasal cartilages are insofar involved in the 
process of the nasal cycle as they provide the ana-
tomical trigger zones for the transition from lam-
inar to turbulent airflow, namely, the anterior 
nasal cavum between the nasal valve region and 
the head of the middle turbinate.

Bruintjes et  al. [8] studied the kinematics of 
the lateral nasal wall which is made up of three 
parts: (a) the osseous-cartilaginous chain of the 
nasal bone, triangular cartilage and the lateral 
crus of the alar cartilage; (b) the hinge area with 
the sesamoid cartilages between the lateral piri-
form aperture and the lateral margin of the lateral 
crus; and (c) the ala, the part between piriform 

aperture and alar cartilage, not supported by car-
tilage. While part (a) is relatively stable and part 
(b) much more compliant, they found part (c) to 
be the most compliant part of the lateral nasal 
wall. They also studied the muscles influencing 
the lateral nasal wall and its compliance. With 
this knowledge of the mechanical properties of 
the lateral nasal wall, they were able to analyse 
pathological clinical conditions, which may 
occur at the level of the nasal valve and at the 
level of the vestibule or nostril. Thus, they could 
explain, for instance, the physiological altera-
tions caused by facial nerve palsy where muscle 
denervation may lead to alar collapse [23].

Loss of alar stability with nasal obstruction 
during inspiration is often caused by inadequate 
surgical procedures for the nasal lobule. Mostly 
the continuity of the osseous-cartilaginous chain, 
‘nasal bone-triangular cartilage-lateral crus of 
alar cartilage’, is destroyed [24]. Detailed knowl-
edge of these anatomical connections could help 
to reduce such adverse surgical sequelae.

The alar collapse associated with the drooping 
tip of elderly people may result from nasal mus-
cle atrophy, a change in cartilage resilience and 
stretching of the intercartilaginous fibrous tissue 
with loss of cartilage overlap in the intercartilagi-
nous junction [25]. The surgical procedure of the 
so-called rhinolift could reduce the breathing 
problems of elderly people. Via intercartilagi-
nous incisions in the limen nasi, the cephalic 
margins of the lateral alar crura are bilaterally 
partly resected. After elevating the dorsal skin of 
the nasal pyramid and excision of an oval piece 
of skin in the nasal root, both mobilised alar car-
tilages can be lifted and fixed, thus widening the 
angles of the nasal valves.

The elastic nasal cartilages are useful ele-
ments for protective functions. The 9-year-old 
boy in Fig. 35.12 is a good example to explain the 
function of the septal cartilages as a ‘crumpled 
zone’ in case of severe anteroposterior load. 
Between 1970 and 1972, I performed septorhino-
plasty according to the techniques of Cottle, 
Goldman and Masing in 92 children with a mean 
age of 10.5  years [27]. The indication was 
obstructed nasal breathing due to established 
post-traumatic nasal deformities. Intraoperatively, 
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fractures and defects were visible in the anterior 
septodorsal cartilage with involvement of the 
nasal valves and sometimes of alar cartilages in 
44/92 noses. These noses were damaged by loads 
from frontal and/or below. About 23/92 noses 
showed fractures in the septodorsal cartilage like 
the previous group and in addition fractures of 
the nasal bones and perpendicular plate were 
caused by the mainly anteroposterior load. This 
means that 67/99 or 72% of the children suffered 
nasal obstruction due to damaged nasal cartilages 
in the anterior nose.

The build-up of the septal cartilage in regions 
of different thicknesses [13] throughout the 
whole life is one component to react more elasti-
cally to front load. The second component of 
more compliance is the vaultlike construction of 
the septodorsal and alar cartilages with their 
joint-like fibrous interconnections [8]. Note the 
distortion of the caudal septodorsal cartilage of 
the boy in Fig. 35.12 (3): a 90° angle of the cau-
dal septum with fractures in the caudal edge and 
depressed edges of the triangular cartilages. Van 
Velzen et  al. [28] published the prepared septal 
cartilage of a 4-year-old boy who died in a frontal 
accident. The fracture lines in the cartilaginous 
septum followed the thin regions of the cartilage 
as sites of minor resistance in reaction to the load.

In idealised and patient-specific models, Lee 
et al. [29] recently published the reactions of the 
human septal cartilage exposed to anteroposte-
rior load. They found the maximum stress areas 
in the nasal septum in the vicinity of the bony- 
cartilaginous junction and the anterior nasal 
spine, which are consistent with clinical experi-
ence. The findings of their study also suggest that 
the septum does function as a ‘crumpled zone’, 
absorbing a significant amount of stress before it 
is transmitted to the skull.

The extreme variant of a damaged crumpled 
zone nose is the classic boxer’s nose, the so- 
called rubber nose, mainly formed by the alar 
cartilages. The septodorsal cartilage is shrunken 
to a minimum; nasal bones and anterior nasal 
spine are pressed down to the level of the piri-
form aperture or resorbed.

35.3  Part III: Alterations of Nasal 
Cartilages

The functions of the nasal cartilages can best be 
recognised in children and adults with a disturbed 
cartilaginous framework. The growing nose is 
influenced by genetic and epigenetic influences 
such as oxygen supply, nutrition, hormones, 
medication, infections and injuries including 
nasal surgery as a controlled trauma, to name a 
few. In this part, examples are presented describ-
ing some long-term influences on the nasal carti-
lages citing literature and own case reports.

35.3.1  Lacking Septodorsal 
Cartilage

Already in utero, the septodorsal cartilage, being 
composed of the septal and both triangular carti-
lages, develops as the dominating structure for 
nasal and midfacial growth. This was shown in 
1791 by Soemmerring [30] who published a new-
born’s skull with a lacking septodorsal cartilage 
and the skull of a healthy newborn for compari-
son (Fig.  35.4). In the deformed newborn, the 
nasal bones and the incisive parts of the maxilla 
are not developed. The size of the piriform aper-
ture is reduced to one-third in width compared 
with the healthy newborn. The height and width 
of the maxilla are reduced, while the contours of 
the orbital cavities are distorted compared with 
the healthy newborn.

35.3.2  Lacking Alar Cartilages

The following case shows that congenitally lack-
ing both alar cartilages did not impede the growth 
of the nose and midface apart from the complete 
lacking nasal lobule (Fig. 35.5). The 15-year-old 
boy came from a family with no genetic nasal 
disorders and an uneventful pregnancy of his 
mother. There was a complete absence of both 
alar cartilages. The pseudo-columella was formed 
by skin covering the caudal septal cartilage. The 
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Fig. 35.4 Skulls of newborns lacking septodorsal cartilage (left), with normal midface (right) [30]

Fig. 35.5 Fifteen-year-old boy with congenital lack of both alar cartilages [31]

caudal margins of the triangular cartilages were 
covered by thick skin on the right and thin skin 
on the left side. All the other nasal structures 
were inconspicuous. The boy’s breathing was 
normal [31].

35.3.3  Physiological Septal 
Deviation

The anatomical term ‘physiological septal devia-
tion’ was introduced by Zuckerkandl [32] who 
defined this type of septal deformation as a bent 
septum within the asymmetrical human skull. He 
published several examples on beautiful litho-
graphs (Fig.  35.6). Comparable histologic sec-

tions of his own cases were published by Gray 
[33] who kindly left me a few of them like in 
Fig. 35.3. In more recent publications [34, 35] on 
this topic, the incidence of the physiological sep-
tal deviation is reported between 30% and 75% 
for children and between 13% and 96% in adults, 
with strikingly less patients reporting to suffer 
from subjective symptoms [36]. From the physi-
ological point of view, it is practical to character-
ise the physiological septal deviation by normal 
endonasal resistance [34]. Many of these physio-
logical septal deviations develop during foetal 
life in connection with asymmetrical maxillary 
growth. Often the non-pathological role of this 
deviation is not recognised and a septal operation 
is indicated, although it is useless or even wors-
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Fig. 35.6 Physiological septal deviation in an asymmet-
rical skull; The thicker spongiosa (a) compared to the 
thinner one (b) narrows the right maxillary sinus [32]

ens the nasal symptoms. A septal body may be 
mistaken as pathological septal deviation or the 
real cause of nasal obstruction such as a problem 
of the nasal valve or an inspiratory ala collapse is 
failed to be recognised.

Until now, the diagnosis of the ‘physiologi-
cal septal deviation’ has mainly been made by 
nasal endoscopy and the subjective history of 
the patient to be free of nasal breathing prob-
lems. In a prospective cohort study, Gogniashvili 
et al. [34] investigated 158 patients between 18 
and 40 years using rhinoresistometry, acoustic 
rhinometry, endoscopy and visual analogue 
scales for subjective complaints. They defined 
the normal one-sided nasal resistance as less or 
equal to 0.35 sPalcm3 at a flow velocity of 
250  cm3/s. Applying this benchmark, the 
unselected group of non-rhinological patients 
was differentiated into 144 subjects with physi-
ological nasal resistance and 44 with pathologi-
cal septal deviation. This means an incidence of 
72.2% physiological septal deviation in an 
unselected cohort which fits well with the data 
mentioned above.

35.3.4  Congenital Nasal Deviations

The histological depiction of a slight septal devi-
ation in a newborn without signs of an acute 

injury is documented in Lindsay Gray’s Fig. 35.3. 
In neonates, two types of nasal deviation are 
observed: a septal dislocation that can easily be 
replaced in the midline and a nasal deviation that 
cannot be replaced by manipulation. The first 
type is considered as nasal trauma during deliv-
ery. The second type had been published by sev-
eral authors since the end of the nineteenth 
century [37] and more detailed by Cottle [38] 
who generally concluded: ‘For these, expectant 
waiting is recommended unless there is complete 
inability to breathe and eat. One sees remarkable 
improvement in the appearance and development 
of these noses without surgical intervention. 
During the first decade, however, some will 
require surgical aid’. To find out the incidence of 
these two types of nasal deviation, we investi-
gated 3425 children, born in 2  years between 
1980 and 1981, in the Obstetric Department of 
the University of Ulm, Germany. A total of 110 
(3.23%) of these neonates, belonging to the 
Caucasian population, showed deviated nasal 
structures. 81 (2.37%) of these dislocated septa 
could easily be replaced by a closed reposition. 
In 29 (0.86% of 3425) newborns, repositioning 
the deviated nasal structure was impossible, thus 
leaving the baby with a deviated septum and 
bony pyramids like the neonate in Fig. 35.7 (left) 
who presents nasal deviation to the left, oblique 
columella and asymmetrical nostrils. Typically is 
also the oblique bony pyramid with asymmetrical 
slope and length on both sides.

Over a period of 11–12 years, 14 children out 
of 29 newborns with non-replaceable nasal 
deviation were prospectively followed by the 
author and a second otorhinolaryngologist [37]. 
No child had a history of nasal trauma in the 
meantime. The results show that the newborns’ 
noses, which deviated intrauterinely due to 
some unknown reasons, did not spontaneously 
restore in each case. Nine children had a com-
pletely straight bony pyramid, symmetric nos-
trils and reported subjectively normal breathing. 
Four children had proven nasal allergy and pre-
sented bilateral hypertrophy of the inferior tur-
binates. Eight of the nine septa showed slight 
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Fig. 35.7 Female newborn with a non-replaceable nasal 
deviation (left). 12  years later, the girl presents with an 
inverted C-shaped nasal deviation and nasal obstruction 

(right). Note the longer right and the short steeper left 
nasal wall ([39]; unpublished)

deviations, spurs or crests. Eight of these nine 
children had malocclusion, two of them having 
been treated orthodontically. We considered 
these eight children as having a ‘physiological 
septal deviation’ in an asymmetrical skull, as 
described by Zuckerkandl in 1882 [32]. 
However, five girls of the 14 children showed a 
deviation of the nasal pyramid to the same side 
as found at birth, in one girl markedly 
(Fig. 35.7—right), in a second girl only minor 
and in three cases slightly. In four of these five 
girls, a longitudinal deviation, corresponding to 
the deviation of the bony pyramid, was evalu-
ated by nasal endoscopy and measured by 
acoustic rhinometry. One of the five girls com-
plained of moderate obstructive breathing, 
which was caused by allergic rhinitis. All five 
girls showed malocclusion, two of them being 
under orthodontic therapy.

35.3.5  Acromegaly

Acromegaly is an endocrine disease due to 
growth hormone excess originating from somato-
trophic adenoma of the pituitary gland. Patients 

complain about the coarsening of the facial con-
tours caused by a bony proliferation of the skull 
and mandible and by excessive nasal growth. Our 
groups in Ulm and Zurich [40] investigated the 
growth mechanism of the septal cartilage in six 
acromegalic patients. Small strips of septal carti-
lage were obtained during septoplasty from 
healthy adults or during transnasal hypophysec-
tomy from acromegalic patients. Growth activity 
in five different areas of the septal cartilage was 
measured by in  vitro incorporation of 
35 S-labelled sulphates and 3 H-labelled thymi-
dines. The growth activities in the posterior area, 
which is situated anterior to the septoethmoidal 
junction, were significantly enhanced compared 
to a control group of hormonally normal adults. 
Growth activities in the anterior caudal end and 
in the suprapremaxillary area were not different 
in both groups. This indicates that growth hor-
mone excess in acromegaly enhances human sep-
tal growth by stimulating the growth activities in 
the posterior area.

In another study [41], five different enzymatic 
pathways were analysed in these septal areas. 
Cathepsin D, an acid proteinase, was not influ-
enced by the augmented growth hormone level 
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in acromegaly, whereas cathepsin B, a neutral 
proteinase, showed its highest activity in the 
caudal prolongation and the posterior area and 
was significantly increased in all areas in acro-
megaly. Beta-hexosaminidase activity was high-
est in the central and posterior area and caudal 
prolongation of the septum. In acromegaly, a sig-
nificant increase in its activity was found in the 
suprapremaxillary and posterior areas. Acid 
phosphatase activity was highest in the caudal 
prolongation of the septum, but its activity was 
significantly increased in all tested areas in acro-
megaly. Alkaline phosphatase activity could 
only be found in the posterior area and the cau-
dal prolongation in healthy adults. However, in 
acromegaly, this enzyme could be detected in the 
central area and the posterior end of the supra-
premaxillary area, suggesting an altered process 
of mineralisation. Thus, a distinct local pattern 
of enzymes related to intercellular substance 
metabolism and mineralisation can be demon-
strated in the septal cartilage of healthy adults 
and acromegalic patients.

35.3.6  Damaged or Lacking 
Triangular Cartilage

What happens when parts of the septodorsal car-
tilage are damaged or removed? Verwoerd and 
Verwoerd-Verhoef [42] found that the behaviour 
of hyaline cartilage of the human nose appeared 
to be comparable to that of other mammals, espe-
cially rabbits. Their results can be supported by 
the following own observation. Because of histo-
logically suspected sarcoma, the left nasal bone 
and triangular cartilage in a 6-year-old boy had to 
be resected in 1973 [39]. Fortunately, a curable 
circumscribed osteomyelitis was diagnosed. 
Following this boy 7  years later, we found a 
shortened left nostril with the bony pyramid devi-
ating to the left and the nasal tip deviating to the 
non-operated side. The left piriform aperture was 
positioned higher and the left nasal process of the 
maxilla was reduced. The left inferior turbinate 
was smaller than the right-sided one, and the cau-
dal end of the septal cartilage slightly deviated to 
the right (Fig. 35.8). Thus, the resection of one 

Fig. 35.8 6-year-old boy before resection of left triangular cartilage (left); midfacial growth inhibition at age of 
13 years (right) [39]
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triangular cartilage and the nasal bone in connec-
tion with an infection affected the growth of nasal 
and midfacial structures. These findings are simi-
lar to Poublon’s results from the Rotterdam group 
after unilateral resection of the triangular carti-
lage in growing rabbits [43].

35.3.7  Some Histological Aspects 
of Traumatised Nasal 
Cartilage

As there is a detailed description of this topic by 
Verwoerd-Verhoef in this book about the sequelae 
of different kinds of injury to the nasal cartilage 
in man and especially in growing animals, I con-
fine to three topics associated with the patho-
physiology of the human nasal cartilages.

The first aspect is the effects of incomplete 
fractures which are the main reasons for the more 
or less obstructive bending of the septal cartilage. 
During nasal surgery these bends are often diffi-
cult to transform into a straight septal plate, a 
problem which Hunter Fry associated with the 
disturbed interlocked stresses within the hyaline 
nasal cartilage [44]. Ten Koppel et al. [45] added 
new convincing data to this problem, more dis-
cussed below. Figure 35.9 shows the biopsy from 
a vertical strip of septal cartilage with an incom-
plete fracture. The 8-year-old boy had a nasal 
trauma some years ago and underwent a septo-
plasty alio loco because his anterior septum 
obstructed both anterior nasal cavities [46]. In 
Fig. 35.9, a scar of fibrous tissue is filling the car-
tilaginous defect, measuring approximately 30% 
of the thickness of the intact cartilage. According 
to the finds of Fry [44] and Ten Koppel et al. [45], 
one should expect a bending of the cartilage to 
the other side. One possible explanation for the 
bending to the opposite direction may be that the 
power of the granulation tissue which first fills 
the incomplete fracture during healing is strong 
enough to achieve the bending to the unexpected 
direction. In the 1960s and 1970s when septo-
plasty was often performed only by unilateral 
elevation (tunnelling) of the mucoperichondrium 

from the septum, recurrences of septal bending 
were observed, although the septum looked 
straight at the end of the operation [47]. One rea-
son was that small incomplete cartilaginous frac-
tures on the side with the mucoperichondrium 
left attached could cause bending because the 
elevated mucoperichondrium had changed the 
balance of the interlocked stresses within the car-
tilage in an unpredictable manner. That’s why 
many rhinosurgeons bilaterally elevate the muco-
perichondrium to better recognise pathologies 
and incomplete scars of the septal cartilage.

The second aspect is the partial regeneration 
of pieces of septal cartilage within its traumatised 
inner perichondrium in children. The nasal peri-
chondrium is built up of a thick outer layer and a 
thin inner layer. The inner layer usually remains 
connected with the hyaline cartilage when 
 properly elevating the mucoperichondrium from 
the septal cartilage during surgery, because it 
contains fibres which end inside the cartilage. In 
case of damage by surgical or nonsurgical trauma, 
the inner layer has the potential to create new car-
tilage [26, 46, 48]. Figure 35.10 shows the histo-
logical section from a piece of destroyed anterior 
septal cartilage removed during septoplasty in a 
12-year-old boy. In the right upper corner, two 
pieces of new cartilage are visibly grown within 
the torn perichondrium of the damaged septal 
cartilage after the untreated nasal injury at the 
age of 3 years [46].

In Fig. 35.11, the histological section shows 
an accumulation of regenerated hyaline cartilag-

Fig. 35.9 Histological section of a biopsy of septal carti-
lage with a vertical incomplete fracture filled with scar 
tissue in an 8-year-old boy. Haematoxylin-eosin [46]
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Fig. 35.10 Histological section of a biopsy of a trauma-
tised septal cartilage at the age of 3 years, taken from the 
12-year-old boy. In the upper right corner, two pieces of 
regenerated cartilage grow within the damaged perichon-
drium. Haematoxylin-eosin [46]

Fig. 35.11 Histological section of a biopsy from a 
cartilage- like layer attached to the fractured anterior sep-
tum of a 9-year-old boy. Islands of regenerated cartilage 
and vessels in the scared perichondrium. Haematoxylin- 
eosin [26]

inous islands embedded in connective tissue 
with vessels. The biopsy was taken from the 
cartilage- like layer firmly attached to the rem-
nant of the anterior septal cartilage of a 9-year-
old boy during septoplasty. These islands had 
developed in the multiply torn perichondrium of 
the damaged anterior septum within 8 years of 
impeded nasal growth. The boy suffered a severe 
frontal nasal injury at the age of 1  year which 
caused a hypoplastic nose with obstruction of 
the anterior nose (Fig.  35.12). Unfortunately, 
such a layer of ‘floppy cartilage’ can only be 
used as ‘filling tissue’, but not for anterior septal 
reconstruction [26].

The third histological example demonstrates 
how the lack of nasal cartilage leads to the atro-
phy of nasal erectile lining. It is well known that 
submucous septal resection may induce atrophy 
of the septal mucoperichondrium and septal per-
foration while interposing pieces of cartilage 
between the mucoperichondrial flaps can mark-
edly reduce this tendency to atrophy [49]. Nasal 
septa from cadavers with previous submucous 
septal resection were histologically investigated 
and compared with age-matched nonoperated 
septa [49, 50]. In areas where the cartilaginous 
septum had been removed, most of the secretory 
epithelium was replaced by squamous cells. The 
submucous layer was markedly reduced in thick-
ness (Fig.  35.13). The submucous vessels were 
reduced in number and size, and the submucosal 
glands were partly atrophic. The site of the for-
mer septal cartilage was filled with dense connec-
tive tissue containing only a few vessels. These 
finds demonstrate the importance of interposing 
autogenic cartilage plates between the elevated 
perichondrium flaps at the end of septoplasty to 
reduce the propensity for mucosal atrophy.

35.3.8  Transposition Technique

In cases of severe destruction of the anterior sep-
tal cartilage due to a frontal trauma, an estab-
lished technique to reconstruct the caudal septum 
and the valve area is to remove the remnants of 
the anterior septum and replace them with a 
boomerang- shaped cartilaginous or bony part 
from the posterior septum. In the late 1960s, I 
learnt this procedure from Helmut Masing in 
Erlangen, Germany, who termed it ‘transposition 
technique’. After satisfying results in adults, we 
used this technique in an 11-year-old boy suffer-
ing from bilateral nasal obstruction after a frontal 
nasal injury some years ago. Via the hemitrans-
fixion incision, an ‘empty columella’ was found 
with a few small cartilaginous remnants isolated 
from the scars between the mucoperichondrial 
flaps. From the posterior septum which was not 
yet ossified, boomerang-shaped cartilage was 
harvested. This transplant was anteriorly fixed 
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Fig. 35.12 Three pre- and one intraoperative photographs of the 9-year-old boy in Fig. 35.11. Figures of base (1), with 
damaged bite (2), intraoperative (3), and frontal view (4). (Pirsig, unpublished)
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Fig. 35.13 Histological section through septal remnant 
after submucous septal resection 10  years ago in a 
51-year-old man; Giemsa staining (Pirsig, unpublished)

between the hypoplastic anterior nasal spine and 
the supra-tip region under the nasal dorsum to 
restore the valve angles. The cartilaginous 
 remnants from the anterior septal region were 
inserted into the posterior septal region. A fol-
low-up after 11  years postoperatively including 
an X-ray film of the nose (Fig.  35.14—right) 
revealed the ossification of the posterior auto-
genic transplant. This was one reason why the 
transplant did not grow within the 11 years post-
operatively. As a consequence, I prefer to use 
autogenic cartilage from the ear to reconstruct 
the destroyed anterior septum in children instead 
of harvesting cartilage from the posterior septum 
(see back-to-back technique). The nasal appear-
ance after 16 postoperative years is shown in 
Fig.  35.14. The young man reported normal 
breathing all the years. The nose with a slightly 
depressed lobule showed a retracted columella 
and a slight maxillary retrusion as signs of growth 
inhibition.

35.3.9  Frontal Nasal Trauma

As mentioned above, the septodorsal cartilage is 
the dominating structure for nasal and midfacial 
growth. This also means if the septodorsal carti-
lage is markedly damaged by mechanical loads 
or diseases, this is mirrored in the whole nose 
and often in adjacent midfacial tissues. Thus, as 
to the long-term outcome of a septorhinoplasty, 
the crucial effect of the nasal reconstruction 
depended on the repair of the damaged septo-
dorsal cartilage and not of the distorted nasal 

bony structures. A mostly satisfying repair is 
much easier to perform in the nose injured by a 
lateral load with lateral distortions of the nasal 
tissues than in the nose after an anteroposterior 
load with infraction and dislocation of the bony 
and cartilaginous nose. In Fig. 35.15, we see a 
girl with an untreated frontal nasal trauma at the 
age of 6  years (left). The nose shows a slight 
bony deviation to the right side, a minor 
C-shaped bending of the dorsum, and a small 
saddle. The harmony of the midfacial propor-
tions is not yet disturbed. Her photograph at age 
17 (Fig. 35.15—middle) shows an underdevel-
oped nose, still a ‘child’s nose’, with a marked 
bony deviation, the saddling more pronounced 
and the lobule hypoplastic. The maxilla is 
retruded. The midfacial harmony is severely dis-
turbed. On the sketch (Fig. 35.15—right), drawn 
during the open approach at age 17, the patholo-
gies of the bony and cartilaginous nasal struc-
tures are clearly visible: distorted, asymmetric, 
infractured nasal bones, asymmetric piriform 
aperture, scars in the fractures of the bent trian-
gular cartilages and the deformed and fractured 
caudal septal cartilage. A closed reposition at 
the time of the nasal trauma would probably 
have prevented the development of the crooked 
bony pyramid, but not the formation of the 
numerous scars due to the incomplete and com-
plete fractures of ‘the T- bar-shaped septodorsal 
cartilage’, to use a term of Carel Verwoerd from 
Rotterdam, the Netherlands. This is an example 
of an acutely injured nose which cannot prop-
erly be treated by immediate surgery because 
the whole septodorsal framework is irreversibly 
disturbed by the anteroposterior load!

35.3.10  Lateral Nasal Trauma

In Fig. 35.16, we see the preoperative photographs 
of a girl of 11 years who had an untreated mainly 
lateral nasal trauma at the age of 6 years and com-
plained of permanent mouth breathing and 
severely reduced olfaction. At school, she was 
teased as ‘butter witch’. A functional and aesthetic 
septorhinoplasty was performed including para-
median, lateral and transverse osteotomies and 
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Fig. 35.14 Young man, 16 years after a septoplasty at the age of 11 using the transposition technique. Ossification of 
the transplant visible on X-ray film 11 years postoperatively (Pirsig, unpublished)
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Fig. 35.15 Untreated nasal trauma in a 6-year-old girl (left), at 17 years (middle), and drawing with pathologic finds 
of the nasal bones and septodorsal cartilage (right) [39]

Fig. 35.16 Girl of 11/4 years preoperatively [51]

removal of a cartilaginous-bony hump [51]. In 
Fig. 35.17 we look into the face of a self- confident 
young woman with an inconspicuous nasal appear-
ance, 8  years after nasal surgery. Her sense of 
olfaction had markedly improved. If this girl at the 
time of her nasal injury had been treated with a 
closed nasal reposition, most of her emotional and 
physical suffering due to her nose problem would 
probably have been avoidable. This example dem-

onstrates how the osteotomised nasal bones follow 
the position of the reconstructed septodorsal carti-
laginous framework. It also underlines the experi-
ence that nasal osteotomies do not impede nasal 
growth in children. Further, it shows that the out-
come of repaired noses damaged by a lateral load 
is much better than the long-term results after 
reconstructing noses damaged by a frontal load as 
seen in Fig. 35.14.
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Fig. 35.17 Young woman as in Fig.  35.16, 8  years after functional and aesthetic septorhinoplasty (Pirsig, 
unpublished)

35.3.11  Scoring the Nasal Cartilages

Cartilage can be shaped by scoring, gridding or 
cross hedging to straighten a convexity or sculpt 
it. In an ex  vivo experiment on nasal septal 
 cartilage of adult rabbits, Ten Koppel et al. [45] 
demonstrated that there is a clear linear relation-
ship between the depth of the incision and the 
resulting degree of cartilage bending when inci-
sions are made up to half of the cartilage thick-
ness. If the incision surpasses half of the cartilage, 
the resulting bending becomes unpredictable. In 
addition, their in  vivo experiments showed 
10 weeks after surgery that the scored cartilage of 
the healed septum maintained the imposed shape 
and its degree of bending in all animals towards 
the non-scored side. The authors conclude that 
with the results of this model, the effect of carti-
lage scoring can be better predicted during rhino-
surgery. This may hold true for adult nasal 
cartilages.

On the other side, we know from van Loosen 
et al. [13] who investigated septa from birth to 
62 years that the thickness of the septal carti-
lage is considerably variable in both the antero-
posterior and cranial-caudal direction. This 
pattern of cartilaginous thickness remains per-
sistent throughout the lifetime, but cannot 
exactly be evaluated during surgery with the 

mucoperichondrium attached or elevated from 
the septal cartilage. The surgeon can only rec-
ognise the cartilaginous thickness at defined 
sites by cutting through the whole cartilage. If 
only one side of the cartilaginous surface is 
incised, one cannot find out where half of the 
septal cartilage is reached (see Fig.  35.9). 
Therefore, a vertical scoring of exactly the 
same depth over a length of 3 cm, for instance, 
will result with slight differences in bending 
due to the diverse thickness of the septal carti-
lage over this length in the valve region. This 
means the predictability of the amount of bend-
ing becomes questionable.

Another reason for the unpredictability of the 
scoring effect is connected with the incomplete 
wound healing of the septal cartilage [46, 52, 53]. 
After healing of an incompletely incised carti-
laginous surface, a scar of connective tissue fills 
the cartilaginous gap, which influences the 
amount and direction of bending. Figure  35.18 
shows the part of distorted septal cartilage 
(3.7  cm long) removed during revision septo-
plasty at the age of 14 years [39]. The boy had 
been operated 6 years before alio loco because of 
traumatic septal deviation. The previous surgeon 
had unilaterally scored the septal surface by 
oblique, nearly parallel incomplete incisions 
which resulted in the markedly distorted piece of 
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Fig. 35.18 Remnants of the anterior septal cartilage of a 
14-year-old boy. The cartilage had been scored by 10 inci-
sions 6 years ago, which resulted in partial resorption and 
unpredictable bending of the surface [39]

Fig. 35.19 Septal abscess 10 days ago. Histological sec-
tion through a biopsy of the partially necrotising septal 
cartilage; toluidine blue [46]

septal cartilage removed at revision septoplasty. 
One can recognise the remnants of the parallel 
scorings and their diverse mode of healing rang-
ing from resorption with small cartilaginous 
defects to hardly visible scars on the cartilagi-
nous surface. This irregular surface pattern is due 
to the different thicknesses of the septal cartilage 
and its incomplete wound healing following scor-
ing. That’s why I don’t recommend scoring septal 
cartilage in children.

35.3.12  Nasal Septal Abscess

Among the acquired nasal injuries during child-
hood, the septal abscess can not only destroy the 
septal cartilage but also affect midfacial tissues. 
The growth inhibition is more pronounced the 
earlier the abscess happened, especially in the 
first decade. The majority of septal abscess is 
caused by acute nasal injury. Blood vessels are 
disrupted in the mucoperichondrium, which is 
not torn because it is thicker and more elastic in 
children than in adults. The resulting hematoma 
is highly susceptible to infection. White blood 
cells invade the cartilage, create an acid pH and 
destroy it within some hours. This happens due 
to cathepsin D, a necrolytic and autolytic 
collagen- degrading enzyme with the optimum 
acid pH. This enzyme is normally distributed all 
over the healthy septal cartilage. This finding 

helps to explain the rapidity of the cartilage 
destruction (Fig.  35.19) in many cases of the 
septal abscess [46].

Immediate action is required. After puncture 
for bacterial culture, the abscess is drained 
through a hemitransfixion incision. Pus and 
necrotic tissues are removed. The defect is imme-
diately reconstructed by transplantation of auto-
genic ear cartilage to avoid dorsal saddling and 
columellar retraction. The incision is left par-
tially open for drainage. Loose internal dressings 
are applied; antibiotics are administered systemi-
cally. It has been shown that each septal abscess 
will result in some nasal growth inhibition. 
However, the immediate transplantation of auto-
genic cartilage can mostly prevent the typical 
saddle nose formation [54, 55].

Figure 35.20 shows that the amount of growth 
inhibition caused by a septal abscess depends on 
the age of the affected child: the earlier the nasal 
injury, the more pronounced is the damage to the 
nose and midface [55]. The three adolescent girls 
came for nasal surgery, all at the age of 16 years. 
All had a history of a drained septal abscess. 
During surgery in all of them, a subtotal loss of 
the septal cartilage was revealed. The nasal injury 
occurred at 3 years (left), 5  years (middle) and 
7.5 years (right). The differences in nasal length, 
height, tip projection and maxillary retrusion are 
striking.
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Fig. 35.20 Three female adolescents aged 16 years with a drained septal abscess at age 3, 5 and 7.5 years, respectively 
[55]

35.4  Part IV: Remarks on Nasal 
Reconstruction

35.4.1  Anterior Nose and Nasal 
Cavities

The nasal cartilages form a complex triangular 
framework for a mobile nasal lobule which acts 
as the portal to the upper airways. The eye- 
catching shape of this cartilaginous pyramid may 
provoke emotions ranging from delight at first 
sight of a beautiful person to frightful reactions 
setting eyes on destroyed nasal remains. The 
increase of the nose in size also mirrors the devel-
opment of Homo sapiens into different popula-
tions during mankind’s settling on the whole 
earth from Africa. Or, as Desmond Morris 
summed it up: ‘the human nose grew taller and 
longer as mankind spread out and away from its 
hot moist Garden of Eden, keeping its air- 
conditioning function up to scratch’ [1].

The composition of this cartilaginous frame-
work is so unique to each individual and may 
concern rhinosurgeons because they cannot pre-
dict the outcome of their surgical procedures. 
Essential functions for the whole airways are 

triggered and controlled in the anterior nose. On 
the other hand, the protruding position in the 
midface makes the nose more vulnerable to exter-
nal damage. No wonder the anterior nose is also 
the site of most nasal obstructions caused by car-
tilaginous and bony distortions as mentioned 
above. Although prospective studies on the inci-
dence of rhinosurgical mistakes and complica-
tions are lacking, the adverse results are most 
often associated with the surgery of the nasal car-
tilages. Cartilages heal following their intrinsic 
laws and do not behave the way the surgeons 
want. In particular complications of septoplasty 
are due to wrong indications as a consequence of 
an incorrect or incomplete analysis and interpre-
tation of the anatomical structures and the nasal 
functional tests [49].

Therefore, clinical diagnostics should espe-
cially focus on the finds of the anterior nose, sup-
ported by endoscopy, rhinomanometry, acoustic 
rhinometry, rhinoresistometry and long-term 
study of the nasal cycle [19, 35]. Cole and co- 
workers [10, 56], who contributed many basic 
data on the functions of the anterior nose, con-
cluded from their studies as to nasal treatments 
that it is seldom necessary to extend septal and/or 
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turbinate surgery far beyond the piriform aper-
ture in the treatment of nasal obstruction [14]. 
For many patients, I can fully support this 
statement.

To restore the disturbed structures of the ante-
rior nose, our surgical options are septorhino-
plasty to form a straight anterior septum and 
correction of the nasal valve regions and enlarged 
erectile tissues, for instance, by turbinoplasty of 
the inferior turbinate. The septal turbinates 
should better be preserved. The reconstruction of 
the valve region is sometimes more effective for 
breathing than a septoplasty alone. If transplants 
or implants are used, they should be cartilage- 
like as to elasticity, thus avoiding the creation of 
an immobile and vulnerable anterior nose. This 
also means to prefer autogenic tissues. If an auto-
genic bone is used, it should be a boomerang- 
shaped piece instead of a rigid L-shaped bone.

The aim to reconstruct the nose posteriorly to 
the valve regions is to create physiological slit-
like nasal cavities providing a proper nasal resis-
tance, turbulence and nasal cycle for breathing, 
air-conditioning and olfaction. This cannot be 
achieved by performing one schematic surgical 
procedure, but only by applying several technical 
options tailored for the individual pathological 
nasal finds. This means for the septum that need 
not be reconstructed as a straight plate in the 
 middle and posterior nose, but it should be placed 
approximately in the middle between the always 
asymmetrical lateral nasal walls. It is of utmost 
importance to create an adequate distance of the 
septum to the erectile tissues of the lateral walls 
which enables the achievement of the above- 
mentioned functions [35]. This may also mean to 
leave a physiological septal deviation as it is 
grown or to transform a crooked septum into a 
physiological septal deviation. Figure  35.21 
shows an example of this ‘philosophy’. The 
crooked and airway obstructing septum to the left 
impacted by the medially deformed right-sided 
middle turbinate was surgically corrected and is 
still slightly deviated to the left. In addition, the 
right-sided inferior turbinate was submucously 
reduced. After 3 months the slitlike nasal cavities 
enabled normal breathing with a bilateral nasal 
cycle.

35.4.2  One Option to Treat a Nasal 
Valve Stenosis

Several procedures have been published to treat a 
nasal valve problems [57, 58]. The following 
technique has successfully been used since 1975 
by the author. The indication is valve stenosis 
caused by a mostly congenitally too long caudal 
end of the triangular cartilage, often without a 
returning of the lower margin and a valve angle 
less than 10°.

A rhomboid piece of skin (marked red in 
Fig.  35.22) is excised from the cul-de-sac. 
After elevation of the nasal mucosa from the 
posterior aspect of the triangular cartilage, the 
cranial surface of the caudal end of the trian-
gular cartilage (here depicted with a tiny 
returning) is freed from connective tissue and 
excised cranially from the remaining triangu-
lar cartilage (marked blue in Fig.  35.22). 
Closure of the incision using 5-0 sutures cre-
ates a slightly curved new part of the nasal 
valve region with an angle larger than 20° that 
acts as a bend which transforms inspiratory 
laminar airstreams into more turbulent ones. 
The efficiency of correcting a disturbed nasal 
valve region can be increased by adding the 
anterior turbinoplasty in case of an enlarge-
ment of the anterior inferior turbinate as 
shown by acoustic rhinometry [59]. Especially 
in the case of the physiological septal devia-
tion, both methods may be sufficient to solve 
the functional breathing problem without 
touching the septum.

35.4.3  Back-to-Back Technique 
to Reconstruct the Anterior 
Septum

The severe destruction of the anterior nasal sep-
tum from trauma, including septal abscess and 
perforation, frequently produces saddling of the 
cartilaginous nasal dorsum with enlarged angles 
of the nasal valve. Functional and aesthetically 
acceptable long-term results of anterior septal 
and nasal valve reconstruction could be achieved 
in 26 patients after a mean follow-up of 36 months 
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Fig. 35.21 X-ray images of a patient with septal devia-
tion. Left: preoperatively. Right: 3  months after septo-
plasty and correction of the right-sided middle and inferior 

turbinates resulting in a physiological septal deviation and 
bilateral slitlike cavities (Pirsig 1972, unpublished)

using a straight and balanced back-to-back auto-
genic ear cartilage introduced by the author in 
1986 [60].

Ear cartilage grafts from the cymba-cavum 
concha complex were harvested through an 
anterolateral approach (Fig.  35.23). A special 
incision was used to divide the concave ear carti-
lage into two halves while preserving the poste-
rior perichondrium. The graft was folded and 
fixed with guide sutures in its final position 
between the hypoplastic anterior nasal spine and 
the caudal end of the cranial septodorsal cartilage 
remnant. Thus, a viable, stable, balanced back- 
to- back graft of 2.5–3  cm length was created, 
long enough to reconstruct the anterior septum 
and the nasal valve and to correct part of the sad-
dle nose deformity. The rest of the ear cartilage 

was used to fill the remaining cartilaginous sad-
dle. At follow-up, the back-to-back grafts showed 
no macroscopic signs of resorption. Graft posi-
tion and shape had remained intact, and all noses 
were adequately projected and mobile. All 
patients but one felt satisfied with the functional 
and aesthetic result. The saddle completely dis-
appeared in two-thirds of the patients. Nasal 
breathing considerably improved in 21 patients, 
remained the same in 4 patients, and worsened in 
1 patient.

Our long-term study also showed that even 
42% of the patients with a large septal perfora-
tion—which was not closed—reported improved 
nasal breathing and marked reduction of previous 
nasal symptoms because the valve region had been 
reconstructed by the back-to-back transplant.

W. Pirsig
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Fig. 35.22 Steps to enlarge the too small valve angle by shortening part of the caudal end of the triangular cartilage 
(Pirsig 1975, unpublished)

35.4.4  Closure of Septal Perforation 
in a Child

The worst sequela of the septal abscess is the sep-
tal perforation, especially during growth. We had 
to face this relatively rare sequela due to nose 
picking in early childhood in a Caucasian 7-year- 
old boy. He suffered nearly daily epistaxis, crust-
ing and permanent mouth breathing. After 
insufficient conservative treatments, we decided 
to perform a pilot study on a 9-year-old boy to 
close the septal perforation of 1 cm in diameter in 

the areas II and III according to Cottle 
(Fig.  35.24). Four bipedicled mucosal advance-
ment flaps introduced by Fairbanks [61] and 
Schultz-Coulon [62] were used to reconstruct the 
mucosal lining. To fill the cartilaginous defect, a 
piece of autogenic mainly hyaline cartilage was 
taken that had been grown from a composite graft 
of demineralised bovine bone matrix (DBBM), 
enrolled in a pedicled perichondrial flap of the 
boy’s right pinna. The Rotterdam group of 
Verwoerd and Verwoerd-Verhoef had shown the 
feasibility of this new type of composite graft 
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Caudal end graft

Caudal and graft in place

Fig. 35.23 Steps of back-to-back cartilage grafting (3 coloured figures, Pirsig, unpublished; drawing from [60])
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Fig. 35.24 Nine-year-old boy with septal perforation, preoperatively (Pirsig, unpublished)

Fig. 35.25 Seventeen-year-old adolescent, 8 years after the closure of septal perforation (Pirsig, unpublished)

applied in a two-step procedure for the 
 reconstruction of defects in the cricoid ring [63] 
and anterior laryngeal wall of growing rabbits 
[64]. Furthermore, they could show that this neo-
cartilage provided a valuable substitute for the 
lost parts of the cartilage and appeared capable of 
growth. The operation to close the septal perfora-
tion by implanting the transformed xenogenic 
DBBM in the septal defect of the boy of 9 years 
was successful. Details of the surgical procedure 
and histological findings were published 2 years 
later [65].

I could follow the adolescent over 8 postoper-
ative years (Fig.  35.25). He had no breathing 
problems and epistaxis over all the years, but a 

dry nose which he treated with saline douches. 
The nasal length was adequate, but the lobule 
showed growth inhibition, minimal cartilaginous 
sagging which was not visible preoperatively and 
a retracted columella. The septum was straight 
with ciliary activity on the sites of the former per-
foration. The maxillary retrusion was marked but 
already visible at the age of 9 years when signs of 
septal growth inhibition due to the perforation 
were already obvious. In a final step under local 
anaesthesia, I tried to improve the nasal appear-
ance using pieces of ear cartilage. During this 
surgery, I elevated the right mucoperichondrium 
from the septal cartilage to get a look at the 
implant. There was a complete connection of the 
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transformed cartilage with the original septal 
remnant. The surface of the implant was slightly 
tuberous and solid. Unfortunately, I could not 
evaluate whether the implant had grown.

35.5  Conclusions

Nasal cartilages function together in a complex 
anatomical framework connected by a web of 
connective tissues and partly covered by a layer 
of fine muscles. Their protruding position in the 
centre of the face may act as an eye-catcher, and 
their mobility may serve as a crumpled zone pro-
tecting the head against external frontal stress. 
The anterior nose with its two parallel tubes is 
the ideal portal to the respiratory system. In the 
valve regions, we find the narrowest cross-sec-
tional areas of the nose, where two-thirds of the 
total respiratory resistance are generated. In 
these regions, the laminar airstreams are trans-
formed into turbulent ones. Thus, together with 
the erectile lining of the nasal cavities, the ante-
rior nose provides the tools for the air-condition-
ing of the respiratory system and for the acting 
of the nasal cycle.

No wonder such a complex and exposed con-
struction like the anterior nose is very vulnerable 
to all types of damaging influences and espe-
cially to mechanical injuries. The septodorsal 
cartilage is the dominating structure for nasal 
shape and midfacial growth. Particularly, its 
anterior part is most often involved in nasal inju-
ries and its reconstruction mainly influences the 
surgical long-term outcome. Thus, rhinosur-
geons should predominantly focus on the reha-
bilitation of this anterior nose with its complex 
cartilaginous framework and erectile lining. 
Diagnostic methods like endoscopy, acoustic 
rhinometry, rhinoresistometry and imaging 
allow a better insight into the structural and 
functional characteristics of the damaged soft- 
and hardware of the nose. Too mechanistic 
thinking for nasal reconstruction should be 
replaced by a concept of applying several techni-
cal options tailored for the individual pathologi-
cal nasal finds and the requirements of nasal 
physiology. In this chapter, I presented some of 

my personal experiences and how I got an insight 
into the complexity of the nasal cartilages 
through long-term follow-up of the patients. One 
example is the acceptance of a physiological 
septal deviation which acts in harmony with the 
lateral walls instead of creating a straight antero-
posterior septal plate just for optical beauty.
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36Physiology and Pathophysiology 
of the Growing Nasal Skeleton

H. L. Verwoerd-Verhoef, G. J. V. M. van Osch, 
and C. D. A. Verwoerd

Core Messages
• The outcome of surgical interventions in the 

midfacial region is largely dependent on the 
quality of wound healing of the tissues. 
However, in children, the second aspect of 
paramount importance is the impact on further 
growth.

• The knowledge of the anatomy of the nasal 
skeleton from birth to adolescence and current 
data concerning the ‘normal’ development of 
the midfacial profile is mandatory for physi-
cians working in this field.

• Surgery of the nasal skeleton in children of 
different ages should reinstate form and func-
tion, optimise further growth and minimise 
the risks for abnormal development. As to 
restoring normal growth, clinical observations 
have still insufficiently produced convincing 
evidence.

• Results of animal experiments have largely 
contributed to understanding developmental 
mechanisms of the midface, the way they are 
influenced by various surgical interventions 
like partial resections and fractures of the car-
tilaginous and bony skeleton, and finally the 
feasibility to restore growth by surgery.

• Key issues are (1) the dominant role of spe-
cific growth zones in the cartilaginous nasal 

septum, the shift of its support from the sphe-
noid to the anterior rim of the perpendicular 
plate, the connection with the premaxilla (via 
the anterior nasal spine) and the connection of 
the upper lateral cartilages with the nasal 
bones; (2) the poor wound healing capacity of 
growing and maturing nasal cartilage and its 
deformation due to the release of interlocked 
stresses in the tissue.

• The clinical long-term results as far as nasal 
growth is concerned after nasal surgery (like 
septoplasty) should be studied more exten-
sively at different ages up till after puberty.

• The process of cartilage tissue engineering is 
making progress when autologous cells from 
the septum or auricle are seeded together with 
stem cells in a biodegradable scaffold.

• The emerging technology of 3D and 4D print-
ing offers the opportunity to design person-
alised implants for nasal reconstruction.

36.1  Physiology of the Growing 
Nasal Skeleton

36.1.1  Introduction

Rhinosurgical procedures are common in the adult 
patient group, and techniques have been developed 
and improved based on the experience with large 
numbers of patients. Most common is the septo-
plasty which is performed to correct a symptomatic 
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deviated septum of congenital, developmental, or 
traumatic aetiology. Performing such procedures in 
the paediatric age group is controversial because of 
concerns about retarding or otherwise altering 
nasal and midfacial growth patterns [1]. Children 
as “category” include patients from 0 years of age 
to  adolescence. In this period the nose is character-
ized by an increase in dimensions and an ongoing 
development of the supporting midfacial skeleton. 
Consequently, no “standard” anatomy exists for 
children as for adults. The age-specific anatomy, 
the vulnerability of the immature skeleton and the 
morphogenetic processes providing a “normal” 
adult nose, should be respected when nasal surgery 
is considered for a child. The aim should be to 
restore the anatomy in the short term, whereas a 
“normal” facial profile at the adult age has to be 
the—equally important—objective in the long run. 
However, which developmental processes should 
be restored and how? Anecdotal clinical evidence 
in small series or single case reports suggests that 
nasal trauma, septal infection or even childhood 
septoplasty can cause severe morphological and 
functional disturbances of the nose later in life. The 
restriction of clinical observations is the temporari-
ness without, in general, the possibility to follow 
up the developmental processes for a longer period, 
or to analyse the effects of various well-defined 
injuries and treatment modalities in children of dif-
ferent age groups. Here comes the value of research 
in experimental animals.

Experimental studies demonstrated the mor-
phogenetic mechanisms which might be held 
responsible for a normal development of the nose 
and upper jaw (the inferior wall of the nose!) and 
the developmental effects of lesions and surgical 
interventions of various parts of the nasal skele-
ton. Clinical evidence, facial morphogenesis in 
children, and the interaction between wound 
healing, growth and surgical procedures, as stud-
ied in animal experiments, all contribute to the 
current practice of nasal surgery in children.

Knowledge of the age-specific anatomy and 
developmental processes is essential for proper 
diagnosis and treatment of midfacial lesions in 
children. It became clear that the dimensional 
aspects of nasal growth, the evolution of the 
growth rate during childhood and the age at which 
the growth spurt ends, are related to gender [2]. 
The growth rate of the facial skeleton (nose, upper 
and lower jaw) is higher compared to that of the 
brain skull. In the first years of life the growth rate 
is also faster, and only gradually decreases in 
adulthood. The craniofacial ratio at birth is said to 
be 8:1 compared to 4:1 at 5 years of age and 2:1 in 
adulthood [3]. The human nasal septum is the 
dominating structure to determine the size and 
shape of the visible nose and, thus, influences the 
appearance of the face. The anatomy and dimen-
sions of the nose are changing with increasing age. 
The baby’s face acquires an adult profile. The ana-
tomical development of the nose with tissue matu-
ration of the cartilaginous and bony parts, including 
their age-specific characteristics, are described 
below as they have to be considered very impor-
tant and studied extensively before treatment or 
surgery is performed. Up to now, these morphoge-
netic processes in the septodorsal cartilage and in 
the sutures of the nasal pyramid and maxilla have 
been observed as more or less independent growth 
centres. The effects of frequently occurring inju-
ries of the midfacial skeleton on the further devel-
opment of the face, however, point to a strong 
correlation between the various parts. In an ana-
tomical study on cleft, lip and palate it was phrased 
by Hall and Precious as follows: “Growth of the 
nasal septal cartilage outstrips the growth of other 
skeletal and soft tissues in the midface to such an 
extent that it is the pacemaker for growth of the 
face and anterior portion of the skull” [4].

It appeared that the release of interlocked 
stresses within the cartilage and the poor wound 
healing after fractures or loss of septum cartilage 
are key factors in maldevelopment of the mid-
face, and also form a serious risk factor in surgi-
cal reconstruction at a young age [5, 6]. These 
biological aspects of surgical intervention have to 
be taken into account when the ultimate aim is to 
restore the normal form and function of the nose 
and midface.

The age-specific anatomy of the midface 
makes rhinosurgery in children different 
from the procedure in adults.
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Up to three decades ago a review of the clini-
cal literature reporting results of nasal trauma 
and surgery in children demonstrated that defi-
nite conclusions were still hampered by various 
elements such as a lack of differentiation for the 
age of the patients at the moment of injury or sur-
gery, a too short follow-up period after surgical 
treatment and incomplete documentation of the 
surgical procedures applied [6].

Since then several larger clinical studies have 
been published presenting the results of a series 
of young patients who presented a nasal disorder 
and mostly underwent septoplasty without or 
with other procedures in an endonasal or external 
approach [7–15]. In most of these studies, the 
documentation had been improved and the fol-
low- up period was extended to sometimes several 
years, however, with a very large dispersion 
(scatter) and mean value. Nevertheless, the out-
come of paediatric septoplasty in these studies is 
varying from “not interfering with the normal 
growing nasal process” [12] to “a solid apprecia-
tion of long-term outcomes and effects on growth 
remain elusive” [16], which sounds as a conser-
vative warning. An impeding factor in the inter-
pretation of all these results described for children 
may be that the moments of age at the surgery 
have been added up from generally 4  years to 
mid-10s in one group with a mean value. The 
results of the surgery have never been studied or 
measured (by anthropometry or cephalometry) 
per age group for every year. Mostly the number 
of patients in each category would then probably 
be too small for statistics. Moreover, this could 
explain that rhinoplasty in children is compli-
cated by high revision and aesthetic dissatisfac-
tion [13]. “Good results following surgery is no 
guarantee for long-term satisfaction” [13]. A 
variation in the analysis of these clinical reports 
seems to have added to the confusion of tongues 
in various review articles [17–19].

There is still work to do!
Studies in young experimental animals like 

rabbits [20–23], guinea pigs [25, 24], rats [26], 
ferrets [27], cats [28], dogs [29] and primates 
[30, 31] have contributed substantially to under-
standing the effects of trauma and surgery on the 
growing nasal and midfacial structures; observa-

tions in larger series of pure-bred mammals could 
be defined by geometrical measurements and 
data statistically processed. Despite the differ-
ences between human and animal anatomy, the 
constituting elements of the facial skeleton show 
sufficient significant similarities to allow com-
parisons relevant to the notion of the pathophysi-
ology of the human face and provide suggestions 
for treatment. In growing rabbits as well as in 
children the nose and upper jaw grow faster and 
over a longer period than the brain skull.

36.1.2  The Facial Profile and Nasal 
Skeleton of the Newborn

In the newborn, the dimensions of the splanch-
nocranium (maxilla, nasal pyramid, and mandi-
ble) are small in proportion to the size of the 
neurocranium (brain skull)! The large dimen-
sions of the latter are related to the rapid devel-
opment of the brain during pregnancy which 
continues into the first years of life. The facial 
profile of the neonate (Fig. 36.1) shows smaller 
vertical dimensions of the midface, less frontal 
projection of the nasal dorsum and a larger naso-
labial angle compared to the facial proportions 
in fully grown individuals [32].

In the newborn, the cartilaginous and bony 
nasal skeleton demonstrate a few specific 
aspects. Septal cartilage and upper lateral carti-
lages on both sides form the three-dimensional 
septodorsal cartilage, a supporting structure for 
the nasal dorsum resembling a T-bar configura-
tion [33]. The cartilaginous septum is based on 
the sphenoid (Fig. 36.2). The upper lateral carti-
lages extend under the nasal bones to merge with 
the cartilaginous anlage of the anterior cranial 
base. The nasal bones are fibrously connected in 
the sutures to the frontal and maxillary bones. At 
their ventral rim, the periosteum of the nasal 
bones is firmly connected to the perichondrium 
of the underlying upper lateral cartilages. The 
nasal bones are the product of extra-cartilagi-
nous ossification of cephalic mesenchyme. The 
first anlage of the vomer is also represented by 
islands of mesenchymal bone formation reach-
ing from palatal bone to cartilaginous septum 
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a b

Fig. 36.1 The facial profile of a 3-month-old boy (a) and 
his father; (b) Note the proportional differences between 
the facial and brain skull of father and son. The baby face 
shows smaller vertical dimensions, a less frontal projec-
tion of the nose and a larger nasolabial angle

a

b
A

Neonate

P

c

P A

Fig. 36.2 A specimen of neonatal cartilaginous nasal 
septum; (a) indentations at the border with the anterior 
cranial base concur with ossified parts lost during prepara-
tion; (A) anterior and (P) posterior side; (b) Lateral radio-
graph of a human neonate including the nasal skeleton, 
adjacent skull base and upper jaw; (A) cartilaginous nasal 
septum, (B) lamina cribrosa, (C) vomeral wing, (D) ante-
rior nasal spine, (E) palate, (F) sphenoid; (c) Schematic 
representation of the thinner and thicker zones in the neo-
natal human septum (superior part of the septum, adjacent 
to the anterior cranial base, is not included). The thinnest 
frontal part (yellow, 400–500 mu) is bounded by the colu-
mellar rim (light green, 500–1500 mu); sphenodorsal and 
sphenospinal zones of thicker cartilage (dark green-
brown, 1500–3000 mu); sphenoid (black)

with extensions of ossifying mesenchyme along 
both sides of the septum cartilage. Enchondral 
ossification of the septum cartilage may be 
observed as early as the first months after birth 
near the anterior cranial base [34]. The cartilagi-
nous septum shows a specific pattern of thinner 
and thicker zones; the thickness of the septum 
was found to vary between 0.4 and 3.5 mm. Two 
areas of thick cartilage are extending from the 
sphenoid in antero-superior direction to the nasal 
dorsum (sphenodorsal zone) and the anterior 

nasal spine (sphenospinal zone), respectively 
(Fig. 36.2c). The thinnest part is found anteriorly 
between these two zones and the slightly thick-
ened caudal rim.
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In young rabbits, a similar pattern of thicker 
and thinner areas has been demonstrated in the 
elongated septum [35, 36]. The thicker areas play 
a specific and important role in the postnatal 
development of the nose and upper jaw as will be 
discussed in the paragraph on acquired malfor-
mations of the septum. Also in young rabbits, the 
septal and upper lateral cartilages form a T-bar, 
based on the anterior skull base.

36.1.3  Midfacial Development 
from Neonate to Adolescent

In children, the development of the cartilaginous 
nasal skeleton is a complex process including the 
proliferation of chondroblasts, an increase of 
intercellular matrix, tissue maturation, partial 
regression, and enchondral ossification of the 
septodorsal cartilage. The dimensional growth of 
the septum cartilage shows its highest rate in the 
newborn and is slowing down gradually after the 
age of 2 years [37]. From that time onwards for-
mation of new cartilage continues but is balanced 
by simultaneous loss of cartilage through enchon-
dral ossification [38]. Mitotic activity of chon-
droblasts and expansion of the intercellular 
matrix might compensate for the loss of cartilage 
by ossification till the ratio between bony and 
cartilaginous parts has been changed to its defi-
nite state (Fig. 36.3). Consequently, the sagittal 
dimensions of the bony perpendicular plate are 
increasing relative to the cartilaginous part of the 
septum [39]. The growing perpendicular plate 
will intervene between septal cartilage and sphe-
noid. The septum cartilage is later firmly con-
nected to the thickened caudal rim of the 
perpendicular plate. The junction of the cartilagi-
nous septum and perpendicular plate—an impor-

tant surgical landmark—will change from an 
intracranial position in young children to the 
extracranial location at the anterior margin of the 
nasal bones in adults. The basis of the septum 
cartilage shifts from the sphenoid to the anterior 
rim of the perpendicular plate (Fig. 36.4a).

The vomeral bone which first anlage was 
already present in the neonate will develop into a 
definite part of the osseous nasal skeleton [40]. 
The vomer is enclosing the basal rim of the sep-
tum cartilage by two bony layers (vomeral wings) 
which converge inferiorly in the medial, unpaired 
bony plate separating the inferior part of the nasal 
cavities and extending in a posterior direction to 
the choanal edge of the nasal septum. The 
moment at which the ossifying front of the per-
pendicular plate should reach the vomeral wings 
is not clearly defined and may even surpass the 

a

b

Fig. 36.3 The interface between septum cartilage (right) 
and bony perpendicular plate (left); (a) active enchondral 
ossification in a young child; (b) no signs of ossification in 
the adult stage

In young children the cartilaginous nasal 
septum is based on the sphenoid, whereas 
the upper lateral cartilages extend under the 
nasal dorsum to merge with the cartilagi-
nous cranial base. Dimensions and anatom-
ical features change with increasing age.

36 Physiology and Pathophysiology of the Growing Nasal Skeleton



504

1

V

C

Lp

2 3 4

a b

Fig. 36.4 Detail of a human nasal septum (at the age of 17 
years); (a) Lateral radiograph with the overlap of vomeral 
wing and perpendicular plate; (C) anterior skull base; (D) 
lamina perpendicularis; (F) vomeral wing; (b) schematic 
representation (in frontal sections) of various modalities of 

the septo-ethmoido-vomeral junction (after Takahashi 
1987); (1) normal situation, Lp = lamina perpendicularis, 
c = cartilage v = vomer; (2) asymmetrical development of 
vomer and cartilage; (3) asymmetrical development of 
vomer with formation of vomeral spine; (4) sphenoid tail

age of 10 years, while overlap between wings and 
plate has been found in adolescence. Cartilage 
may remain present in the bony canal formed by 
vomeral wings and perpendicular plate (vomeral 
tunnel) for a longer period and extend to the 
sphenoid, as the sphenoid tail, but ultimately 
ossify in most individuals. Asymmetry of the 
vomeral wings (the ala on one side is larger than 
on the other side) may be observed when the 
sphenoid tail bulges out into one nasal cavity, 
sometimes in combination with a vomeral spine 
(Fig. 36.4b). Variations in the septovomeral junc-
tion are very common and a symmetrical devel-
opment is an exception rather than the rule. In a 
study on human foetuses of 5 months old, it was 
observed by Takahashi that around 25% demon-
strated an abnormality of the septovomeral junc-
tion which could increase to almost 40% at birth 
[41]. These deformities were ascribed to “an 
imbalance of the ‘overdeveloping’ septum (carti-
lage) and the pressure of the surrounding struc-
tures”, the last-mentioned being the developing 
bony facial skeleton.

Progressive ossification of the septum cartilage 
results in an expanding perpendicular plate start-
ing from the area of the anterior cranial base into 
the ventrocaudal direction. The ventral rim of the 
perpendicular plate shifts gradually inferiorly 
and, therefore, is in children not a reliable point of 
orientation in relation to the anterior skull base. 
The junction between cartilaginous septum, per-
pendicular plate and vomer may demonstrate con-
siderable variation but is thought to have been 
established between 10 and 14 years of age.

The length of the upper lateral part of the dor-
soseptal cartilage will be reduced on both sides to 
finally around 5–8  mm. The progress of this 
reduction shows individual variation. While the 
dimensions of the nasal skeleton increase in size, 
the relation between cartilaginous and bony parts 
is going to be altered. This remodelling will result 
in a more anterior position of the cartilaginous 
part of the septum. It is an important issue which 
should be understood by the doctor at the moment 
of diagnosis and before treatment of the child 
might be started.
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36.1.4  Postnatal Development 
of the Midfacial Skeleton 
in Mammals

The skulls of mammals demonstrate essentially 
similar components (Fig. 36.5). Various compo-
nents however may show very different dimen-
sions in different species. An example is a 
proportion between the skeletal components of 
the upper jaw. In the human skull the premaxilla 
is small compared with the maxilla whereas in 
rodents, like the rabbit, the anteroposterior 
dimensions of the premaxilla exceed those of the 
maxilla. In children, the osteogenic activity of the 
premaxillo-maxillary suture is restricted to the 
first years of life contrary to rabbits in which 

sutural growth contributes to the lengthening of 
the upper jaw and continues till sexual maturity.

Also in young rabbits, the septodorsal cartilage 
extends under the nasal bones to the anterior cra-
nial base, later followed by a reduction of the pos-
terior part of the cartilage leaving only the most 
anterior part in situ. The cartilaginous septum 
remains in direct contact with the sphenoid. Only 
a small part will demonstrate ossification to form 
the perpendicular plate. Obvious differences com-
pared to the human anatomy are demonstrated by 
the vomer. The vomer is a product of mesenchy-
mal ossification along both sides of the cartilagi-
nous septum and between the palatal bone and the 
inferior margin of the septum The cartilaginous 
septum, anteriorly connected to the anterior nasal 
spine, shows thinner and thicker parts similar to 
those described for the human nasal septum 
(Fig. 36.6). An centro-anterior area of thin carti-
lage is surrounded by sphenodorsal and spheno-
spinal zones of thick cartilage and anteriorly 
bordered by a slightly thickened anterior rim. In 
growing rabbits it was demonstrated that the 
“extra” growth of the nose and maxilla depends 
primarily on the growth of the septodorsal carti-

a

b

*

*

Fig. 36.5 Lateral aspect of the rabbit septum and skull 
(after removal of the right part of the nose and upper jaw); 
(a) at the age of 4 and 24 weeks; (b) It demonstrates the 
“extra” growth of the nasal skeleton and upper jaw up to 
the adult stage, compared to the dimensional development 
of the brain skull. *-* Line between lambdoid suture and 
spheno-occipital suture. (A) cartilaginous nasal septum, 
(B) nasal bone, (C) incisors, (D) molar complex, (E) 
vomeral wing, (F) perpendicular plate

8 weeks

Fig. 36.6 Schematic presentation of regional differences 
in thickness of the cartilaginous nasal septum in an 
8-week-old rabbit. The sphenospinal zone of thick carti-
lage extends from the sphenoid to the anterior nasal spine, 
whereas the sphenodorsal zone is extending under the 
nasal dorsum. In rabbits the lower lateral cartilages have a 
common medial crus, which is connected by a thin carti-
laginous membrane to the slightly thickened anterior rim 
of the “real” cartilaginous sptum; this thickened rim and 
the sphenodorsal and sphenospinal zones of thick carti-
lage enclose an area of very thin cartilage; light green: 
50–250  mu, dark green:250–450  mu, light red 450–
650 mu, dark red 650–850 mu

Anatomical data do not give information 
pertinent to the developmental mecha-
nisms. Animal experiments are necessary 
to analyse these morphogenetic mecha-
nisms and the way they are affected by 
injury or surgery.
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a b

Fig. 36.8 Schematic representation of the regression of 
the upper lateral cartilage from (a) 4 to (b) 24 weeks; the 
left nasal bone is removed (courtesy of Dr R.M.L. 
Poublon)

Fig. 36.7 Graphic representation of the ‘extra’ growth of 
the midfacial skeleton (with grid code) of the rabbit skulls 
between 4 and 24 weeks after birth; the line connecting 
lambdoid suture and the spheno-occipital suture (viz. Fig. 
36.5a ) has been made equal for both series (n = 20); elon-
gation of the upper jaw and the nose and forward shift of 
the molar complex result in the adult proportions between 
facial and brain skull

lage (Fig. 36.7). The sphenodorsal zone of thicker 
cartilage is responsible for lengthening the upper 
part of the T-bar, the upper lateral cartilages, and 
indirectly of the overlying nasal bones. These 
upper laterals were found to stabilise the growing 
septum cartilage in a median position. Also in the 
rabbit, the extension of the lateral  cartilages under 
the nasal bones will be gradually reduced by 
ongoing regression (Fig.  36.8). Enlargement of 
the sphenospinal zone results in an increase in 
length and thus, the gradual shifting of the lower 
part of the septum and upper jaw. In the rabbit, the 
perpendicular plate will be limited to the most 
posterior part of the septum, whereas the majority 
of the septum remains cartilaginous. Also in the 
mouse, the cartilaginous septum increases in 
length much more rapidly than could be explained 
by caudal growth, implying that interstitial expan-
sion is the more important contributor to septum 
development [42]. Equally important as the septo-
dorsal cartilage is for the growing midface, are the 
sutures and their bone formation for the facial 
skeleton, the nose included.

36.1.5  Dimensional Growth 
of the Nose and Maturation

Post-mortem anatomical studies suggested a 
phase of rapid growth directly after birth with a 
gradual deceleration after 5 years with the great-

est velocity in the first 2  years [37, 43]. 
Conclusions drawn from a study in the Aegean 
region of Turkey revealed that nasal height and 
nasal bridge length reached full maturation in 
females already at 12 years of age and in boys at 
around 15 years [44]. Nasal growth has further 
been studied by measuring cohorts of children 
and calculating “standards” for various age 
groups, differentiating between boys and girls. 
Next to these horizontal studies, a few vertical 
studies have been published based on measure-
ments of the same child at increasing ages. Such 
a vertical study demonstrated in boys a period of 
accelerated growth, most frequently observed 
around the age of 13  years [2]. In young girls 
periods of accelerated growth were found to 
occur between the age of 6 and 8 years. Growth 
spurts have not been demonstrated in horizontal 
studies including large cohorts of children. In the 
last two decennia most data on postnatal growth 
of the maxilla and the nose have been derived 
from anthropometric or lateral cephalographs in 
children of 7  years and older [2, 45–47]. In a 
more recent review, the steepest descending slope 
of midfacial growth velocity is reported to take 
place at the average age of 13.4 years for adoles-
cent girls and 14.7  years for boys [48]. It was 
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suggested that 98% of white, adolescent girls are 
“nasally mature” at the age of 15.8  years and 
98% of the boys at the age of 16.9 years.

36.2  Pathophysiology 
of the Growing Nasal 
Skeleton

36.2.1  Congenital Anomalies

36.2.1.1  Midfacial Clefts 
and the Nasal Septum

Craniofacial growth is a dynamic process bal-
ancing form and function. This equilibrium is 
easily disturbed at various levels by passive or 
active change of one of the mechanisms 
involved, prenatally or postnatally. The impact 
of the interaction with the adhering muscles on 
the developing midfacial skeleton has been rec-
ognized in recent years [50, 4, 49]. A spectrum 
of midfacial malformations may be observed as 
part of a syndrome or as solitary deformity 
which may point to an interaction between the 
growth of the nasal septum and the premaxilla-
maxilla. One of the most well-known congenital 
facial deformities is the cleft lip, alveolus and 
palate. In adult human skulls with facial clefts, 
which were known to be untreated, a specific 
pattern of growth disturbances could be 
observed [52, 51]. Unilateral clefts showed a 
deviation of the premaxilla to the non-cleft side, 
whereas the maxillary part on the cleft side had 
collapsed medially and fell behind compared to 
the non-cleft side (retrognathism). In addition, 
these skulls showed a specific malformation of 
the nasal septum with (a) a deviation of the per-
pendicular plate to the cleft side and (b) a dis-
junction between the perpendicular plate and 
vomer (Fig. 36.9). The vomer, only connected to 
the palatal margin of the cleft, tends to a more 
horizontal position to meet the deviated perpen-
dicular plate, suggesting a broadening of the 
nasal floor on the non-cleft side. From this 
study, it was concluded that these growth anom-
alies of the maxilla and nasal framework were 
part of a cleft syndrome, specific for each type 
of cleft [40, 53]. The collapse of the upper alve-

olar arch and maxillary retrognathism were also 
observed in adult members of a North-Borneo 
tribe who were born with cleft lip, alveolus and 
palate, and did not undergo surgical treatment 
[54]. In a study on lateral cephalograms of 
untreated unilateral cleft patients with superim-
posed images of cleft and non-cleft sides, the 
abnormal position of the maxilla could not be 
confirmed, most probably due to the over pro-
jection of the non-affected side [55].

Whether a combination of midfacial anoma-
lies associated with a cleft alveolus and palate 
might represent a syndrome of craniofacial 
anomalies developing as a reaction to a cleft, was 
investigated in growing rabbits [56]. Unilateral 
clefts of the alveolus and palate, produced surgi-
cally in young growing rabbits, appeared to affect 
the further development of the nose and (pre)
maxilla into adulthood (Fig. 36.10a). On the cleft 
side the molar complex, lacking a connection 
with the growing septum, does not move forward 
and will show—in the adult stage—a retroposi-
tion (retrognathism) compared to the non-cleft 
side. Here, the premaxilla, maxilla and nasal 
bones will grow to normal length, and gradually 
rotate and deviate to the non-cleft side as previ-
ously reported for human skulls [52]. The results 
of these animal experiments indicate that the cleft 
syndrome as identified in ‘untreated’ human 

Fig. 36.9 Caudal view of a human skull with unilateral 
cleft of alveolus and palate (Dept. of Anatomy and 
Embryology, Amsterdam UMC). The maxillary segment 
on the cleft side demonstrates a medial collapse and a ret-
roposition (asymmetrical position of the left and right 
tuber maxillae); deviation of vomer and premaxilla to the 
non-cleft side
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a bFig. 36.10 Caudal aspect 
of the skulls of adult 
rabbits (24 weeks of age) 
with maldevelopment 
following surgical 
procedures at the age of 4 
weeks; (a) following a 
surgical execution of an 
unilateral cleft lip and 
alveolus (resection of the 
premaxilla-maxillary 
suture): deviation of the 
premaxilla from the 
midline, retroposition of 
the maxilla, zygoma and 
pterygoid process on the 
cleft side; (b) after a 
similar cleft has been 
made and closed by 
primary osteoplasty: 
marked deviation to the 
operated side with 
shortening of the upper 
jaw, anteroposition of the 
maxilla including molar 
complex, zygoma and 
pterygoid process

skulls with facial clefts should be considered an 
adaptation to the altered developmental mechan-
ics in the developing midfacial skeleton.

Another interesting observation has been done 
when in young rabbits the premaxillary- maxillary 
suture was resected and replaced by non-sutural 
bone (Fig. 36.10b). Following this intervention, 
normal lengthening of the ipsilateral upper jaw 
failed. Secondary effects were a progressive 
deviation of the premaxilla to the non-growing 
side and an excessive forward shift of the molar 

complex on the operated side. These observations 
confirm disappointing midfacial development as 
observed after osteoplasty of an alveolar cleft in 
young children. The outcome of the above- 
mentioned experiments refers to the role of the 
cartilaginous nasal septum in the postnatal devel-
opment of the upper jaw. The growing and 
lengthening of the cartilaginous nasal septum, 
connected on both sides to the premaxilla- 
maxilla, seems to be responsible for the lengthen-
ing of the upper jaw and secondly, for a shift in 
the anterior direction of the upper jaw relative to 
the cranial base. In the presence of a unilateral 
cleft, the “mechanical” balance between both 
sides is disturbed.

Although the results of orthodontic and surgi-
cal treatment of facial clefts are improving, the 
secondary cleft nose in these patients can demon-
strate some of the following features: asymmetry 
of the tip, columella, nostril, ala and nostril floor; 
deflection of the caudal part of the septum carti-

The interaction between the growing carti-
laginous and bony skeleton is modified 
when midfacial sutures are missing as in 
the presence of facial clefts; similar cleft 
syndromes were found in animals and 
untreated patients.
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lage to the non-cleft side; stenosis of the vesti-
bule on the cleft side; hypoplasia of the maxilla 
on the cleft side; the variable collapse of the max-
illa with asymmetry of the piriform aperture; 
underdevelopment of the maxilla with retroposi-
tion of the anterior nasal spine; deviation of the 
cartilaginous and bony nasal dorsum; and devia-
tion of the posterior part of the nasal septum to 
the cleft side [57].

36.2.1.2  Congenital Malformation 
of the Nose

Nasal congenital anomalies are extremely rare 
and range from bifidity of the nasal tip or dorsum 
to nasal aplasia with or without proboscis [50]. 
Reports on nasal dysplasia, which is mostly indi-
cating a unilateral malformation, are scattered 
through the literature. The nasal cavity is missing 
and pneumatization of the maxillary, ethmoidal 
and frontal sinuses has failed. Exploration reveals 
no cartilage, but just solid bone. The affected half 
of the maxilla is hypoplastic and regularly associ-
ated with other malformations such as cleft lip, 
palate or coloboma. The last variety to be men-
tioned is a duplication of the nasal dorsum, which 
can occur in different forms and as part of a syn-
drome (Fig. 36.11).

36.2.2  Acquired Anomalies 
of the Nose

36.2.2.1  The Nose of the Neonate
Various studies refer to the importance of the 
nasal septum for midfacial development. In 
humans, intrauterine exposure to warfarin 
appeared to cause early calcification of the septal 
cartilage; subsequent nasal and midfacial hypo-
plasia was demonstrated in a cephalometric 
study, suggesting that even in utero midfacial 
growth is retarded by interference with the nasal 
septum [58]. In another anatomical study, the 
morphological interaction between the nasal sep-
tum and nasofacial skeleton was found to be cor-
related and maintained throughout ontogeny 
[49]. The nasal septal cartilage was demonstrated 
to be the key growth factor.

The neonate’s nose may show a slight or more 
pronounced deviation, with luxation of the lower 
septal border into the nasal cavity, acquired dur-
ing the passage through the birth canal 
(Fig.  36.12). In most cases, this anomaly will 
restore spontaneously but infrequently the defor-
mity has to be corrected by manipulation of the 
neonatal nasal septum which is still mostly carti-
laginous from sphenoid to the columella. Already 

a b c

Fig. 36.11 Congenital anomalies of the nose; (a) 
Incomplete fusion of the left and right anlage of the carti-
laginous and bony nasal skeleton in a 3-year-old girl and 

(b) an adult man; (c) Under development of the cartilagi-
nous and bony nasal pyramid
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a b

Fig. 36.12 A newborn baby with a deviation of the car-
tilaginous nasal dorsum and columella (a) due to a 
bending of the cartilaginous septum at the weak zone 
superior to the thick basal rim or a dislocation of the 
basal rim from the vomeral gutter, acquired during the 

passage through the birth canal (courtesy of Prof. W. 
Pirsig); (b) Asymmetrical anlage of the vomer in a CT 
scan (frontal plane) of a neonatal septum; (A) cartilagi-
nous nasal septum, (E) ala vomeris, (F, G) inferior parts 
of the vomer

in 1978, Gray found some type of septum anom-
aly in 57% of 2380 neonates [59]. The septal 
deformity was explained by Takahashi to be an 
inevitable condition resulting from the autonomic 
growth force of the septum cartilage [60].

36.2.2.2  Trauma at a Young Age: 
Bone and Cartilage Lesions

Any kind of mechanical or surgical trauma at a 
young age, destroying the septodorsal cartilage, 
initiates an irreversible disturbance of the carti-
lage from its genetically based developmental 
orientation. A lesion may vary from fracture and 
dislocation, with later deviation, to haematoma 
and abscess formation and loss of septum carti-
lage, with various associated sequelae. The 
regional differences in the thickness of the sep-

tum cartilage, described above, seem to explain 
that fractures preferably occur at sites with the 
least mechanical strength, and thus the thinnest 
parts of the septum. Septal deviations could, 
therefore, be related to the ‘weak’ areas [61]. 
Dislocation of the caudal end of the septum, the 
most frequent disorder in young children, is 
caused by a fracture running through the thin area 
lying cephalic of the columellar rim. The thin 
area above the thick basal rim is another vulner-
able fracture-prone region. This preference for 
specific fracture lines was described by several 
authors in children as well as adult patients; it 
was demonstrated in the so-called C-fracture run-
ning horizontally and superiorly along the thick 
basal rim of the septum, then more horizontally 
through the thin portion of the perpendicular 
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plate, while ending in the thinner zone just under 
the nasal dorsum [62, 63]. Another weak point is 
the area of thin cartilage, semi-parallel to the cau-
dal rim and just anterior to the connection 
between the septum and upper lateral cartilages, 
which may easily fracture when the caudal end of 
the septum gets dislocated (viz. Fig. 36.2c).

36.2.2.3  Fractures: Direct Effects 
and Follow-Up

Although injuries of the nose appear to occur fre-
quently in young children—and the incidence 
still seems to be growing—only a relatively small 
number are seen by the general practitioner, and 
even less are diagnosed by an ORL-specialist. 
Consequently, the long-term follow-up of these 
cases is rare and certainly not routine. In the 
years following such a “minor” trauma, however, 
a progressive deformity of the midface may be 

observed with increasing deviation or distortion 
of the nose, eventually in combination with 
underdevelopment of the maxilla, while the final 
effects can only be defined after the adolescent 
growth spurt [8].

After a traumatic accident, fractured parts of 
the bony midface and the septum will lead to, 
often disproportionate, disfigurement of the 
facial profile. In particular, the less obvious 
lesions of the cartilaginous septum are seldom 
diagnosed and during further growth the frac-
tured parts will bend and dislocate increasingly, 
thus leading to spine formations, local overlap-
ping edges and finally severe deviations [64]. A 
midfrontal trauma may cause multiple fractures 
with larger and smaller pieces of cartilage result-
ing in a highly distorted septum and finally an 
underdeveloped and distorted nose (Fig. 36.13). 
The direction of deviations is mostly unpredict-

a b

Fig. 36.13 Underdevelopment and deviation of the carti-
laginous nasal pyramid, multiple and irregular deviations 
of the cartilaginous septum after a previous injury; (a) boy 

at the age of 8 years and (b) 13 years. Could a progressive 
anomaly have been prevented?

36 Physiology and Pathophysiology of the Growing Nasal Skeleton



512

able because it depends on the direction of the 
deforming force and on the reaction of the trau-
matized tissues involved. Captivating evidence 
for the significance of the nasal septum in midfa-
cial growth is supplied by a rather large study of 
21 monozygotic twins ranging in age from 18 to 
22  years [65]. In only one of each twin pair, a 
deformity was found in the anterior part of the 
septum. The nose of the affected siblings was 
demonstrated by cephalometry to be shorter than 
in their ‘normal’ other half.

Animal Experiments
Poor wound healing of cartilage is the main rea-
son for the occurrence of disorders of the nasal 
skeleton, with or without nasal airway obstruc-
tion. Experimental studies in young rodents and 
other mammals have consistently demonstrated 
that removal of full-thickness (cartilage + muco-
sal lining) portions of the growing nasal septum 
may result in growth retardation of nose, maxilla, 
premaxilla and palate [22, 66–68]. Later studies 
with larger series of experiments in young rabbits 
using submucosal techniques could fill in some 
open ends of these earlier investigations as dis-
cussed in Sect. 36.2.2.4 [69]. The growth of the 
rabbit skull was studied from 0 to 24 weeks after 
birth. The facial skeleton appeared to grow faster 
and over a longer period than the brain skull like 
in humans (Fig. 36.7). The growth rate increased 
rapidly in the first 8 weeks with a gradual decline 
thereafter till around the 22nd week of age. 
Twenty-four weeks was the final date of the 
experimental period. To achieve a complete 
image of the significance and developmental role 
of the bony and cartilaginous parts, the first 
experiments were performed on the nasal bones, 
maxilla and lateral nasal wall. Transverse osteot-
omy of the nasal bone anterior to the frontonasal 
suture on one or two sides did not disturb nasal 
growth in length nor did extirpation of the fronto-
nasal suture alter the growth of the snout. The 
snout showed no asymmetry, and a small bony 
defect remained only present in a small minority 
of the animals. Even subtotal resection of the 
nasal bone did not result in growth disorders as 
long as the underlying upper lateral cartilage was 
undamaged [68]. The same restriction applied to 

partial resection of the lateral nasal wall, which in 
rabbits can only be performed through an open-
ing of the nasal cavity from above after mobilisa-
tion of the nasal bone without disturbing the 
upper lateral cartilage on that side [70]. Although 
the FESS procedure in children is not completely 
analogous it was demonstrated that enlargement 
of the entrance to the maxillary sinus via this 
method did not disturb the normal growth of the 
rabbit’s nose.

Experiments including resection of the 
premaxillo- maxillary suture(s), also in combina-
tion with resection of the midpalatal suture—
comparable to the cleft upper jaw and palate—gave 
similar results as the cleft syndrome described 
for the human patients and skulls (see Sect. 
36.2.1.1). The retroposition of the maxillary por-
tion on the cleft side is explained by the failing 
connection to the growing septum at the anterior 
nasal spine. Consequently, the septum will only 
pull forward the premaxillary complex on the 
unaffected side, and gradually deviate to that 
side. Malocclusion is the result. Closure of an 
alveolar defect with non-sutural bone, like it was 
performed in children with cleft alveolus and pal-
ate in the seventies and eighties, demonstrated 
clearly that the development of the mid-face 
became severely disturbed [56].

36.2.2.4  Septum Haematoma 
and Abscess: Loss of Septum 
Cartilage

From many human case studies described in the 
literature, it is evident that the sequelae of a nasal 
injury are frequently a septum haematoma and, 
due to contamination and infection, a subsequent 
septum abscess. A haematoma may mostly, when 
not treated adequately, cause damage to the carti-
lage while an abscess invariably causes destruc-
tion of the nasal cartilage leading to septum 
perforation or a submucosal defect of the septum 
cartilage. Saddling deformity with loss of tip sup-
port and growth retardation with a short nasal 
dorsum are then regular findings (Fig. 36.14a,b). 
Grymer and Bosch reported about one twin sib-
ling, who endured septum demolition due to a 
septum abscess at the age of 7 years, and was fol-
lowed up with its twin for more than 10  years 
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a bFig. 36.14 Under-
development of the 
cartilaginous and bony 
nasal pyramid after a 
previous septal abscess; 
(a) girl at the age of 5 
years and (b) 10 years. 
Increased nasolabial 
angle, with a prominent 
tip (supported by the 
alar cartilages)

[71]. Despite the treatment with homologous car-
tilage from the tissue bank, the affected boy 
developed a severe saddle nose with an upward 
displacement of the anterior part of the maxilla, 
decreased nasal projection and a retrognathical 
position of the maxilla compared to the unaf-
fected sibling. The authors’ observations sug-
gested that the nasal septum has a great influence 
on midfacial development determining vertical as 
well as anteroposterior maxillary growth. And 
secondly, that bank cartilage grafting is not ade-
quate in preventing malformations of the midface 
during growth. Patients with a history of facial 
trauma develop progressive nasal deformation 
and/or nasal obstruction but the younger the age 
of the child the more impact such a lesion may 
have in the long run [3]. Also the extent of the 
injury—fracture, haematoma, abscess and perfo-
ration, surgical treatment—will play a role in the 
final result after the adolescent growth spurt. And 
these results are often disappointing, thus many 
of these patients have to undergo second or even 
more surgical procedures later in life [72]. From 
a series of 241 children with a history of nasal 

injury, 40% were diagnosed with pathological 
septal findings, with the longest follow-up period 
after the trauma of 10 years [73]. Septum devia-
tion associated with snoring and abnormal rhino-
manometric values appeared in 55% of the 
patients. In a group of 16 paediatric patients, 
ranging from 2 to 14  years, major sequelae 
(62.5%) like dorsum, tip or pyramid deformation, 
septum deviation with nasal obstruction, func-
tional vault deformity and septum perforation, 
were observed, whereas the other patients 
(37.5%) all showed minor sequelae without any 
airway compromise [74]. Another consecutive 
series of 20 children (2 months to 15 years) were 
admitted to the hospital for treatment of nasal 
trauma followed by a nasal abscess (12 patients) 
universally associated with the destruction of the 
septum cartilage [75]. Nasal obstruction, how-
ever, was the most common symptom (19 
patients). Recently a structured review of 
PubMed, EMBASE and the Cochrane Databases 
comprising 81 citations, dating from 1920 up to 
now, regarding nasal septal abscess was pub-
lished [76]. It was concluded that it is a serious 
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condition that necessitates urgent surgical man-
agement in order to prevent severe complica-
tions, and even the growing child should be 
treated with early reconstruction essential for 
normal development of the midface. In this whole 
sequence, the lack of knowledge of the develop-
mental mechanics is part of the problem.

Animal Experiments

Role of Cartilaginous Septum in Midfacial 
Growth: Experimental Evidence
To improve the definition of the role of the septo-
dorsal cartilage for midfacial growth a large 
series of animal experiments in which various 
parts of the cartilage were resected, resected and 
reimplanted, crushed and reimplanted, and 
replaced by artificial materials or tissue- 
engineered cartilage, was executed [77–80]. In 
this study, the most elementary and basic experi-
ments of the former series were repeated in each 
new series. Surgical manipulation of the nasal 
septum with the removal of cartilage resulted in 
midfacial malformations; the severity was 
depending on the extension of the cartilage 
defect.

Upper Laterals
In neonatal rabbits, the upper lateral cartilages 
are extending from the nasal tip to the anterior 
cranial base, grossly comparable to the morphol-
ogy in human newborns (viz Fig.  36.8). Upper 
lateral cartilages and septum form an unpaired 
T-bar construct like in humans. This construction 
is supposed to possess much more mechanical 
strength and exert more “pressure” in the period 
of growth than the septum alone. The growing 
septodorsal cartilage could therefore mechani-
cally stimulate the lengthening of the upper jaw 
and nasal bones which are firmly connected. In 
the adult rabbit the upper lateral cartilages, hav-

ing lost the connection with the anterior cranial 
base, have adopted a more triangular shape and 
extend only halfway under the nasal bones. 
Partial to subtotal resection of upper lateral carti-
lage in young animals, on the other hand, would 
lead to specific anomalies: a decrease in length 
and curvature of the nasal bone, a deviation of the 
nasal tip to the non-operated side and a consider-
able diminishing of the size of the turbinate on 
the operated side [80]. This type of deformity 
could also be found in young patients with injury 
to one upper lateral cartilage at a young age [3].

Mucosal Elevation
In the sequence of submucosal septal interven-
tions the first step was the elevation of the mucosa 
on one or both sides, the so-called tunnelling; 
being executed carefully it did not affect septal 
and nasal growth in rabbits [81]. At a microscopic 
level, however, a short period of swelling of the 
lamina propria of the perichondrium with exu-
date formation could be observed, followed by 
chondroblast proliferation, sometimes resulting 
in some extra cartilage production within the 
perichondrium [82].

Release of Interlocked Stresses
Interruption of the septum cartilage over the 
anteroposterior length by a single and complete 
incision, comparable to a single total fracture, 
demonstrated an immediate overlap of the cut 
edges [53]. It is explained by the release of inter-
locked stresses present in the hyaline cartilage, 
which was earlier described by Gibson and Davis 
for human rib cartilage, and later by Fry for nasal 
septum cartilage in vitro [83, 5]. Forces were sup-
posed to be locked within the matrix of the carti-
lage; these should be in a state of balance between 
tension (in the three-dimensional collagen net-
work) and pressure (evoked by water- binding 
hydrophilic proteins). Hyaline cartilage of the 
nasal septum contains a collagen network of fibres 
aligned perpendicular to the surface, and ending 
in alignment with the surface forming an inner 
and transitional layer of the perichondrium: the 
most proliferative cambium layer (Fig.  36.15a). 
The cartilage cells (chondroblasts- chondrocytes) 
with their surrounding proteoglycans- containing 

The dorsoseptal cartilage is the dominant 
growth center of the midface. Specific 
growth zones are stimulating the develop-
ment of the nasal skeleton and upper jaw.
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Fig. 36.15 Histological section of septum cartilage; (a) 
Sirius Red staining specifically demonstrating the dense 
layer of collagen fibres in the perichondrium and the net-
work of collagen fibres in which the chondrocytes are 
enclosed; binding of water by intercellular proteins gener-
ates interlocked stresses within the collagen mantle and 
network; (b) After transection of the septal cartilage, 
release of interlocked stresses is responsible for an imme-

diate overlap of the cut ends as observed in vivo; (c) 
Reaction at the wound surface with exsudate, necrosis and 
swelling of the elevated perichondrium, at the level of the 
vomer wing; (d) 20 weeks after a surgical intervention; 
the separated parts are reconnected side to side by their 
perichondrium (dehiscence is artefact); the ‘free space 
under the elevated perichondrium is filled with newly-
formed cartilage (PAS Alcian blue staining)

a

b

c

d

matrix are detained within the fibrous network. 
By fracture, incision or scoring of cartilage the 
above-mentioned stresses might be released, thus 
altering the form of the cartilage. Also in the nasal 
cartilage of rabbits this interlocked stress release 
resulting in a local duplicature of the cut ends 
could be found (Fig.  36.15b–d). This phenome-
non could not be undone because within a short 
time the overlapping ends were attached side-to-
side by fibrous tissue originating from the peri-
chondrium and the interlocked stresses would 
then recur [32].

A relation between the depth of scoring and 
the immediate warping of cartilage in an isolated 
situation was studied separately [84]. The 
resected septa were immerged in a bath of saline. 
Scoring for less than 15% of the total thickness 
was not followed by bending of the cartilage, but 
incisions up to 50% of the thickness appeared to 
be directly related to the degree of warping; dif-
ferences between young and mature cartilage 
could not be observed. Effects on the mechanical 
strength of resected cartilage or on midfacial 
development could, of course, not be measured.

Submucosal Resection of Parts of the Septum 
Cartilage: Effects on the Developing Nasal 
Skeleton
Submucosal resection of the middle one-third of 
the septum cartilage of 4-week-old rabbits (per 
series n  =  10), interrupting the anteroposterior 

The poor wound healing capacity of carti-
lage and the release of interlocked stresses 
after loss or fracture of the septum have 
definite effects on later development of the 
midface.
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axis, had marked consequences for midfacial 
growth: a decreased length of the premaxilla and 
maxilla and malocclusion of the molar com-
plexes and incisors resulting in underdevelop-
ment of the midfacial skeleton (Fig. 36.16). Even 
when this surgical procedure was performed at a 

later stage, in rabbits at the age of 9 weeks with 
a follow-up of 16  weeks until the animals had 
reached adulthood, digital measurements 
(Screen Calipers version 3.3, Iconico.com 
Software) confirmed the above-mentioned 
observations [1] The septal defects in these 
experiments will interrupt both zones of thicker 
cartilage, earlier described as the sphenodorsal 
and sphenospinal zones (Fig. 36.17). Growth of 
the first is considered to contribute to the length-
ening of the bony nasal dorsum, whereas the sec-
ond should “push forward” the connected 
premaxilla-maxilla. Discontinuity of one or both 
zones can evidently explain different types of 
midfacial maldevelopment.

Histology
Histological examination of the septum after sub-
mucosal resection of the middle-one third of the 
septal cartilage demonstrates specific reactions of 
the elevated outer perichondrium, the transected 

V
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D

Regenerated cartilage

a

b

Fig. 36.17 (a) Schematic 
reconstruction of a 
septum 4 weeks after 
submucosal resection of 
1cm in the middle part of 
the septum; regenerated 
cartilage is observed 
which locally might 
bridge the defect; the 
majority of newly 
formed cartilage is found 
between the two vomer 
wings which keep the 
defect open (courtesy of 
Dr C.A. Meeuwis); (b) 
Histologic section at the 
level of the vomer one 
week after surgery; 
precursor cells from the 
inner perichondrium 
(cambium) invade the 
open space and the first 
chondroblasts are 
formed; the original 
septum cartilage shows 
signs of necrosis: the 
chondrocytes have died, 
the intercellular matrix 
remains, the adjacent 
area shows highly 
activated cells

Fig. 36.16 Lateral view of an adult rabbit skull 20 weeks 
after resection of the middle one-third of the septum carti-
lage; shortened nasal dorsum with slight ‘saddle’; maloc-
clusion with crossbite of incisors
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cartilage and adhering cambium. The wound 
reaction of the cut ends of the cartilage implies 
a ± 3 mm deep zone of regressive changes and 
cell death bordering the cut surface, with an adja-
cent zone of high cellular activity with enlarged 
dedifferentiating chondrocytes and a few mito-
ses, as well as first signs of redifferentiation 
finally resulting in the formation of new carti-
lage. After the first 2–4 days the necrotic area will 
be marked with viable cartilage by a layer of 
fibres. The necrotic cartilage is invaded and 
resorbed by polymorphonuclear cells and macro-
phages originating from the outer perichondrium 
[85]. In the meantime cells migrating from the 
cambium layer grow over the cut cartilage, 
 showing marked mitotic activity and redifferen-
tiation into cartilage (Fig. 36.17). This new carti-
lage may even be recognized 20 weeks later in 
the adult stage by its large number of relatively 
small chondrocytes. Cells migrating from the 
outer perichondrium will soon cover the newly 
formed cartilage which shows hardly any further 
growth. The role of the outer and inner perichon-
drium in wound healing of cartilage has been fur-
ther analysed by in vivo and in vitro experiments 
and will be discussed later [86].

Where the septal cartilage has been resected, 
cells from the elevated (outer) perichondrium 
seem to migrate into the underlying “free space” 
initially filled with exudates. In the following 
weeks the “free space” narrows and the elevated 
perichondrium from both sides will reconnect, 
locally enclosing islands of thin cartilage proba-
bly formed by migrating from parts of the cam-
bium which might have been connected to the 
elevated perichondrium (Fig. 36.18).

Even in adult rabbits, in which submucosal 
resection of a central basal segment of the nasal 
septum (1.0 × 2.5 cm) was removed, islands of 
isogenic chondrocytes could be identified, 
7 months later [87]. This regrown cartilage mor-
phologically resembled but was not identical to 
native septum cartilage. In contrast, healing of 
split cricoid cartilage did not occur easily in older 
rabbits: no mitotic activity or new cartilage for-
mation was then observed [88]. It is suggested 
that the potential of the septal perichondrium is 
much stronger than that of the thinner perichon-
drium covering the cricoid.

Submucosal resection of the dorsal half of 
the middle part of the septum in young animals 
results in a shortening of the nasal bones in the 

a

b

c

Fig. 36.18 Histologic section of a wound 6 weeks after 
resection of the middle part of the septum cartilage; (a) 
the cut end has been encapsulated by a fibrotic layer origi-
nating from the outer perichondrium; in the defect, the 
perichondrium layer on both sides have fused; (b) isolated 
piece of ear cartilage with intact perichondrium, cultured 
for 3 days, demonstrates fibrous cells originating from the 
outer perichondrium growing over the cut surface of the 
cartilage (Alcian blue staining; original magnification 
x75); (c) immunohistochemical staining for TGF ß1, pres-
ent in the outer layer of the perichondrium and in the over-
growth, at day 7 of culturing
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Fig. 36.19 Histologic sections of nasal septum with a 
crushed implant 2 days after surgery (a) and 20 weeks later 
(b) with deformation of the septum due to disorganised 
and insufficient repair of the cartilage; (c) detail at 7 days 

after crushing and grafting: the necrotic part of the stump 
is demarcated, invading cells from the perichondrium dif-
ferentiate into chondroblasts, and proliferating viable cells 
form larger islands of cartilage through mitotic activity

adult stage due to the interruption of the 
sphenodorsal zone of thick cartilage [89]. 
Growth of the uninterrupted sphenospinal zone 
is responsible for the normal lengthening of the 
premaxilla and maxilla. If resection of the mid-
dle part of the septum is actually restricted to 
the sphenospinal zone, no growth disturbance of 
the nose and upper jaw could be demonstrated. 
The resected part appeared to be enclosed 
between the vomeral wings on both sides [77]. 
The outer perichondrium is here attached to the 
vomeral periosteum which may prevent their 
collapse after resection of cartilage leaving free 
space for cartilage’s new formation. Then, over-
growth of the amputated ends of the septum car-

tilage by the outer layer of the perichondrium 
may be retarded or prevented (Fig.  36.19). 
Geometrical measurements of this experimental 
series demonstrated no statistically significant 
differences with the control group [90]. It may 
be concluded that the effects of septum resec-
tion in rabbits are depending on the dimensions 
and location of the created defects. The larger 
the deficit of tissue the greater the interference 
with normal growth, in particular in the most 
important growth areas. The experimental 
results make clear that inadequate wound heal-
ing of cartilage is at the moment limiting the 
possibilities of surgery to restore normal facial 
development.
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36.2.3  Repair and Reconstruction 
of the Nasal Septum

36.2.3.1  Wound Healing of Hyaline 
Cartilage and Perichondrium

In Vitro Experiments
The wound healing capacity of hyaline cartilage 
and its perichondrium in the head and neck 
region, humans as well as animals, has been 
investigated since the midst of the last century 
[92, 91]. The role of perichondrium was found to 
be twofold since it appeared to be composed of 
two layers: an inner layer (cambium) which is 
involved in the production of new cartilage cells 
and an outer, more fibrous, layer responsible for 
nutrition and protection [86]. This was observed 
in explants of rabbit ear cartilage, cultured under 
various conditions for up to 21 days, with peri-
chondrium intact or after removal of the outer 
layer or both layers. After 3  days the cartilage 
explants with an intact perichondrium demon-
strated fibroblasts, originating from the outer 
perichondrium layer, growing over the bare cut 
ends of the cartilage (Fig.  36.18b,c). When the 
outer layer was resected leaving the cambium 
layer in situ fibrous overgrowth could not be 
observed and the new cartilage was formed at the 
cut ends. Pieces of cartilage denuded from inner 
and outer perichondrium did not show any reac-
tion. It was concluded that the efficacy of neo-
chondrogenesis lies in the inner perichondrium 
layer, the cambium. It seems evident that wound 
healing of cartilage would be improved when the 
overgrowth of fibres from the outer layer of peri-
chondrium could be delayed or prevented favour-
ing cartilage new formation by the cambium.

Animal Experiments
In experimental animals such as rats, cats, guinea 
pigs, ferrets, beagles, chimpanzees, and particu-
larly rabbits reconstruction of the septum after 
cartilage resection with re-implantation of 
resected tissue or homologous cartilage, or graft-
ing with other materials was tested. As in most 
research models and series, not all outcome is 
uniform. For example, in the cat with a very short 
nose, cephalometric measurements performed in 

the lateral sagittal plane after septoplasty did not 
show any growth disturbance but septum devia-
tions can only be made visible in the transversal 
plane. It might lead to incorrect conclusions and 
advice regarding septoplasty at a young age [28]. 
Experiments with 6-week-old rabbits and 
8-week-old beagles revealed that following sur-
gical creation of a cleft lip, alveolus and palate 
using identical experimental protocols, overall 
craniofacial aberrations were similar for both 
species [93]. From septoplasty procedures in 
chimpanzee monkeys of unknown age, it was 
concluded that by delaying the time of surgery 
the impact of growth deceleration could be 
decreased [31].

Histology
In-vivo cartilage wound healing is hindered by 
chondrocyte death at the lesion site [94–96]. In 
injured cartilage, dead cells and intercellular 
matrix at the lesion site are not easily eliminated. 
A band of avital tissue can hinder the integrative 
repair of the lesion, even though the cells 
 adjacent to the layer of necrosis increase the 
expression of growth factors and synthesis of 
matrix components as well as mitotic activity. 
The hampered healing of cartilage wounds is the 
cause of deformation and growth disturbance. 
Positive results have been suggested for the use 
of a polydioxinone plate as a ‘splint’ between 
the perichondrial layers on both sides to prevent 
deformation [97]. Using a very sharp scalpel 
might help to revive the wound edges since cell 
death is less extensive at sharp cut edges [95]. In 
experimental laboratory studies, the application 
of enzymes to degrade the avital tissue in the 
traumatized area has been demonstrated to 
improve integrative bonding of two pieces of 
cartilage, which thus far has not been tested in a 
clinical setting [98–100]. Furthermore, the appli-
cation of metabolically active cells at the lesion 
site that can degrade the old matrix at the wound 
edge and lay down a newly formed matrix has 
been proposed [101].

It should be understood that this newly gener-
ated cartilage is not always of the same quality as 
the original tissue. The matrix is often more 
fibrous and does not have the same fibre architec-
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ture and mechanical properties. Therefore, the 
repair tissue might be inadequate to bring for-
ward normal nasal growth.

36.2.3.2  Implantation of Grafts
In general, cartilage grafts from the nasal septum, 
auricle or cricoid will survive when embedded in 
a physiological condition (environment), the 
more so when the cartilage graft is covered by 
perichondrium. If the embedding is inadequate 
cartilage necrosis and resorption will take place. 
The majority of experimental investigations of 
the midface were performed on rabbits in differ-
ent designs.

Animal Experiments
As discussed previously, submucoperichondrial 
resection of a middle one-third of the nasal sep-
tum in young pure-bred rabbits resulted in all 
studies to retarded snout growth rather in length 
than in height [78]. Reimplantation of the 
resected, and thus autologous, cartilage could not 
prevent growth anomalies after a follow-up of 
20  weeks when the animals are adult: reduced 
length, sometimes saddling of the nose and septal 
deformities were noted. Inadequate healing of the 
graft with a good binding to the original cartilage 
had resulted in septal spines and deviations. 
Crushing of resected pieces of septum cartilage 
followed by reimplantation showed similar 
sequelae: the crushed tissue may partially survive 
with dedifferentiation of new chondroblasts but 
is also the victim of necrosis and resorption 
(Fig. 36.19). Such a new construct appeared not 
to be suitable for reconstruction purposes in the 
growing animal [102].

When insufficient material for grafting is 
available in the patient, alternatives should be 
considered. Artificial materials like proplast and 
Gore-Tex were tested and found absolutely not 
suitable for reconstruction because of their disas-
trous effect on the growing septum. Infection and 
rejection of the graft resulting in severe midfacial 
malformations were observed in the growing ani-
mals [79].

Tissue Engineering
In addition to the use of artificial materials only, 
the combination of cells and carrier materials as 
used in the field of tissue engineering may offer 
advantages. New tissue can be formed by 
implanting materials that stimulate endogenous 
repair, by combining materials and cells in situ or 
by creating constructs with cells cultured on 
materials in the laboratory before implantation in 
the patient. Each year new materials and tech-
nologies become available but the use of artificial 
materials, either with or without seeded cells, for 
cartilage reconstruction in the head and neck 
region remains challenging because the risk of 
infection and rejection is particularly high. 
Therefore, natural materials seem a better choice 
for the reconstruction of the nasal septum. One of 
the first natural materials investigated extensively 
for cartilage formation is demineralised bovine 
bone [103–105]. This material is full of natural 
growth factors that can attract cells and induce 
cartilage formation. A promising method for car-
tilage implantation in the head and neck region 
was found when a composite graft consisting of a 
piece of the demineralised bovine bone matrix 
was enveloped in a flap of auricular perichon-
drium (Fig. 36.20a). In young rabbits, this com-
pound graft was transformed into a piece of 
hyaline cartilage (Fig.  36.20b). This newly 
formed cartilage was then removed from the ear 
and transplanted into a septum or cricoid defect 
which apparently survived and could integrate 
well with the surrounding margins of the original 
cartilage [103]. One case has been published in 
which a boy who lost most of his septum carti-
lage at a young age (around 3 years of age) was 
treated at the age of 9 with this method and 
showed a very good, developed nose at the age of 
19 years [106]. Although positive results could be 
demonstrated, the irregular tendency of early 
ossification and above all the growing incidence 
of mad cow disease gave reason to interrupt this 
research at that moment.

Based on the fact that autologous cartilage 
grafts are still the best option and that the pio-
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Fig. 36.20 Tissue engineering in vivo; (a) a piece of 
demineralised bovine bone matrix is wrapped in elevated 
rabbit ear perichondrium and left for 6–8 weeks under the 
skin; (b) histology of human engineered cartilage in vivo 
(courtesy of Prof. W. Pirsig). (c) Tissue engineering in 
vitro: construct generated from culture-expanded auricu-
lar chondrocytes of an 18-year-old donor; scaffold-free 

flat constructs were made by seeding the cells on a mem-
brane and by culturing them for 14 days in the lab fol-
lowed by implantation subcutaneously in athymic mice 
for 6 weeks; a new piece of cartilage-like tissue, positive 
for collagen type II on this immunohistochemical stain-
ing, was produced

neering studies with demineralised bone matrix 
indicated a promise of engineering solid cartilage 
in  vivo, the interest in decellularised cartilage 
grafts was renewed. The use of decellularised 
cartilage grafts has several advantages including 
good mechanical properties and low foreign body 
reaction. A very recent study with decellularised 
porcine nasal septal cartilage grafts in a rabbit 
septal replacement model confirmed the good 
biocompatibility and stability of the graft over a 
period of up to 6 months [107]. However, since 
the repopulation of decellularized hyaline carti-
lage is limited because of the dense cartilage 

matrix, the stability of such a graft in the long 
term remains questionable. A solution to allow 
cells to migrate in and repopulate the decellular-
ized carrier is offered by a method to generate 
small channels in the cartilage matrix based on 
selective enzymatic digestion of elastin in decel-
lularized auricular cartilage [108, 109]. Whether 
these decellularised allografts or xenografts of 
cartilage that possess the functional properties of 
native tissue and can be repopulated by autolo-
gous cells, will perform well in clinical prac-
tice—even for paediatric patients—needs to be 
investigated in future studies. The development 
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of tailor-made scaffolds from natural materials 
such as collagen, collagen with glycosaminogly-
cans or hyaluronic acid-based materials might 
overcome some of the problems inherent to the 
use of allogenic or xenogenic tissue grafts. These 
materials can be combined with growth factors 
[110]. The disadvantage of these materials, often 
used as hydrogels, is their weak mechanical 
properties. This shortcoming can be addressed 
with new approaches such as the incorporation of 
second networks to form so-called interpenetrat-
ing polymer network (IPN) hydrogels [111]. An 
alternative approach to improve mechanical 
properties would be to use composites with firm 
but flexible materials such as for example 
described by Zhou and colleagues. They reported 
the use of permanent support in the form of a 
coiled wire embedded into a porous collagen 
scaffold in sheep to maintain the construct’s size 
and ear-specific shape [112]. For all materials, it 
is required to tune the rate of formation of new 
tissue with degradation of the carrier material in 
order to prevent too much foreign body reaction. 
Another option to improve the mechanical prop-
erties is to culture the materials with cells for 
 several weeks in order to let these cells produce a 
matrix that will provide more mechanical 
stability.

The cells required to generate cartilage matrix 
can be harvested from several sources. The nasal 
septum would be the first choice. Nasal septal 
chondrocytes have been demonstrated to grow 
well in culture and to be able to form a new carti-
lage matrix [114, 113]. They have recently been 
used in clinical trials for the repair of articular 
cartilage defects, without any safety issues [115]. 
In case the quantity of available cartilage from 
the septum itself is insufficient, the auricle may 
be a suitable source. A small biopsy will suffice 
to harvest cells and expand the number of cells in 
culture to obtain the number required to make a 
graft [116–118]. Chondrocytes from the auricle 
have proven to be very good cartilage matrix pro-
ducers (Fig.  36.20c). The amount of cartilage 
matrix generated by these cells is higher than 
from cells derived from a nasal septum. 
Previously, it was shown, however, that the 
molecular profiles of cells from auricle and sep-

tum are different, even after the expansion of 
cells in the laboratory for several weeks [119]. It 
is to be expected that the quality of the matrix and 
thus the functional behaviour of the graft pro-
duced by cells from the nasal septum and auricle 
will differ as well, although this has never been 
examined thoroughly. Moreover, it should be 
investigated whether this has clinical conse-
quences. For the moment auricular cartilage 
grafts are being used frequently for nose recon-
structions, with variable and temporary success. 
In a growing nose, however, the long-term conse-
quences have not yet been explored.

The harvest of cartilage for the isolation of 
cells will always cause donor-site morbidity; the 
defect will not heal properly due to the intrinsic 
limited repair capacity of cartilage. An alterna-
tive cell source may be found in stem cells. They 
can be isolated with relatively low donor-site 
morbidity from the perichondrium of the ear, 
bone marrow or from adipose tissue. Moreover, 
in contrast to cartilage cells, stem cells can be 
extensively expanded in number while retaining 
the potency to differentiate into cartilage. In 
spite of all the efforts, it appeared very challeng-
ing to produce stable cartilage using stem cells, 
as the generated cartilage is transient and will be 
remodelled into bone [121, 120]. Since stem 
cells are considered multipotential and capable 
of forming many different tissues, ongoing 
research efforts aim to unravel ways to stimulate 
stem cells to produce stable hyaline cartilage 
[122, 123]. High costs and regulations concern-
ing advanced- therapy medicinal products 
[Regulation EC, no. 1,394/2007] make long cell 
culture procedures less applicable for use in 
patients. One option to combat this challenge is 
to combine stem cells with freshly isolated nasal 
septal chondrocytes. In a set-up with 20% nasal 
septum chondrocytes and 80% stem cells, it was 
shown feasible to engineer cartilage constructs 
with properties similar to those of constructs 
containing chondrocytes only [124]. Because 
this requires a lower amount of chondrocytes, 
expansion in culture is not needed. The cartilage 
matrix will be produced by the chondrocytes, 
whereas the stem cells secrete factors that stimu-
late the chondrocytes to produce matrix reducing 
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the earlier-mentioned risk of bone formation by 
stem cells [124]. Moreover, the use of allogeneic 
stem cells in this set-up was demonstrated to be 
safe and successful for articular cartilage repair, 
allowing the production of an off-the-shelf 
product.

Next to a mismatch in mechanical properties 
between the implant and the native nasal septum, 
a mismatch in the shape of the implant or unpre-
cise surgical implantation may be a cause of poor 
results in nasal reconstruction. Computational 
technology becomes available for cartilage appli-
cation where it can play a role in surgical plan-
ning and reconstruction as well as 3D-printing of 
personalized implants as was reviewed by Shi 
and Huang [125]. 3D-printing has now entered 
the field of Otorhinolaryngology [126]. 
3D-printing allows the fabrication of implants 
with precise internal and external 3D-architecture. 
This enables the generation of patient-matched 
shapes and sizes. 3D-printing was used to 
improve the fitting of silicone nasal septum pros-
thesis in patients based on CT images of the sep-
tal defect [127]. 3D printing is also employed for 
the reconstruction of septal defects with 
 resorbable implants. 3D-printed resorbable grafts 
of polycaprolactone have been implanted in rab-
bits where retention of the initial shape and posi-
tion of the implant, with a minimal inflammatory 
reaction, was demonstrated after 3 months [128]. 
In the following multi-centred clinical trial 
including 20 patients with caudal septal devia-
tions that underwent septoplasty, an improve-
ment in the Nasal Obstruction Symptom 
Evaluation Score as well as in nasal cavity cross- 
sectional areas and septal deviations on the CT 
scans was reported [129]. No complications were 
observed, patient satisfaction was good and sur-
geons indicated that the grafts were easy to han-
dle and manipulate in the surgical procedure. The 
short follow-up of only 3 months is a limitation 
of this study and long-term results as well as 
comparison with conventional technology should 
demonstrate the value of these 3D-printed 
implants. 3D-printing was also applied to print a 
mould of a patient-specific implant that was then 
injected with a hydrogel derived from matrix of 

decellularized cartilage and human adipose 
tissue- derived mesenchymal stem cells, and sub-
sequently implanted subcutaneously in the mouse 
to form tissue [130]. The possibility to print mul-
tiple materials can be used to better control 
mechanical and degradation behaviour. Moreover, 
3D-bioprinting of cells in hydrogels offers the 
potential to precisely place cells in desired posi-
tions and patterns. The hydrogels used as bioinks 
have weak mechanical properties and are, there-
fore, often combined with other materials to pro-
vide sufficient mechanical properties. Scaffolds 
in the shape of a nose were bioprinted with a 
gelatin methacrylate (gelMA) bioink combined 
with cellulose [131], a gellan gum bioink and 
poly-(ethylene glycol) diacrylate that was 
UV-crosslinked [132] or a gellan gum/alginate 
bioink with BioCartilage®, a commercial carti-
laginous ECM [133]. The development of bio-
compatible bioinks is one of the current 
challenges. Furthermore, the newest develop-
ments in 4D-printing technology are entering the 
field of medical applications and offer opportuni-
ties to design constructs that change their form or 
function in time in response to an external stimu-
lus [134]. This emerging technology, which 
depends on biomaterials that are sensitive to 
environmental stimuli such as temperature, pH, 
light, electric or magnetic current or mechanical 
stress to change the form, might offer opportuni-
ties for the reconstruction of growing structures 
such as the paediatric nasal septum, in the future.

36.3  Conclusions and Clinical 
Epilogue

In the previous paragraphs current data on the 
normal growth of the nose in children have been 
presented:

A key issue in current research—in vivo 
and in vitro—is the promotion of repair of 
defects and fractures by tissue engineered 
cartilage.
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• The development of the facial profile from 
baby to adult.

• The evolution of the growth rate of the exter-
nal nose in relation to age and sex.

• The development of the cartilaginous and 
bony nasal skeleton.

• The specific organisation of the cartilaginous 
nasal septum in thinner and thicker areas.

• Growth and maturation of involved tissues, 
enchondral and mesenchymal ossification.

In the latest decennia animal experiments 
have elucidated:

• The role of the septodorsal cartilage as the 
dominant growth centre in the midface with 
specific growth zones within the cartilaginous 
septum, and upper lateral cartilages, responsi-
ble for the growth of the nasal bones and 
premaxilla-maxilla.

• The nasal septum as the pacemaker for midfa-
cial growth [4].

• The effects of various lesions of the septodor-
sal cartilage, nasal bones and facial clefts on 
the developing midfacial skeleton, as well as 
the feasibility of surgical interventions to pre-
vent these late effects.

• The potential of the cambium (inner perichon-
drium) layer to form new cartilage, which is 
restricted by overgrowing outer 
perichondrium.

• Prevention of untidy overgrowth by the outer 
perichondrium during repair of defects or 
fractures in cartilage is needed for restoration 
of the conditions for normal development.

In the clinical domain, nasal surgery in chil-
dren has been practised for several years.

Septal haematoma and septal abscess are rec-
ognized as acute indications for surgical treat-
ment. Early drainage of a haematoma or abscess 
could save the septal cartilage from necrosis. In 
addition to drainage of the abscess and antibiotic 
treatment the implantation of preserved bone has 
been advocated to prevent saddling of the nasal 
dorsum. There is no evidence that preserved bone 
will restore normal growth. Occasionally a cen-
tral submucosal defect is found leaving intact the 
thicker areas—growth and support zones—in the 

septal cartilage. The sequelae of nasal trauma in 
children are currently not sufficiently recognized 
and the late effects of fractures on further growth 
are often not taken into full consideration. It 
seems that most children are not referred to an 
ORL specialist in case of acute trauma.

When fractures and dislocation are diagnosed 
in children, repositioning and realignment of dis-
located fractured parts of the bony and cartilagi-
nous nasal pyramid seems indicated at short 
notice. Uncertainties about further nasal growth 
should be discussed with the patient and/or par-
ents. This equally applies to elective nasal sur-
gery in case of progressive and severe functional 
or aesthetic problems.

Various studies of paediatric patients have 
reported successful results after rhinosurgical 
procedures at a young age [9, 11, 135–137]. The 
number of patients, however, was usually limited 
and the follow-up was too short. To date, there is 
no consensus among clinicians with regard to the 
optimal age for surgical management of pathol-
ogy of the nasal skeleton. Reconstruction with 
autologous cartilage (septal, costal or auricular) 
grafts in an open approach has been advocated as 
preferential for older children, although growth 
disturbances remain a risk.

Significant progress has been made in the 
preclinical domain—from human anatomy to 
experimental surgery in animal models—in 
recognizing critical factors of cartilage wound 
healing. New developments might reveal meth-
ods that combine a patient’s own (stem) cells 
with scaffolds, that can be 3D printed to pro-
vide a personalized shape, to reconstruct the 
growing nose in the future. For clinicians the 
next step should be to acquire more clinical evi-
dence, differentiating for the age of the child 
and including an adequate follow-up, to evalu-
ate the later nasal development in comparison 
with the outcome of the animal model studies 
[76, 6].
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37Physiologic Concerns During 
Rhinoplasty

E. B. Kern

Core Messages
• The prime physiologic concern during cos-

metic rhinoplasty centers on the breathing 
function, correcting a present breathing dys-
function or preventing a postoperative breath-
ing disturbance while improving the patient’s 
appearance.

• The nasal valve is the most important part of 
the nose (internal and external) causing 
breathing disturbances.

• Managing the entire nasal valve area is the 
main issue in protecting the patient’s breath-
ing function during cosmetic rhinoplasty.

37.1  Introduction

Truth is as you see it, and as I see it, after evaluat-
ing thousands of rhinologic patients, the most 
common symptom that I observed after failed 
rhinoplasty was difficulty breathing. This state-
ment is based on my almost 50 years of working 
in otorhinolaryngology (primarily rhinology) and 
the findings of almost 9000 breathing test patients 
(anterior mask rhinomanometry) and numerous 

papers presented to the profession over many 
years from data collected on patients at the Mayo 
Clinic in Rochester, Minnesota, USA, between 
the years 1972 and 2003 [1–12]. After prolonged 
study and writing regarding nasal physiology, I 
choose to summarize (simplify) and emphasize 
four primary functions of the nose [13–21]. These 
primary functions are listed as follows:

 1. Olfaction
 2. Defense (sneeze, mucociliary transport, 

defensive proteins, and the immune system)
 3. Respiration (breathing, providing optimal 

nasal resistance and charging the inspired air 
with warmth and moisture, proper humidity, 
so oxygen and carbon dioxide exchange 
occurs optimally at the alveolar level)

 4. Cosmesis (appearance) Because a patient’s 
symptoms can be so disturbing, my prime 
physiologic concern during cosmetic rhino-
plasty centers on breathing function. Of 
course, during rhinoplasty, cosmesis (appear-
ance) is the usual first concern of the patient, 
yet for the surgeon, the two essential concerns 
must be improving the appearance and cor-
recting a present breathing dysfunction or pre-
venting a postoperative breathing disturbance. 
The dictum of “do not sacrifice breathing 
function for appearance” is the mantra quietly 
singing in the back of the mind in my role as a 
“functional” nasal surgeon.
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How many of us have experienced that sad 
and disquieting moment in our practice when 
the patient, even years after primary rhino-
plastic surgery, complains bitterly about dis-
turbed sleep [22, 23], mouth breathing, 
shortness of breath, or other symptoms of 
post-rhinoplasty nasal airway obstruction [24, 
25]? In other words, it is the physiologic 
respiratory (breathing) concerns during 10% 
(approximate numbers) in experienced hands, 
after viewing websites and contacting plastic, 
facial plastic, and cosmetic societies by 
phone, I estimate that the number of 
 rhinoplasty operations performed in the USA 
is about 500,000 operations per year.

Rhinoplasty that I will address in this chap-
ter with emphasis on those anatomic compo-
nent parts of the nose that require meticulous 
attention during rhinoplasty to avoid produc-
ing a postoperative breathing disturbance. It is 
essential to preserve or improve nasal breath-
ing and not impair any function while per-
forming the rhinoplasty.

By definition, in my view, a rhinologist is a 
physician who is interested in patients who 
have disturbances in the nose and paranasal 
sinuses. Surgery is but one treatment option 
for managing the varied symptoms seen in our 
rhinologic patients. I will review some of the 
important concepts concerning the nasal valve 
(internal and external nasal valve) since it is 
the nasal valve that is the most critical area for 
nasal breathing and by extension, it is the 
nasal valve area that is the most important site 
of my physiologic concern while performing 
a primary cosmetic rhinoplasty.

37.2  Anatomy of the Nasal 
Valve Area

Since my primary physiologic concern during 
cosmetic rhinoplasty centers on the breathing 
function and the nasal valve is the most critical 
area for breathing, a review of both the anatomy 
and physiology of the nasal valve area is impera-
tive. Regarding the anatomy, an arbitrary subdivi-
sion of the nasal valve for practical clinical 

thinking has been forwarded in the literature, 
suggesting that we think of the nasal valve area as 
having two component parts. First, the internal 
nasal valve (most of our discussion will center 
around the internal nasal valve as it is composed 
of a number of diverse anatomic parts) and an 
external nasal valve, which is primarily com-
posed of the lower lateral cartilages and sur-
rounding soft tissues, which are covered both 
dorsally and ventrally by the skin. Both valves 
(internal and external) are still subjected to the 
laws of fluid (air is the fluid) dynamics [13–15, 
26–38].

37.2.1  Internal Nasal Valve

First, let’s look at the anatomy of the external 
nose. The component parts of the external nose 
include a nasal skeletal structure (bone and carti-
lage) conveniently divided into three distinct and 
separate anatomic parts including:

 1. Upper bony portion (paired nasal bones).
 2. Middle third is composed of the single upper 

lateral extension of the septal cartilage (the 
upper lateral cartilage is one cartilage and 
should not be thought of as two separate car-
tilages); this upper lateral cartilage is also 
termed the roof or triangular cartilage 
(Fig. 37.1). At its distal end (caudal end), the 

x10

Upper lateral cartilage

Septum

Fig. 37.1 Photograph showing that the upper lateral car-
tilage (roof cartilage) is an upper lateral extension of the 
septal cartilage in humans. The photograph was taken 
after a rhinectomy that the author performed on a patient 
with invasive nasal cancer (By permission of Mayo 
Foundation for Medical Education and Research. All 
Rights Reserved)

E. B. Kern



533

upper lateral cartilage is usually separated by 
a narrow cleft from the nasal septum and 
projects beneath the paired lower lateral 
cartilages.

 3. Lower third of the external nose is composed 
of paired lower lateral cartilages (also called 
lobular, rim, alar, or great alar cartilages).

For emphasis, remember that this single upper 
lateral cartilage is attached proximally beneath 
the paired nasal bones and is attached distally 
beneath the lower lateral cartilages [26, 32, 33]. 
At its distal (caudal) end, the upper lateral carti-
lage frequently curls back upon itself forming a 
portion that is called the “scroll” also termed 
“returning” which is in contact with the proximal 
(cephalic) end of the lower lateral cartilages [26, 
32, 33, 39]. The upper lateral cartilage also 
extends laterally out to the bony margin of the 
piriform aperture formed, in part, by the frontal 
(ascending) process of the maxilla. This external 
nasal skeletal structure (bone and cartilage) is 
actually covered externally by the soft tissues of 
the skin, muscles, perichondrium, periosteum, 

and neurovascular bundles. Internally (intrana-
sal) these structures have mucocutaneous (skin 
and mucosa) coverings.

The entire internal nasal valve is more than the 
relationship between the distal end of the upper 
lateral cartilage and its angle formed with the 
nasal septum. Because of the complexity of the 
anatomy and the various papers on the subject, I 
think, for practical and functional reasons, the 
nasal valve should be thought of as an area. I 
think of the nasal valve area as a three- 
dimensional inverted cone-shaped structure that 
extends from the region of the distal (caudal) end 
of the upper lateral cartilage in its relationship to 
the nasal septum medially, including the premax-
illary wing region, the floor of the nose, and later-
ally to the bony piriform aperture including the 
soft fibrofatty areolar tissue of this region of the 
internal nasal valve and is bounded posteriorly by 
the head of the inferior turbinate (Figs. 37.2 and 
37.3).

Various workers have investigated the internal 
nasal valve and determined the approximate site 
using various methods, but the overwhelming 

Upper
lateral

cartilage

Int. n.
valve
angle

Total
valve area
(shaded)

Head
inf.

turb.

Internal nasal
valve angle

Fig. 37.2 This illustration demonstrates the clinical 
internal nasal valve angle and in the upper right corner of 
the illustration a representative view of the total internal 
nasal valve area which includes the upper lateral cartilage, 
the septal cartilage (the septal turbinate “swell body” is 
not shown here), the floor of the nose, the piriform aper-

ture including the frontal (ascending) process of the max-
illa, and the head of the inferior turbinate are all shown. 
The internal nasal valve angle is represented as ranging 
from 10 to 15 ° although some authors have different find-
ings [40] (By permission of Mayo Foundation for Medical 
Education and Research. All Rights Reserved)
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Fig. 37.3 Illustration 
demonstrates that the 
internal nasal valve area 
can be thought of as a 
three-dimensional 
structure (an inverted 
cone) with a triangular 
portion (bottom) of the 
cone fitting into the apex 
of the internal nasal 
valve angle (By 
permission of Mayo 
Foundation for Medical 
Education and Research. 
All Rights Reserved)

consensus is that most of the upper airway resis-
tance is provided by the internal nasal valve and 
about one third of that resistance is due to the car-
tilaginous vestibule and approximately two thirds 
of that nasal resistance is due, in large measure, 
to the congestive capabilities of the anterior end 
(head) of the inferior turbinate. This turbinal 
“swell” body has a counterpart on the septum 
(“septal turbinate, swell body, or septal body”) 
located on the nasal septum approximately adja-
cent to the anterior end (head) of the inferior tur-
binate [38, 40]. The finding of the septal turbinate 
(swell body) was first described in the 1600s, and 
these findings have been reported and supported 
by investigations in humans [26, 38, 40]. This 
entire internal nasal valve area ranges some-
where between 55 and 64 square millimeters.

The narrowest portion of the nasal airway is 
the apex of the internal nasal valve area at the 
nasal valve angle which is the specific triangular 
slit-like portion between the caudal (distal) end 
of the upper lateral cartilage and the nasal septum 
(Figs. 37.2 and 37.3). This nasal valve angle was 
first described over 100 years ago by Mink and is 
continuously re-reported to be approximately 
10–15° in the leptorrhine (Caucasian) nose, as 

pointed out by Miman and coworkers [40]. In 
their prospective comprehensive study of 248 
nasal cavities using direct endoscopic examina-
tion along with acoustic rhinometry and rhino-
manometry, they discovered different types of 
nasal valve angles, ranging “between 22.5 and 
52°” [40]. Miman et  al. studied normal asymp-
tomatic control subjects and proposed a classifi-
cation related to the upper lateral cartilage’s 
caudal border stated as convex, concave, or 
twisted and the valve angle as blunt, sharp, or 
occupied by the septal body. The septal body has 
been noted and reported before with a prevalence 
ranging from 52% to 66% of individuals [38, 41]. 
Miman et al. also discussed another study whose 
authors used computed tomography to study the 
nasal valve angle and that was reported to be 
11.4° ± 2.6°. After a closer study of the other data 
obtained from computed tomography (while 
Miman et al. used direct endoscopic examination 
along with acoustic rhinometry and rhinomanom-
etry), Miman et al. realized that positioning and 
placement of the lines for measurement are sub-
jective and even a slight alteration of line place-
ment could significantly alter the results by at 
least 15–20°. In light of their findings, Miman 
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et al. concluded that the literature’s emphasis on 
a normal nasal valve angle of 10–15° needs chal-
lenge and must be open for further study and 
discussion.

It is the entire internal nasal valve area that is 
the primary airflow inflow regulator; accounting 
for the majority of the inspiratory resistance to 
inspiratory airflow and the head of the inferior 
turbinate is the posterior portion of the internal 
nasal valve area. The head of the inferior turbi-
nate has a significant and at times a dominant role 
(think acute viral or acute allergic rhinitis) as an 
inflow regulator in the Caucasian (leptorrhine), 
Black (platyrrhine) nose, and the Asian (mesor-
rhine) nose. Remember that the functional airway 
unit is the entire internal nasal valve area and 
any component anatomic part including the upper 
lateral cartilage; the anterior nasal septum, the 
premaxillary wing region, the floor of the nose, 
the piriform aperture, lateral fibrofatty areolar tis-
sue, frontal (ascending) process of the maxilla 
and the head of the inferior turbinate, or the skin 
or mucosa (mucocutaneous coverings); or any 
combination of those structures when anatomi-
cally or pathologically altered from “normal” 
may contribute to dysfunction of the entire inter-
nal nasal valve area. In other words, any ana-
tomic part of the internal nasal valve area may 
be surgically altered during primary rhinoplasty 
and therefore vulnerable to surgical alteration 
that could have negative consequences for breath-
ing function postoperatively [6, 42–61].

37.2.2  External Nasal Valve

The external nasal valve is that portion of the 
nasal airway (ala of the nose) that is sprung open 
by the tensile strength of the paired lower lateral 
cartilages and the covering soft tissues and skin 
of the ala. The external nasal valve becomes a 
problem for the patient if the lower lateral carti-
lage is resorbed secondary to nonsurgical trauma, 
surgical trauma with over-resection of the lower 
lateral cartilages or changes in the tensile strength 
of the cartilage due to the atrophy of aging or loss 
of muscle tone secondary to facial palsy or other 
neurologic disorders [33, 62–65].

37.3  Physiology of the Nasal 
Valve Area

Today, 40 years after Williams merely speculated 
that the nasal valve functions as a type of inflow 
device controlling the rate and depth of respira-
tion, the complete function of the nasal valve is 
still unknown [66]. Hinderer suggested that the 
nasal valve controls inspiratory air currents 
changing them from a column to a sheet of air, 
thereby giving shape, velocity, direction, and 
resistance to the inspired air [32, 52]. It has been 
previously suggested that the head of the inferior 
turbinate [39] and the septal turbinate [26, 38, 67] 
work in concert and both are important compo-
nents of the internal nasal valve area because they 
provide the necessary resistance to breathing dur-
ing inspiration. The nasal valve has been consid-
ered [13, 14] to function as a Starling resistor 
influenced by Bernoulli forces so that when the 
airflow increases (accelerates), the interior nasal 
pressure decreases allowing the lateral nasal 
walls to collapse inward (towards the nasal sep-
tum). Both the nose and a Starling resistor consist 
of a semirigid tube with a short collapsible seg-
ment (the internal and external nasal valve). The 
portion of the internal nasal valve at the head of 
the inferior turbinate can be considered the 
upstream segment, whereas that portion posterior 
to the head of the inferior turbinate and the septal 
body is the downstream segment (Fig. 37.4). In 
other words, the semirigid tube conducts pressure 
changes to the collapsible segment, which is 
influenced by several factors including the con-
ducted pressure, the extramural pressure, 
Bernoulli forces, and the elasticity of the collaps-
ible cartilaginous segment. In the nose, negative 
inspiratory pressure is transmitted from the naso-
pharynx to the internal nasal valve area, which 
then narrows. The degree of narrowing depends 
on three variables:

 1. The pressure difference between the internal 
nasal pressure during breathing and the atmo-
spheric pressure (transmural pressure).

 2. The flexibility of the valve area’s collapsible 
cartilaginous segment.

 3. The size of the valve area.
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Fig. 37.4 Illustration is a graphic representation for-
warding the idea that the nasal valve (internal and exter-
nal) can potentially function as a collapsible segment 
dividing the nose into upstream—cartilaginous portion 
(Cottle areas 1 and 2)—and downstream “bony portion” 
(Cottle areas 3, 4, and 5). According to Cottle, the nasal 
septal areas are as follows: area 1 refers to the nasal sep-
tum at the caudal end of the nasal septum. Area 2 refers to 
the nasal septum at the valve area (now comprising the 
internal valve (including the anterior head of the inferior 
turbinate) and external valve (including the lower lateral 
cartilages)). Area 3 refers to the nasal septum at the attic 
(the region of the septum beneath the nasal bones). Area 4 
refers to the nasal septum and its relationship to the turbi-
nates (except for the most anterior head of the inferior 
turbinate, which is certainly part of the internal nasal 
valve and at the same time is the most posterior part of the 
internal nasal valve). Area 5 refers to the nasal septum and 
its relationship to the choana [26, 32, 33, 67] (By permis-
sion of Mayo Foundation for Medical Education and 
Research. All Rights Reserved
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Fig. 37.5 Nasal pressure (x-axis) and nasal flow (y-axis) 
are seen on an idealized rhinomanometric curve in two 
situations. A normal functioning nose. From a patient 
with external nasal valve (alar) collapse demonstrating 
limitation of flow at high inspiratory (negative to atmo-
spheric) pressure. At maximal inspiratory flow (Vmax), 
the nose collapses and no further increase in pressure 
(negative inspiratory pressure) can cause a further increase 
in airflow through the nose. In other words, when the 
valve (internal and/or external) collapses, there is plateau-
ing of the curve since no matter how hard a subject tries to 
increase the inspiratory effort (negative pressure during 
inspiration), there is a cessation of airflow secondary to 
(internal and/or external) nasal valve collapse

In the normal nose, the nose does not collapse 
during quiet breathing because the tensile 
strength of the cartilage (upper lateral cartilage, 
lower lateral cartilage, and septal cartilage) sup-
port of the nose offsets the closing forces of the 
transmural pressure and the Bernoulli effect. The 
resistance to airflow is dependent on the skeletal 
(cartilage and bone) and mucocutaneous nasal 
structures that are anterior (upstream) and poste-
rior (downstream) to the head of the inferior tur-
binate. At maximal inspiratory flow rates, a 
greater inspiratory effort (increased negative 
pressure) fails to increase airflow because the 
external nasal valve (ala) is collapsed (Fig. 37.5). 
The external nasal valve does not remain col-
lapsed as the process is reversed during 
expiration.

The external nasal valve (ala) is really the 
airway opening supported by the paired lower 
lateral (great alar or alar) cartilages. The criti-

cal sites for collapse are either at the external 
nasal valve (lower lateral cartilage) or at the 
internal nasal valve (nasal valve area composed 
of the upper lateral cartilage, nasal septum, 
including the premaxillary wing region, the 
floor of the nose, piriform aperture, and the 
head of the inferior turbinate). Some observers 
believe that the septal turbinate (septal “swell” 
body) is part of the nasal valve area and I tend 
to agree, but these findings tend to support the 
notion that total understanding of the valve area 
and its function is still far from fully under-
stood [30, 33, 38, 40]. Nonetheless, it is neces-
sary to have some practical understanding of 
the nasal valve area and its critical sites in order 
to perform surgery without disturbing nasal 
breathing function.

These critical sites are seen in Fig.  37.6. A 
clinical un-instrumented view of many of the 
structures of the internal and external nasal valve 
can be seen in Fig.  37.7. The alar muscles are 
also involved in valvular function and aid in pre-
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Fig. 37.6 Illustration depicts the most “critical sites” of 
“Physiologic concern during rhinoplasty” that the surgeon 
must understand and avoid sacrificing structural support 
in these “critical sites”; otherwise breathing dysfunction 
will most probably occur postoperatively. These “critical 
sites” include the following: the lower lateral cartilage 
(LLC), the major component of the external nasal valve; 
the internal nasal valve including the upper lateral carti-
lage (ULC), the septum, and the valve angle between the 
upper lateral cartilage (ULC) and the septum; and the 
head of the inferior turbinate. If any of these “critical 
sites” are sacrificed for esthetic reasons, then the recon-
struction must follow at the time of surgery; otherwise, a 
postoperative breathing dysfunction will often follow. If 
the internal nasal valve angle is blunted or scarred, then 
postoperative breathing dysfunction will almost invari-
ably follow (By permission of Mayo Foundation for 
Medical Education and Research. All Rights Reserved)

Internal
nasal valve
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Fig. 37.7 Photograph is an un-instrumented clinical 
view of the left side of a person with a normal nose. Many 
structures of the internal and external nasal valve are seen 
and labeled (By permission of Mayo Foundation for 
Medical Education and Research. All Rights Reserved)

venting the collapse of the valve at high inspira-
tory flow rates. Rigidity (scar) or flaccidity 
(over-resection) of cartilage structure including 
both the upper and the lower lateral cartilages 
and soft tissues would affect valvular function 
and breathing. Even minor changes in the diam-
eter of the airway can significantly increase nasal 
airway resistance in concert with Poiseuille’s 
laws where the airflow is proportional to the pres-
sure changes times the radius to the fourth power 
divided by the length. In other words, small 
changes in the radius to the fourth power are 
extremely significant.

Using acoustic rhinometry and active anterior 
rhinomanometry, Zambetti and associates [68] 

proved and supported the long-held clinical 
observation that small deformities in the anterior 
portion of the nose (upstream) like a scar in the 
valve angle can more profoundly and adversely 
affect nasal breathing than larger deformities in 
the interior of the nose (downstream) when they 
said, “Modest nasal cross-sectional area reduc-
tions posterior to the nasal valve do not cause 
substantial variations in nasal resistance…” [68].

The nasal valve area must function in concert 
with the structures upstream and downstream to 
provide nasal pulmonary respiratory balance 
over the wide range of physiologic demands. 
Since the head of the inferior turbinate is part of 
the internal nasal valve, it is affected by the vas-
cular changes of the capacitance vessels in the 
stroma, which is termed the nasal cycle [41, 69, 
70]. Actually, the nasal cycle is a normal physio-
logic phenomenon that includes the alternating 
congestion and decongestion of the turbinates 
with changes in uninasal resistance while the 
total nasal resistance remains relatively constant 
(Fig. 37.8).
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Fig. 37.8 The nasal cycle occurs in approximately 80% 
of the adult population. It can be described as the normal 
physiologic alternating congestion and decongestion of 
the nasal turbinates producing changes in one-sided nasal 
(uninasal) resistance. Nasal resistance is calculated from 
the measurements of the trans-nasal pressure changes dur-
ing breathing (inspiration and expiration) divided by the 
airflow during breathing (inspiration and expiration). In 
other words, resistance = pressure divided by flow. Note 
that each side (uninasal resistance right and left side) usu-
ally alternates (resistance values) with the other side, after 
the passage of time, while the total nasal resistance 
remains relatively constant. The patient experiences one 
side of the nose as obstructed (plugged) and after some 
period of time the other side becomes obstructed (plugged) 
while breathing through both sides (both noses) feels 
unobstructed

Table 37.1 Structures of the external nasal valve

1 Lower lateral cartilage (LLC)
2 Fibroareolar soft tissues of ala

Table 37.2 Structures of the internal nasal valve area

1 Nasal septum (including premaxillary wings)
2 Upper lateral cartilage (ULC)
3 Piriform aperture
4 Fibroareolar lateral soft tissues
5 Frontal (ascending) process of the maxilla
6 Head of the inferior turbinate
7 Mucosa and skin coverings of these structures

37.4  Pathophysiology of the 
Nasal Valve Area

It is critical that nasal surgeons particularly rhi-
noplasty surgeons understand the pathophysiol-
ogy of internal and external nasal valves since 
any disturbance in any portion of the critical sites 
in the nasal valve area (external valve and/or 
internal valve) can produce disturbed nasal 
breathing during exercise and/or at rest resulting 
in a very unhappy patient. The abnormalities 
responsible for nasal airway dysfunction include:

 1. The external nasal valve: dysfunction may be 
due to a flaccid external valve that collapses at 
low inspiratory (negative pressures) airflow 
rates which can occur when there is a loss of 

cartilage (lower lateral cartilage) support due 
to surgical or non-surgical trauma, the effects 
of aging with atrophy of the lower lateral car-
tilages. A flaccid external nasal valve can also 
occur secondary to facial palsy. Avoid “over- 
resection” of the lower lateral cartilages since 
over-resection may lead to loss of structural 
support with early collapse during inspiration 
and postoperative breathing difficulties 
(Table 37.1).

 2. The internal nasal valve: dysfunction may be 
due to valve area narrowing due to structural 
changes in the valve angle (upper lateral carti-
lage and/or septal cartilage) or any one of the 
structural components of the valve area 
(Table 37.2).

 3. Combinations of structural skeletal (cartilage) 
changes and/or the absence of skeletal support 
(especially secondary to surgery) including 
avulsion of the upper lateral cartilage [71] 
which may be associated with early collapse 
of the valve during nasal airway breathing; 
however, often the airway obstruction is so 
severe that the patient is unable to breathe 
through the nose and becomes a mouth 
breather.

After blunt trauma [72], the second most 
likely cause of nasal valve abnormalities (with 
breathing problems) is nasal surgery [26, 33, 45, 
71, 73–75]. Narrowing of the internal nasal valve 
angle by a medially displaced upper lateral carti-
lage after “hump” removal and infracture, addi-
tionally, over-resection of the “hump” leaving an 

E. B. Kern



539

incomplete infracture, results in the “open roof” 
deformity [26, 32, 76] and early collapse during 
inspiration in addition to posttraumatic neuro-
genic pain syndromes. Uncorrected septal pathol-
ogy or over-resection of septal cartilage resulting 
in a “flaccid” septum with “flutter” is another 
cause of a collapsed internal nasal valve. Over- 
resection of the lower lateral cartilages may also 
result in “flaccid” collapse during inspiration. 
This “flaccid” collapse is also seen with loss of 
muscular action (as in facial paralysis) or with 
the atrophy of aging secondary to a decreased 
tensile strength of the cartilages and soft tissues 
producing a “droopy tip” [77].

37.5  A Brief Word About 
the Preoperative Evaluation 
and Discussion

When rhinoplasty is considered, I take a consid-
erable amount of time to develop a personal rela-
tionship (rapport) with the patient while obtaining 
a general medical history, supplemented with a 
rhinologic questionnaire [78] which succinctly 
covers the essentials including a history of smok-
ing and alcohol use, attention to allergic condi-
tions (including seasonal and perennial allergic 
rhinitis, allergies to medications, soaps, surgical 
solutions, latex, tape), bleeding tendencies, use 
of steroids (topical and/or systemic), diabetes, 
hypertension, current and recent medications 
(including aspirin, aspirin-like drugs— 
nonsteroidal anti-inflammatory drugs), periph-
eral vascular disease, and previous operations of 
any kind.

In addition to physical nasal examination 
(looking for a Cottle sign [79]) also use the endo-
scope (0°, 4 mm) for an intranasal examination 
before and after topical decongestion to study the 
mucosa and the interior of the nose back to the 
nasopharynx. I usually obtain the following tests 
and consultations (when medically indicated):

 1. Minnesota Multiphasic Personality Inventory 
(MMPI) is obtained on all patients prior to 
surgery looking for evidence of personality 
disorders, schizophrenia, and psychosis [80].

 2. Olfaction testing is performed on all patients.
 3. Rhinomanometry (anterior mask technique) is 

also performed on all patients prior to surgery 
based on techniques previously described [1–
3, 8, 10, 81]. Other surgeons suggest the use 
of acoustic rhinometry (first introduced by 
Hilberg and associates in 1989) as an objec-
tive “evaluation of the nasal cavity geometry 
by acoustic reflections” [82–84].

 4. CT scanning (direct coronal) is ordered when 
indicated.

 5. Preoperative photographs are ordered on ALL 
patients even prior to sinus surgery as the 
patients can occasionally “forget” how their 
face and nose appeared prior to surgery.

 6. Blood studies and other medical consultations 
(including allergy evaluation) are ordered 
when indicated.

I always ask for the patient’s parent(s) or sig-
nificant other to be present before surgery, and I 
always welcome questions from the patient and 
family before ending the interview. The preop-
erative discussion is critical to establishing the 
necessary rapport with the patient and the fam-
ily to better manage complications should they 
occur postoperatively. Succinctly, for cosmetic 
rhinoplasty, I ALWAYS discuss the following in 
detail:

 1. Goal(s) of the operation.
 2. Risk(s) (to life) of the operation and the 

anesthesia.
 3. Possible complications of the operation.
 4. Possible need for nasal septal surgery [63, 85, 

86] to treat a current breathing disorder or the 
possible need for obtaining graft material 
from the patient such as cartilage and/or bone 
from the septum, ear, or rib for reconstruction 
and grafting [87–90].

It is also wise to prepare the patient for possi-
ble revision surgery (second operation) before 
you perform the first operation as the patient may 
require a secondary or “touch up” operation at 
some time in the future. Happily, most patients 
are more satisfied with the results of rhinoplasty 
perhaps even more than their surgeon [91, 92]. 
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The important details of the preoperative discus-
sion have been presented previously in the litera-
ture [93]:

Trust your feelings. If the results of the MMPI are 
abnormal or you are concerned that the patient has 
significant emotional issues that preclude a “nor-
mal” doctor patient relationship, seek psychiatric 
consultation (because your inner voice tells you 
there is something “wrong” and you have an 
uncomfortable feeling about the patient, listen to 
your inner voice and trust your feelings). Obtain 
psychiatric consultation for your patient with a 
specific psychiatrist (who you have pre-selected, 
cultivated and is interested in cosmetic patients, to 
rule out body dysmorphic disorder (BDD) or other 
significant psychiatric illness. ([80]; [76])

37.6  Prevention of Nasal Valve 
Area Breathing 
Complications During 
Rhinoplasty

In addition to esthetic improvements, the sur-
geon’s challenge is preventing the nasal valve 
(internal and/or external valve) collapse during 
the performance of the cosmetic rhinoplasty. 
That includes proper placement of incisions 
[94], which should always be placed in the skin 
(not in the mucosa). The surgeon must correct 
existing pathology when present, including all 
component parts of the nasal valve (internal 
and/or external), and the surgeon must prevent 
surgical maneuvers that could compromise the 
nasal airway postoperatively.

In my view, the goals of cosmetic rhinoplasty 
are to:

 1. Improve appearance.
 2. Improve nasal breathing function (if needed).
 3. Avoid postoperative iatrogenic breathing 

dysfunction.

Small deformities in the internal valve region 
(upstream) can produce significant nasal airway 
symptoms. I strongly believe that nasal surgery 
must be exacting and precise, especially when 
operating in the nasal valve area and magnifica-
tion with 2–2.5 power loops are extremely useful 

for the meticulous tissue handling required for 
delicate surgery of the internal valve (Fig. 37.9).

It is well known, based on the post-rhinoplasty 
complications seen in the literature and from my 
own experience, that both the internal nasal valve 
and external nasal valve are at risk of being com-
promised during the performance of a “routine” 
rhinoplasty. A successful outcome of cosmetic 
rhinoplasty includes both an esthetic improve-
ment and a normal breathing nose, which includes 
correction of an abnormality or prevention of 
breathing dysfunction. The pathophysiologic fea-
tures of post-rhinoplasty breathing disturbances 
almost always involve the internal or external 
nasal valve.

I will cover specific surgical maneuvers that 
risk causing nasal valve area (internal and/or 
external nasal valve) breathing problems 
postoperatively.

37.6.1  Incisions

To gain adequate exposure and access to the skel-
etal structures (cartilage and bone), various inci-
sions have been utilized including the transfixion 
(hemitransfixion and full or complete transfix-
ion), intercartilaginous (IC), intracartilaginous, 
rim, marginal, “slot dome,” trans-columellar 
(external approach), vestibular, or various exter-
nal incisions for osteotomies [26, 32, 33]. Of 

Fig. 37.9 Performing rhinoplasty using magnification 
with 2–2.5 power loops is extremely useful for the meticu-
lous tissue handling required for surgery of the nasal valve 
(internal and external) area
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these incisions, only the endonasal intercartilagi-
nous incision, which is a skin incision and not a 
mucosal incision, impinges directly on the inter-
nal nasal valve. This incision is created by ever-
sion and exposure of the upper lateral cartilage 
and the lower lateral cartilage at the cartilaginous 
junction by incising the intervening vestibular 
skin. This incision is frequently joined to a trans-
fixion incision to allow mobilization of the colu-
mella and access to the bony and cartilaginous 
dorsum. When performed with meticulous atrau-
matic technique and closed under accurate suture 
approximation, the ensuing healing scar does not 
adversely affect internal nasal valve function. 
However, should the tissues be handled roughly 
or closure performed imprecisely, the risk of sub-
sequent scar contracture with stenosis of the 
valve angle is markedly increased [94]. If indi-
cated, detachment of the upper lateral cartilage 
from the nasal septum through parallel intranasal 
mucosal and skin incisions increases the risk of 
scarring if not performed carefully or closed 
meticulously. This is especially true of skin inci-
sions at the apex of the internal nasal valve angle. 
Certainly, if it is necessary to separate the upper 
lateral cartilage from its septal attachment, 
detachment should be performed submucosally 
(intraseptally) beneath the underlying skin 
(sometimes called “junction tunnels”) and 
beneath the more posteriorly placed mucosa to 
minimize postoperative scar contracture. All 
intranasal skin incisions must be suture approxi-
mated to promote accurate healing by primary 
intention.

37.6.2  Approaches

Exposure of the nasal tip (lower lateral cartilages) 
and the nasal dorsum may be achieved through a 
variety of approaches including retrograde, carti-
lage splitting, and delivery [32, 33, 95], or the 
external (trans-columellar) approach. The retro-
grade and delivery approaches exposing the 
lower lateral cartilages necessitate an intercarti-
laginous incision. In addition, these two 
approaches (retrograde and delivery) require sev-
ering the attachments between the upper lateral 

and the lower lateral cartilages. This maneuver 
has the potential to decrease the structural rigid-
ity of the internal nasal valve. Dissection with 
meticulous atraumatic technique and precise 
suture closure of incisions ensure minimal tissue 
damage. The cartilage-splitting incision (proba-
bly less common today) and the incision for the 
external (trans-columellar) rhinoplasty approach 
[96] (probably more common today) are per-
formed away from the valvular region and do not 
have an adverse potential impact on the internal 
or external valve area with secondary scarring.

37.6.3  Excisions

In the entire scope of nasal surgery, there are only 
a few surgical options:

 1. Removal of tissue (bone and/or cartilage).
 2. Adding tissue (biodegradable grafts of bone 

and/or cartilage are preferred over inorganic 
implants) [9, 26, 32, 33, 87, 88].

 3. Repositioning of tissue (releasing tension).
 4. Combinations of the above.

With the goals of tip rotation, tip projection, 
and tip definition, the majority of cosmetic nasal 
operations require some degree of modification 
of the lower lateral cartilages [33, 95]. This 
change of the lower lateral cartilage usually 
involves excision of the cephalic border of these 
lower lateral cartilages. Extreme or total resec-
tion of the lateral crus of the lower lateral carti-
lages often leads to loss of structural support of 
the nasal ala with the subsequent inspiratory col-
lapse of the external valve. In addition, “exces-
sive” cephalic trimming in this region can lead to 
the characteristic pinched appearance causing the 
tip to appear overly bulbous, thus distorting the 
symmetry of the nasal base. In addition, interrup-
tion of the intact strip of the lower lateral carti-
lage necessarily results in diminished structural 
support, increasing the risk of inspiratory col-
lapse of the nasal ala in rhinoplasty. Therefore, 
unless absolutely necessary, cephalic removal of 
the lower lateral cartilages should be performed 
conservatively, meaning depending on the gen-
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der, age, skin quality, ethnicity, and thickness and 
resiliency of cartilage; “conservative” means 
leaving 6 to 8–10 mm of cartilage behind and/or 
combined with modeling of the lower lateral car-
tilages by suture techniques which minimize the 
risk for postoperative alar collapse of the external 
nasal valve. The dictum of “…it is not what you 
take, but what you leave behind that matters…” 
is applicable for nasal surgery in general and 
especially applicable to surgery of the lower lat-
eral cartilages. While leaving an intact strip of 
lower lateral cartilage is advisable with tip modi-
fication, dome division (for narrowing) can be 
practiced especially when carried out medial to 
the dome [33, 95]. Should preservation of an 
intact strip of lower lateral cartilage be impossi-
ble and should it become necessary to disrupt the 
continuity of the lower lateral cartilage, then an 
approximation of the cartilage remnants with 
permanent suture (5–0 or 6–0 nylon) is recom-
mended to avoid alar collapse of the external 
nasal valve. Utilizing a columellar strut (autoge-
nous septal cartilage) has been a very successful 
contribution to maintaining tip projection and 
rotation.

Excision of the caudal (inferior) edge of the 
upper lateral cartilage occasionally becomes nec-
essary when the upper lateral cartilage is exces-
sively protuberant, either in the native 
(unoperated) state or after nasal shortening; if 
necessary, excision should always be performed 
conservatively since excessive resection of this 
region can result in loss of structural support and 
inspiratory collapse. Concomitant excision of the 
corresponding skin of the internal or external 
nasal valve along with the caudal (inferior) edge 
of the upper lateral cartilage should be avoided 
because skin excision markedly increases the 
likelihood of secondary cicatricial scarring and 
valvular stenosis leading to breathing dysfunc-
tion after surgery. When performing an “M” 
plasty to widen the internal valve angle (to com-
pensate for infracture) in rhinoplasty [97], the 
skin is incised (to open the internal valve angle), 
NOT excised. If skin excision is required for 
some reason, which is highly unlikely, in cos-
metic rhinoplasty, suture approximation is always 
advisable.

Valve problems may therefore include struc-
tural changes causing fixed encroachment into 
the internal nasal valve region and/or a loss of 
structural support leading to flaccidity and col-
lapse during inspiration.

Numerous papers have appeared in the litera-
ture to help the surgeon decide which approaches 
can best be utilized to “prevent” or “treat” (repair) 
valve collapse [43, 48, 50, 62, 80, 98–109].

37.6.4  Hump Reduction

Dorsal nasal hump resection generally involves 
the nasal valve region in two frequent circum-
stances. First, excision of an excessive dorsal 
hump may involve removal of the attachment of 
the upper lateral cartilage to the septum, and this 
excision may be carried down into the valve 
angle (and area) in reduction rhinoplasty [26, 33, 
110]. Trimming this dorsal cartilaginous region 
may involve just the cartilage or both the carti-
lage and its underlying nasal mucosa and skin. In 
either instance, but particularly with dehiscence 
of the intranasal skin at the internal nasal valve 
angle, awareness and care are needed for the 
accurate repositioning and suturing (if possible) 
of the remaining upper lateral cartilage in conti-
nuity with the dorsal septum, and if “spreader” 
grafts are contemplated, then careful introduc-
tion, placement, and fixation with precise sutur-
ing are mandatory to avoid obstructing the 
internal nasal valve angle and producing postop-
erative breathing problems [75].

The second circumstance involves patients 
with short nasal bones and a dorsal hump requir-
ing resection. Occasionally, hump resection 
effectively removes a significant portion of the 
important upper lateral cartilage supports allow-
ing the upper lateral to “flail,” which can lead to 
valvular and associated breathing dysfunction. 
Avoidance of this untoward result rests on appro-
priate preoperative diagnosis as well as a careful 
approximation of the upper lateral cartilaginous 
back to the dorsal septum with a permanent 
suture (3–0 or 4–0 nylon suture with horizontal 
mattress placement). Approximation reestab-
lishes support for the upper lateral cartilage, 
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thereby minimizing potential postsurgical col-
lapse. Most often, in my career, I performed dor-
sal nasal modification by either rasping the bony 
dorsum or lowering the cartilaginous dorsum by 
incremental shaving of the upper lateral cartilage 
(and dorsal septum when needed) using a number 
15 or 15 C knife blade and when required a sharp 
pair of “super cut” scissors. I usually modified 
the combined bony and cartilaginous dorsal 
hump by the “push-down” or “let-down” opera-
tion supplemented by rasping of the bone and 
incremental shaving of the cartilage (when 
needed), and these procedures are covered in the 
literature [26, 32, 33, 110].

37.6.5  Osteotomies

Medial, intermediate, and lateral osteotomies of 
the nasal bone and the frontal (ascending) pro-
cess of the maxilla may all impact the internal 
nasal valve area via alteration in the position of 
the upper lateral cartilage. In addition, lateral 
osteotomies with infracture may impact directly 
and result in the narrowing of the internal nasal 
valve area; although, I have seen this complica-
tion of rhinoplasty on a number of occasions, 
the literature states that breathing disturbances 
after infracture in rhinoplasty are less common 
in practice than intuitive and theoretical reason-
ing would have you conclude [42, 43, 73, 82, 
83, 94, 99, 111, 112]. Studies have shown that 
the risk to the upper lateral cartilage after lateral 
osteotomy with the inward collapse and narrow-
ing of the internal nasal valve angle is real and 
the cross- sectional diameter of the nasal airway 
is altered (narrowed). If this occurs, then the 
surgeon may consider performing an outfracture 
[113] as illustrated in Fig.  37.10a, b. Because 
lateral osteotomy with infracture, to close an 
open roof after hump removal, can narrow the 
valve angle producing symptoms, the frequency 
of this complication can be avoided or reduced 
by performing a curved lateral osteotomy as 
described by Webster and associates [114]. By 
leaving an intact triangular piece of bone at the 

piriform aperture, just superior to the level of 
the inferior turbinate, the surgeon accomplishes 
the esthetic narrowing and closing of the open 
roof at the nasal dorsum while minimizing the 
risk of compromising the integrity of the inter-
nal valve region. I have used this technique 
successfully.

b
InfractureOutfracture

Infracture

a Upper lateral
cartilage

Septum

Outfracture

Pre–osteotomy

Fig. 37.10 (a) Illustration depicts the concepts of infrac-
ture and outfracture with the concomitant narrowing 
(infracture) of the internal nasal valve area and widening 
(outfracture) of the internal nasal valve area (By permis-
sion of Mayo Foundation for Medical Education and 
Research. All Rights Reserved.) (b) This reconstruction 
clearly demonstrates both an outfracture of the frontal 
(ascending) process of the maxilla with a widening of the 
internal valve area and infracture of the frontal (ascend-
ing) process of the maxilla with narrowing of the internal 
valve area in a symptomatic patient (By permission of 
Mayo Foundation for Medical Education and Research. 
All Rights Reserved)

37 Physiologic Concerns During Rhinoplasty



544

37.6.6  Turbinates

Surgeons have long been tempted, and many 
have succumbed to that temptation, to remove the 
inferior turbinate (or at least the head of the infe-
rior turbinate in its position as the posterior 
guardian of the internal nasal valve) to improve 
the nasal airway after infracture to close the open 
roof after hump resection. Remember that the 
mucosa is the organ of the nose and the removal 
of turbinate tissue carries with it the possibility of 
producing an “empty nose” syndrome [115–117]. 
Some authors have demonstrated that total infe-
rior turbinectomy “carries significant morbidity 
and should be condemned” [118–121]. Other 
authors think resecting turbinate tissues carries 
little or no morbidity whatsoever [49, 122]. My 
experience with symptoms seen in patients with 
the “empty nose” syndrome (Table  37.3) has 
biased me in favor of very conservative treatment 
of turbinate mucosal hypertrophy, and I condemn 
aggressive removal of inferior turbinate tissue in 
nonmalignant cases [118] (after allergic, vaso-
motor rhinitis and other more serious medical 
conditions have been ruled out, some of which 
may require biopsy [56] with microscopic exami-
nation and other tests for accurate diagnosis of 
the cause of the turbinate hypertrophy).

Passali et  al. [123] in a randomized clinical 
trial divided 382 patients into six treatment 
groups who had therapy for their inferior turbi-
nate hypertrophy including:

 1. Turbinectomy.
 2. Laser cautery.
 3. Electrocautery.
 4. Cryotherapy.
 5. Submucosal resection.
 6. Submucosal resection with lateral displace-

ment (outfracture).

After following patients for 6  years, these 
authors found that nasal patency, normalized 
breathing, restored mucociliary clearance, and 
local secretory IgA production (back to physio-
logic levels) with the fewest postoperative com-
plications (p < 0.001) occurred with conservative 
submucosal resection combined with lateral dis-
placement (outfracture) “as the first-choice tech-

nique for the treatment of nasal obstruction due 
to hypertrophy of the inferior turbinates.” 
Turbinate surgery is indicated for obstruction 
after perennial allergic rhinitis and vasomotor 
rhinitis have been ruled out, and all other medical 
treatments have failed to successfully treat the 
inferior turbinate hypertrophy. As a general rule 
of approach, and because of the specter of a very 
distraught “empty” nose symptomatic patient, I 
favor outfracture of the inferior turbinates while 
maintaining intact mucosa using gauze packing 
(impregnated with steroid and antibiotic solu-
tion) to maintain the outfractured turbinate in the 
lateralized position for 1  week, effectively put-
ting the nose to “rest” bathed in physiologic nasal 
secretions and away from the desiccating (dry-
ing) effects of nasal airflow.

37.7  Closing Thoughts

At this time, there are no final conclusions, 
merely observations and a current consensus of 
thinking regarding the surgical importance of the 
internal and external nasal valves to a patient’s 
breathing function. With a better scientific under-
standing of nasal breathing and classification of 
nasal valve abnormalities that has evolved over 
the past 35 years, surgeons are better able to suc-
cessfully perform cosmetic rhinoplasty while 
minimizing the risks to breathing function. The 
weight of evidence and my clinical and surgical 
experience essentially state that complete physi-
ologic understanding and systematic delicate 
handling of the structures of both the external 

Table 37.3 Range of symptoms seen in patients with the 
“empty nose” syndrome

1 Crusting
2 Bleeding
3 Anosmia or hyposmia
4 Difficulty breathing
5 Pain (localized posttraumatic neurogenic)
6 Headache
7 Nasal malodor
8 Disturbed sleep (associated with fatigue and 

lethargy)
9 Aprosexia nasalis (inability to concentrate)
10 Disturbed sense of Well-being
11 Emotional changes (anxiety, reactive depression)
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Fig. 37.11 Illustration is a summary and classification of some of the possible causes of internal nasal valve obstruc-
tion (By permission of Mayo Foundation for Medical Education and Research. All Rights Reserved)

and the internal nasal valve is crucial to avoiding 
postoperative breathing complications. The 
structures of the internal nasal valve include the 
upper lateral cartilage, the nasal septum (includ-
ing the premaxillary wing region), the floor of the 

nose, the piriform aperture, and the head of the 
inferior turbinate, and their mucocutaneous cov-
erings. Various abnormalities in the diverse com-
ponent parts of the internal nasal valve are 
summarized in Fig. 37.11.
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Table 37.4 is a classification of the most cur-
rent thinking regarding the causes of nasal valve 
(internal and external) obstruction and collapse. 
The surgical techniques and principles suggested 
in this chapter have evolved over the past half- 

century of rhinologic surgery for nasal airway 
dysfunction by a variety of surgeons performing 
primary and secondary rhinoplasty operations.

The ultimate goal of rhinoplasty is to produce 
an esthetically pleasing external nose without dis-

Table 37.4 Classification of many 
causes of nasal valve (internal and 
external) obstruction and collapse

1. Internal nasal valve
   (a) Intramural
    • Anatomic
     – Mucosal
       Inflammatory
       Hypertrophy
     – Submucosal
       Scar
       Hematoma
       Abscess
     – Cutaneous
       Synechia (adhesions)
       Stricture
     – Cartilage
       Septal
         Absent (complete, incomplete)
         Thickened
         Deflected
         Twisted
       Upper lateral
         Absent (complete, incomplete)
         Thickened
         Deflected
         Twisted
         Fixed collapse (secondary to pyramid trauma)
         Physiologic collapse
     – Turbinate
       Bone (concha)
       Mucosal
         Physiologic nasal cycle
         Dependent (sleep positions)
         Vasomotor rhinitis
         Allergic rhinitis
         Hyperplastic
         Tumor
         Systemic disease
   (b) Extramural
    • Fixed collapse (due to surgical, nonsurgical pyramid trauma)
    • External pressure glasses, goggles, etc.
    • Intranasal space-occupying lesion
     – Foreign body
     – Growth (poly, tumor)
2. External nasal valve
   (a) Anatomic
    • Lower lateral cartilage
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Table 37.4 (continued)
     – Absent (complete, incomplete)
     – Thickened
     – Deflected
     – Twisted
   (b) Pathophysiologic
    • Atrophy (aging)
    • Facial palsy
    • Neurologic disorders

turbing nasal breathing function. To achieve one 
without the other, or worse yet, at the expense of 
the other, represents a failed rhinoplasty. I strongly 
advise conservatism since most of the breathing 
complications treated over my past almost 50 years 
in otorhinolaryngology were  secondary to over-
resection of one or more of the varied components 
of the internal or external nasal valve including 
over-resection of functioning turbinate tissue.

After many years of experience in rhinology, 
and having read extensively in preparing the bib-
liography for this chapter, it is still humbling to 
realize that I did not study or read all of the 
 literature, but I selected texts that I thought were 
important to construct a complete, honest, and 
meaningful understanding of the science and sur-
gery of the nasal valve for the comprehensive 
writing of this chapter. With the exclusion of 
some texts from my bibliography, I have chosen 
to respect other serious authors and include a sec-
tion entitled Supplemental Readings.

In nasal surgery as in life, it is not what you 
take, but what you leave behind that matters; 
therefore, I suggest that we all must strive to 
leave behind an enhanced (undisturbed) func-
tional (breathing) nose with an esthetic improve-
ment for our patients. One final suggestion is 
contained in this maxim “be a maximist in the 
office (developing rapport with the patient and 
the family) and a minimalist (in resecting tissue) 
in the operating room.”

37.8  Conclusion

While the ultimate goal of cosmetic rhinoplasty 
is producing an esthetically pleasing external 
nose, it must be accomplished without disturbing 
nasal breathing function and it is the location, 

dimensions, and functions of the nasal valve 
(internal and external) that have been covered in 
this chapter which provide the surgeon with the 
required understanding of the critical nasal valve 
area in order to accomplish the goals of improved 
appearance without producing a postoperative 
breathing disturbance.
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38Nasal Pulmonary Interactions

Jim Bartley

Abbreviations

CO2 Carbon dioxide
FECO2 Fraction of expired carbon dioxide
FEO2 Fraction of expired oxygen
miRNA MicroRNA
NO Nitric oxide
PaO2 Arterial oxygen levels

Key Points
• Epidemiological, physiological, and clinical 

evidence support an integrated upper and 
lower respiratory airway or “unified airway” 
model.

• Nasal breathing significantly improves arterial 
oxygen concentrations, lung oxygen extrac-
tion, and carbon dioxide excretion.

• Nasal mucosal inflammation results in lower 
airway inflammation, and vice versa.

• Many patients with asthma, chronic obstruc-
tive airways disease, and bronchiectasis have 
significant upper respiratory disease.

• Nitric oxide from the nose and sinuses may 
have a role in sterilizing incoming air, and in 
improving lung ventilation-perfusion.

• Nasal resistance is inversely related to end- 
tidal carbon dioxide levels.

38.1  Introduction

The upper and lower respiratory tracts form a 
continuum. Physiological, epidemiological, 
and clinical evidence support an integrated 
upper and lower respiratory airway, or “unified 
airway”, model [1–4]. Important, well-known 
nasal functions include the filtering, warming, 
and humidification of inspired air before inha-
lation into the lungs. Nasal mucosal inflamma-
tion results in lower airway inflammation, and 
vice versa [5, 6]. Inflammatory mediators and/
or infectious pathogens may also be carried 
along the respiratory mucosa or along air cur-
rents between the upper and lower respiratory 
airways [1]. Neuronal responses may play a 
role, although the existence of nasobronchial 
reflexes remains controversial [7]. Nitric oxide 
(NO) from the nose and sinuses may have a role 
in the sterilization of incoming air [8], and in 
improving ventilation-perfusion in the lungs 
[9]. An inverse relationship between nasal 
resistance and end-tidal carbon dioxide (CO2) 
levels has been described [10, 11]. NO and CO2 
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may act as aerocrine messengers [9, 12]. 
Olfaction is linked to the limbic system [13], 
which can independently control our breathing 
pattern and rate [14].

38.2  Physiological Interactions

The nose has an important role in filtering, warm-
ing, and humidifying inspired air before inhala-
tion into the lungs. On expiration, as air passes 
through the nose, it gives up heat to the cooler 
nasal mucosa. This cooling causes water vapor 
condensation and a 33% return of both heat and 
moisture to the mucosal surfaces [15]. The nose 
also provides resistance to both inspiration and 
expiration that is twice that of the open mouth. 
This increased resistance appears to have several 
physiological benefits. In a study of arterial oxy-
gen levels (PaO2) before and after jaw wiring, 
which forced patients to breathe continuously 
through their noses, PaO2 increased by nearly 
10% [16]. After nasal surgery, nasal packing 
forcing patients to breathe through their mouths 
is associated with a reduction in arterial O2 satu-
ration [17]. At rest, expired end-tidal CO2 levels 
increase with nasal breathing indicating that 
nasal breathing improves the efficiency of CO2 
excretion from the lungs [18]. During exercise, 
nasal breathing reduces the fraction of expired 
oxygen (FEO2), indicating that on expiration the 
percentage of O2 extracted from the air by the 
lungs is increased, and increases the fraction of 
expired carbon dioxide (FECO2), indicating an 
increase in the percentage of expired air that is 
CO2 [19]. This equates to more efficient O2 
extraction and CO2 excretion during exercise.

Explanations for these observations remain 
largely hypothetical. Nasal breathing increases 
total lung volume [16]. The corresponding 
increase in functional residual capacity (volume 
of air present in the lungs present after passive 
expiration) is thought to improve gas exchange 
leading to improved PaO2. NO derived from the 
nose and sinuses might also improve ventilation- 
perfusion relationships in the lungs [20]. The 
nose also provides an inspiratory resistance forc-
ing the diaphragm to contract against resistance. 

On a long-term basis, this might also have an 
important role in maintaining respiratory muscle 
strength [21, 22]. Regardless, nasal breathing 
appears important in aiding O2 absorption and in 
facilitating CO2 excretion in the lungs.

The breathing cycle is divided into inspiratory 
and expiratory phases. When the respiratory rate 
increases, the expiratory phase shortens. 
Increasing the expiratory phase of the respiratory 
cycle increases the body’s relaxation response 
[23]. Nasal breathing slows the respiratory rate 
increasing the length of the expiratory phase 
[24]. Changes in nasal resistance could poten-
tially influence breathing patterns and rate.

38.3  Respiratory Inflammation

Upper and lower airway inflammatory processes 
often co-exist and share common pathogenic 
mechanisms [3]. Based on the predominant cell 
type, chronic rhinosinusitis (CRS) is classified as 
being either eosinophilic or neutrophilic [25]. 
The eosinophilic group includes CRS with pol-
yps, a subset of CRS without polyps, aspirin 
hypersensitivity, asthma and nasal polyps 
(Samter’s triad), and allergic fungal rhinosinus-
itis. Eosinophilic CRS and allergic rhinitis are 
associated with asthma [3].

Lower airway inflammation has also been 
classified according to the cell profile of induced 
sputum as being either eosinophilic or non- 
eosinophilic [26]. In asthma patients, eosinophils 
are the dominant inflammatory cells in middle 
meatal lavage [27]. In small airway disease 
patients, neutrophils are the dominant inflamma-
tory cells in middle meatal lavage [27].

Asthma and allergic rhinitis are strongly 
interrelated [3, 4, 28]. The severity of asthma 
symptoms correlates closely with rhinitis symp-
toms [4]. The presence of allergic rhinitis 
increases the risk of subsequent asthma devel-
opment [29]. The prevalence of asthma is 20% 
in CRS patients, and asthma severity also cor-
relates with CRS disease severity [30]. In 
patients having functional endoscopic sinus sur-
gery, the asthma prevalence is 42%, rising to 
50% in those with nasal polyps [31].
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Neutrophilic inflammation is a feature of both 
chronic obstructive pulmonary disease (COPD) 
and bronchiectasis [26]. A neutrophilic picture 
may be seen in asthma [26]. In COPD patients, 
inflammatory cells are found both in the sputum 
and in lung biopsy specimens [2]. COPD patients 
commonly report nasal symptoms, the most com-
mon being rhinorrhea [2, 32]. Nasal symptoms 
increase the risk of developing COPD [33]. 
Increased levels of the neutrophil chemoattrac-
tant protein IL-8 are found in the upper airways 
of COPD patients when compared to control sub-
jects [32]. Upper airway IL-8 concentrations cor-
relate with those in the lower airway, and the 
concentration at both sites is related to bacterial 
colonization [32]. Many bronchiectasis patients 
also have nasal and sinus disease [1, 34]. 
Bronchiectasis severity also correlates with CRS 
severity [1].

38.3.1  Inflammatory Interactions

The inflammatory interactions between the upper 
and lower respiratory tract are numerous and 
complex and our understanding continues to 
evolve. A microRNA (miRNA) is a small non- 
coding RNA molecule (containing about 22 
nucleotides) regulating the gene expression that 
is involved in many inflammatory diseases. 
Subsets of circulating miRNAs are expressed in 
patients with allergic rhinitis and asthmatic 
patients. MiRNA influences post-transcriptional 
regulation of gene expression. MiRNA’s role in 
allergic rhinitis and asthma continues to be clari-
fied [35].

Nasal provocation antigen challenge increases 
bronchial hyperresponsiveness to methacholine 
challenge [36]. Similarly, segmental bronchial 
provocation in patients with allergic rhinitis 
induces blood eosinophilia and mucosal inflam-
mation in both the upper and lower airways. This 
inflammation is characterized by increased num-
bers of eosinophils, IL-5+ cells, and eotaxin- 
positive cells. Local allergen exposure in both 
the upper and lower airways results in general-
ized airway inflammation; this would appear to 
occur through vascular mechanisms. The most 

likely mechanism is that localized inflammatory 
changes in the upper and lower airways lead to a 
systemic response, with bone marrow involve-
ment, which results in the release of progenitor 
cells that are then recruited to tissue sites [37]. 
Micro-aspiration and bacterial and inflammatory 
mediator transmission could also occur (Sect. 
38.3.2).

38.3.2  Microbial and Inflammatory 
Mediator Transmission

Nasopharyngeal secretions may be aspirated into 
the lower respiratory airway [38–40]. 
Radionucleotide scanning in humans shows that 
gross aspiration of nasopharyngeal secretions 
into the lower respiratory airway does not occur 
[38]. However during sleep, in animals [39] and 
in healthy young males, aspiration of upper air-
way secretions into the lungs occurs [40].

Our understanding of the microbiome and the 
interrelationships between upper respiratory, 
oral, lung, and gut microbiome continue to evolve 
[41]. The healthy lung microbiome is similar to 
the mouth microbiome, but at lower concentra-
tions, with lower membership and different com-
munity composition. In healthy subjects, the 
nasal microbiome is distinct from the oral micro-
biome and contributes little to the composition of 
the lung microbiome [42].

COPD patients with lower airway bacterial 
colonization have a higher total nasal bacterial 
load [43]. Children with bronchiectasis have a 
high nasopharyngeal carriage of Streptococcus 
pneumoniae, non-typable Haemophilus influen-
zae (NTHi), and Moraxella catarrhalis, and lower 
airway infection by NTHi. A high level of similar-
ity in cultures from the nasopharynx and from 
bronchoalveolar lavage is seen [44]. A similar 
agreement is also seen in children with protracted 
bacterial bronchitis [44], and in patients with cys-
tic fibrosis [45]. However, throat swabs are not 
representative of lower airway microbiome and 
metagenome in cystic fibrosis children [46]. In the 
critical care situation, the treatment of upper 
respiratory disease reduces the risk of ventilator- 
associated pneumonia [47]. People with a high 

38 Nasal Pulmonary Interactions



554

nasal bacterial load (and associated greater nasal 
inflammation) appear more likely to pass bacteria 
into the lower respiratory tract. However tradi-
tional culture procedures allow the isolation and 
characterization of a very low percentage of the 
microorganisms of a microbiome. The standard-
ization of culture-independent DNA-based 
sequencing methods continues to improve [41].

38.3.3  Influence of Upper 
Respiratory Interventions 
on the Lower Respiratory 
Tract

In the majority of trials, allergic rhinitis treatment 
with nasal steroids reduces asthma severity [4, 
48]. Immunotherapy for allergic rhinitis appears 
to reduce the risk of developing asthma [29, 49]. 
Similarly, several studies have shown that the 
surgical treatment of CRS helps asthma patients 
through both an improvement in asthma symp-
toms and the decreased use of asthma medication 
[4]. Unfortunately, these studies have been 
uncontrolled. No randomized controlled studies 
have investigated the effect of CRS medical ther-
apy on asthma [4].

38.4  Nasobronchial Reflexes

Nasobronchial reflexes have been implicated in 
the interactions between the upper and lower 
respiratory airways. Mechanical or chemical 
stimulation of nasal, tracheal, and laryngeal 
receptors could produce sneezing, coughing, or 
bronchoconstriction, thus preventing deeper pen-
etration of allergens or irritants into the airway 
[7]. Unilateral models of nasal provocation show 
that secretory responses can be measured in both 
nostrils [7]. The mechanism appears to be neural 
[7]. When asthmatic patients exercise with their 
noses occluded, a 20% decline in forced expira-
tory flow occurs, compared with less than a 5% 
reduction among patients allowed to exercise 
while nose breathing [50]. Bursts of cold air on 
the nasal mucosa increase nasal resistance. This 
effect was blocked by anesthetizing the nose or 

by inhaling atropine, an anti-cholinergic drug, 
before the provocation [51, 52]. Other research-
ers have not confirmed these results [53]. 
Immersion of the head into cold water leads to 
immediate suppression of respiration (apnea), 
laryngospasm, and bronchoconstriction (the div-
ing reflex) [54]. However, the existence of naso-
bronchial reflexes secondary to inflammatory 
exposure in the upper respiratory airway remains 
controversial [7].

38.5  Olfaction and the Limbic 
System

Evolutionary theory teaches that in primitive life 
forms, the olfactory brain was probably a layer of 
cells above the brain stem that registered a smell 
and then simply categorized it. New layers of the 
olfactory brain then developed into what was ini-
tially called the rhinencephalon (nose brain) or 
limbic system [55]. Our limbic system coordi-
nates the stress “fight or flight” response. As part 
of this response, the respiratory rate also goes up; 
the limbic system is able to override normal pCO2 
homeostasis [14]. The physiological evidence 
suggests that fragrances such as rosemary and 
lavender may have influenced human memory 
and mood [56]. Fragrances such as lavender by 
influencing the limbic system, and the stress 
response could potentially affect breathing pat-
terns and rate.

38.6  Aerocrine Communication

38.6.1  Nitric Oxide

NO is a gas that is produced by the nose and para-
nasal sinuses. NO has bacteriostatic and antiviral 
actions and may have a role in sterilizing incom-
ing air [8], improving ventilation-perfusion in the 
lungs, and in facilitating capillary oxygen deliv-
ery [9]. NO also stimulates mucociliary clearance 
[57]. Humming increases nasal NO levels [58]. 
One case report and a randomized controlled 
study involving sixty people indicate that regular 
humming is beneficial in CRS [59, 60].
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38.6.2  Carbon Dioxide

An inverse relationship between nasal resistance 
and end-tidal pCO2 levels has been described [10, 
11]. A reduction of end-tidal expired pCO2 from 
40 to 35 mmHg (5.3 to 4.7 kPa) corresponds to an 
increase in nasal resistance of 10% [10]. 
Breathing is controlled largely by independent 
voluntary and metabolic pathways. However, the 
limbic system is able to override metabolic respi-
ratory control systems [14]. People practicing 
yoga set their pCO2 receptors to a higher response 
level. End-tidal pCO2 concentrations are nearly 
4 mmHg higher in yogic breathers [61]. In con-
trast, people who are prone to anxiety attacks 
have lower arterial pCO2 levels (5  mmHg on 
average) as compared with controls [62]. The 
mechanisms of the relationship between expired 
pCO2 levels and nasal resistance are unknown. 
This could be either a systemic vascular effect or 
an aerocrine effect.

CO2 irrigation and inhalation may also influ-
ence allergy. CO2-enriched water irrigation 
improves allergic rhinitis symptom scores and 
reduces the concentrations of several allergic 
chemokines and cells [63]. Rapid relief from 
allergic rhinitis symptoms has been seen after 
single CO2 irrigation doses in symptomatic aller-
gic rhinitis patients [64]. People, who practice 
relaxed diaphragmatic breathing may be less 
likely to complain of nasal congestion and aller-
gic rhinitis symptoms [12].

38.7  Conclusions

From a physiological perspective, the nose has an 
important role in the preparation of inspired air 
before inhalation into the lungs. Improvements in 
O2 transfer and CO2 excretion also occur. 
Inflammation, both allergic and infective, affects 
both the upper and lower respiratory airways. 
Vascular mechanisms would appear involved. 
Microtransmission of bacteria and inflammatory 
mediators between the upper and lower respira-
tory airways may occur. Medical and surgical 
treatments of upper respiratory disease appear to 

help asthmatic patients. NO and CO2 may have 
roles in aerocrine communication. The influence 
of nasobronchial reflexes remains undecided. 
Optimal management of disease processes in 
both the upper and lower respiratory airways 
needs to consider a “unified airway” model.
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39Physiologic and Dentofacial 
Effects of Mouth Breathing 
Compared to Nasal Breathing

Tulin Taner and Banu Saglam-Aydinatay

Core Messages
• Mouth breathing is a serious ailment which 

occurs in the presence of an obstruction in the 
nasal and nasopharyngeal regions of the upper 
airway.

• Chronic mouth breathing can cause problems 
in facial structures and oral health.

• Changes in facial structures include long ante-
rior facial height, narrow facial width, a ret-
rognathic mandible, open-mouthed posture, 
an incompetent and short upper lip, loss of 
tonus in perioral muscles, a pinched-looking 
nose and a dull appearance.

• The intraoral consequences of mouth breath-
ing are open bite, a Class II molar occlusion 
with increased overjet, protruding maxillary 
anterior teeth, and a V-shaped maxillary arch.

• Not every patient has the same growth changes 
due to oral breathing. The heritable character-
istics of anatomical structures also seem to 
play a role in determining which patients will 
be most affected.

• A careful evaluation of the patient by otolar-
yngologists, pediatricians, and orthodontists is 
needed before treatment decisions.

• Medical, surgical, and/or orthodontic treat-
ment of the patients may be necessary depend-
ing on the cause of airway obstruction and 
severity of changes in dentofacial structures.

• Myofunctional therapy, maxillary expansion, 
functional appliances, dentofacial orthope-
dics, or orthognathic treatment are available in 
the treatment of these patients.

39.1  Introduction

Mouth breathing is the act of inhaling and exhal-
ing using the mouth. This respiratory phenome-
non is considered normal under increased 
physical activity because the increased need for 
oxygen under such circumstances can only be 
supplied by breathing through the mouth and 
nose simultaneously. However, using one’s 
mouth to breathe in daily life or during sleep is a 
serious ailment which occurs in the presence of 
an obstruction in nasal and nasopharyngeal 
regions of the upper airway. Nasal obstructions 
can be due to physiologic factors like allergic rhi-
nitis and polyps or anatomical factors such as a 
deviated septum and a narrow nasal area. 
Enlarged adenoids and tonsils are the most com-
mon causes of obstruction in the nasopharyngeal 
area, especially at ages 5–6 years.

If chronic mouth breathing develops due to 
obstruction of the airways, this can cause a mul-
titude of problems in facial structures and oral 
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health. Such patients have been described as hav-
ing special facial characteristics generally 
referred to as adenoid facies [1–3], long face syn-
drome [4], and respiratory obstruction syndrome 
[5]. This type of face reportedly features long 
anterior facial height, narrow facial width, a 
 retrognathic mandible, open-mouthed posture, an 
incompetent and short upper lip, loss of tonus in 
perioral muscles, a pinched-looking nose, and a 
dull appearance (Figs. 39.1 and 39.2). The intra-
oral consequences of mouth breathing are said to 
include an open bite, a Class II molar occlusion 
with increased overjet, protruding maxillary 
anterior teeth, and a V-shaped maxillary arch 
with a deep palatal vault (Figs.  39.3, 39.4, and 
39.5). Mouth breathers may also extend their 
heads in order to maintain a patent airway 
(Figs. 39.6 and 39.7). In addition to these struc-
tural changes, mouth breathing can cause halito-
sis (breath malodor), increased incidence of 
caries, and marginal gingivitis around the maxil-
lary anterior teeth. If diagnosed early, orthodon-
tic and dentofacial orthopedic treatment of the 
patients is possible. However, in adult patients, 
orthognathic surgical treatment in addition to 
orthodontic treatment may be necessary.

Considering the potential serious side effects 
of mouth breathing, patients need to be carefully 
evaluated by an orthodontist and otolaryngolo-
gist to determine the etiology and proper treat-
ment of nasal obstruction and the associated 
dentofacial changes.

Despite many attempts to establish a cause- 
and- effect relationship between nasal respira-
tory impairments and dentofacial deformities, 
the issue is still controversial within orthodon-
tics and otolaryngology. The most prevalent 
view among clinicians is that a change in the 
mode of respiration, such as mouth breathing 
due to an inadequate nasal airway, could cause 
changes in craniocervical posture, maxilloman-
dibular relationship, and position of the tongue. 
This in turn could affect dentofacial growth and 
positions of the teeth. However, clinicians from 

Fig. 39.1 A patient with increased anterior facial height, 
open-mouthed posture, and an incompetent and short 
upper lip. However, these facial features are not always 
diagnostic of the respiratory pattern since patients who 
breathe with their lips separated may actually be oral- 
nasal or nasal breathers as well as oral breathers

Fig. 39.2 The typical pinched nose appearance in a 
mouth-breathing patient
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Fig. 39.3 Sagittal occlusal relationship in mouth breath-
ing patients is said to include a Class II molar occlusion 
with increased overjet

Fig. 39.4 A posterior crossbite malocclusion in a mouth- 
breathing patient. The posterior crossbite is suggested to 
be due to transverse maxillary deficiency caused by an 
imbalance of forces between the muscle forces acting on 
these structures

Fig. 39.5 The V-shaped maxillary arch with a deep pala-
tal vault

Fig. 39.6 The extended head position of a mouth- 
breathing child. The necessity of airway maintenance dic-
tates the head and neck posture of these patients

both sides of controversy can find ample evi-
dence in the literature supporting their opinions, 
and the results of studies relating dentofacial 
features with the respiratory pattern are far from 
being conclusive.

Since there are treatment decisions that 
revolve around the degree of interplay between 
nasal obstruction and dentofacial development, 
the relationship must be further elucidated. If the 
nasal obstruction has an effect on dentofacial 
development, early treatment for removal of the 
cause of this obstruction would be necessary. On 
the other hand, if dentofacial growth and devel-
opment are not significantly affected by the respi-
ratory mode, then treatment of nasal obstruction 
in order to prevent abnormal orofacial develop-
ment would not be indicated.

In this chapter, we examine the possible inter-
actions among respiratory mode and dentofacial 
growth and development by reviewing both sides 
of the controversy with special emphasis on 
questions such as:
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Fig. 39.7 Lateral cephalometric radiograph of the patient 
in Fig.  39.6. Note the dental protrusion and downward- 
backward rotation of the mandible in addition to the 
extended head position

• Does impaired nasal breathing always result 
in complete mouth breathing with possible 
negative effects on the dentofacial complex?

• What are the effects of mouth breathing on 
craniocervical posture, maxillomandibular 
relationships, facial morphology, tongue posi-
tion, and occlusal features?

• Does reversing the mode of respiration from 
oral to nasal allow proper growth and of cra-
niofacial and dentofacial complex?

• Do orthodontic treatment mechanics have a 
role in normalizing the breathing pattern?

39.2  Respiratory Pattern

The relationship between mouth breathing and 
dentofacial growth is still being debated after 
more than a century. Despite the existence of an 
extensive body of literature on this subject, the 
inconclusive results so far may be explained by 
different population selection criteria and the 
various diagnostic methods used for differentiat-
ing mouth breathers from nasal breathers. In 
order to determine this assumed relationship, the 
meaning of the term mouth breathing needs to be 
clearly established.

Human neonates are obligatory nasal breath-
ers [6]. After birth, infant feeding requires the 
coordination of sucking, swallowing, and breath-
ing so that the infant will be able to eat and 

breathe at the same time [7]. Thus, the mainte-
nance of the airway by correct posturing of the 
mandible and the tongue is necessary for sur-
vival. James and Hastings [8] examined 53 
infants, aged from 1 to 14 days, and found that 
most of the infants in their study with lips-apart 
posture achieved an oral seal by putting the tip of 
their tongue between the lips and their respira-
tion was through the nose. Later, growth changes 
make it possible to breathe through the mouth. 
Although humans are primarily nasal breathers 
when the need for air increases, the mode of 
breathing changes from nasal to partially oral. In 
healthy adults, the switch from nasal to oronasal 
breathing occurs when ventilatory exchange 
rates above 40–45  L/min are reached [9]. This 
shift is transient, and when the need for air 
decreases back to normal, the individual goes 
back to nasal breathing. Human nasal passages 
also exhibit spontaneous changes in unilateral 
nasal airway resistance as a result of alternate 
nasal congestion and decongestion on opposing 
sides of the nose. This nasal cycle is said to last 
between 4 and 6  h, but fluctuations in nasal 
patency from 10 min to several days have been 
shown to occur [10, 11].

Mouth breathing can be defined as a shift from 
nasal respiration to oral respiration or mixed res-
piration due to obstruction or restriction on any 
part of the airway. Causes of such a nasal obstruc-
tion followed by a transition to mouth breathing 
can be adenoid or tonsil hypertrophy, chronic and 
allergic rhinitis, nasal traumas, congenital nasal 
deformities, foreign bodies, polyps, and neo-
plasms [12]. It has been reported that when any 
of these factors increase the nasal resistance and 
pressure, the patients sometimes break the ante-
rior and posterior oral seals resulting in oral res-
piration [13]. It is also possible for mouth 
breathing to occur as the result of habit, with or 
without any impairment of the upper airway [14].

Treatment of dentofacial deformities caused by 
mouth breathing should be preceded by a thorough 
ENT examination to determine whether the cause 
is habitual or obstructive. If the cause is habitual, 
the treatment goal is to obtain a lip seal and force 
the patient to breathe through the nose. However, 
in cases of mouth breathing due to respiratory 
obstruction, the treatment should focus on reliev-
ing the obstructive cause.
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Various diagnostic methods have been used in 
research to determine the respiratory mode [8, 
15–21]. Others have used the presence of ade-
noids [22, 23] without determining the respira-
tory mode. Most of these diagnostic tests have 
been indicated to be inconsistent and lacking in 
sensitivity and specificity [24, 25]. With the 
improvements in physiologic diagnostic meth-
ods, rhinometric measurements such as nasal 
resistance came to be widely used in research. 
However, associations between nasal resistance 
and respiratory mode were reported to be vari-
able and weak [26–28]. Advances in respiromet-
ric techniques made it possible to measure the 
volume of nasal and oral airflow simultaneously 
which provided valuable information in this con-
troversial area. Gurley and Vig [29] suggested a 
technique for the simultaneous measurement of 
nasal and oral respiration which is called the 
Simultaneous Nasal and Oral Respirometric 
Technique (SNORT). This technique measured 
the ratio of oral to nasal airflow and made the 
quantification of normal and abnormal respira-
tory modes possible. Other techniques were used 
to determine the dimensions of nasal airway 
impairment [30–32]. Hairfield et al. [33] reported 
a mean cross-sectional nasal area of 0.65 cm2 in 
adults. Warren et  al. [32] suggested that if the 
nasal size falls below 0.4 cm2, most individuals 
will become oral breathers to some extent. These 
values would probably be smaller in children 
since several studies have indicated that nasal 
cross-sectional area increases with growth [27, 
34, 35].

Perhaps the most significant finding of these 
studies is that one should be careful when classi-
fying patients as oral breathers. Even in a popula-
tion referred with an impaired airway, there will 
be oral, nasal-oral, or total nasal breathers as well 
as habitual oral breathers with adequate nasal air-
ways. There are no clear cutoff points to deter-
mine the mode of breathing, and oral or nasal 
respiration seems to be a transient phenomenon 
in many individuals [36]. Since the intensity of 
functional changes is important in the magnitude 
of growth alterations, the question becomes if 
partial airway obstruction can lead to reflex adap-
tive changes that cause dentofacial deformities.

Another important factor to consider is the age 
at which dentofacial growth changes and breath-
ing mode are evaluated. In order for any func-
tional change to have a significant effect on facial 
growth, it must start early and be effective for a 
long time, especially during the peak growth 
period. However, cross-sectional studies that 
investigate subjects before or a long time after 
their growth spurts may not show any differences 
between groups because in younger subjects the 
growth changes would not have occurred yet, 
whereas in older subjects nasal airway may no 
longer be compromised due to growth changes in 
nasopharynx and lymphoid tissue.

Individuals also differ from each other in 
terms of adaptation and compensation pro-
cesses. Several morphological factors may 
determine the extent of the postural response to 
an inadequate airway. Subjects with compro-
mised oropharyngeal airways due to the size 
and shape of the soft palate or tongue may give 
more exaggerated responses to a decrease in 
nasal airflow. The dentofacial changes observed 
in these individuals might be more pronounced. 
However, if the oropharyngeal airway is clear, 
only a slight parting of the lips may be enough 
to increase airflow [37].

The extent of dentofacial changes due to any func-
tional disturbance will be determined by multiple 
factors. Among these factors the age of the patient, 
the duration of the habit, and individual variations 
should be considered while making treatment 
decisions.

39.3  Physiologic and Dentofacial 
Effects

39.3.1  A Review of Early Literature

The influence of nasal respiratory function on the 
growth and development of craniofacial struc-
tures was first generated over a century ago by 
anecdotal reports describing the effects of “mouth 
breathing” on dental and facial morphology.

In 1872, Tomes [38] described the dentofacial 
changes associated with chronic nasal airway 
obstruction, citing the lips-apart posture as the 
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cause for decreased pressure on the incisors and 
proclined anterior teeth. He also coined the term 
“adenoid faces” to describe the associated facial 
changes.

In 1925, Dr. Edward H.  Angle reprinted a 
book by George Catlin entitled “The Breath of 
Life (All Life on Earth is Breath, All Else on 
Earth is Death).” This book by Catlin advocated 
the superiority of nasal breathing over mouth 
breathing in sleep and described the conse-
quences of habitual mouth breathing on teeth and 
facial features [39]. Dr. Angle [40] was also a 
firm believer in these concepts and stated in his 
textbook:

When there is normal nasal respiration and normal 
relations of the dental arches, the teeth, and the 
muscles, the conditions are such as to perfectly 
maintain the equilibrium and the mutual support 
necessary to the normal development of the teeth 
and jaws. Should nasal obstruction occur in the 
developing child, inducing habitual mouth- 
breathing, immediately the equilibrium is dis-
turbed, the lips and muscles are placed on a 
different tension, and pressure upon the arches, 
instead of being equal, is localized, being greater 
than normal at some points and less at others. No 
matter how strenuously it may be denied, maloc-
clusion of the teeth and abnormalities in the forma-
tion of the bones of the jaws naturally follow. The 
undeveloped nose and adjacent region of the face, 
the vacant look, the short upper lip, the open 
mouth, and irregular teeth of the mouth-breather 
are common sights familiar to all.

Later other reports reiterated the relationship 
between altered dentofacial form and mouth 
breathing. Chronic nasal allergies were suggested 
to cause paranasal depression, V-shaped palate, 
and proclination of the maxillary incisors [41, 
42]. Cohen [43] attributed mouth breathing due 
to allergies to high-arched and narrow palates, a 
flat and narrow face, and some type of orthodon-
tic deformity (although he did not classify which 
type). Subtelny [44] theorized that enlarged ade-
noids will cause a separation of the lips, down-
ward and forward movement of the tongue away 
from the soft palate, depression in the position of 
the mandible, constriction of the maxillary arch, 
and a Class II division 1 type of malocclusion due 
to procumbent maxillary anterior teeth. Paul and 
Nanda [15] also found a tendency toward Class II 

malocclusion with an increase in overbite and 
overjet in mouth-breathing subjects when com-
pared to nasal breathers.

Different theories were proposed to explain 
the relationship between respiratory mode and 
possible dentofacial changes. Morrison [45] sug-
gested that the oral airstream in mouth-breathing 
individuals caused the negative pressure between 
the tongue and palate to be lost hindering normal 
downward palatal descent. James and Hastings 
[8] proposed that the loss of the normal pressure 
in the mouth due to an impairment of the airway 
is associated with impaired action of the tongue, 
lips, cheeks, and other forces acting on the jaws. 
They considered the impaired and misdirected 
action of these forces as the reason for the defor-
mities of the jaws. A clearer understanding of 
these effects was possible when Moss [46] devel-
oped the “functional matrix theory.” This theory 
was based on the principle that the skeletal unit in 
the functional craniofacial component provides 
protection and mechanical support for its specific 
functional matrix and grows in response to the 
functional demands of surrounding tissues and 
structures. According to Moss’s theory, nasal 
breathing allowed proper growth and develop-
ment of craniofacial and dentofacial complex 
[47]. Later, Solow and Tallgren [48] found an 
association between the posture of the head and 
cervical column and craniofacial alterations seen 
in mouth-breathing patients. These results led to 
an alternative explanation known as “Soft Tissue 
Stretching Hypothesis” [49]. This theory sug-
gested that nasal obstruction caused extension of 
the head and that this postural change causes soft 
tissue stretching causing differential forces to act 
on the skeleton causing morphological changes. 
Hence, the existence of a relationship between 
respiratory mode and dentofacial growth changes 
was widely accepted, and early treatment of aller-
gies and removal of adenoid tissue before the 
eruption of permanent teeth were suggested to 
prevent the alterations in dental arches [44, 50].

However, there were others who were skepti-
cal of such wide acceptance of a possible rela-
tionship between oral respiration and growth 
changes. Kingsley [51] considered the deep and 
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narrow palate a congenital morphological trait 
rather than the results of a muscle imbalance due 
to mouth breathing. Gwynne-Evans and Ballard 
[52] observed the relationship between jaw form, 
soft tissue morphology, and upper respiratory 
conditions for more than 15 years and concluded 
that mouth breathing does not result in deformi-
ties of the jaws, malocclusion, or adenoidal 
facies. Other authors reported that more than 
50% of the patients who were characterized as 
mouth breathers had Class I occlusions and no 
specific malocclusion pattern was correlated with 
mouth breathing [53–55].

Since then, investigators have attempted to 
look more critically at the issue through experi-
mental models and clinical research with objec-
tively defined criteria for mouth breathing. 
Harvold [56] used the rhesus monkey, Macaca 
mulatta, as a model in his experiments to test the 
connection between neuromuscular activity and 
skeletal morphogenesis. He anchored a piece of 
plastic in the palatal vault between the molars 
and found that the mandible moved lower and the 
tongue moved forward resulting in an anterior 
open bite. This study was followed by another 
one in which the animals were induced to lower 
their mandibles by fitting an acrylic block in the 
palatal vault [57]. After 6 months there was a sig-
nificant increase in face height in experimental 
groups. They concluded that any factor, such as 
mouth breathing, that lowers the postural posi-
tion of the mandible could also increase the face 
height. They tested their hypothesis by blocking 
nasal inhalation with silicone nose plugs in grow-
ing monkeys [58, 59]. Radiographic, electromyo-
graphic, and dental cast measurements showed 
increased face height, decreased maxillary and 
mandibular intercanine distance, decreased max-
illary dental arch length, steeper mandibular 
plane, larger gonial angle, altered muscle activ-
ity, and changes in the morphology of the tongue 
in the experimental group. The pattern of main-
taining an airway differed between monkeys. 
Those that kept their mouths constantly open by 
lowering the mandible and protruding their 
tongues developed more severe malocclusions 
than those that rhythmically opened and closed 
their mouths with respiration.

The altered muscle activity in the rhesus mon-
keys due to forced oral breathing was further 
explored in other studies [60–62]. These experi-
ments documented changes in neuromuscular 
recruitment patterns resulting in changed func-
tion and posture of the mandible, tongue, and 
upper lip with considerable variation among the 
animals and concluded that nasal obstruction can 
induce neuromuscular changes which extend 
beyond the period of obstruction and remain even 
after nasal breathing is established.

More recent animal studies also found that 
nasopharyngeal respiratory obstruction was asso-
ciated with downward and backward rotation of 
the mandible, upward and backward growth of 
the condyle, divergent gonial angle, anterior open 
bite, spaced dental arch in the lower anterior 
region, and a reduction in the height of the max-
illa [63, 64].

These experimental findings corroborated the 
previous data on the relationship between mouth 
breathing and an increase in facial height. 
However, it should be kept in mind that the results 
of these animal studies cannot be readily extrapo-
lated to humans. Total nasal obstruction, as 
induced by researchers in these experiments, is 
extremely rare in humans. The oropharyngeal 
structures also differ between the species. Thus, 
the postural changes that occur in animals due to 
forced oral breathing may not be the same in 
humans.

Early clinical studies on humans generally 
used lateral cephalograms to evaluate dentofa-
cial changes and the upper airway. Linder-
Aronson [2] studied 162 children aged 
6–12 years. Half of these children were deter-
mined to need adenoidectomies, while the other 
half were controls. The patients were examined 
with respect to nasal airflow, breathing pattern, 
and dentofacial morphologic variables. He 
reported a significant relationship between 
enlarged adenoids determined by cephalometric 
x-rays and certain craniofacial changes, includ-
ing low tongue position, mouth breathing, nar-
row maxillary arch, crossbite, and retroclined 
maxillary and mandibular incisors. In 1974, he 
examined a group of Swedish children before 
and after adenoidectomies and compared them 
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to controls with respect to changes in cephalo-
metric measurements. He reported that the 
patients in adenoidectomy group had increased 
anterior facial height, maxillary constriction, 
and retroclined incisors compared to controls. 
After their adenoidectomies, upper airway 
obstruction was resolved in these patients and 
their growth pattern became horizontal [65].

Hannuksela [66] compared allergic and nonal-
lergic children and reported a tendency toward 
clockwise rotation of the mandible and retro-
clined mandibular incisors. However, further 
evaluation of this population revealed no signifi-
cant differences in the occlusion between groups 
[67]. Other cephalometric studies also failed to 
show a relationship between the airway space or 
adenoid size and malocclusion [23, 68].

Lateral cephalograms were readily available 
to orthodontists and valuable in determining den-
tofacial changes. They were also recommended 
for assessing adenoid size [69]. However, since 
lateral cephalograms are two-dimensional and 
unable to provide volumetric data, their reliabil-
ity in determining airway size and adenoids have 
been criticized [70, 71].

With the development of respirometric tech-
niques, more objective classification of respira-
tory patterns became possible. Vig et  al. [72] 
reported higher nasal resistance in increased 
facial height groups compared with controls, but 
they found no significant differences in the nasal 
volume flow rate between groups. Fields et al. 
[14] also concluded that subjects with long faces 
had a significantly smaller component of nasal 
airflow. Warren and Spalding [73] suggested 
that high airway resistance due to nasal impair-
ment may cause an exaggerated postural 
response if there is a low drape to the velum, the 
pillars form a posterior curtain, the tonsils are 
enlarged, or the posterior portion of the tongue 
is carried high.

The early clinical studies that used lateral 
cephalograms and/or other respirometric tech-
niques showed that the relationship between den-
tofacial growth and development and respiratory 
mode is variable and multifactorial.

39.3.2  Current Perspective

Heredity and environmental factors are both 
effective in the development of dental arches and 
postnatal determination of craniofacial features. 
One of the most important environmental factors 
is the predominant respiratory pattern. Nasal 
breathing is associated with a normal posture of 
the tongue and lips and normal muscle activity. If 
there is nasal obstruction, this would likely affect 
the muscle forces acting on the dentofacial region. 
This change in muscular action may cause abnor-
mal facial growth and development. It has been 
shown that during oral breathing masseter muscle 
activity is inhibited [74]. Increased airway resis-
tance also stimulates mechanoreceptors in the 
upper airway and increases the activities of the 
genioglossus and mylohyoid muscles due to the 
forward positioning of the tongue and opening of 
the mouth to maintain the airway [75].

Today, it is accepted that growth occurs under the 
control of both genetic and environmental factors. 
Genetics act on cartilages and the bones respond to 
the changes in these cartilaginous structures. The 
growth and needs of the soft tissue matrix also 
cause reactive changes in both the bone and the 
cartilage.

Long-term mouth breathing seems to affect 
the occlusion and facial morphology during peri-
ods of rapid growth. However, not every patient 
has the same growth changes due to oral breath-
ing. The heritable characteristics of anatomical 
structures also seem to play a role in determining 
which patients will be most affected. In some 
patients, a slight opening of the lips may be 
enough to provide the necessary airway, while in 
others a more exaggerated postural response of 
the mandible, tongue, and head will be necessary. 
Children with narrow facial patterns also may be 
more susceptible to growth changes due to mouth 
breathing than children with broad facial fea-
tures. It is also possible for patients with a verti-
cal facial growth pattern to be more likely to be 
mouth breathers. The severity of the obstruction 
will also determine if the child is a chronic mouth 
breather or a partial one. If the obstruction is 
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severe, the changed postural responses will be in 
place longer causing more extensive growth 
changes in dentofacial structures.

If the patient has morphologic risk factors in the 
oropharynx such as enlarged tonsils, a large 
tongue, or a long soft palate, the postural response 
necessary to open the airway will be more pro-
nounced and the risk for developmental distur-
bance will be greater.

The most common cause of oral breathing in 
children is enlarged pharyngeal lymphoid tissue. 
The enlargement of these tissues may adversely 
affect pharyngeal patency [76]. Normally, the 
size of the adenoid tissue is dependent on the 
associated skeletal structures. However, abnor-
mal growth of this tissue may predispose the 
patient to upper airway obstruction causing oral 
respiration. As a matter of fact, any reason that 
causes nasal resistance to increase for long peri-
ods of time, such as allergies or nasal septal 
deformity, has the potential to cause chronic oral 
respiration.

When a tooth erupts in the mouth, it is subject to 
chewing forces as well as forces from soft tissues 
such as lips, cheeks, and tongue. This creates an 
equilibrium of forces acting on the dentition. When 
this equilibrium is disturbed, there are changes in 
tooth positions.

During oral respiration, the mandible rotates 
open and the tongue is positioned lower in the 
mouth and no longer contacts the palate causing 
an eruption of the molars and the transverse max-
illary deficiency (Figs. 39.8 and 39.9). Thus, the 
mandible rotates in a clockwise direction, losing 
contact with the soft palate, causing an open bite 
with an increase in the mandibular plane angle, a 
higher palatal plane, narrowing of both maxillary 
and mandibular arches, and mandibular retrogna-
thism with an increased overjet [77, 78]. However, 
this is only a mechanistic view of the possible 
interactions between mandibular growth and oral 
breathing. Complex epigenetic events may also 
be responsible for the growth changes in the 
mandible. It has been hypothesized that children 
with significantly enlarged adenoids will develop 
obstructive sleep apnea causing abnormal noctur-
nal growth hormone secretion and causing 
somatic growth impairment [79]. Due to this 

abnormal hormonal balance, mandibular ramus 
growth may be less than in healthy subjects caus-
ing the observed mandibular rotation in these 
children. This mandibular rotation also causes 
backward and downward displacement of the 
tongue [80]. The breathing pattern seems to affect 
not only the position but also the pressure exerted 
by the tongue. The average tongue pressure in 
mouth-breathing children is lower than that in 
nasal-breathing children [81]. These altered mus-
cle forces caused by the postural changes of the 
tongue lead to a constricted maxillary arch, high 
palate, and posterior crossbite in the transverse 

Fig. 39.8 When the tongue is in its correct position, it 
exerts transverse pressure on the teeth and alveolus, 
allowing proper growth

Fig. 39.9 If the tongue is in a lower position, the equilib-
rium of forces is disturbed and the transverse growth of 
the maxilla is deficient
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direction. Maxillary retrusion [2] and an increase 
in palatinal inclination in relation to the cranial 
base [2, 82] have also been reported.

The above-mentioned structural changes are 
similar to those reported in children with obstruc-
tive sleep apnea (OSA). Recent studies and sys-
tematic reviews have shown differences in the 
craniofacial structures of children with obstruc-
tive sleep apnea compared with children without 
OSA such as a more Class II and dolichofacial 
mandibular growth direction as well as a narrow 
maxilla, retrognathia, anterior open bite and 
hypoplasia of the midfacial region [83–86]. 
Moreover, the severity of OSA is suggested to be 
correlated with the severity of maxillomandibular 
deficiency [87]. Even though mouth breathing 
and OSA do not always coexist, it has been sug-
gested that mouth breathing increases upper air-
way collapsibility by failing to activate upper 
airway dilator muscles through the negative pres-
sure reflex. This, in turn, may contribute to the 
occurrence of OSA [88–93]. Thus, it is important 
to evaluate OSA patients to determine their mode 
of breathing in order to better understand the eti-
ology of their disease and to make effective treat-
ment choices.

Craniocervical posture and oral breathing 
have also been the subject of various investiga-
tions. Oral breathing is associated with head 
extension [94–96]. This postural change moves 
the hyoid bone upward establishing an adequate 
airway [97]. Since there is a relationship between 
head posture and altered muscle activity, long- 
term craniocervical changes may influence cra-
niofacial growth as well as putting undue load on 
the neck and upper shoulders.

Mouth breathing in cleft palate patients is a 
clinically relevant subject as well [98]. Cleft lip 
and palate deformities are one of the most com-
mon congenital malformations. The airway size 
is reduced and nasal resistance is higher in cleft 
patients compared to noncleft subjects, in both 
children and adults [30, 99–102]. Changes in the 
minimal cross-sectional area of the airway, nasal 
volume, and nasal flow resistance are suggested 
to cause impairment in nasal function [102–107]. 
The large craniocervical angulation also indi-
cates an extended head position in these cases 

[108]. The high prevalence of mouth breathing in 
these patients may be caused by various factors, 
such as septal deviation and the effects of surgi-
cal techniques. Thus, a normal breathing pattern 
may not be established ever because of the open 
communication between the nose and mouth at 
birth [32]. Besides, the positive OSA screening 
ratio of unilateral and bilateral cleft lip and palate 
patients (12.2%) was found to be significantly 
higher than the controls (4.5%) [109].

Traditionally, the changes in craniofacial and 
airway structures of mouth breathing patients 
have been evaluated using lateral cephalograms. 
However, the advances in technology made it 
possible to use Cone Beam Computed 
Tomography (CBCT) to evaluate the airway in 
3D and make volumetric measurements; by using 
significantly less radiation which is necessary for 
conventional CT imaging. Although studies are 
ongoing to increase the accuracy of airway mea-
surements in CBCT by evaluating the measure-
ment software and threshold values, these images 
are currently the most simple and reliable way of 
determining the 3D anatomy of the airway [110–
112]. In their study assessing the pharyngeal air-
way space in nasal and mouth breathing children 
using CBCT, Alves Jr. et al. [113] found that air-
way volume and minimum axial area were sig-
nificantly greater in nasal breathers than in mouth 
breathers. Unfortunately, the 3D data on airway 
morphology in mouth-breathing patients is still 
scarce and further research is needed.

In addition to these structural changes in the 
dentofacial region, mouth breathing may cause 
other oral diseases. Mouth-breathing patients 
often have inflamed labial gingival tissues around 
the maxillary incisors. The gingiva becomes 
inflamed and hyperplastic because the mouth 
remains open and the salivary flow is reduced. 
Since saliva performs essential roles including 
antimicrobial action and protection of oral tis-
sues, a reduction in salivary flow will have a neg-
ative impact on teeth and gingival tissues as well 
as generate odoriferous volatile compounds. 
Clinically, the gingiva appears swollen, red, and 
shiny with the classic rolled-up appearance 
(Figs. 39.10 and 39.11). There can be bone loss 
and pocket formation in the interproximal area if 
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Fig. 39.10 At repose, the lips are open in mouth- 
breathing patients. This lack of lip seal causes the mouth 
to become dry. Maxillary anterior teeth and gingiva are 
most at risk for the negative effects of this open-mouthed 
posture

Fig. 39.11 Maxillary anterior region of the patient in 
Fig.  39.10. The gingiva is inflamed due to poor oral 
hygiene and mouth breathing. Note the classic shiny red, 
swollen look of the gingiva

proper oral hygiene is not maintained. There is 
also an increased incidence of caries and halitosis 
(breath malodor). Correction of mouth breathing 
along with necessary dental treatments will 
improve the health of the oral cavity.

It is likely that the oral cavity becomes dry because 
the mouth remains open most of the time in chronic 
mouth breathers. Clinical manifestations of this 
negative impact will be halitosis, an increased inci-
dence of caries, and gingivitis, especially around 
maxillary anterior teeth. These oral health prob-
lems will have significant negative social, eco-
nomic, and psychological consequences causing a 
decrease in the quality of life.

It has been difficult to determine the relation-
ship between dentofacial morphology and oral 

breathing because respiration is a complex act 
which cannot be easily classified with the current 
techniques. There are multiple factors which 
determine if the dentofacial growth of a person 
will be affected by the changes in the nasal air-
way. Thus, a careful evaluation of the patient by 
otolaryngologists, pediatricians, and orthodon-
tists is needed before treatment decisions.

39.3.3  Treatment

Treatment of patients with a diagnosis of mouth 
breathing needs to be preceded by an evaluation 
by an otolaryngologist, pediatrician, and ortho-
dontist. Treatment of upper airway obstruction 
may be provided by either of these specialists or 
by all, depending on the etiology and severity of 
the clinical manifestations. The case report illus-
trated in Figs. 39.12, 39.13, 39.14, 39.15, 39.16, 
39.17, and 39.18 demonstrates the type of treat-
ment result that can be obtained for a patient with 
dentofacial deformity due to mouth breathing.

In cases of habitual mouth breathing without 
nasal, nasopharyngeal, or oropharyngeal 
obstruction, the treatment is directed toward 
establishing a lip seal and forcing the patient to 
breathe nasally. This is known as myofunctional 
therapy. Myofunctional therapy can be defined 
as a group of targeted isotonic and isometric 
exercises which improve orofacial muscle 
strength and coordination and has been used for 
over a century to improve nasal breathing [114, 
115], and more recently as an adjunct treatment 
in OSA [116, 117]. Some devices, which can 
help to strengthen oral and tongue muscles, have 
also been described [118].

If there are dentofacial changes in the patient 
due to mouth breathing, functional appliances or 
other orthopedic devices can also be used to stim-
ulate growth. The type of appliance to be used 
depends on the growth pattern, which jaw is 
underdeveloped and in which plane the defi-
ciency is (sagittal, vertical, transversal).

If the cause of this pattern of breathing is 
obstructive, the location of the obstruction and its 
cause must first be diagnosed and treatment must 
be directed accordingly. The surgical and medi-
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Fig. 39.12 (a–c) Pre-treatment (a) frontal view at rest, 
(b) frontal view with forced lip seal, and (c) profile view 
that indicates a high lip line, increased lower anterior 

facial height, and increased muscle activity during lip clo-
sure. The lower lip rests behind the protruded incisors dur-
ing the rest position

cal treatments of such obstructions are beyond 
the scope of this chapter. However, the effects of 
treatments on dentofacial growth must be known 
before making any treatment decisions.

Adeneidoctomy and/or tonsillectomy are gen-
erally used to remove the obstructive pathology 
to normalize the breathing pattern and promote 
normal growth of the craniofacial complex [5]. 
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Fig. 39.13 (a–e) Pre-treatment intraoral (a) frontal, (b) 
left side, (c) right side, (d) upper arch, and (e) lower arch 
views of the patient demonstrating a Class II malocclu-

sion with mild maxillary transverse deficiency, and arch 
length deficiency

a

b

c

d

e

These surgeries have been shown to increase the 
airway volume and minimal cross-section [119, 
120]. This is followed by a change of breathing 
pattern from mouth breathing to nasal breathing 
[65, 121–123]. Most researchers report that the 
change in the mode of breathing is stable after 
surgery [121, 123]. Others have suggested that a 
relapse may occur during the follow-up [122].

After adenoidectomy/tonsillectomy and estab-
lishment of nasal breathing, mandibular plane 
angle changes toward a more horizontal growth 
direction though individual variation in response 
has been reported [124, 125]. Peltomaki [79], in 
a systematic review, reported that restoration of 
normal physiologic nasal breathing following 

adenotonsillectomy can induce acceleration in 
the secretion of growth hormone. This may in 
part explain the mandibular growth changes in 
these children.

A recent meta-analysis by Zhu et  al. [126] 
found that after these surgeries, the malocclusion 
and the transverse deficiency in arch dimensions 
associated with airway obstruction could not be 
completely reversed in children. As such, other 
treatment modalities such as myofunctional ther-
apy or arch expansion should be considered after 
the removal of the obstructive pathology. 
However, they cautioned that the research in this 
field is insufficient to rule out the influence of 
follow-up duration and the time of surgery.
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Fig. 39.14 Pre-treatment lateral cephalometric view and 
analysis of the patient

Fig. 39.15 The patient was treated with a high-pull head-
gear and fixed appliances. The high-pull headgear places 
a distal and upward force on the maxillary dentition and 
maxilla. This maintains the vertical position of the maxilla 
and inhibits eruption of the maxillary posterior teeth

A flexion in head posture always occurs with a 
reduction in craniocervical angle in response to 
the elimination of airway obstruction after ade-
noidectomy and has also been reported after 
medical treatment of children with asthma and 

perennial rhinitis [127–129] and after orthodon-
tic rapid maxillary expansion (RME) [130].

Rapid maxillary expansion is an orthopedic 
procedure that produces sutural expansion in the 
maxilla, and it is widely used in orthodontics to 
widen the palate without the movement of teeth 
through alveolar bone. Transverse dimensions of 
the maxilla can be effectively increased by RME 
appliances [131]. RME appliance has a screw in 
the middle and is applied on the maxillary arch. 
Separation of midpalatal suture is accomplished 
by turning the screw once a day for approxi-
mately a month. A retention period of 3–6 months 
is recommended after the active expansion is 
ended (Figs. 39.19, 39.20, 39.21, and 39.22).

In cases of maxillary constriction, when the 
maxilla is expanded by RME treatment, an 
increase in the nasal floor close to the midpala-
tal suture occurs as well. Numerous studies 
have radiographically investigated nasal cavity 
changes after maxillary expansion on posterior- 
anterior cephalometric films and reported an 
increase in nasal cavity width [132–134]. It has 
even been reported that bone-borne or hybrid 
(tooth-and-bone borne) appliances might 
achieve the increased sutural opening and lower 
nasal airway resistance [135].

Orthopedic expansion of the maxilla by RME 
appliances plays an important role to improve 
nasal airflow. A decrease in nasal resistance and a 
change in breathing pattern from oral to nasal 
have been reported after RME treatment [132, 
136, 137]. A decrease in the pharyngeal collapse 
was also reported in patients with obstructive 
sleep apnea syndrome (OSAS) following RME 
treatment [138]. However, in about one-third to 
one-half of the patients, mouth breathing could 
not be treated [136, 139]. Small clinical changes 
and wide individual variation were reported in 
other studies using acoustic rhinometry to test the 
differences in nasal volume before and after 
RME [140–142]. It was suggested that in the 
presence of nasal concha hyperplasia, nasal pol-
yps, adenoidal hypertrophy, and septal deviation, 
an increase in nasal airflow may not be enough to 
achieve nasal breathing [136]. In general, RME is 
indicated in patients with maxillary constriction. 
Even if there is evidence that the width of the 
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Fig. 39.16 (a–c) Post-treatment (a) frontal view at rest, (b) frontal view during a smile, and (c) profile view shows the 
improved aesthetic results obtained by orthodontic and orthopedic treatment
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Fig. 39.17 (a–e) Post-treatment intraoral (a) frontal, (b) 
left side, (c) right side, (d) upper arch, and (e) lower arch 
views of the patient demonstrating improved functional 

results with a Class I molar and canine occlusion as well 
as ideal overjet, overbite and transverse relationship of the 
dentition

a

b

c

e

d

Fig. 39.18 Post-treatment lateral cephalometric view 
and analysis of the patient

Fig. 39.19 The RME appliance in the maxillary arch is 
used to widen the maxilla
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Fig. 39.20 Occlusal view of the maxillary arch after 
RME treatment

Fig. 39.21 Maxillary occlusal radiograph of a patient 
before RME

Fig. 39.22 The separation at the midpalatal suture is 
clearly seen on this occlusal film taken after RME is com-
pleted. A retention period of 3–6 months is needed to pre-
vent relapse while bone fills in the space between the right 
and left segments of the maxilla

nasal cavity increases and improvement in nasal 
airflow occurs to some extent, it cannot yet be 
offered solely for the treatment of respiratory 
impairment [136, 139, 140, 143].

Even though it has been shown that midpalatal 
sutural expansion increases nasal cavity width and 
nasal airflow, this may not be enough to change the 
respiratory pattern. Thus, the use of RME should 
be limited to patients with transverse maxillary 
deficiency.

39.3.4  Conclusion

Mouth breathing has the potential to adversely 
affect the growth and development of the indi-
vidual, depending on the frequency, severity, and 
duration of the action with the inclusion of other 
confounding factors such as genetic features, 
variability in functional demands, and age. In the 
worst-case scenario, an adenoid facies type of 
facial form can occur with a long face height, 
open-mouthed posture, short upper lip, small 
nostrils, a narrow maxillary arch, and extended 
head posture. To determine the etiology, objec-
tive evaluation of mouth breathing is important; 
techniques measuring the amount of oral and 
nasal airflow provide more valuable information 
compared to nasal resistance measurements and 
subjective evaluation of the patient. Mouth 
breathing may occur due to an obstruction in the 
nose and upper airway, but it is also possible for 
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mouth breathing to be habitual without accompa-
nying airway obstruction. Open-mouthed posture 
is not a good indicator of mouth breathing as 
people can breathe through their nose by creating 
a posterior seal. In treatment planning, correct 
diagnosis and defining the etiology of the prob-
lem will eliminate unnecessary treatment 
approaches.

In the presence of an obstruction that impedes 
physiologic nasal breathing, elimination of the 
obstruction is necessary to prevent abnormal 
facial and dental growth. In cases of obstructive 
adenoids and tonsils or allergic rhinitis, surgical 
or medical treatment is frequently indicated. 
Favorable changes in dentofacial structures and 
head posture are seen in these patients, especially 
when treatment is performed at an earlier age. 
Some of these patients may further need 
 orthodontic treatment if they have already devel-
oped malocclusions. Depending on the defined 
treatment goals, several different therapeutic 
approaches are available in the treatment of these 
patients which include myofunctional therapy, 
maxillary expansion, functional appliances, den-
tofacial orthopedics, or orthognathic treatment.

References

1. Emslie RD, Massler M, Zwemer JD.  Mouth 
breathing: etiology and effects. J Am Dent Assoc. 
1952;44:506–21.

2. Linder-Aronson S. Adenoids. Their effect on mode 
of breathing and nasal airflow and their relation-
ship to characteristics of the facial skeleton and 
the dentition. A biometric, rhino-manometric and 
cephalometro-radiographic study on children with 
and without adenoids. Acta Otolaryngol Suppl. 
1970;265:1–132.

3. Koski K, Lähdemäki P.  Adaptation of the man-
dible in children with adenoids. Am J Orthod. 
1975;68:660–5.

4. Schendel SA, Eisenfeld J, Bell WH, Epker BN, 
Mishelevich DJ.  The long face syndrome: vertical 
maxillary excess. Am J Orthod. 1976;70:398–408.

5. Ricketts RM. Respiratory obstruction syndrome. Am 
J Orthod. 1968;54:495–507.

6. Moss ML.  The veloepiglottic sphincter and obli-
gate nose breathing in the neonate. J Pediatr. 
1965;67:330–1.

7. Goldfield EC, Richardson MJ, Lee KG, Margetts 
S. Coordination of sucking, swallowing, and breath-

ing and oxygen saturation during early infant 
breast-feeding and bottle-feeding. Pediatr Res. 
2006;60:450–5.

8. James WW, Hastings S.  Discussion on mouth- 
breathing and nasal obstruction. Proc R Soc Med. 
1932;25:1343–55.

9. Niinimaa V, Cole P, Mintz S, Shephard RJ. Oronasal 
distribution of respiratory airflow. Respir Physiol. 
1981;43:69–75.

10. Huang ZL, Ong KL, Goh SY, Liew HL, Yeoh KH, 
Wang DY.  Assessment of nasal cycle by acoustic 
rhinometry and rhinomanometry. Otolaryngol Head 
Neck Surg. 2003;128:510–6.

11. Chaaban M, Corey JP.  Assessing nasal air 
flow: options and utility. Proc Am Thorac Soc. 
2011;8:70–8.

12. Schlenker WL, Jennings BD, Jeiroudi MT, Caruso 
JM. The effects of chronic absence of active nasal 
respiration on the growth of the skull: a pilot study. 
Am J Orthod Dentofac Orthop. 2000;117:706–13.

13. Rodenstein DO, Stanescu DC.  Soft palate and 
oronasal breathing in humans. J Appl Physiol. 
1984;57:651–7.

14. Fields HW, Warren DW, Black K, Phillips 
CL. Relationship between vertical dentofacial mor-
phology and respiration in adolescents. Am J Orthod 
Dentofac Orthop. 1991;99:147–54.

15. Paul JL, Nanda RS.  Effect of mouth breathing on 
dental occlusion. Angle Orthod. 1973;43:201–6.

16. Humphreys HF, Leighton BC. A survey of antero- 
posterior abnormalities of the jaws in children 
between the ages of 2 and 5 1/2 years of age. Br Dent 
J. 1950;88:3–15.

17. Rasmus RL, Jacobs RM. Mouth breathing and mal-
occlusion: quantitative technique for measurement 
of oral and nasal air-flow velocities. Angle Orthod. 
1969;39:296–302.

18. Melsen B, Attina L, Santuari M, Attina 
A. Relationships between swallowing pattern, mode 
of respiration, and development of malocclusion. 
Angle Orthod. 1987;57:113–20.

19. Woodside DG, Linder-Aronson S.  The channel-
ization of upper and lower anterior face heights 
 compared to population standard in males between 
ages 6 to 20 years. Eur J Orthod. 1979;1:25–40.

20. Bresolin D, Shapiro PA, Shapiro GG, Chapko MK, 
Dassel S.  Mouth breathing in allergic children: 
its relationship to dentofacial development. Am J 
Orthod. 1983;83:334–40.

21. Miller HI. The relation of long-continued respiratory 
allergy to occlusion. Am J Orthod. 1949;35:780–9.

22. Tarvonen PL, Koski K.  Craniofacial skeleton of 
7-year-old children with enlarged adenoids. Am J 
Orthod. 1987;91:300–4.

23. Sosa FA, Graber TM, Muller TP.  Postpharyngeal 
lymphoid tissue in Angle class I and class II maloc-
clusions. Am J Orthod. 1982;81:299–309.

24. Ung N, Koenig J, Shapiro PA, Shapiro G, Trask 
G. A quantitative assessment of respiratory patterns 

T. Taner and B. Saglam-Aydinatay



577

and their effects on dentofacial development. Am J 
Orthod Dentofac Orthop. 1990;98:523–32.

25. Vig PS, Spalding PM, Lints RR.  Sensitivity 
and specificity of diagnostic tests for impaired 
nasal respiration. Am J Orthod Dentofac Orthop. 
1991;99:354–60.

26. Warren DW, Hairfield WM, Dalston ET. Nasal air-
way impairment: the oral response in cleft palate 
patients. Am J Orthod. 1991;99:346–53.

27. Vig PS, Zajac DJ. Age and gender effects on nasal 
respiratory function in normal subjects. Cleft Palate 
Craniofac J. 1993;30:279–84.

28. Ellingsen R, Vandevanter C, Shapiro P, Shapiro 
G.  Temporal variation in nasal and oral breath-
ing in children. Am J Orthod Dentofac Orthop. 
1995;107:411–7.

29. Gurley WH, Vig PS. A technique for the simultane-
ous measurement of nasal and oral respiration. Am J 
Orthod. 1982;82:33–41.

30. Warren DW, Lehman MD, Hinton V.  Analysis of 
simulated upper airway breathing. Am J Orthod. 
1984;86:197–206.

31. Warren DW, Hinton VA, Hairfield WM. Measurement 
of nasal and oral respiration using inductive plethys-
mography. Am J Orthod. 1986;89:480–4.

32. Warren DW, Hairfield WM, Seaton D, Hinton 
VA. The relationship between size of the nasal air-
way and nasal-oral breathing. Am J Orthod Dentofac 
Orthop. 1988;93:289–93.

33. Hairfield WM, Warren DW, Hinton VA, Seaton 
D. Inspiratory and expiratory effects on nasal breath-
ing. Cleft Palate J. 1987;24:183–9.

34. Laine T, Warren DW.  Effects of age, gender and 
body size on nasal cross-sectional area in children. 
Eur J Orthod. 1991;13:311–6.

35. Crouse U, Laine-Alava MT, Warren DW, Wood 
CL. A longitudinal study of nasal airway size from 
age 9 to age 13. Angle Orthod. 1999;69:413–8.

36. Shanker S, Fields HW, Beck FM, Vig PS, Vig 
KWL. A longitudinal assessment of upper respira-
tory function and dentofacial morphology in 8- to 
12-year-old children. Semin Orthod. 2004;10:45–53.

37. Bailey LJ, Simmons KE, Warren DW. Orthodontic 
problems in children. In: Bluestone CD, Stool SE, 
Kenna MA, editors. Pediatric otolaryngology, vol. 
2. 3rd ed. Philadelphia: W.B.  Saunders Company; 
1996. p. 1036.

38. Tomes CS.  On the developmental origin of the 
v-shaped contracted maxilla. Monthly Rev Dental 
Surg. 1872;1:2–5.

39. Goldsmith JL, Stool SE.  George Catlin’s concepts 
on mouth-breathing, as presented by Dr. Edward 
H. Angle. Angle Orthod. 1994;64:75–8.

40. Angle EH.  Treatment of malocclusion of the teeth 
and fractures of the maxillae: Angle’s system. 6th ed. 
Philadelphia: The SS White Dental Manufacturing 
Co; 1900. p. 32.

41. Duke WW.  Deformity of the face caused by 
nasal allergy in childhood. Arch Otolaryngol. 
1930;12:493–8.

42. Balyeat RM, Bowen R. Facial and dental deformi-
ties due to perennial nasal allergy in children. Int J 
Orthod Dent Child. 1934;20:445–60.

43. Cohen MB.  Orthodontic problems associated with 
allergy. Angle Orthod. 1937;7:150–4.

44. Subtelny JD. The significance of adenoid tissue in 
orthodontia. Angle Orthod. 1954;24:59–69.

45. Morrison WW. The interrelationship between nasal 
obstruction and oral deformities. Int J Orthod. 
1931;17:453–8.

46. Moss ML. The functional matrix. In: Kraus B, Riedel 
R, editors. Vistas in orthodontics. Philadelphia: Lea 
& Febiger; 1962. p. 85–98.

47. Moss ML. The primary role of functional matrices in 
facial growth. Am J Orthod. 1969;55:566–77.

48. Solow B, Tallgren A. Head posture and craniofacial 
morphology. Am J Phys Anthropol. 1976;44:417–36.

49. Solow B, Kreiberg S. Soft-tissue stretching: a pos-
sible control factor in craniofacial morphogenesis. 
Scand J Dent Res. 1977;85:505–7.

50. Marks MB.  Allergy in relation to orofacial den-
tal deformities in children: a review. J Allergy. 
1965;36:293–302.

51. Kingsley WS.  A treatise on oral deformities 
as a branch of mechanical surgery. New  York: 
D. Appleton Company; 1889.

52. Gwynne-Evans E, Ballard CF.  Discussion on the 
mouth-breather. Proc R Soc Med. 1959;51:279–85.

53. Howard CC.  Inherent growth and its influence on 
malocclusion. J Am Dent Assoc. 1932;19:642–8.

54. Leech HL.  A clinical analysis of orofacial mor-
phology and behavior of 500 patients attending 
an upper respiratory research clinic. Dent Pract. 
1958;9:57–68.

55. Huber RE, Reynolds JW.  A dentofacial study of 
male students at the University of Michigan in the 
physical hardening program. Am J Orthod Oral 
Surg. 1946;32:1–21.

56. Harvold EP.  The role of function in the etiol-
ogy and treatment of malocclusion. Am J Orthod. 
1968;54:883–98.

57. Harvold EP, Chierici G, Vargervik K. Experiments 
on the development of dental malocclusions. Am J 
Orthod. 1972;61:38–44.

58. Harvold EP, Vargervik K, Chierici G. Primate exper-
iments on oral sensation and dental malocclusions. 
Am J Orthod. 1973;63:494–508.

59. Harvold EP, Tomer BS, Vargervik K, Chierici 
G.  Primate experiments on oral respiration. Am J 
Orthod. 1981;79:359–72.

60. Miller AJ, Vargervik K, Chierici G. Sequential neu-
romuscular changes in rhesus monkeys during the 
initial adaptation to oral respiration. Am J Orthod. 
1982;81:99–107.

61. Miller AJ, Vargervik K, Chierici G. Experimentally 
induced neuromuscular changes during and 
after nasal airway obstruction. Am J Orthod. 
1984;85:385–92.

62. Vargervik K, Miller AJ, Chierici G, Harvold E, 
Tomer BS.  Morphologic response to changes in 

39 Physiologic and Dentofacial Effects of Mouth Breathing Compared to Nasal Breathing



578

neuromuscular patterns experimentally induced 
by altered modes of respiration. Am J Orthod. 
1984;85:115–24.

63. Yamada T, Tanne K, Miyamoto K, Yamauchi 
K. Influences of nasal respiratory obstruction on cra-
niofacial growth in young Macaca fuscata monkeys. 
Am J Orthod Dentofac Orthop. 1997;111:38–43.

64. Scarano E, Ottaviani F, Di Girolamo S, Galli A, 
Deli R, Paludetti G.  Relationship between chronic 
nasal obstruction and craniofacial growth: an 
experimental model. Int J Pediatr Otorhinolaryngol. 
1998;45:125–31.

65. Linder-Aronson S. Effects of adenoidectomy on den-
tition and nasopharynx. Am J Orthod. 1974;65:1–15.

66. Hannuksela A.  The effect of moderate and severe 
atrophy on the facial skeleton. Eur J Orthod. 
1981;3:187–93.

67. Hannuksela A.  The effect of atrophy on the denti-
tion. Eur J Orthod. 1983;5:279–85.

68. Mergen DC, Jacobs RM.  The size of nasopharynx 
associated with normal and class II malocclusions. 
Angle Orthod. 1970;40:342–6.

69. Shapiro GG, Shapiro PA. Nasal airway obstruction 
and facial development. Clin Rev. 1984;2:225–35.

70. Vig P, Hall D.  The inadequacy of cephalometric 
radiographs for airway assessment. Letter to the edi-
tor. Am J Orthod. 1980;77:230–2.

71. Maw AR, Jeans WD, Fernando DCJ. Inter-observer 
variability in the clinical and radiological assess-
ment of adenoid size, and the correlation with ade-
noid volume. Clin Otolaryngol. 1981;2:317–22.

72. Vig PS, Sarver DM, Hall DJ, Warren DW. Quantitative 
evaluation of nasal airflow in relation to facial mor-
phology. Am J Orthod. 1981;79:263–72.

73. Warren DW, Spalding PM. Dentofacial morphology 
and breathing: a century of controversy. In: Melsen 
B, editor. Current controversies in orthodontics. 1st 
ed. Chicago: Quintessence Publishing Company; 
1991. p. 45.

74. Ono T, Ishiwata Y, Kuroda T. Inhibition of masseteric 
electromyographic activity during oral respiration. 
Am J Orthod Dentofac Orthop. 1998;113:18–25.

75. Song HG, Pae EK. Changes in orofacial muscle activ-
ity in response to changes in respiratory resistance. 
Am J Orthod Dentofac Orthop. 2001;119:436–42.

76. Gross CW, Harrison SE.  Tonsils and adenoids. 
Pediatr Rev. 2000;21:75–8.

77. Rubin RM. Mode of respiration and facial growth. 
Am J Orthod. 1980;78:504–10.

78. Harari D, Redlich M, Miri S, Hamud T, Gross M. The 
effect of mouth breathing versus nasal breathing on 
dentofacial and craniofacial development in orth-
odontic patients. Laryngoscope. 2010;120:2089–93.

79. Peltomaki T.  The effect of mode of breathing 
on craniofacial growth-revisited. Eur J Orthod. 
2007;29:426–9.

80. L’Estrange PR, Battagel JM, Harkness B, Spratley 
MH, Nolan PJ, Jorgensen GI.  A method of study-
ing adaptive changes of the oropharynx to variation 

in mandibular position in patients with obstructive 
sleep apnoea. J Oral Rehabil. 1996;23:699–711.

81. Azevedo ND, Lima JC, Furlan RMMM, Motta 
AR.  Tongue pressure measurement in children 
with mouth-breathing behaviour. J Oral Rehabil. 
2018;45:612–7.

82. Trotman CA, McNamara JA, Dibbets JMH, Van der 
Weele LT. Association of lip posture and the dimen-
sions of the tonsils and sagittal airway with facial 
morphology. Angle Orthod. 1997;67:425–32.

83. Defabianis P.  Impact of nasal airway obstruction 
on dentofacial development and sleep disturbances 
in children: preliminary notes. J Clin Pediatr Dent. 
2003;27:95–100.

84. Zucconi M, Caprioglio A, Calori G, Ferini-Strambi 
L, Oldani A, Castronovo C, Smirne S. Craniofacial 
modifications in children with habitual snoring and 
obstructive sleep apnoea: a case-control study. Eur 
Respir J. 1999;13:411–7.

85. Flores-Mir C, Korayem M, Heo G, Witmans M, 
Major MP, Major PW.  Craniofacial morphological 
characteristics in children with obstructive sleep 
apnea syndrome: a systematic review and meta- 
analysis. J Am Dent Assoc. 2013;144:269–77.

86. Katyal V, Pamula Y, Martin AJ, Daynes CN, 
Kennedy JD, Sampson WJ. Craniofacial and upper 
airway morphology in pediatric sleep-disordered 
breathing: systematic review and meta-analysis. Am 
J Orthod Dentofac Orthop. 2013;143:20–30.

87. Galeotti A, Festa P, Viarani V, Pavone M, Sitzia 
E, Piga S, Cutrera R, De Vincentiis GC, D'Antò 
V. Correlation between cephalometric variables and 
obstructive sleep apnoea severity in children. Eur J 
Paediatr Dent. 2019;20:43–7.

88. Meurice JC, Marc I, Carrier G, Sériès F. Effects of 
mouth opening on upper airway collapsibility in nor-
mal sleeping subjects. Am J Respir Crit Care Med. 
1996;153:255–9.

89. Wilhelm CP, deShazo RD, Tamanna S, Ullah MI, 
Skipworth LB. The nose, upper airway, and obstruc-
tive sleep apnea. Ann Allergy Asthma Immunol. 
2015;115:96–102.

90. Fitzpatrik MF, McLean H, Urton AM, Tan A, 
O’Donnel D, Driver HS.  Effect of nasal or oral 
breathing route on upper airway resistance during 
sleep. Eur Respir J. 2003;22:827–32.

91. Koo SK, Park GH, Koh TK, Jung SH, Lee HB, 
Ji CL.  Effect of mouth closure on upper airway 
obstruction in patients with obstructive sleep apnoea 
exhibiting mouth breathing: a drug-induced sleep 
endoscopy study. Eur Arch Otorhinolaryngol. 
2020;277:1823–8.

92. Gleeson K, Zwillich C, Braier K, White 
D. Breathing route during sleep. Am Rev Respir Dis. 
1986;134:115–20.

93. Lofaso F, Coste A, D'Ortho M, et al. Nasal obstruc-
tion as a risk factor for sleep apnoea syndrome. Eur 
Respir J. 2000;16:639–43.

94. Cuccia AM, Lotti M, Caradonna D. Oral breathing 
and head posture. Angle Orthod. 2008;78:77–82.

T. Taner and B. Saglam-Aydinatay



579

95. Chaves TC, de Andrade e Silva TS, Monteiro 
SA, Watanabe PC, Oliveira AS, Grossi 
DB.  Craniocervical posture and hyoid bone posi-
tion in children with mild and moderate asthma and 
mouth breathing. Int J Pediatr Otorhinolaryngol. 
2010;74:1021–7.

96. Neiva PD, Kirkwood RN, Godinho R.  Orientation 
and position of head posture, scapula and thoracic 
spine in mouth-breathing children. Int J Pediatr 
Otorhinolaryngol. 2009;73:227–36.

97. Gonzalez HE, Manns A.  Forward head posture: 
its structural and functional influence on the sto-
matognathic system, a conceptual study. Cranio. 
1996;14:71–80.

98. Hairfield WM, Warren DW, Seaton DL. Prevalence 
of mouthbreathing in cleft lip and palate. Cleft Palate 
J. 1988;25:135–8.

99. Warren DW, Duany LF, Fischer ND. Nasal airway 
resistance in normal and cleft lip and palate subjects. 
Cleft Palate J. 1969;6:134–40.

100. Drake AF, Davis JU, Warren DW.  Nasal airway 
size in cleft and noncleft children. Laryngoscope. 
1993;103:915–7.

101. Grossmann N, Brin I, Aizenbud D, Sichel JY, Gross- 
Isseroff R, Steiner J.  Nasal airflow and olfactory 
function after the repair of cleft palate (with and 
without cleft lip). Oral Surg Oral Med Oral Pathol 
Oral Radiol Endod. 2005;100:539–44.

102. Kunkel M, Wahlmann U, Wagner W. Acoustic air-
way profiles in unilateral cleft palate patients. Cleft 
Palate Craniofac J. 1999;36:434–40.

103. Mani M, Morén S, Thorvardsson O, Jakobsson 
O, Skoog V, Holmström M.  Objective assessment 
of the nasal airway in unilateral cleft lip and pal-
ate—a long-term study. Cleft Palate Craniofac J. 
2010;47:217–24.

104. Sandham A, Solow B. Nasal respiratory resistance in 
cleft lip and palate. Cleft Palate J. 1987;24:278–85.

105. Hairfield WM, Warren DW. Dimensions of the cleft 
nasal airway in adults: a comparison with subjects 
without cleft. Cleft Palate J. 1989;26:9–13.

106. Duskova M, Kristen M, Hronkova K, Rakosnik 
P.  Rhinomanometry in patients with a cleft defor-
mity of the nose. Acta Chir Plast. 2002;44:124–8.

107. Fukushiro AP, Trindadel E.  Nasal airway dimen-
sions of adults with cleft lip and palate: differ-
ences among cleft types. Cleft Palate Craniofac J. 
2005;42:396–402.

108. Oosterkamp BC, Remmelink HJ, Pruim GJ, 
Hoekema A, Dijkstra PU. Craniocervical, and pha-
ryngeal morphology in bilateral cleft lip and palate 
and obstructive sleep apnea patients. Cleft Palate 
Craniofac J. 2007;44:1–7.

109. Gorucu-Coskuner H, Saglam-Aydinatay B, Aksu M, 
Ozgur FF, Taner T. Comparison of positive screen-
ing for obstructive sleep apnea in patients with and 
without cleft lip and palate. Cleft Palate Craniofac J. 
2020;57:364–70.

110. Alves M Jr, Baratieri C, Mattos CT, Brunetto D, 
Fontes Rda C, Santos JR, Ruellas AC.  Is the air-

way volume being correctly analyzed? Am J Orthod 
Dentofac Orthop. 2012;141:657–61.

111. El H, Palomo JM. Measuring the airway in 3 dimen-
sions: a reliability and accuracy study. Am J Orthod 
Dentofacial Orthop. 2010;137:S50.e1–9; discussion 
S50–2.

112. Ghoneima A, Kula K.  Accuracy and reliability of 
cone-beam computed tomography for airway vol-
ume analysis. Eur J Orthod. 2013;35:256–61.

113. Alves M Jr, Baratieri C, Nojima LI, Nojima 
MC, Ruellas AC.  Three-dimensional assess-
ment of pharyngeal airway in nasal- and mouth- 
breathing children. Int J Pediatr Otorhinolaryngol. 
2011;75:1195–9.

114. Rogers AP. Exercises for the development of mus-
cles of face with view to increasing their functional 
activity. Dental Cosmos LX. 1918;59:857–76.

115. Guimaraes KC, Drager LF, Genta PR, Marcondes 
BF, Lorenzi-Filho G.  Effects of oropharyngeal 
exercises on patients with moderate obstructive 
sleep apnea syndrome. Am J Respir Crit Care Med. 
2009;179:962–6.

116. Guilleminault C, Huang YS, Monteyrol PJ, Sato R, 
Quo S, Lin CH. Critical role of myofascial reeduca-
tion in pediatric sleep-disordered breathing. Sleep 
Med. 2013;14:518–25.

117. Camacho M, Certal V, Abdullatif J, Zaghi S, Ruoff 
CM, Capasso R, Kushida CA.  Myofunctional 
therapy to treat obstructive sleep apnea: a 
systematic review and meta-analysis. Sleep. 
2015;38:669–75.

118. Suzuki H, Watanabe A, Akihiro Y, et al. Pilot study 
to assess the potential of oral myofunctional therapy 
for improving respiration during sleep. J Prosthodont 
Res. 2013;57:195–9.

119. Reddy JT, Korath VA, Adamala NR, Adusumilli G, 
Pichai S, Varma KV.  Cephalometric evaluation of 
oropharyngeal airway dimension changes in pre- 
and postadenoidectomy cases. J Contemp Dent 
Pract. 2012;13:764–8.

120. Pinheiro de Magalhães Bertoz A, Souki BQ, Lione 
R, Theresa Webber SA, Bigliazzi R, Oliveira 
PM, Moro A, Cozza P.  Three-dimensional airway 
changes after adenotonsillectomy in children with 
obstructive apnea: do expectations meet reality? Am 
J Orthod Dentofacial Orthop. 2019;155:791–800.

121. Hultcrantz E, Larson M, Hellquist R, Ahlquist- 
Rastad J, Svanholm H, Jakobsson OP. The influence 
of tonsillar obstruction and tonsillectomy on facial 
growth and dental arch morphology. Int J Pediatr 
Otorhinolaryngol. 1991;22:125–34.

122. Lofstrand-Tidestrom B, Hultcrantz E. Development 
of craniofacial and dental arch morphology in rela-
tion to sleep disordered breathing from 4 to 12 
years. Effects of adenotonsillar surgery. Int J Pediatr 
Otorhinolaryngol. 2010;74:137–43.

123. Linder-Aronson S, Woodside DG, Hellsing E, 
Emerson W. Normalization of incisor position after 
adenoidectomy. Am J Orthod Dentofac Orthop. 
1993;103:412–27.

39 Physiologic and Dentofacial Effects of Mouth Breathing Compared to Nasal Breathing



580

124. Linder-Aronson S, Woodside DG, Lundström 
A. Mandibular growth direction following adenoid-
ectomy. Am J Orthod. 1986;89:273–84.

125. Woodside DG, Linder-Aronson S, Lundström A, 
McWilliam J.  Mandibular and maxillary growth 
after changed mode of breathing. Am J Orthod 
Dentofac Orthop. 1991;100:1–18.

126. Zhu Y, Li J, Tang Y, Wang X, Xue X, Sun H, Nie 
P, Qu X, Zhu M. Dental arch dimensional changes 
after adenoidectomy or tonsillectomy in children 
with airway obstruction: A meta-analysis and sys-
tematic review under PRISMA guidelines. Medicine 
(Baltimore). 2016;95:e4976.

127. Solow B, Sandham A.  Cranio-cervical posture: a 
factor in the development and function of the den-
tofacial structures. Eur J Orthod. 2002;24:447–56.

128. Wenzel A, Henriksen J, Melsen B.  Nasal respira-
tory resistance and head posture: effect of intranasal 
corticosteroid (Budesonide) in children with asthma 
and perennial rhinitis. Am J Orthod. 1983;84:422–6.

129. Wenzel A, Højensgaard E, Hendriksen 
JM.  Craniofacial morphology and head posture in 
children with asthma and perennial rhinitis. Eur J 
Orthod. 1985;7:83–9.

130. Tecco S, Festa F, Tete S, Longhi V, D’Attilio 
M.  Changes in head posture after rapid maxillary 
expansion in mouth-breathing girls: a controlled 
study. Angle Orthod. 2005;75:171–6.

131. Haas AJ.  Rapid expansion of the maxillary dental 
arch and nasal cavity by opening the midpalatal 
suture. Angle Orthod. 1961;31:73–90.

132. Hershey HG, Stewart BL, Warren DW. Changes in 
nasal airway resistance associated with rapid maxil-
lary expansion. Am J Orthod. 1976;69:274–84.

133. Cross DL, McDonald JP. Effect of rapid maxillary 
expansion on skeletal dental, and nasal structures: a 
postero-anterior cephalometric study. Eur J Orthod. 
2002;22:519–28.

134. Basciftci FA, Mutlu N, Karaman AI, Malkoc S, 
Küçükkolbasi H.  Does the timing and method 

of rapid maxillary expansion have an effect on 
the changes in nasal dimensions? Angle Orthod. 
2002;72:118–23.

135. Krüsi M, Eliades T, Papageorgiou SN.  Are there 
benefits from using bone-borne maxillary expan-
sion instead of tooth-borne maxillary expansion? A 
systematic review with meta-analysis. Prog Orthod. 
2019;20:9.

136. Warren DW, Turvey TA, Hairfield WM.  The nasal 
airway following maxillary expansion. Am J Orthod 
Dentofac Orthop. 1987;91:111–6.

137. Monini S, Malagola C, Villa MP, Tripodi C, Tarentini 
S, Malagnino I, et  al. Rapid maxillary expansion 
for the treatment of nasal obstruction in children 
younger than 12 years. Arch Otolaryngol Head Neck 
Surg. 2009;135:22–7.

138. Baik UB, Suzuki M, Ikeda K, Sugawara J, Mitani 
H. Relationship between cephalometric characteris-
tics and obstructive sites in obstructive sleep apnea 
syndrome. Angle Orthod. 2002;72:124–34.

139. Compadretti GC, Tasca I, Bonetti GA. Nasal airway 
measurements in children treated by rapid maxillary 
expansion. Am J Rhinol. 2006;20:385–93.

140. Doruk C, Sökücü O, Sezer H, Canbay E. Evaluation 
of nasal airway resistance during rapid maxillary 
expansion using acoustic rhinometry. Eur J Orthod. 
2004;26:397–401.

141. Bicakci AA, Agar U, Sökücü O, Babacan H, Doruk 
C.  Nasal airway changes due to rapid maxillary 
expansion timing. Angle Orthod. 2005;75:1–6.

142. Babacan H, Sokucu O, Doruk C, Ay S. Rapid max-
illary expansion and surgically assisted maxillary 
expansion effects on nasal volume. Angle Orthod. 
2006;76:66–71.

143. Gordon JM, Rosenblatt M, Witmans M, Carey JP, 
Heo G, Major PW, et  al. Rapid palatal expansion 
effects on nasal airway dimensions as measured by 
acoustic rhinometry. A systematic review. Angle 
Orthod. 2009;79:1000–7.

T. Taner and B. Saglam-Aydinatay



581

40The Nose and the Eustachian Tube

Özlem Önerci Celebi

Core Messages
• Normal functioning of the ear is closely 

related to the health status of the nose and 
paranasal sinuses.

• Pathologies of the nose, sinuses, and naso-
pharynx play an important role in the cause, 
treatment, and sequelae of ear disease.

• Sniffing creates negative pressure in the nose, 
in the nasopharynx, and in the middle ear, 
causing middle ear pathologies in patients 
with hyperpatent eustachian tubes.

• Nose blowing increases intranasal propelling 
viscous fluid into the paranasal sinuses and 
middle ear.

• Sneezing elevates intranasal pressure tenfold 
times less compared to nose blowing. 
However, sneezing while the nasal passages 
are blocked may lead to an increase in naso-
pharyngeal pressure, causing a failure of the 
valve which protects the entrance to the eusta-
chian tube.

• The positive middle ear pressures with bilat-
eral nasal obstruction are caused by tubal 
openings synchronized into the positive phase 
of nasopharyngeal pressure generation.

• An increase in the environmental pressure in 
the presence of nasal obstruction interferes 

with eustachian tube functioning; thus, the 
tube may remain closed and may be “locked.” 
The continued increase causes barotrauma.

The nose is located in the middle of the face 
and acts as an air conditioning unit, making the 
air that we breathe harmless for the body. 
Awareness of the interrelationship between the 
nose, middle ear, and lower airways has increased; 
the respiratory tract is considered to be an inte-
grated system, and any process that affects one 
part of the system affects the other parts as well.

The middle ear is connected to the other air- 
filled spaces of the upper respiratory tract via the 
eustachian tube. Politzer first suggested the 
abnormal function of the ET as a cause of ear 
pathology more than 100 years ago. The eusta-
chian tube is closed in its resting stage. It opens 
periodically during swallowing, yawning, and 
possibly at times during normal respiration, caus-
ing frequent alterations in middle ear pressure 
and thus equalizing middle ear pressure to atmo-
spheric pressure.

Normal functioning of the ear is closely 
related to, and depends on, the health status of the 
nose, paranasal sinuses, and throat. Pathologies 
of the nose, sinuses, and nasopharynx play a very 
important role in the cause, treatment, and 
sequelae of ear disease. Upper respiratory tract 
infection is the most frequent cause of otitis 
media [1]. In some patients with nasal septal 
deviation, ET function may be impaired. 
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McNicholl [2] reported that the equilibration of 
the middle ear pressure by the Valsalva maneuver 
in patients with septal deviation may be difficult 
during diving or flying in an airplane, and this 
situation turns to normal after correcting the sep-
tal deviation. Anatomically, the nose and parana-
sal sinuses can affect the function of the 
eustachian tube (ET) due to its localization ante-
rior to the nasopharynx (c).

The exact mechanism between the nose, the 
function of ET, and middle ear pathologies is not 
yet well understood. There are some explana-
tions, all related to the nose [1]:

 1. Nasal obstruction followed by sniffing results 
in ET dysfunction or blocking, causing high 
negative middle ear pressure and fluid 
accumulation.

 2. Toynbee phenomenon (following swallowing 
in an obstructed nose) leads to the flow of 
secretions to the ET.

 3. Vigorous nose blowing with increased naso-
pharyngeal pressure pushes the secretions up 
to the ET.

40.1  Sniffing

Recent investigations have demonstrated an asso-
ciation between sniffing, sniff-induced negative 
middle ear pressure, and otitis media with effu-
sion. Sniffing creates negative pressure in the 
nose, in the nasopharynx, and in the middle ear. 
The negative nasopharyngeal pressure can close 
a hyperpatent eustachian tube, and abnormally 
negative middle ear pressures can occur. 
Sakakihara et al. found that most of the ETs with 
sniff-induced OME seemed to have excessive 
patency and poor active opening ability but may 
not be hypercompliant or “floppy” [3]. Bylander- 
Groth and Stenström [4] reported that habitual 
sniffing in combination with closing failure and 
poor active function of ET may be a possible 
mechanism for the development of otitis media. 
Falk and Magnusson reported that sniffing can 
evacuate the middle ear, causing high negative 
intratympanic pressure [5].

The purpose of the tube should be considered 
primarily as protecting the middle ear from the 
extensive pressure variations that physiologically 
take place in the nasopharynx, for example, dur-
ing sniffing. A number of studies of diseased ears 
have shown that tubal malfunction was character-
ized mainly by a reduced ability to withstand 
negative pressure in the nasopharynx. Eustachian 
tube malfunction in these subjects is character-
ized by a reduced protective function, a condition 
denoted as “eustachian tube closing failure” [6]. 
On the other hand, Knight and Eccles found no 
evidence to support the hypothesis that negative 
middle ear pressures are associated with sniffing 
[7]. Hauser and Münker [8] stated that the tradi-
tional concept of opening failure of ET is no lon-
ger sufficient to explain tubal dysfunction. They 
suggested that sniffing can cause negative pres-
sure in the middle ear space, and sniff-induced 
negative pressure is a further possible cause of 
tubal dysfunction and plays an important factor 
in the development of cholesteatoma. Dempster 
and Browning [9] found that a high percentage of 
children with otitis media with effusion are capa-
ble of inducing a negative middle ear pressure by 
sniffing.

Miura et al. [10] reported that the recovery of 
negative middle ear pressure in 5  min without 
swallowing was less than 10 mm H2O in the ears 
with sniff-induced middle ear disease, whereas in 
the ears with the normal eardrum, negative mid-
dle ear pressure recovered by more than 20 mm 
H2O in 5 min. They concluded that sniffing plays 
an important role in the development of ET dys-
function and middle ear disease.

Ohta et  al. [11] found that habitual sniffing 
was significantly higher in cholesteatoma than in 
COM and in otosclerosis. The coexistence of dis-
eases on the contralateral side was significantly 
higher in cases with habitual sniffing than in 
those without habitual sniffing. After the canal 
wall-up method, postoperative retraction of the 
eardrum was significantly related to habitual 
sniffing continuing after the surgery. They con-
cluded that patulous eustachian tubes and habit-
ual sniffing might play a role in the pathogenesis 
of middle ear cholesteatoma.
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40.2  Nose Blowing

Nose blowing generates high nasopharyngeal 
and intranasal pressures. Rapid increases in mid-
dle ear pressure and the generation of a positive 
middle ear pressure were associated with nose 
blowing [7]. Fluid dynamic simulations revealed 
that the high intranasal pressures generated by 
nose blowing would propel viscous fluid into the 
paranasal sinuses. The CT experiments con-
firmed fluid deposition in the paranasal sinuses 
after nose blowing [12].

40.3  Sneezing

In contrast to nose blowing, sneezing (with the 
nostrils open) and coughing only elevated intra-
nasal pressure slightly and tenfold less than the 
mean pressure produced by nose blowing. Fluid 
modeling indicated that sneezing and coughing 
would not result in the nasal fluid deposition in 
the paranasal sinuses. This was supported by 
the negative findings in the CT scan experi-
ments [12].

However, sneezing while the nasal passages 
are blocked can increase nasopharyngeal pres-
sure, causing a failure of the valve which protects 
the entrance to the eustachian tube. Fluids and 
pathogens can be forced into the tube by applying 
strong positive pressure to the entrance of the 
tube during a sneeze when the nasal passages are 
blocked by swelling or as we pinch our nose 
closed.

40.4  Valsalva

The Valsalva technique is the technique used to 
equalize pressure in the tympanic cavities. The 
technique is to close the mouth, pinch the nose, 
and try to breathe out through the nose. The 
Valsalva creates a strong positive pressure in 
the nasopharynx, sufficient to force air into our 
middle ear, thus equalizing pressure and allow-
ing fluid to drain. The pressure has to be high 

enough to overcome the valve created by the 
redundant membrane of the nasopharyngeal 
orifice [13].

40.5  Nasal Obstruction

Swallowing causes an initial positive meso- and 
hypopharyngeal pressure followed by a negative 
pressure resulting from the interactive motions of 
the pharyngeal wall, soft palate, and tongue [14]. 
These pressures which are produced in the meso- 
and hypopharynx during swallowing are not 
reflected in the nasopharynx when the nose is 
open. However, when the nose is obstructed, 
these pressures which are reflected in the naso-
pharynx cannot be equalized through the nose 
because of the nasal obstruction. Finkelstein 
et al. [15] reported that nasopharyngeal pressure 
can be increased from −340 to +450  mm H2O 
during swallowing in adults with complete nasal 
obstruction. The positive middle ear pressures 
with bilateral nasal obstruction are caused by 
tubal openings synchronized with the positive 
phase of nasopharyngeal pressure generation. 
Thus, the usual positive middle ear to nasopha-
ryngeal pressure gradient established by the test 
methods is diminished or reversed in cases of 
bilateral nasal obstruction [16]. Alternatively, or 
complementarily, the airflow resulting from the 
high nasopharyngeal pressures may affect the 
clearance function of the eustachian tube by 
opposing the prograde, middle ear–nasopharynx 
mucociliary clearance mechanism and thus forc-
ing the materials back to their origin in the tym-
panum [17]. Therefore, bilateral nasal obstruction 
plays a very important role in the function of the 
eustachian tube. However, this is not true for uni-
lateral nasal obstruction. Unilateral nasal obstruc-
tion causes only low positive pressures with 
swallowing and consequently a minimal effect on 
the pressure gradient [17].

Toynbee maneuver manually equalizes ear pres-
sure on the ascent. While the nose is closed, swal-
lowing creates a negative pressure and will help to 
suck extra air pressure out of the middle ear.
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40.6  Toynbee Test

Measurement of middle ear pressures as the 
patient swallows with the nose pinched is 
called the Toynbee test. This is a test of the 
eustachian tube.

40.7  Toynbee Phenomenon

Swallowing causes an initial positive meso- and 
hypopharyngeal pressure followed by negative 
pressure. These pressures which are produced 
in the meso- and hypopharynx during swallow-
ing activity are reflected in the nasopharynx 
during swallowing with the nose closed/
pinched. Therefore, swallowing while the nose 
is closed or obstructed causes an initial positive 
nasopharyngeal pressure followed by negative 

pressure. Positive nasopharyngeal pressure 
might insufflate infected secretions into the 
middle ear, especially when the middle ear has 
high negative pressure. With negative pressure, 
a pliant tube could be impeded from opening 
and could be further obstructed functionally. 
This effect of swallowing when the nose is 
obstructed could be related to eustachian tube 
dysfunction and called as Toynbee phenome-
non (Fig. 40.1) [13, 18].

40.7.1  Balloon Eustachian 
Tuboplasty

Balloon Eustachian Tuboplasty is a new proce-
dure in which a balloon device is introduced 
through the nose and the balloon is placed into 
the Eustachian tube and then briefly inflated.

Insufflation of
nasopharyngeal
secretions into
middle ear

(+) Obstruction

Functional
obstruction
of eustachian
tube

(-) Obstruction

POSITIVE PHASE NEGATIVE PHASE

Fig. 40.1 Toynbee phenomenon. Swallowing: when 
there is nasal obstruction causing an initial positive naso-
pharyngeal air pressure, followed by a negative pressure 
phase. If the ET is not normal, positive nasopharyngeal 
pressure might insufflate the secretions into the middle 

ear, especially when the middle ear has a high negative 
pressure. During negative nasopharyngeal pressure, the 
tube could be prevented from opening and be further 
obstructed (With kind permission of TESAV)
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Fig. 40.2 Under direct visualization, a balloon guiding 
catheter is positioned in the orifice of the right Eustachian 
tube (With kind permission of Aytuğ Altundağ)

Fig. 40.3 Balloon catheter is fully inserted into the 
lumen of the cartilaginous Eustachian tube. Once the bal-
loon is fully inserted into the cartilaginous Eustachian 
tube, the yellow mark indicates the end of the balloon and 
should be visible along the medial edge of the anterior 
cushion of the Eustachian tube (purple arrow) (With kind 
permission of Aytuğ Altundağ)

Fig. 40.4 The catheter is gently advanced to the orifice of 
the Eustachian tube. Note the relationship of the catheter 
with the medial edge of the anterior cushion of the Eustachian 
tube (blue arrow) (With kind permission of Altuğ Altundağ)

40.7.2  Technique

Under direct visualization, a balloon guiding 
catheter is positioned and gently advanced in 
the orifice of the Eustachian tube. The cathe-
ter is in close relationship with the medial 
edge of the anterior cushion of the Eustachian 
tube. The catheter is fully inserted into the 
lumen of the cartilaginous Eustachian tube. 
The yellow mark indicates the end of the bal-
loon and should be visible along the medial 
edge of the anterior cushion of the Eustachian 
tube.

The assistant then inflates the balloon at 
approximately 1 ATM per second until the pres-
sure reaches 12 ATM. The balloon is held in the 
inflated position for 2  min, then deflated and 
slowly retracted into the guide. The entire system 
is then withdrawn from the nose (Figs. 40.2, 40.3, 
40.4, and 40.5).
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Fig. 40.5 The assistant then inflates the balloon at 
approximately 1 ATM per second until the pressure 
reaches 12 ATM. The balloon should then be held in the 
inflated position for 2  min then deflated and slowly 
retracted into the guide. The entire system is then with-
drawn from the nose (With kind permission of Aytuğ 
Altundağ)

40.8  Otitic Barotrauma

Boyle’s law states that the product of pressure 
times volume is constant for a given mass of con-
fined gas as long as the temperature is constant. It 
is very important to understand the response of 
gases when subjected to pressure in order to 
know what happens during barotrauma because 
the tympanic cavity and the nasal sinuses are 
closed spaces full of gases. These closed spaces 
are aerated through the ostia in the sinuses and 
through the auditory tube in the middle ear. 
Unobstructed ventilation of the middle ear will 
produce no changes and no symptoms.

During an ascent, there is a progressive 
reduction in pressure. According to Boyle’s law 
when the pressure decreases, the volume 

becomes bigger. Therefore, during ascent, a 
given mass of gas contained within an elastic 
structure will expand. In the middle ear, this 
gaseous expansion will push the tympanic mem-
brane laterally, and the flow of air along the 
eustachian tube will follow [19, 20].

During a descent, due to an increase in pres-
sure, there is a decrease in the volume of the mid-
dle ear gas. The eustachian tube must be opened 
by swallowing movements to adjust the volume. 
If this mechanism fails or if it is delayed, an 
increasing differential pressure will act on the 
soft nasopharyngeal end of the tube to close it. 
When this pressure is greater than can be gener-
ated by the tubal dilator muscles, the tube will 
stay closed and is said to be “locked.” Thereafter, 
with continued descent the pathophysiological 
changes of barotrauma are inevitable [18–20].

To maintain equal pressure on both sides of 
the tympanic membrane (TM), the gas must 
move freely between the nasopharynx and mid-
dle ear. When acute and chronic infections in 
the nose, nasal allergy and vasomotor rhinitis, 
and malformations of the nasal skeleton or other 
mechanisms interfere with eustachian tube 
functioning during changes in environmental 
pressure, the pressure in the middle ear either 
falls below ambient pressure, causing retraction 
of the TM or rises above it, causing bulging. In 
the situation of descent without ventilation of 
the middle ear, the vessels will become pas-
sively engorged due to the decreased pressure in 
the middle ear surrounding the vessels. As the 
middle ear pressure decreases, the congestion 
and swelling of the mucosa of the middle ear 
space increases. Ultimately, the blood vessels 
become over- distended and rupture, bleeding 
into the eardrum and the middle ear space. A 
very large pressure differential may cause bleed-
ing into the middle ear [18, 20] (see Figs. 40.6, 
40.7, and 40.8).
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Fig. 40.6 Normal tympanic membrane, right ear

Fig. 40.7 Vascularization around the manubrium mallei 
due to Eustachian tube dysfunction, right ear

Fig. 40.8 Barotrauma during the descent of the airplane, 
left ear, the tympanic membrane is dark blue and bulging

40.9  Sinus Barotrauma

The paranasal sinuses also contain air, with the 
consequence that barotrauma of these structures 
may occur in flying and diving. As the water 
pressure changes during a dive, the sinuses nor-
mally equalize automatically by the free passage 
of gas into or out of their openings. Problems are 
inevitable, however, if these openings become 
obstructed.

The production of pathology as a result of a 
change of pressure is directly related to the degree 
of patency of the sinus ostium and to the nasal 
function. Factors creating edema of the nasal 
mucosa are commonly found as predisposing 
causes, for example, chronic sinus inflammation 
(sinusitis), nasal inflammation (rhinitis), folds of 
tissue (polyps), coryza and its infective sequelae, 
vasomotor rhinitis, seasonal allergy, the effects of 
mechanical obstruction secondary to nasal injury, 
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and deflection of the nasal septum. Unlike the 
middle ear, which can be ventilated through the 
eustachian tube voluntarily, there is no voluntary 
control over the diameter of the sinus ostium so 
that equalization of pressure may be difficult [21].

During descent (the compression phase) when 
the ostium is obstructed, the gas in the sinus will 
be compressed, causing barotrauma of descent 
(according to Boyles’ law). The shrinking vol-
ume is replaced by swelling of the sinus lining, 
tissue fluid, or bleeding—partly filling the sinus. 
If the descent continues mucosal vessels rupture 
and a subepithelial hematoma may develop.

If the sinus opening becomes obstructed dur-
ing ascent, the gas contained in the sinus expands, 
causing the symptoms. This is called sinus baro-
trauma of ascent. Sinus barotrauma of descent is 
more common than the ascent, but they often 
coexist. The degree of pathological change is 
proportional to the magnitude of the pressure dif-
ferential and the period of time over which the 
pressure imbalance is unrelieved.

40.10  Conclusions

To maintain equal pressure on both sides of the 
tympanic membrane (TM), the gas must move 
freely between the nasopharynx and middle ear. 
Sniffing, sneezing, and nose blowing may not 
have any significant effect on normal eustachian 
tubes; however, these may be the trigger factor 
and the cause of middle ear pathologies. Normal 
functioning of the ear is closely related to, and 
depends on, the health status of the nose, parana-
sal sinuses, and throat. Pathology of the nose, 
sinuses, and nasopharynx has a very important 
role in the cause, treatment, and sequelae of ear 
disease. The pathologies of the nose should be 
treated to have normal physiology of the ear. In 
other words, if the patient has an ear pathology, 
the nose and sinuses should be very carefully 
evaluated.

Bilateral nasal obstruction plays a very impor-
tant role in the function of the eustachian tube. 
Nasal obstruction may cause high positive pres-
sure in the middle ear and can also affect the 
clearance function of the eustachian tube and 

force the materials back to the tympanum. Nasal 
pathologies may interfere with eustachian tube 
function during changes in environmental pres-
sure and may cause otitic barotrauma.
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41Nanomedicine and the Nose

Gürer G. Budak✠, Cengiz S. Ozkan, 
Mihrimah Ozkan, and T. Metin Önerci

Core Message
• Nanotechnology revealed that organic struc-

tures have different physical, chemical, and 
biological features in macroscopic and nano- 
metric forms.

• ‘Nanomedicine’ is emerged as a new scientific 
area in nanotechnology and make important 
conceptual changes in medical methods all 
over the world due to the different diagnostic 
and therapeutic alternatives.

• The use of nanomedicine in oto-rhino- 
laryngology is very important to us to meet 

the changing and increasing expectations of 
health.

• A bioelectronic nose can simulate the human 
olfactory system and detects target odor mol-
ecules with high sensitivity and selectivity.

• To develop a bioelectronic nose, the following 
steps should be well defined:
 – Standardization of the bioelectronic nose 

circuit for molecular measurement.
 – Digital codification of specific odors.
 – Selection of standard primary odor mole-

cules that play basic roles in the electro- 
physiological mechanism.

 – Classification of odor chemical structures.

41.1  Introduction

Developments in nanotechnology have revealed 
that macroscopic and nanometric forms of 
organic structures possess different features in 
physical, chemical, and biological aspects. By 
proving that nano-devices that are produced in 
the laboratory can interact with biomolecules, 
both physiological processes in healthy tissues 
and the physiopathologic basis of diseases began 
to be understood in a clearer way.

‘Nanomedicine’ which appeared as a new 
scientific interest parallel to the above-mentioned 
developments in nanotechnology became one of 
the most studied topics in the world by the reason 
of the fact that it leads conceptual changes in 
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accepted and applicated medical methods up to 
now and presents different diagnosis-treatment 
alternatives.

Although Nanotechnology is a commonly 
studied field all around the world, there is still no 
clear consensus about what nanoscale really is. 
1 nanometer is calculated as one billionth (10−9). 
It is possible to fit 5 carbon atoms on this scale in 
three-dimensional forms. According to BSI (PAS 
71) applications, less than 100 nm or even smaller 
scales are evaluated within the concept of nano-
technology. While at the beginning of 2000s, 
studies less than 200  nm and on smaller scale 
were considered as nanomedicine, today this 
range is accepted between 5 and100 nm.

Oto-rhino-laryngology is one of the basic dis-
ciplines of medicine which closely follows and 
implements medical innovations and advance-
ments. In this regard, Oto-rhino-laryngology is 
one of the leading areas which heavily utilizes 
microscopic and endoscopic treatments. 
Nowadays, treatment and rehabilitation method-
ologies like vocal prosthesis, cochlear implant, 
brainstem implants, etc. are the top and best- 
known implementations examples of the micro 
nano circuits.

Nanomedicine will offer significant opportu-
nities in meeting the treatment expectations of 
otolaryngology patients with the new and 
advanced nanomedical diagnosis and treatment 
technologies in coming years. Such treatment 
solutions with advanced technologies will offer 
important treatment solutions for many different 
types of medical problems from hearing loss to 
facial paralysis, from nasal plastic surgery to 
early diagnosis and treatment of head and neck 
cancers.

41.2  Clinical Nanomedicine 
Perspectives

Currently, the most important aim to approach 
patients and diseases is to diagnose, if possible, 
when pathologic change is only at the single-
cell level and to start treatment. However, this 
could only be possible by increasing the effi-
ciency of in vivo and in vitro diagnosis methods. 

Although Nanomedicine is a field presenting 
great opportunities in this regard, it also brings 
along disadvantages because it is a new devel-
oping discipline.

Regarding the literature, it is possible to 
come across a wide range of research topics 
from the discovery of new nano-bio materials to 
using these materials in clinics. While searching 
for physical, chemical, and biological principles 
for nanomaterials on one hand, on the other 
hand, it is attempted to be understood how to 
use these materials on living creatures, what 
could be the adverse effects caused by the use of 
these materials and the effects of nanomaterials 
on human health and environmental health. In 
addition, possible social and legal problems 
have been discussed and new ethical rules have 
been introduced.

A certain part of the studies is more in detail, 
more specific, and more focusing on developing 
safer diagnosis devices. Also, there are studies 
for performing different biological measuring 
methods with one integrated device. By means of 
very precise biosensors which are tried to be 
developed with the use of nano-electronic cir-
cuits, it is attempted to establish micro mobile 
laboratories which can be easily used by patients 
and, if necessary, can transmit multiple data to an 
external user.

The other research topic in the related litera-
ture which requires advanced technology is about 
the combination of above-mentioned in  vitro 
monitoring techniques and in vivo nano-medical 
devices. In those studies, conducted in this 
regard, it basically tried to be developed nano-
structures which are able to carry specific con-
trast substances and be directed from the outside. 
Thus, it will be possible to take a detailed molec-
ular image of the target tissues.

In another conducted group study, it is 
researched how to combine these nanostructures 
with pharmacological agents. By means of nano-
structures that carry therapeutic and diagnostic 
agents at the same time, especially in cancer 
cases, it would be possible to administer treat-
ment to target tissue directly. With this approach 
defined as Theragnostic (therapy+diagnose), 
again primarily for cancer patients, it is aimed to 
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follow up the efficiency of the treatment by tak-
ing images of the target tissue at different times.

Lastly, intense studies has also been conducted 
on the successful regeneration of diseased or 
injured tissues by means of nanografts and repro-
ducing needed artificial organs by means of 
nanoscafolds in in  vitro conditions and then 
replacing diseased or injured organs with the arti-
ficial ones.

Methods which have been developed by using 
nanotechnology have the potential to be effective 
in all medical equipment. For example, develop-
ing new materials to be used in surgical implants, 
nanometric systems or minimal invasive sensors 
which can be used in monitoring metabolic activ-
ities can be considered in this regard. Nano 
pumps, injectable/implantable polymer systems, 
liposomal drug applications, and cell/gene ther-
apy methods can be considered with regard to 
developed-controlled drug delivery systems 
(Source: Wei et al. [1]).

41.3  Interdisciplinary 
Frameworks

All those efforts for understanding the develop-
ment of disease at the molecular level and for 
treatment are very important to spread all the 
developments in Nanomedicine to society. Since 
the topic has a wide scale, different disciplines 
have to work together in the nanomedicine area. 
It can be said that for now, neither any scientific 
field nor areas of expertise possess the capacity 
of scientific and technical infrastructure to con-
duct such research by itself. To manage scientific 
research in such a field, it is a must to establish a 
well-organized ‘team’. Within such a team, con-
ventional disciplines such as basic-clinic medical 
scientists, pharmacologists, physics-chemistry- 
electric-electronic-biomedical-computer engi-
neers, etc., and new fields such as genom-proteom 
science, pharmacokinetic modeling and micro-
scope designing, etc. should be included.

In addition to self-disciplinary nature of 
Nanomedicine, the more the number of studies 
increase in this field the better new sub- disciplines 
appear. Some of these sub-disciplines are men-

tioned below and many studies have been con-
ducted on each specific topic:

• Imaging: molecular, vascular, neurological, 
etc.

• In vitro diagnosis.
• In vivo diagnosis and biosensors.
• Advanced biomedical materials, including 

‘smart’ and functionalized materials and 
surfaces.

• Regenerative medicine and tissue engineering.
• Infection control.
• Drug design and targeted drug delivery.
• Gene and cell therapy.
• Man-machine interfaces.
• Nanotoxicology.
• Nanomedicine and risk management.
• Nanomedicine and ethics.

41.4  Clinical Nanomedicine 
Applications

Today, research centers which conduct experi-
mental and clinical studies are focused mainly on 
three fields (Source: Vision Paper for 
NanoMedicine [2]).

41.4.1  Regenerative Nanomedicine

Current ‘traditional treatment’ approaches lead to 
limited results in many diseases or cause the suc-
cess of training to change from patient to patient. 
Both for improving the efficiency of the treatment 
and minimizing the side effects, the methods to be 
used should be patient-specific characteristics.

As a result of ‘tissue engineering’ studies, it 
has been started to form the basis of patient- 
specific treatments which can be used in the 
regeneration and reparation of in situ tissues.

The main implementation fields of tissue 
engineering, which is an interdisciplinary field, 
are maintaining, improving, and repairing the 
functions of biological structures through the 
 collaboration of engineering and life sciences. By 
means of tissue engineering, future therapy 
methods will be more focused on the treat of 
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chronic disorders by use of self-healing mecha-
nisms of the body than targeting symptoms or 
reducing the development of diseases.

It is possible to evaluate Regenerative 
Nanomedicine studies into two topics as Therapy 
and Biomimesis.

41.4.1.1  Therapy
Within the scope of regenerative nanomedicine, it 
has been conducted studies on protecting from 
such pathologies as diabetes, osteoarthritis, car-
diovascular system diseases, and degenerative 
central neuronal system diseases and therapies for 
related disorders and functional loss after injuries. 
Regeneration of cartilage in articulation with 
osteoarthritis, production of mechanically stable 
and elastic scaffolds, vascularisation following 
implantation, and creating of a physiologic oscilla-
tion in diabetic pancreas islets or starting self-rep-
aration mechanisms in the heart and nervous 
system are the other examples to give (Fig. 41.1).

Both in terms of mortality-morbidity rates and 
prevalence, there has been more intensified research 
on certain disease groups. This is also the case for 
clinical studies within the scope of nanomedicine. 
The most researched diseases are primarily 
Cardiovascular Diseases, Cancer, Musculoskeletal 
Disorders, Neurodegenerative Diseases, Diabetes, 
and Bacterial-Viral Infectious Disease.

41.4.1.2  Design an Artificial Nose 
(Bioelectronic Nose)

One of the areas with high implementation poten-
tial for nanosensors is the artificial nose (bioelec-
tronic nose) studies. With the widespread use of 

interdisciplinary technologies, the relationships 
between organic structures and artificial nanoma-
terials have been better understood. Thus, sensi-
tive and analytical devices have been developed 
that consists of a combination of biomolecules 
and micro-nano-mechanical systems. Studies are 
continuing systems to capture and process odor 
molecules (Fig. 41.2). Systems designed for this 
purpose involve the use of receptors, transmitters, 
receivers, and a processor. Receptors used in these 
systems are manufactured with nanofabrication or 
NEMS (nano electro-mechanical systems) tech-
nology. Recently, different bioelectronic noses 
have been developed that selectively detect differ-
ent molecular structures such as ‘heptanl’, a 
serum biomarker of lung cancer, and ‘geosmin 
and 2-methylisoborneol’ for water contamination 
monitoring. Solid-phase micro-extraction gas 
chromatography-mass spectrometry (SPME-GC/
MS) technique is typically used in the analysis of 
odor molecules.

Currently, bioelectronic noses using human 
odor receptors and nanomaterials as secondary 
converters have been developed. Nanowire and 
graphene sensors can also use to produce bio-
electronic noses (Figs. 41.3 and 41.4). In an arti-
ficial nose, human olfactory receptors selectively 
separate target ligands at a single atomic resolu-
tion, such as in the human nose, and electrical 
potential changes are transformed into a field by 
the transistor sensor. The transistor circuit is 
based on nanomaterials such as carbon nano-
tubes, graphene, and conductive polymers, which 
amplify very small biological signals and achieve 
high precision.

Multisegmented nanowires via the surface 
functionalization method can be used for the 
detection of biological or odor molecules. P-type 
multisegmented nanostructures are in a back-to- 
back Schottky diode configuration. Au-part of the 
multisegment can be surface functionalized to 
increase the sensitivity of the nanowire sensor 
with specific sensing molecules. Attachment of 
odor molecules on Au-portion of the nanowire 
can modulate the Fermi-level of the heterojunc-
tion device which leads to the detection of the 
desired molecules. Such multisegmented nanow-
ire sensors can be fabricated into an array format 

Fig. 41.1 Thin-film electrodes process the sound from 
128 different channels in comparison to standard 16–22 
channel implants (source: http://www.engadget.
com/2006/02/09/new- type- of- cochlear- implant- to- 
 improve- hearing/)
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Fig. 41.2 Taxonomy of nose-like sensors (adapted from The MITRE Corporation, McLean, ©1997–2006)
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Fig. 41.3 (a) Schematic of CdTe-Au-CdTe nanowire field-
effect transistor. (b) SEM image of CdTe-Au-CdTe nanow-
ire FET. (Source: Xu Wang and Cengiz S.  Ozkan, 
Multisegment Nanowire Sensors for the Detection of DNA 
Molecules NanoLetters, 2008, Vol. 8, No:2, 398–404)

for the detection of different types of odor mole-
cules or biological agents.

Similarly, graphene field effect transistors 
arrays can be used for sensing as well. Using gra-
phene sensors pH, DNA, and vapor detection 
have been demonstrated. The stability and reli-
ability of such sensors became questionable due 
to graphene’s fast response to its environment. 
For this purpose, extraordinary electrical prop-
erty of a graphene transistor is combined with a 
cover of block copolymers where nanometer 
scale openings provide access to the graphene 
surface where sensing can occur (Fig. 41.4). Gas/
odor molecules can penetrate through the small 
holes across the block copolymer layer and reach 
the graphene layer underneath. Interaction with 
these molecules and graphene surface leads to a 
shift in dirac point of the transistor. The electrical 
shift in the signal is basically the senor output.

Arrays of graphene field-effect transistors 
with block copolymer on the surface can be fab-
ricated and used for the detection of different 
molecules. Block copolymers in appropriate vol-
ume fractions and molecular weights can provide 
control over the morphology and size/separation 
distance of cylindrical microdomains. These 
domains can be adjusted based on the size of the 
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Fig. 41.4 Graphene- 
based electronic sensors 
are successfully used for 
chemical, biological, 
and gas sensing. 
(Source: Shirui Guo, 
Maziar Ghazinejad, 
Xiangdong Qin, 
Huaxing Sun, Wei 
Wang, Francisco Zaera, 
Mihrimah Ozkan, 
Cengiz S. Ozkan, Small, 
2012)

molecules or biological agents to be detected. As 
sensor output, the amount of dirac point shift for 
different molecules is expected to be different 
which is important for the array-formatted 
sensors.

Today electro-physiological basis of the odor 
detection process is better understood and the 
upcoming period, the most important goal is to 
create a different type of nanosensors structure 
that will bring together an integrated system.

With the successful results obtained from 
studies based on this type of nanosensor will be 
able to develop an artificial nose.

41.4.2  Diagnosis and Imaging 
Methods Based 
on Nanomedicine

The most important aim in the diagnosis of dis-
eases is to diagnose the disease when it is at the 
earliest stage, at the one-cell level. To reach this 
aim, it is required to develop new in  vivo and 
in vitro diagnosis methods based on nanotechnol-
ogy. Within the scope of in vitro applications, it 

has been made studies on chemo-bio nanosen-
sors, ultra-sensitive biochips (‘lab-on-a-chip’ and 
‘cells-on-chips’ devices), and it has been pre-
pared products for routine medical applications.

To-be-produced nano-analyzer devices can 
be used by patients and at the same time will be 
able to transmit multiple data to clinicians. 
More important than that, by means of nano-
biosensors it will be possible to increase the 
accuracy of already used test methods. 
Biosensors (Photonic Crystal Nanobiosensors, 
Magneto Nano- Immunosensor, Piezoelectric 
Nanosensors, Resonating Beam Sensors, Ion-
channel Biosensora, etc.) harness the immensely 
powerful molecular recognition properties of liv-
ing systems and engineer these into electronic 
devices to provide easy-to-use sensing devices. 
The most successful biosensor developed to date 
is the home blood glucose sensor which is now 
ubiquitous word wide. Biosensors can be used to 
measure disease markers, food safety, and envi-
ronmental quality, to ensure safety and security.

Developments in microscopic scanning- 
imaging methods (quantitative-PET, MRS, 
d-MRI, f-MRI, etc.) and spectroscopic techniques 
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provide ultra-high spatial resolutions and give 
detailed information about the complex ‘func-
tionality’ of cells. Data acquired by the use of 
Quantum dots and fluorescent nanoparticles will 
lead development of more innovative and stron-
ger in vivo diagnosis devices. Nanodevices pro-
duced as accompanying this functional molecular 
imaging will be more effective and much safer.

41.4.3  Targeting Delivery 
and Releasing

Long-term aims of controlled drug delivery sys-
tems are to develop diagnosis agents with a high 
level of efficiency and safety, and to perform 
treatment, application, and follow-up with the 
same nanosystem. ‘Find, fight and follow’, as is 
the concept determined; includes early diagnosis, 
treatment, and monitor of the results and also is 
stated as ‘theragnostic’ (diagnosis+treatment).

Drug delivery techniques suitable for the ther-
agnostic definition are prepared in accordance 
with two needs. The first one is drugs targeting 
more effectively where the disease is located, 
with high patient tolerance and cost effective-
ness, the other is to detect new methods for distri-
bution of new types of pharmacologic agents 
which cannot be distributed effectively by con-
ventional methods.

The main aim of pharmaceutic studies in this 
regard is to address any medication to specific 
target tissue at the right time, in a convenient 
amount, and with a safe-repeatable-controllable 
method. Today 13% of products on the pharma-
ceutics market are related to controlled drug dis-
tribution systems. Nano-particle formulations are 
still used to increase activity without increasing 
surface/volume proportion. In addition, nano- 
particles act as drug carriers to effectively trans-
mit therapeutics which have weak liquidity. If a 
therapeutic active substance is suitably encapsu-
lated in a nano-particle, carrying this drug any-
where requested, controlled oscillation of the 
drug and protection from early stage activity 
decreases can be managed. These results will 
both increase the efficiency of drugs and decrease 
side effects dramatically. These types of nanopar-

ticle delivery systems can be used for the treat-
ment of cancer and many other diseases.

Controlled drug delivery is based on the prin-
ciple of turning pathophysiological changes, 
which appear basically in diseased tissue, into an 
advantage for treatment. Because in tissues in 
which pathological process has already started, all 
physiological functionality disorders related to 
cell homeostasis are observed, accumulation of 
carriers which distribute drugs in a controlled 
manner will be easier. The anatomic barrier 
between normal and pathologic tissues and vascu-
larisation differences will make it easier to reach 
nanocarriers to diseased tissue. Thus, nanocarriers 
which carry therapeutic agents will reach a much 
higher concentration in target tissue compared to 
doses applicated with normal drug treatment.

As a result of the decrease in vascular perme-
ability and lymphatic drainage appeared espe-
cially in tissue which developed tumor and 
inflammatory diseases, on one hand, reach of 
nano-structures to target tissue will be facilitated, 
on the other hand, it will be more difficult to 
withdraw. By means of the opportunity created 
by this pathophysiological change, nano- 
structures can easily be accumulated in extrava-
sations and the target tissue.

By means of localization tendency of nano- 
carrying systems especially in RES will be con-
sidered as a huge advantage in terms of both 
controlled and passive distribution of drugs. This 
natural distribution method managed by 
 macrophages can be used for intracellular infec-
tions of the liver and spleen.

Patient-specific therapies have a critical role 
in nanosystems performing controlled distribu-
tions to reach the target. It is possible to find 
many nano-carrying systems having such an aim 
in the literature (Liposomes, Micellular and 
micro-emulsion Systems, Liquid crystal based 
formulations, Nanocrystals, Antibodies and con-
jugates, Naturally occurring proteins as delivery 
systems, Polymer conjugates, and bio- conjugates, 
Biodegradable nanoparticles/nanocapsules, 
Virus-like particles for gene delivery, Delivery of 
small nucleic acids or mimetics, Delivery of vac-
cines, Synthetic biomimetics, Dendimers, Carbon 
Nano Tubes, etc.) (Fig. 41.5).
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a b

c d

Fig. 41.5 Virus-like particles: AFM and MFM imaging 
of single CPMV-IO hybrids. (a) AFM topography show-
ing single hybrids (white squares). AFM/MFM schematic 
of dynamic lift-mode operation (inset). (b) AFM topogra-
phy, (c) AFM phase detection, (d) MFM phase detection 
of two adjacent CPMV-IO hybrids and their correspond-
ing cross-sections. (Source: Alfredo A. Martinez-Morales, 

Nathaniel Portney, Yu Zhang, Giuseppe Destito, Gurer 
Budak, Ekmel Ozbay, Marianne Manchester, Cengiz 
Ozkan, Mihrimah Ozkan, “Synthesis and Characterization 
of Iron Oxide derivatized Mutant Cowpea Mosaic Virus 
Hybrid Nanoparticles”, Advanced Materials, 20, 1–5 
(2008) [3])

Although there have been many successful 
experimental studies on the topic existing 
today, strategies for developing new drug-car-
rying systems aren’t completely accepted yet. 
Efforts on this topic have been proceeding 

slowly because of the uncertainties about regu-
lation and toxic side effects. It should be 
accepted that drug safety has to be attached as 
much importance as drug efficiency consider-
ing all nano-particles.
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41.5  Conclusions

As in all areas related to medicine, nanomedicine 
applications have many technological, legal, 
administrative, environmental, toxicological, 
social, and economic problems. However, human 
health-related preventive and curative health ser-
vices in achieving the objectives and the high- 
tech solutions on the whole of society through 
dissemination, nanomedicine will be one of the 
science to shape the world soon.

With the advances in nanotechnology, it 
became possible to integrate olfactory receptors 
with nanostructured systems. Thus, bioelec-

tronic noses with high sensitivity and specificity 
could be produced. The innate high sensing 
capacity of the olfactory system in mammals 
offers great information about high-perfor-
mance biomimetic odor sensors. Understanding 
this complex system gave important clues on 
how to distinguish different scent molecules. 
Despite this, all functions of the receptors in the 
olfactory epithelium are not fully understood 
yet (Fig. 41.6).

With a better understanding of the structural 
and functional properties of olfactory physiology, 
the application area of bioelectronic noses will 
grow. In the near future, biosensors based on 

d
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Fig. 41.6 Functional anatomy of the human olfactory 
system and components of bioelectronic nose. (a) 
Olfactory bulb, where the olfactory signals generated by 
olfactory sensory neurons are combined for the generation 
of combinatorial olfactory codes, matching with artificial 
olfactory codes generated by Multiplexed superbioelec-
tronic nose. (b) Olfactory sensory neurons, where olfac-
tory signals triggered by the specific binding of human 
olfactory receptors and odorants, matching with graphene 
micropatterns functionalized with human olfactory recep-

tors. (c) Human olfactory receptors for the specific recog-
nition of odorants. (d) Illumination of specific interaction 
between human olfactory receptors and odorant (Source-1: 
Kwon, O. S. et al. (2015) An ultrasensitive, selective, mul-
tiplexed superbioelectronic nose that mimics the human 
sense of smell. Nano Lett. 15, 6559–6567 [4]) (Source 2: 
Tran Thi Dung et al. (2018), Applications and Advances in 
Bioelectronic Noses for Odor Sensing. J. Sensors 2018, 
18, 103; doi: 10.3390/s18010103 [5])
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olfactory receptors are not only used in medicine; 
They will also be used in food analysis, environ-
mental pollution monitoring, and border security 
applications.
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