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a b s t r a c t

Healthy humans normally breathe through their nose even though its complex geometry imposes a sig-
nificantly higher resistance in comparison with mouth breathing. The major functional roles of nasal
breathing are defense against infiltrating particles and conditioning of the inspired air to nearly alveo-
lar conditions in order to maintain the internal milieu of the lung. The state-of-the-art of the existing
knowledge on nasal air-conditioning will be discussed in this review, including in vivo measurements in
Heat flux
Water vapor flux
H
T

humans and computational studies on nasal air-conditioning capacity. Areas where further studies will
improve our understanding and may help medical diagnosis and intervention in pathological states will
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be introduced.

. Introduction

The nasal cavity is the communicating chamber between envi-
onmental air and the respiratory system, and thus, it is also the
ront line defender of the internal respiratory organs. A major func-
ional role of the nasal cavity is air-conditioning of the inspired
nvironmental air to nearly alveolar conditions in order to pro-
ect the moist and warm alveolar lining where gas exchange takes
lace. It is well known that humans can live in extreme climates
nd can easily adjust to significant variations in the environmen-
al conditions. This review is a comprehensive expansion of our
revious reviews on nasal biomechanics (Elad, 1999; Wolf et al.,
004; Kastl et al., in press). We will discuss the state-of-the-art of
he existing knowledge on nasal air-conditioning, including in vivo

easurements in humans and computational studies on nasal air-
onditioning capacity. We will propose areas where further studies
ill improve our understanding and may help in diagnosis and

ntervention in pathological states.

. Anatomy and physiology of the nasal passageways
The nasal passageways constitute a complex three-dimensional
3D) geometry conduit for transport of air between the environ-

ent and the lungs. These passageways narrow at the nasal valve
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nd widen as they reach the mid-section of the nasal turbinates
i.e., conchae), which are wing-like structures that emerge from the
ateral walls and the roof of the lumen (Lang, 1989; Proctor, 1977;
roctor and Andersen, 1982). The nasal cavity is divided into two
assageways by the septum that ends towards the nasopharynx.
osterior to the valve the inner surface of the nasal cavity is lined
ith ciliated epithelial cells, which are rich with mucus-secreting

oblet cells (Eccles and Mygind, 1985; Van Cauwenberge et al.,
004). The region of the turbinates is covered with pseudostratified
olumnar and ciliated epithelium, which is a characteristic feature
f all the conductive passages of the respiratory tract. Mucous and
erous glands in the connective tissue underlying the epithelium,
he lamina propria, supplement the secretion of the goblet cells
Fig. 1). Veins in the lamina propria form thin-walled, cavernous
inusoids, also called cavernous bodies (Slomianka, 2006).

Healthy humans normally breathe through their nose even
hough its complex geometry imposes a significantly higher
esistance in comparison with mouth breathing. The functional
oles of the nasal cavity are (Proctor and Andersen, 1982): (i)
efense—particles greater than 5–8 �m and about 50% of 2–4 �m
re trapped in the ciliated mucosa and are propelled towards
he nasopharynx within 15 min (Proctor, 1966, 1977); (ii) air-
onditioning—inspired air is warmed and moistened by the nasal
ucosa to nearly alveolar conditions before reaching the nasophar-
nx (Cole, 1953a,b; Proctor and Swift, 1977); (iii) olfaction—the
melling sensors are located at the ceiling of the nasal cavity. Cyclic
lternations of nasal passageways resistance (i.e., ‘nasal cycle’) due
o dilation or constriction of the venous cavernous tissue in the

ucosa of the conchae and septum has been observed in most
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ig. 1. Ultrastructure of the nasal wall at the respiratory region (e.g., Alcian blue and
he mucus producing goblet cells, the lamina propria (i.e., connective tissues), the mu
rom Slomianka, 2006).

ealthy subjects with cycling periods ranging from 10 min to 8 h
Gilbert and Rosenwasser, 1987; Haight and Cole, 1989; Hanif et al.,
000). About 10,000 l of air are transported via the nasal passage-
ays every day in healthy humans (Proctor and Andersen, 1982;
ole, 1994).

. Physics of air-conditioning

The environmental atmospheric air is composed of a mixture of
ases, water vapor and miscellaneous contaminants. Dry air exists
hen all of the contaminants and water vapor have been removed

rom atmospheric air, and its volume contains about 78% nitrogen,
1% oxygen, and other gases. Moist or humid air is a mixture of
ry air and water vapor. The water vapor capacity of air increases
ith the temperature. When air is at saturation, equilibrium exists

etween the number of molecules evaporating and the number of
olecules condensing, and at a given temperature it carries its max-

mal capacity of water. The absolute humidity expresses the mass of
ater vapor content in a volume of air. The relative humidity (RH)

xpresses the ratio in percentage of the amount of water vapor in
he air to the amount of water vapor that would be present in the
ir at saturation at the same temperature. Psychrometry is the sci-
nce of studying the thermodynamic properties of moist air and
he use of these properties to analyze conditions of moist air. The
sychrometric chart provides graphical relationships between the
emperature and the RH of moist air.

Air-conditioning is the transport process that controls the
umidity and the temperature of air. The transport patterns of air

ithin a complex enclosure like the nasal cavity are controlled by
set of four governing equations that includes the conservation of
aterial, equilibrium of forces, conservation of thermal energy and

he convection–diffusion balance (Naftali et al., 1998). The solution
f this set of differential equations provides the instantaneous spa-

o
o
b
i
a

ieson staining) that shows the pseudostratified columnar and ciliated epithelium,
nd serous glands and the cavernous sinusoids (i.e., bodies) (copied with permission

ial distribution of velocity, pressure, temperature and water vapor
oncentration, as well as the heat and water vapor flux between
he moving air and the walls, at any point of the simulated cycle of
asal breathing. The total heat flux from the nasal wall also includes
he component of latent heat of evaporation, which represents the
nergy required to evaporate the water at the wall–gas interface in
rder to moisturize the inspired environmental air.

. In vitro studies

The process of heating and moistening of respiratory air in the
asal cavity is accomplished by the mucosal lining of the walls
nd the unique subepithelial network of capillaries. The nasal
icrovasculature is rich with capacitance vessels (i.e., sinuses),

rteriovenous anastomoses and fenestrations between endothelial
ells which provide a continuous source for heat and allow water
scape due to osmotic gradients (Widdicombe, 1997). It is fairly
ard, if possible at all, to mimic the nasal lining, and thus, it is

mpossible to conduct realistic in vitro simulations of respiratory
ir-conditioning with non-living models. Accordingly, in vitro stud-
es were designed for either heat or mass transport simulations in
aboratory models of the upper airways.

In early works a simplified straight tube that may mimic the
rachea rather than the complex 3D geometry of the nose was
mplemented to study heat transfer into simulated respiratory
irflow (Ingelstedt and Toremalm, 1961). The inner surface of a
ouble-wall brass tube was kept warm at 36 ◦C while air tempera-
ures were measured with thermocouples at the entrance and exit

f the tube. The results of this study suggested that the degree
f air–wall contact due to wall friction dictates the size of the
oundary layer, and thereby, the degree of heat transfer to the

nspired air. A realistic replica of the upper airways including nasal
nd mouth cavities and half of the trachea from a human cadaver
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as produced with a clear casting plastic (Nuckols et al., 1983).
he conducting passageways to the nasal airway entrance and tra-
hea were cannulated and sealed off to enable airflow through the
odel while it was submerged in a hot bath to maintain the inner
alls at a constant temperature. Thermistor probes were used to
easure air temperature either at the nasal openings (depending

n the mode of breathing simulation) and at the trachea mid-
tream. Convective heat transfer coefficients were computed from
he temperature measurements during quasi-steady inspiratory
nd expiratory flows at hyperbaric conditions.

The characteristics of mass transfer during steady inspiratory
irflow in a cast model of the human upper respiratory tract were
tudied using a naphthalene sublimation technique (Hanna and
cherer, 1986). Measurements of local mass transfer coefficients
long with heat transfer data from the literature revealed that
ost of the moistening process takes place in the nasal cavity and

trongly depends on the heat source within the nasal walls. This
tudy provided for the first time quantitative values for local mass
ransfer coefficients in the upper respiratory tract.

. In vivo studies in humans

In vivo measurements of air temperature within the nasal cav-
ty and the upper respiratory tract throughout the respiratory
ycle were acquired with a variety of sensors: mercury thermome-
ers (Perwitzschky, 1928, 1930), thermistors (Cole, 1953a, 1954a,b;
rimiano et al., 1984; McFadden et al., 1985; Rouadi et al., 1999),
nd thermocouples (Ingelstedt, 1956; Seeley, 1940; Webb, 1951).
he thermocouples were frequently used in recent studies due to
heir small size and very fast response time (Rouadi et al., 1999;
eck et al., 2000a; Kaufman and Farahmand, 2006). Measurements
f the water vapor content (i.e., RH) within the human respiratory
ract were initially performed with mass spectrometers (Liese et al.,
973; Drettner et al., 1977; Primiano et al., 1984), but recent studies
ave utilized the smaller and easy to handle capacitive humid-

ty sensors (Rouadi et al., 1999; Keck et al., 2000b). Early studies
eported that a healthy human consumes up to 350 kcal of heat
nd 400 ml of water in 1 day in order to condition the inspired
ir at moderate environmental conditions, and about a third of
hat is recovered during expiration (Cole, 1953a,b; Drettner et al.,
977).

In vivo measurements of temperature and air moisture within
he nasal cavity of the awake human are limited due to the complex
natomy and the very narrow nasal passageways. As a result, the
ublished data within the entire human nose demonstrated poor
patial and time resolution along with a limited accuracy (Seakins,
998). Furthermore, unilateral obstruction of one nasal airway by
he experimental setup for conditioning measurement (Rouadi et
l., 1999) leads to increased concentration of water vapor in the

atient side and contributes to abnormal water flux in this nasal
assageway (Garcia et al., 2007).

In spite of these limitations numerous studies reported mea-
urements of temperature and RH at the posterior end of the
hoanae at the end of inspiration in the range of 31–34 ◦C and

g
i
t
w
t

able 1
istribution of temperature and humidity in the nasal passageway during quiet breathing

ocation Inspiration

Temperature (◦C) Absolute humidity (m

asal vestibule 25.3 9.50
asal valve area 29.8 19.82
nterior turbinate area 32.3 23.97
asopharynx 33.9 32.06

ata extracted from Keck et al. (2000a).
eurobiology 163 (2008) 121–127 123

0–95%, respectively (Ingelstedt, 1956; Rouadi et al., 1999; Keck et
l., 2000a,b). Measurements of the mean end-inspiratory tempera-
ure along the nasal cavity during inspiration at room temperature
evealed values of 25.3 ◦C in the nasal vestibule, 29.8 ◦C in the nasal
alve area, 32.3 ◦C in the anterior turbinate area (near to the head of
he middle turbinate), and 33.9 ◦C in the nasopharynx (Keck et al.,
000a). The data during inspiration and expiration is summarized

n Table 1.
The existence of a temperature difference between the sur-

ace of the nasal mucosa and the inhaled air is a prerequisite for
eat exchange between the respiratory mucosa and the inhaled
ir. The temperature of the nasal cavity wall mucosa varies both
ith location and with time through the respiratory cycle. The
ean temperature of the nasal mucosa during respiration ranges

rom 30.2 to 34.4 ◦C (Lindemann et al., 2002). During inspira-
ion the warmer nasal walls warm the cooler environmental air,
hile during expiration the cooler walls cool down the expired air

rom the lungs. Accordingly, the lowest temperature of the nasal
ucosa can be measured at the end of inspiration while the highest
ucosal temperature is at the end of expiration. These tempera-

ure gradients between the mucosal surface and either inspiratory
r expiratory air are essential for sufficient heat and water transfer
Webb, 1951). The exchange of heat and moisture between mucosa
nd air also depends on the nasal airflow patterns. At intranasal
egions with turbulent airflow, the temperature changes during
he respiratory cycle are higher than in segments with dominating
aminar airflow (Lindemann et al., 2002).

Intranasal airflow patterns also change periodically due to vol-
me changes of the two nasal passageways during the nasal cycle,
hich is controlled by nasal blood flow within the cavernous tissues

Eccles, 2000; Hanif et al., 2000). These periodical changes of nasal
avity volume do not seem to influence the degree of water vapor
aturation of the inhaled air (Lindemann et al., 2003). However, 80
ears ago it was proposed that the turbinates of one side of the
ose are filling while the other side is throwing off secretion until
ne side is maximally full and the other one is completely empty
Heetderks, 1927). This was a clear hint that nasal air-conditioning
s a dynamic process and the nasal cycle is probably controlling
he balance between the fluxes of heat and water vapor required
o condition the inspired air and the ability of nasal blood flow and

ucus secretion to supply sufficient heat and water to the surface
issue surface.

Several studies were concerned with the relationship between
leep and breathing, but the possible variations in nasal air-
onditioning capacity during sleep have not yet been investigated.
ince the total resistance of the nasal passageways does not change
ignificantly during sleep, substantial changes in nasal warming
nd humidification performance are not expected. The influence
f the corporo-nasal reflex, which increases the resistance of the

ravitation-dependent nasal passageway, on nasal air-conditioning
s also unclear (Pevernagie et al., 2005). In the supine position of
he body, a decreased conditioning capacity during wakefulness
as measured (Naclerio et al., 2007). However, an association with

he degree of nasal volume could not been demonstrated.

at room temperature (25 ◦C, 8.06 mg H2O/l)

Expiration

g H2O/l) Temperature (◦C) Absolute humidity (mg H2O/l)

34.2 33.78
35.1 36.78
35.1 37.59
36.2 39.58
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. Computational models of nasal air-conditioning

The lack of laboratory models and limited accessibility to
he complex 3D geometry of the nasal passageways encouraged
he development of computational models. Early mathematical

odels were developed to simulate respiratory heat and water
apor exchange in two-dimensional (2D) models (e.g., channels
r axisymmetric tubes), and they assumed quasi-steady inspira-
ory airflow (Farley and Patel, 1988; Ferron et al., 1985; Saidel
t al., 1983; Daviskas et al., 1990; Schroter and Watkins, 1989).
ome of these analytical approaches included the microvascu-
ature and mucosal lining in the model in order to study local
ontrol of air-conditioning of the inspired air (Hanna and Scherer,
986).

The advancement of numerical algorithms and computer power
rovided the infrastructure for more accurate models to study nasal
ir-conditioning. Since the Reynolds number of nasal airflow is gen-
rally lower than 2000, certainly so for quiet breathing, most of the
tudies assumed an incompressible and laminar flow with constant
iscosity and thermal conductivity in a rigid physical domain. The
oundary conditions at the air–wall interface for temperature and

ater vapor concentration were assumed to be constant. The pio-
eering study with a realistic nasal geometry assumed unsteady
D inspiratory airflow through transverse cross-sections of the
ose-like cavity (Naftali et al., 1998). An accurate 3D replica of the
natomical geometry from a human volunteer was implemented

s
c
l
d
2

ig. 2. Models of the nasal cavity: (a) nose-like, (b) nose-like with valve, and (c) anatom
odel, (e) nose-like model with valve, and (f) anatomical model. Contours of temperature

natomical model. The coronal cross-sections are at distances from the nostril: (A) 10 mm
aftali et al., 2005).
eurobiology 163 (2008) 121–127

or predicting the steady air temperature distribution during either
nspiration or expiration (Lindemann et al., 2004, 2006; Pless et al.,
004a). More recently, a complete 3D analysis of heat and water
apor transport during unsteady inspiration was implemented in
hysical domains of three models of the nasal passageways, includ-

ng an anatomical replica (Naftali et al., 2005).
The variability of respired air speed, temperature and content

f water vapor while passing through the nasal cavity is controlled
y the equations for conservation of mass, momentum, thermal
nergy and water vapor (Naftali et al., 2005). This set of equa-
ions provides the instantaneous values of velocity, temperature
nd water vapor content of the air at any location within the nasal
avity. As a result, maps of temperature and water vapor content
an be generated for any region in the nasal cavity at any time
uring the respiratory cycle (Fig. 2). However, these maps show
nly qualitative information about the functional role of the nose
n conditioning of the inspired environmental air.

An important aspect of transport in the nasal cavity airflow is its
nsteadiness. Many studies have assumed that the airflow pattern
f nasal breathing can be simulated by steady airflow. However,
t has been demonstrated that, even during quiet breathing wall

hear stress and temperature anywhere in the nose vary signifi-
antly with time, the time derivatives of the temperature are as
arge as 20 ◦C/s during the acceleration phase. Concomitant to time
erivatives, intranasal temperature also varies spatially (Elad et al.,
006).

ical. Velocity vectors colored by magnitude at peak inspiration for: (d) nose-like
at peak inspiration for: (g) nose-like model, (h) nose-like model with valve, and (i)
, (B) 23 mm, (C) 40 mm, (D) 60 mm and (E) 77 mm (copied with permission from
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ig. 3. Daily rates of heat and water vapor flux required to condition environ-
ental air to alveolar conditions (37 ◦C, 100% RH) at normal breathing: VT = 0.5 l,

=15 breathes/min (about 10,000 l/day) (copied with permission from Wolf et al.,
004).

It is frequently cited in the literature that the nasal cavity per-
orms most of the air-conditioning that equilibrates the inspired
nvironmental air with alveolar conditions. In order to examine
asal air-conditioning efficacy, the flux of heat and water vapor
hat would bring all the inspired environmental air to alveolar con-
itions (e.g., 37 ◦C and 100% RH) was calculated from psychrometric
harts (Wolf et al., 2004). The daily heat and water flux required
o condition environmental air at different temperatures and RHs
o alveolar conditions for a healthy adult that breathes at a tidal
olume of VT = 0.5 l and frequency of f = 15 breathes/min (approx-
mately 10,000 l/day) are shown in Fig. 3. For example, the daily
eat and water uptake by the inspired air at normal ambient air
e.g., 25 ◦C and 20% RH) would be 265 kcal and 370 ml, respectively.
he dependency of heat and water uptake on ambient temperature
ncreases as the RH of the inspired air increases.

Quantitative analysis of the nasal cavity efficacy to condition the
nvironmental air to alveolar conditions was conducted by accu-
ulating the heat and water flux from the nasal walls into the

nspired air over the inspiratory cycle (Naftali et al., 2005). The
omputed daily fluxes of heat and water vapor from the nasal wall
nto the inspired air for all the models of a normal nose were 90% or

igher for all the inspired air to reach alveolar conditions. It was also

ound that 75% of the heat flux to the inspired air takes place in the
egion of the inferior and middle turbinates. The dependence of the
asal air-conditioning capacity on the environmental conditions
as also studied by simulating three different extreme environ-

a

t
b
c

eurobiology 163 (2008) 121–127 125

ents: hot and dry air (40 ◦C, 5% RH), cold and dry air (5 ◦C, 10%
H) and cold and humid air (5 ◦C, 90% RH). The numerical predic-
ions indicated that in all cases the nose can condition the inspired
ir to 90 ± 3% of alveolar conditions at a variety of uncomfortable
nvironments. This outcome supports experimental studies of tem-
erature measurements (Farley and Patel, 1988) and shows that
asal air-conditioning is practically independent of the environ-
ental conditions.
During exercise, maximal ventilation is increased over resting

alues by increasing both breathing rate and tidal volumes in order
o supply the increased muscle demand for oxygen. Simulations of
moderate breathing effort by doubling the tidal volume to 0.82 l

t a rate of 15 breathes/min (which doubles the inlet air velocity)
evealed that the normal nose can not condition the inspired air to
early alveolar conditions and the nasal air-conditioning efficacy is
bout 10–15% lower than in quiet breathing (Naftali et al., 2005).

The computational models that were used to simulate air-
onditioning patterns within the nasal cavity assumed that the
emperature and water vapor concentration at the nasal walls are
onstant during the respiratory cycles regardless of the transport
nto the respired air. However, the nasal walls at the air–tissue
nterface have a complex structure (Fig. 1), and transport pattern
cross the tissue complex is largely dependent on blood supply
Bogdanffy and Sarangapani, 2003). Several hybrid computational
uid dynamics and physiologically based pharmacokinetic models
ere developed to study inhalation of toxic vapors and their depo-

ition in the nasal cavity (Bush et al., 1998; Morris, 2001; Frederick
t al., 2001). Due to the complex integration of all the aspects, these
odels treat the nasal wall as a one-dimensional structure and spa-

ial distribution is not considered. Nevertheless, this approach has
ot yet been utilized to study nasal air-conditioning.

. Air-conditioning in nasal pathologies

In a variety of nasal pathologies the characteristics of air-
onditioning are significantly different from those in the normal
avity. The capacity and basic mechanisms of nasal air-conditioning
s well as the corresponding changes due to nasal pathologies have
een intensively investigated (Drettner et al., 1977; Courtiss et al.,
984; Naclerio et al., 2007; Kastl et al., in press). Allergic inflam-
ation seems to be associated with increased air-conditioning

apacity of the nasal airways, whereas in asthma a reduced capac-
ty was found (Rozsasi et al., 2004). The application of ipratropium
romide, an anticholinergic agent that blocks the parasympathetic
ystem and the secretion of nasal glands, seems to increase the
onditioning function of the nose. In contrast, after application
f xylometazoline, which is a decongestant of the nasal mucosa,
o short-term effect on nasal conditioning was found (Keck et al.,
000c).

The impact of various rhino-surgical interventions on air-
onditioning efficacy of the nose was also extensively investigated
nd summarized in a recent review (Kastl et al., in press). Sep-
oplasty and septorhinoplasty do not seem to be associated with
isturbed nasal conditioning post-operatively. Similarly, functional
ndoscopic sinus surgery in patients with chronic sinusitis without
asal polyps does not affect the nasal air-conditioning potential.
owever, radical removal of the turbinates leads to significant

eduction in nasal humidification and warming of the inhaled
ir. Repair of nasal septal perforations with local mucosa flaps
mproved the ability of the nose to warm and moisten the inspired

ir.

Simulation of steady inspiratory airflow in a bilateral model of
he human nose after unilateral superior and inferior complete tur-
inectomy revealed a significant change in the flow pattern and the
ontact between air and mucosal walls which led to reduction in
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ntranasal air heating (Lindemann et al., 2005). A more thorough
nalysis of the impact of turbinectomy on nasal air-conditioning
haracteristics was performed on the 3D nose-like model under
nsteady inspiratory airflow (Naftali et al., 2002). The predicted
imulations revealed that removal of the inferior turbinate may
educe (as compared with the healthy nose) both the heat and water
apor fluxes into the inspired ambient air by 16%, while removal of
nly the middle turbinate resulted in reduction by 12%. Removal of
oth turbinates reduced the heat and water vapor fluxes by 23%.
t was further shown that these losses may be partially recovered
e.g., 6%) by reconstruction of the turbinate with artificial materi-
ls such as hydroxyapatite cement (Rice, 2000), which is a passive
ource in terms of heat and water vapor transport.

Numerical simulations of air-conditioning in models with septal
eviations revealed differences between temperature distributions

n the left and right nasal cavities (Pless et al., 2004b), how-
ver, insignificant differences were found in the overall heat and
ater vapor flux from the walls into the inspired air (Naftali et al.,
005). Recently, an evaluation of heat and water vapor flux into
he inspired air was conducted for steady inspiration in replicas of
trophic rhinitis (i.e., atrophy of the mucosa widens the nasal cav-
ty) and in normal human noses (Garcia et al., 2007). It was found
hat the atrophy of the turbinates led to abnormal airflow distribu-
ion and the reduced surface area for humidification increased the
ater flux per unit area.

. Future developments

Understanding of nasal air-conditioning characteristics and
apacity from organ to cell levels is important for advancement of
linical management of nasal disorders, pharmacological develop-
ents, as well as improvement of environmental and occupational
edicine. The volume of knowledge on mechanisms and capacity

f nasal air-conditioning of the inspired air was largely increased in
he past decade with both experimental and computational data.
owever, restricted accessibility into the respiratory regions of the
asal cavity limits local measurements of temperature and humid-

ty in vivo.
Accurate in vivo measurements of intranasal distributions of

umidity and temperature during breathing present a complex
echnological task due to: (i) the very narrow and short segments
f the nasal passageways; (ii) the high variability of humidity and
emperature values during the breathing cycle (e.g., inspiratory and
xpiratory phases); (iii) the close proximity of the sensors to the
urrounding nasal mucosa; (iv) the blind navigation and unclear
patial location of the sensors; (v) the disturbance of the natural
rocess by the invasive sensors and the corresponding tools. The
xisting temperature sensors are miniature and sensitive, while
etection of intranasal humidity is problematic. The capacitive
ensors for humidity measurements have a long response time
ompared with time variations during the respiratory cycle. Mea-
urement of absolute humidity using mass spectrometers is also
roblematic because of the long transit time and the complex-

ty of probe sampling. Blocking one nasal passageway with the
easurement equipment increases the airflow in the open nasal

assageway, and thus, negatively influences regular heat and water
apor exchange between the nasal air and the nasal mucosa. Due
o the very narrow passageways, even very small probes within the
asal cavity may disturb normal airflow and prohibit repeatable
easurements. Thus, advanced miniature sensors should be devel-
ped for wireless transport of the data with a tracking capability
hat will evaluate their spatial location within the nose.

Computer simulations of nasal air-conditioning capacity and the
ocal fluxes of heat and water vapor under various pathological con-
itions should be an important tool for medical intervention and

I

I
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onitoring of patient recovery. The existing models can import the
atient specific anatomy, but should be improved to allow time-
ependent simulations and realistic predictions. A crucial element
f intranasal transport characteristic, which is still missing from
umerical models, is the accurate handling of the air–tissue inter-

ace and the transport of heat and water vapor across the tissue
omponents and incorporation of the important filling effect of the
asal cycle.

Another important area that requires comprehensive inves-
igation is the complex relationship between nasal airflow,
ir-conditioning efficacy and cellular response within the delicate
ining of the nasal walls. The physical mechanisms, both the affect-
ng parameters and the sensors controlling heat and water vapor
ransport within the tissue layers and in response to respiratory
hanges of the nasal wall are complex both in space and in time.
ery little is known currently about them.
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