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Fool: Thou canst tell why one’s nose stands i’ the middle on’s face?
King Lear: No.

Fool: Why, to keep one’s eyes of either side’s nose: that what a
man cannot smell out, he may spy into.

William Shakespeare,
King Lear: Act 1, Scene V

Nasal airway patency and nasal function
Introduction

The nasal cavity is the first part of the airway and the
nasal mucosa is the first line contact area between the
air, gases, suspended elements, and the respiratory
tract. The surface area of the nasal mucosa is 150 cm?
compared with 100 m? for the lower airways (1).
Because of the powerful capacity of the nasal mucosa
to humidify and warm the inhaled air, the nasal
airway plays a significant role in the normal homeo-
stasis of the body. Nasal breathing conserves
humidity in comparison to oral breathing (2-5).
During normal breathing through the nose, approxi-
mately half the total resistance of the airways is
located in the nasal airway, implying that relative
small changes in the nasal patency affect the total
airway resistance significantly, thereby influencing the
total respiratory function (6-9).

The nasal cavity is responsible for filtration of
particles larger than 10 um and a fraction of smaller
particles (10, 11). In this process the nasal mucosa, as
a part of the immune system, is in contact with
specific allergens and other elements from the
environment. The nasal mucosa may react to stimulus
in a localized process or as an effector organ, e.g. in
the immune response in hay fever. The response in

these cases may mirror the reactivity of the immune
system with increased risk of a more profound
reaction of the airways (12, 14). In contrast, in
other diseases, the nasal mucosa is the target organ
(e.g. common cold, caused by rhinovirus or certain
types of corona virus), although effects also may be
seen in other part of the respiratory system, like
rhinovirus-induced asthma (15-18).

The advanced position and the relatively direct
accessibility of the nasal mucosa offer a possibility to
study not only local diseases but also generalized
inflammatory reactions, for example, in the respira-
tory system more easily than in the lower parts of the
respiratory system.

The purpose of this thesis is to describe methodo-
logical aspects and the clinical use of acoustic
reflections in determination of nasal airway patency
— acoustic rhinometry — and discuss the variability and
sensitivity of the allergic nasal mucosa with regard to
nasal patency.

Regulation of nasal airway patency

The turbinates divide the nasal cavity into a slit like
formation with a large surface-to-airway area ratio
(19, 20). This suggests that even minor changes in the
congestion of the mucosal blood vessels may
considerably alter the nasal patency and airflow
pattern in the nasal cavity (21, 22).

Furthermore, the structure of the nasal mucosa
vasculature allows the possibility for complex
responses to stimuli (5, 23, 24). The vasculature
comprises arterioles, venules and capillaries as well
as arterio-venous anastomoses and capacitance vessels
such as sinusoids and distensible venules (25, 26).

The regulation of the vascular tone and thereby
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patency in the nasal passage is also intricate. The
regulation of the congestion and the blood flow in the
vessels are affected humorally, nervously, and by local
conditions. Both the sympathetic as well as the
parasympathetic nervous systems have a major
influence on vascular regulation in the nose (27-30)
and assigned to a central control (31-35), which is
manifested as the nasal cycle. This central control
may be influenced by simple external conditions like a
light pressure on one side of the body or in the axilla
(32, 36, 37).

Both capacitance and resistance vessels possess
receptors and are affected by nervous stimulation and
humoral influence, e.g. during exercise (27, 38-42).

Numerous other receptors have been found on the
vasculature in the nasal mucosa. Serotonin may
induce vasodilatation (43-45), although the clinical
importance of this has not completely been elucidated
yet. Vasoactive effects of a number of mediators, e.g.
vasoactive intestinal peptide (VIP), substance P (SP),
avian pancreatic polypeptide (APP), prostaglandins,
leukotrienes, and kinins (46-51) have been described.
The mechanisms of action of other mediators like
histamine are better described and specific antagonists
against the receptors have been synthesized and are
now in use in treatment (52-55). The increasing
numbers of mediators known to have a possible effect
on nasal airway patency makes it more difficult to
achieve a simple comprehensible model of the
reactions in the mucosa.

Furthermore, localized effects, local reflexes, and
interactions between the cells in the mucosa seem to
play an important role in the regulation of the
normal mucosa as well as in diseases (56, 57).
Renewed interest in the histology of the mucosa, to
examine the cellular responses at the site of action,
and the possibilities to detect cytokines in very
small concentrations give us the opportunity to
study the reactions of the mucosa in normal and
during pathological conditions (58-61). This will
probably lead to an even more complicated concep-
tion of the regulation of mucosal integrity but
hopefully also a more accessible model (e.g. in
allergy; the capability of relevant cells to react to
an allergen may be seen as an imbalance between
INF-y and 1L-4).

The present summary of some of the mechanisms
involved in the regulation of mucosal congestion
illustrates the enormous potential of the mucosa to
react very diversely and complicatedly to stimuli.
Therefore, it is essential to have reliable and sensitive
methods to study the outcome — the symptoms — of
these reactions. The four major symptoms from the
nasal airways: itching, sneezing, secretion, and occlu-
sion may be seen as an exaggerated response, dis-
proportionate or not, to a stimulus. The necessity of
objective methods to evaluate these symptoms should
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be emphasized both for clinical and investigational
purposes because the subjective perception of the
different symptoms may interfere with each other.

Nasal airway physiology and function

The functions of the nose are besides being the first part
of the respiratory system and thereby a filter and
acclimatizer of the inspired air also the seat for smell.
The congestion state of the nasal cavity and the sinuses
may have a certain impact on phonetics (62-64).

The geometry of the nasal cavity implies that almost
all particles larger than 10 um and a fraction of smaller
particles are retained in the anterior part of the nasal
cavity (10, 65). These particles are removed from the
nasal cavity by the mucociliary clearance. Normally
mucous is transported in a posterior direction by the
movements of the ciliated epithelium in nasal cavity. The
normal velocity is between 3 and 25 mm/min (66, 67). In
the very anterior part of the nasal cavity before the
anterior end of the ciliated epithelium the clearance rates
are prolonged (65, 68). In this way particles and other
material deposited on the mucosa are effectively cleared
from the nasal mucosa, although water solubility and
other physical and chemical characteristics may influ-
ence the clearance time (69, 70).

Abnormalities in the nasal cavity, e.g. structural
changes as septal deviations may impair the normal
mucociliary clearance (71-73). Therefore, at least
theoretically a normal nasal patency and mucociliary
function tend to promote the clearance of virus and
bacterias from the nasal cavity membrane and decrease
the risk of viral infections (74, 75) or bacterial infections
(76-78).

The heat and humidity conserving capacity of the
nasal cavity are important for the normal function of the
respiratory system. If the capacity is exceeded, e.g.
during exercise in extreme cold circumstances where
mouth respiration takes place or pathological condi-
tions in the nasal cavity there is probably increased risk
of development of asthma or having attacks of bronchial
constriction (2, 4, 79, 80).

Another important function of the nose, which also is
closely connected with normal nasal patency, is smell
(81). Normal olfaction is dependent on eddies in the
inspired air arising in the nasal valve and anterior part of
the nasal cavity. Impaired olfaction function may
improve during surgery or other therapy if normal
nasal patency is affected before treatment (82-85).

Although some controversies exist, normal develop-
ment of the face is partially dependent on normal
nasal breathing (86-90). Normal speech development
and phonetics may also be associated with normal
conditions in the first part of the airway — the nasal
cavity and the pharynx (62-64, 91, 92).

Therefore, impaired nasal patency has not to be
considered only as an isolated symptom, but may



affect different aspects of normal nasal function and
need to be measured as accurately as possible using
objective methods that are easy to implement under a
variety of test and disease conditions. Acoustic
rhinometry seems well suited to meet these objectives.

Methods to evaluate nasal patency
History

Examination of the nasal cavity has been described
more than 3000 years ago (Papyrus Ebers), for
instance by Egyptian medical doctors and also in the
mummification process of the Pharaohs, where the
brain was removed through the nose. Examination of
the nose has also been described by Hippocrates in
Greece (460-377 B.c.). To improve the view into the
nasal cavity different means have been used. Guy de
Cehauliac (93, 94) has referred to a nasal speculum in
the 13th century.

More systematic evaluation of nasal patency was
described in the late 19th century by Zwaardemaker
(34, 95, 96) and modified by Glatzel in 1901.
Differences in patency of the two sides of the nose
was evaluated by the difference in the condensed area
of water on a metal plate placed in front of the nasal
cavity during expiration. Other, at best semiquantita-
tive methods included the hum-test by Spiess (1902),
where external occlusion of the nonoccluded side of
the nasal cavity is experienced as a change in the
timbre of sound during humming or simply as a
difference in the sound during forced expiration for
each side of the nasal cavity separately (Bruck, 1901).
These qualitative methods, some of which are still in
use, are highly dependent on the mode of respiration
and the capability of the subjects to carry out the tests.
A measurement of the pressure drop over the nasal
cavity at a passive flow has been described in 1903 by
Courtade (97) and is one of the first descriptions of
rhinomanometry. Since then, rhinomanometry has
been used in more than 500 studies described in
international papers. (A search in the ‘Silverplatter
Medline system’ for the period 1966-99 showed more
than 630 references with the keyword ‘rhinomanome-
try’.) The first paper describing acoustic rhinometry
was published in 1989 (see I; 483).

Optical methads

The most commonly used optical method for evalua-
tion of the nasal cavity passage is rhinoscopy.
Although rhinoscopy should be included in all clinical
evaluations of nasal patency, different studies have
shown that a clear-cut relation between anterior
rhinoscopy, subjective evaluation or other tests
(98-101) is not always present.

Using a flexible rhinoscope may improve the results
of the examination of nasal pathology and in certain
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cases for operations (102), but the results using the
endoscopic examination do not necessarily correlate
with rhinomanometry for evaluation of nasal patency
(103).

Different optic devices have been used to character-
ize or quantify nasal patency. Rhinostereometry (104,
105) is a method for measurement of the distance
between the medial and lateral wall of the nasal cavity.
The distance is determined using an inbuilt scale in a
microscope, and the head position has to be fixed to
assure measurements at the same position during
repeated measurements. This gives only limited
information of isolated structures and not of the
larger part of the nasal airway.

Video recording during flexible endoscopy allows
subsequent evaluation of the results (103, 106, 107),
but is still an invasive procedure and may not be the
optimal method for evaluation of nasal patency.

Quantitative acoustic methods

Methods using sound or analysis of sound in the
airways have been used to characterize the size of the
airways or an obstruction in the larynx (108), nasal
cavity, and paranasal sinuses (64, 92), to determine the
location of snoring problems (109, 110), and in the
upper airways and epipharynx (111-114). Despite
these attempts to use more or less subject generated
sound to evaluate the patency of the airways the
methods have so far not been very successful.

Flow methods

Flow measurements for the evaluation of the nasal
airway passage have been used more or less system-
atically for the last five decades. The simplest way is to
measure the maximum flow — the nasal peakflow. In
this case the power of the driving force, the chest wall,
and lower airways, have influence on the nasal
expiratory or inspiratory peakflow. Different authors
have tried to reduce the factor by calculating an index
between nasal and oral peakflow (115-120). Despite
the fact that correlations between nasal peakflow and
other methods to evaluate nasal occlusion have been
found, nasal peakflow seems to be most suitable to
measure changes in the same subject during repeated
measurements (121-123).

In rhinomanometry simultaneous measurements of
flow and pressure are performed. Different techniques
have been applied using the subjects own respiration
flow (active methods) or using an external flow
generator (passive methods) (97, 124). The matching
flow is measured in the anterior part of the nasal
cavity (anterior methods) or in the pharynx (posterior
methods).

The active methods are more frequently used than
the passive anterior method (125, 126) and the passive
posterior method (127). Results may differ between the
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anterior and posterior method (128, 129) although
others find quite similar results with the methods
(130).

Rhinomanometry has also been correlated with
other tests normally used for pulmonary function, e.g.
body plethysmography and the forced oscillation
technique (131-133) and reasonable correlations have
been found.

The repeatability in rhinomanometric measurements
ranges from 10 to 30% (134-136) and therefore some
authors find it unusable for precise evaluation of nasal
patency.

One essential problem is the description of the
flow—pressure relationship. Because of the nonlinear
relationship between flow and pressure, different
methods have been adopted, e.g. using an Ohmic
resistance at a specified flow or pressure rate, using a
power function in the description, or other models (e.g.
Rohrer’s equation) (137, 138). The angle between the
abscissa (flow) and the intercept between the pressure—
flow curve and a circle in coordinate system (Brom’s
system) (139-141) or the relative difference of the two
sides; a lateralization index (142), have also been used.

The rhinomanometric resistance may also be
expressed as a minimum cross-sectional area of the
nasal cavity and some authors find this to be the best
way to depict resistance (143). It assumes a compli-
cated model of the flow in the nasal cavity and the
models being used (144, 145) may not always give the
‘true’ area at different flow regimes. The slit like
structure demands special requirements of the models
since the flow profile in the nasal cavity may be
nonuniform and change between laminar and turbu-
lent flow (146-148).

Furthermore, the localization of a deviation affects
the resistance evaluated by rhinomanometry (149,
150). A deviation of the septum at the nasal valve
affects the resistance more than a deviation in the
posterior part of the nasal cavity.

Different attempts have been made to standardize
rhinomanometry (151-153) to allow comparison of the
results from different studies. Rhinomanometry has
been used in different aspects of rhinology, e.g. in the
diagnosis of different rhinologic diseases (154), in
allergy tests (155, 156), in pharmacological studies
(157, 158), and in physiological studies (159, 160).
Certain authors have found that rhinomanometry is
useful in the selection of treatment, e.g. operation or
not (100, 161-164), or as a tool for evaluation of
operative procedures (136, 165), whereas others find
the present techniques unsuitable for these purposes
(134, 166).

In some studies a clear correlation between the
subjective feeling of nasal occlusion and rhinomano-
metry has been found (167-169), in others a poor
correlation (170, 171), because other factors than just
resistance influence the feeling of nasal obstruction. It
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is well known that menthol relieves the feeling of nasal
obstruction, whereas the nasal resistance to airflow is
unchanged (172).

Some of the drawbacks of rhinomanometry are
relatively low reproducibility; low correlation to
subjective feeling of nasal obstruction, no uniform
way of describing results, different techniques may be
used- viz anterior, posterior, active, passive, and it is
therefore not used in daily clinic routine, except in a
few laboratories (173, 174).

Radiological methods

Radiological methods are seldom used in the investi-
gation of nasal patency, although X-ray examination
has been used in relation with evaluation of the
paranasal sinuses (88, 175, 176).

Computer aided tomography (CT) is increasingly
used instead of X-rays especially in evaluation of the
paranasal sinuses (177, 178).

Magnetic resonance scanning (MRI) is also used for
evaluation of nasal patency, primarily if pathological
changes are suspected, e.g. malignancies in the nasal
cavity and paranasal sinuses, and will probably replace
CT for evaluation of the mucosa (64, 178-180).

Other methods

Other methods for evaluation of nasal patency have
been described, e.g. subjective evaluation of increasing
external resistance, measurements of O, while breath-
ing pure oxygen, other flow methods than described
above. None of these methods have been successful
(123, 181-183).

Acoustic reflections
History

The acoustic reflection technique for determining the
cross-sectional area as a function of distance in the
human airways has developed gradually. The mechano-
acoustical properties of the lungs were initially examined
40 years ago (184) and electrical analogues were
introduced to facilitate comprehensive modelling of
the airways (185). Acoustic reflections have been used in
geophysical investigations especially in the United
States of America with regard to search for oil (186,
187). The use of acoustic reflections from the airways
gained special interest in 1960-70 for determining the
geometry of the vocal tract with regard to speech
reconstruction. Methods similar to those described later
(188, 189) were used to examine the area as a function of
distance from the lips to the glottis (190-192). One of the
main problems at that time was the computational
procedure for recovering successive areas from the
coefficients of reflections. A new method (later named
‘the Ware—-Aki algorithm’) for this procedure was



developed (193) and is still one of the most efficient
algorithms for solution of the inverse problem -
calculation of the impedances from an impulse response
(194). In 1970-80 the use of the acoustic reflection
technique was introduced for measurements in the
pharynx and trachea (188, 189, 195, 196).

Methodological aspects

The method for determining the cross-sectional area as
function of distance in the airways is relatively simple.
The incident sound impulse or pseudorandom noise in
the audible frequency range is compared with the
response — the reflections from the airways. Intuitively, if
the size of the entrance to the airways is known, the size
of the reflections may reflect changes of the airway size.
The time between the reflections may give the distance
between the changes dependent on the speed of sound.
In this way it is possible to determine the area as function
of distance in the airways. Given the area—distance
function different variables can be determined. In the
nose the minimum cross-sectional area, the nasal
volume 0-5 cm or 0-7 cm from the nostril estimated
by integration of the curve and areas at particular
anatomical structures could be of interest (see below).

In a tube system with one-dimensional sound
propagation, changes in the acoustic impedance are
proportionate to changes in the cross-sectional area.
The technological development of microcomputers has
made it possible to sample, store, and calculate the
reflections. Figure 1 depicts the reflection pattern of an
incident pulse from a tube with multiple changes in
acoustic impedance (cross-sectional area).

Despite the intuitively simple principle of the acoustic
reflection technique, the calculation of the area-
distance function from the incident and reflected
impulses requires somewhat complicated arithmetic
transformations. The original set-up, for the nose and
lower airways with a short impulse and a temporal
space between incident wave and reflections, make the
system relative insensitive to minor changes in the
sound impulse and the linearity of the microphone,
since the signals of the incident wave and reflected wave
are compared in the frequency domain. Therefore, it is
also necessary to do the Fourier and inverse Fourier
transformations of the data. Figure 2 shows the
different steps in the calculation (cf. IV; 486).

Two inputs are used: the calibration of the system and
the measurement. The first input (calibration) is the
impulse response of the measurement system including
the characteristics of the sound source and the micro-
phone. In practice this impulse response is measured as
the reflection of the incident pulse from a high
impedance (closed tube) connected to the measuring
tube. This sets the properties of the ‘measuring system’,
defines the starting point of the measurement and sets up
the area size. The second input is the measurement of the
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Figure 1. The reflected signal from a nasal cavity.

actual cavity in which the area—distance function (AD-
function) is to be estimated by the equipment. After
having obtained the reflection from the cavity, the
influence of the equipment characteristics on the
reflection is suppressed by convolution with the first
input. The following deconvolution employs the Hunt’s
algorithm, which is a frequency domain technique to
compensate for amplitude differences. Since the decon-
volution is performed in the frequency domain, the
algorithm contains two implicit FFT transforms (for-
ward/inverse). The output from the deconvolution is the
measured impulse response of the cavity. The last step is
to transform the measured impulse response into an
AD-function. To solve this inverse problem, as
described above, the Ware-Aki algorithm (193) has
been implemented.

Theoretically, to obtain reliable measurements with
this technique a number of assumptions have to be
fulfilled (189, 197) (see also I; 483).

The first assumption is that the sound waves
propagate as plane waves to avoid cross-modes, which
will make the computations difficult. Based on theory it
is possible to calculate the frequency at which cross-
modes start to appear. The formula is only valid for a
tube and the complex geometry of the nose makes it
impossible to predict the frequency limit where cross-
modes appear and make the results invalid. During the
measurements cross-modes can be recognized as a
‘ringing’ of the reflected signal. In a normal nose
cross-modes seem not to appear below 12 kHz and
normally frequencies up to 15 kHz or more can be used.
The second assumption is that viscous losses are
negligible. If the nose is very narrow at the anterior
end, viscous loss in the constriction may induce under-
estimation of the areas beyond. It is not only the size of
the constriction but also the shape that may have an
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Figure 2. The calculation of the area-distance function for
acoustic rhinometry.

influence. Therefore, it is not possible to identify a fixed
value below which the results could become unreliable.
The actual set-up, especially the low-pass filtering
frequency may also influence the results. Results suggest
the area of 0.35 cm? in some set-ups could be a limit (see
I; 483). The third assumption, that any bifurcations are
regular (i.e. symmetric), is valid for the distance to the
epipharynx where the two nasal cavities join. Model
studies and filling one nasal cavity with water (see I and
I11; 483, 485) suggest that the influence of the other side
adding space to the epipharynx is of minor importance
and is mainly seen behind the epipharynx. Finally, the
walls in the nasal cavity should behave rigidly. The bony
part is rather rigid but the mucosa may not be so. For the
human tissue (cheek and trachea) results have indicated
that the tissue is behaving rigidly at frequencies greater
than 120 Hz (188, 198). To examine the effect of the
nasal mucosa — its acoustic properties were studied in
one male subject who was examined by laser vibrometry
(see IV; 486). By this technique the specific acoustic
admittance of the nasal mucosa was examined. This
value was used in a simulation to study the effect of
increasing sound losses (due to nonrigid properties of
the nasal mucosa) on the recovered area—distance
function. In summary, the sound loss should be
increased a 100 times before significant effects are seen
(see Fig. 3).

Despite all assumptions having not been completely
fulfilled; validation of measurements using the acoustic
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Figure 3. The sound loss due to wall motion, 4 curves are depicted
(no loss and actual loss are on top of each other). The error is
increased by losses and by increasing distance.

reflection technique in the nose (see the subsection on
Validation for use in the nasal cavity) reveals acceptable
results.

Use of the acoustic reflection technique for measure-
ments in the pharynx and lower airways has been
validated by use of different techniques. In the initial
studies of the trachea, models, excised tracheas, and
dogs were used and a reasonable correlation was found
(196, 199, 200). In humans, comparisons primarily with
roentgenographic techniques had acceptable correla-
tions (125, 200-202).

One of the reasons for differences using in vivo
models and, e.g. cadavers is that the size of the airways
increases after death (203). This may increase the
influence of the paranasal sinuses considerably. It has
been examined whether the assumption of nonrigidity of
the walls and limited resolution could partly be over-
come using a mixture of 20% O, and 80% He instead of
atmospheric air in the tube system and in the airways. In
this mixture the speed of sound is almost doubled (from
340 m/s to 620 m/s). This provides the opportunity to
increase the frequency band before cross-modes start to
occur and should increase resolution (197) and improve
accuracy (188). The resolution is however, not increased
since the wavelength is ‘unchanged’. Furthermore, the
higher frequencies and the use of He increase the
technical demands of the equipment. The ability of the
sound generators, in some of the studies using He, to
deliver a sufficient energy content at high frequencies has
been questioned (204). Although the microphones
frequency range increases in He (see Briiel & Kjaer
manual) technical problems may arise at this point too.
The main effect of He is probably to reduce (relative to
air) the lower part of the frequency band where effects of
wall motion may influence the measurements, although
some authors believe it to be other unspecified factors
(205).

In the pharynx no clear improvement in results were
found using He (206). Neither was there improvement in



nasal cavity (see IV; 486) where identical results were
observed using either air or He (80%), O, (20%) in a
model and 8 nasal cavities.

Besides the effect of the density of the ‘wave-
transporting medium’ it has been debated whether a
different algorithm for the last step in the area—distance
calculation would improve the results. Studies have
employed different algorithms but, until now (year
2000), no algorithm has shown better recovery than the
Ware-Aki algorithm (194, 204, 207). The Ware-Aki
algorithm has been considered very time consuming but
with new computers this is no longer a problem.
Unpublished data from simulation models suggest
that simple integration of the reflected signal will give
reasonable results in most instances, compared with the
Ware—Aki-calculation.

Acoustic rhinometry
The acoustic reflection technique applied in the nasal cavity

The use of the acoustic reflection technique in the nasal
cavity was first described in 1989 (see I; 483). As
mentioned, the first measurements with the technique in
the human airways were done more than 20 years
earlier (192). In the meantime, approximately 35 papers
were published in which the acoustic reflection techni-
que was used to study the pharynx and trachea. In the
period from 1989 to 1999, more than 230 papers have
been published where the acoustic reflection technique
has been utilized in the nasal cavity. In contrast, in the
same period, few studies on the pharynx and lower
airways have been reported. The main reason for this is
technical aspects. Firstly, the accessibility of the nose is
much easier than the lower airways. Secondly, the
significant change in cross-sectional area from the
mouth to the pharynx and trachea increases the risk of
cross-modes to appear, but a special mouth piece was
designed to avoid cross-modes and made it possible to
use higher frequencies and thereby increase resolution
(200, 208, 209). Another study indicates that the mouth
piece may not be necessary but the resolution may not
have been optimal (210). The clinical application in the
nose is wider than in the trachea and the accuracy in the
pharynx is debatable due to sound leakage to the mouth
if the measurement is done through the nose or to the
nose if done through the mouth. Finally, the lowered
costs of computers may also be a factor for the
increased interest for the method. These factors favour
the use in the nasal cavity of the acoustic reflection
technique.

Technical aspects for use in the nasal cavity

In principle, use of the acoustic reflection technique in
the nasal cavity does not differ significantly from its use
in the lower airways (see Fig. 4). As mentioned in the
subsection on Methodological aspects, some basic
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Figure 4. The set-up for acoustic rhinometry.

assumptions (plane waves, negligible viscous loss,
regular branching, and rigid walls) have to be fulfilled
for optimal results. Special concerns with regard to
sound loss have drawn attention since the nasal cavity
consists of narrow slits that may induce sound loss due
to friction at the walls. The sound loss due to nonrigid
walls is negligible as demonstrated by laser vibrometry
(see the subsection on Methodological aspects and 1V;
487). Sound loss due to special geometry of the nose was
also examined in different ways. These included con-
struction of a model with increasing surface but con-
stant cross-sectional area, construction of a model with
the same cross-sectional area as the nose but with a
circular geometry (see 1V; 486) and by evaluating the
error of the area—distance function in relation to the cir-
cumference determined in subjects by MRI (see 11; 484).

No effect of the surface was found comparing both a
model made by stereolithograhy (based on a MRI
scanning of the nasal cavity of a subject) and the area
equivalent circular model and also the area—distance
function in a model with a constant area but increasing
circumference (see 1V; 486).

In another study (see II; 484) comparing MRI and
acoustic rhinometry, the circumference was measured at
every single distance in the nasal cavity and the
deviation between MRI and acoustic rhinometry was
calculated. The circumference was not directly com-
pared with the deviation but is shown in Fig. 5. The
maximum error is observed beyond the maximum
circumference indicating that large circumference and
potentially large sound loss is not important in the
measured subjects.
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The effect of using He (80%), O, (20%) instead of air
has already been discussed (see the subsection on
Methodological aspects). Figure 6 shows no effect on
the area—distance function in the one subject.

The paranasal sinuses may also influence the
measurement, although in the first paper on acoustic
rhinometry the ostia were considered too small (see I;
483). It has later been demonstrated by model studies
(211) (see also III; 485) that especially the ostium size of
the maxillary sinus and the size of the sinus may
influence the area—distance function. A special techni-
que — stereolithograhy was employed to make equiva-
lent models of the in vivo nasal cavity including the
paranasal sinuses (see III; 485). The models have also
been used in other studies (see IV; 486). A MRI scan of
a subject is digitally transferred to a CAD system where
noise is removed manually. Then the model is built
from this data, in a bath with liquid plastic, which
solidified when exposed to ultraviolet light. The
procedure was validated by comparing a scanning of
the model with the subject’s MRI.

Very close agreement was seen between the original
scanning of the subject and the scanning of the model
(see III; 485).

In accordance with these results (see Fig. 7) filling of
the maxillary sinus with water significantly changes the
area—distance function in vivo (see III; 485).

The conclusion of the study (see I11; 485) was that up
to 6 cm from the nostril, the volume of the cavity and
the area—distance function are measured ‘correctly’ but
thereafter the maxillary sinuses may influence the result
at least in the decongested nose.

Based on these studies and as discussed in the
subsection on Methodological aspects, many technical
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Figure 5. The error in area as a function of the distance in a
model. It is seen that the error is not affected by increasing
circumference (surface).
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Figure 6. The effect of helium on the area—distance function in a
subject.

and physical factors may influence the measurement of
the area—distance function in the nose by the acoustic
reflection technique.

However these seem to be of minor importance as
demonstrated by the validation data for the technique
implemented in the nasal cavity (see the subsection on
Validation for use in the nasal cavity).

Still, other factors may be important. Some authors
have suggested a stand to fix the position of the head
during the measurement while others have found that
this in fact increases the variability (212, 213).

It has been discussed based on model and in vivo
studies whether the normal nasal valve will act as a
considerable constriction and affect the measurement
and how well these measurements correlate with sub-
jective evaluation (214-217). The influence of a con-
striction has already been discussed (see the subsection
on Methodological aspects) and the correlation between
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Figure 7. The area—distance function before and after filling the
maxillary sinus with water in one subject.
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Figure 8. The area—distance function of a step cavity model
measured at two different frequencies.

objective evaluation of nasal patency and the subjective
evaluation is a general problem, which is not going to be
discussed in detail here.

Another important factor is the resolution. Strictly,
the resolution in this context is the distance between the
data points on the abscissa. The distance between the
points is inversely proportional to the sampling
frequency of the equipment. Due to low-pass filtering
of the signal an increase of the sampling frequency may
not increase the information in the results. Therefore,
the influence of both sampling frequency and low-pass
filtering was tested in a step model (see 1V; 486). It was
found that the system’s ability to recover a step is
proportional to the low-pass filtering frequency and
that increasing the sampling frequency more than 3-5
times the low-pass filtering frequency did not further
improve the accuracy of the area measurement.
Figure 8 depicts the effect of different sampling
frequencies at a constant low pass filtering (10 kHz)
in a step model.

Validation for use in the nasal cavity

Validation of the acoustic reflection technique for use in
the nasal cavity has been described in a number of
papers (see I-1V (483-486); see also below). In the
initial study (see I; 483) a simple technique by filling the
nasal cavity with water was employed. The volume
entering the nasal cavity was measured together with
the pressure at the nostril representing the height of
water or distance in the nasal cavity. The cross-sectional
areas of the portion of the nose filled by the incremental
volume (d V) was estimated from d}/dP and plotted as
function of distance. Reasonable correlation was found
in both a model and 5 subjects. In the same study a CT-
scanning of a cadaver head was compared with acoustic
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area—distance function and good correlation was found
(r=0.937, N=48). Here, as in the following study of 10
subjects comparing acoustic rhinometry and MRI (see
II; 484) the main problem is the definition of the exact
tissue—air boundary. Relatively small changes in the
absorption coefficients (contrast in the MRI) may affect
the area estimation considerably.

Furthermore, the manual delineation of the border
between air and tissue may also influence the results.
The results were found to vary up to 10-15% because of
these problems.

In another study of a stereolithographic model where
the original scanning of a subject was compared with
the scanning of a model (and the procedure had to be
performed twice), a deviation of only a few percent was
seen (see III; 485).

A study (see 1I; 484) comparing MRI in 10 subjects
with the volume of the decongested nasal cavity meas-
ured by acoustic rhinometry showed an acoustic volume
of 6.47 cm® (SD=1.83) and MRI volume of 5.65 cm®
(SD=1.34) (Paired t-test P=0.011). The regression line
(for all 20 cavities, comparing all data points) was Vac=
slope x Vmri +intercept with a correlation coefficient =
0.70, P=0.0007, intercept=1.11, and slope=0.95. It
was found that there was better correlation in the
anterior part of the scanning than in the posterior part.
To test the hypothesis that this difference was due to
deviation in the axis of the acoustic areas and the MRI
areas, a posterior scanning perpendicular to a plane
tilted at 45-50° relative to the nasal floor was performed.
This gave a better correlation but still a considerable
overestimation of the areas by acoustic rhinometry.
Correction based on the circumference of the cavity was
also tried, but no significant effect was seen. This
indicates that the complex geometry in certain parts of
the nasal cavity does not significantly influence the
results (e.g. in terms of error in the area determination
by MRI or sound loss during acoustic rhinometry), see
Fig. 6. As an example the effect of decongestion of the
nasal cavity evaluated by MRI and acoustic rhinometry
is presented in Fig. 9.

In the initial study (see I, 483) 10 subjects were
examined in a ‘normal congested’ state, decongested
state after nose drops, and post congestion by
histamine. The minimum area obtained by acoustic
rhinometry and the minimum area determined by the
pressure—flow relationship (rhinomanometry) in the
nose were compared. This is based on the assumption
that the total pressure difference across the nose is
converted to kinetic energy at the minimum cross-
sectional area. The results showed that the minimum
cross-sectional area determined by rhinomanometry
was only one third of the area determined by acoustic
rhinometry. Other reasons (e.g. deviations from the
expected flow regimen: turbulent vs. laminar) could be
possible but unpublished data comparing a stereolitho-
graphic model of a subject and circular model with
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Figure 9. The acoustic area—distance function and MRI before
and after decongestion in a subject.

equivalent cross-sectional areas, revealed the same
difference indicating that the total pressure loss over
the nose is not located at a small segment. This is in
contrast with earlier studies (218).

Others have also demonstrated a high correlation
between the cross-sectional areas obtained by MRI and
by acoustic rhinometry in decongested subjects (0.969)
whereas a poorer result was observed in the non-
decongested nose (219). In a study, high resolution CT
of the nasal cavity and sinuses was compared with a
semiautomatic calculation of the area—distance function
and acoustic rhinometry in 5 subjects. Comparable
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results were found in the anterior part of the nasal
cavity but in agreement with other results (see II; 484)
the acoustic trace was not so well defined in the
posterior end of the nasal cavity (220). Comparable
results were also found using the same technique in a
study of 14 patients suffering from chronic sinusitis
(221). Similar results were seen in a study of nine
patients with turbinate hypertrophy who underwent
CT-examination and examination with acoustic rhino-
metry. The cross-sectional areas at the three deflections
or minimum notches on the area—distance curve were
measured and compared with the 3 narrowest cross-
sections in the anterior, middle and posterior part of the
nasal cavity determined by CT. High correlation was
found for the two first notches (P <0.005) but was poor
in the posterior part (222). A recent study comparing
the findings by rigid endoscopy and acoustic rhinome-
try in 85 subjects has confirmed that the first deflection
on the area—distance curve reflects the nasal valve and
the second the anterior end of the inferior turbinate.
The choanae may also in a number of subjects be
identified from the area—distance curve as an abrupt
change in cross-sectional area (223). Overestimation of
the areas in the posterior part of the nasal cavity was
also seen in another study comparing acoustic rhino-
metry and CT-scanning (224). In examining the effect of
small spheres introduced into the nasal valve and
middle meatus in 3 anaesthetized subjects spheres with a
diameter less than 5 mm were not well recovered on the
area—distance recording in the middle meatus (225). The
reason for this may partly be due to the actual set-up
and resolution of the system but also some physical
circumstances, e.g. a large middle turbinate hiding the
sphere. Others have in similar studies in models and
cadavers found better sensitivity for acoustic rhinome-
try, being able to detect spheres of 0.3 cm?® (226). Test of
the repeatability has shown variation less than 5% in
repeated measurements of the nasal cavity volume
(227).

As expected, an acoustic leak may affect the
measurement considerably (228). It has been described
that the area—distance function is affected by breathing
and that breath hold is recommended during the
measurement (229). It has been shown (unpublished
data from the manufacturer) that breathing distur-
bances are very much dependent on whether the
microphone in the equipment is ventilated or not and
is insensitive to low frequency pressure changes. In the
time scale of an area distance measurement, breathing
could be considered as an offset, DC, or constant
pressure that may affect the measurement. It has also
been questioned whether acoustic rhinometry is reliable
if the ambient temperature is changed (230).
Unfortunately, it is not clear in that particular study
whether the system has been recalibrated at different
temperatures and if major changes (more than 10°C)
whether the speed of sound setting was corrected. It has



also been discussed in that paper that the measurement
in some instances may be unreliable. This may not be
due to inherent errors in the system but untrained
operators, and the same authors have suggested that
standard operating procedures should be used
(231-234).

The axis in which sound travels in the nasal cavity
may, as already described, affect the area measured, but
the axis appears to be parallel with the nasal floor from
the nasal valve (235). The terms I-notch and C-notch
were introduced to describe the first two deflections
(notches) on the area—distance curve. It was hypothe-
sized that the deflections represent the Isthmus nasi and
the head of the inferior turbinate (Concha) (235, 236).

Acoustic rhinometry and other methods

Acoustic rhinometry has been compared with rhino-
manometry. A study found that the changes in acoustic
rhinometry and rhinomanometry were comparable for
histamine and bradykinin challenge but acoustic
rhinometry was more user-friendly (237). The effect
of intranasal levocabastine during allergen challenge
could only be demonstrated by subjective methods.
Neither acoustic rhinometry nor rhinomanometry or
nasal lavage examinations could demonstrate any effect
(238). A number of authors find differences between
acoustic rhinometry and rhinomanometry, and advo-
cate that the methods are used complementarily
(239-241). By nature acoustic rhinometry may measure
changes not measured by rhinomanometry and vice
versa (242). The resistance of a cross-section may differ
considerably depending on the shape despite a constant
area. Furthermore, the acoustic axis may also influence
the measurement (243). A comparative study of
acoustic rhinometry, nasal peak flow, and rhinomano-
metry found the nosepieces the major drawback of
acoustic rhinometry (244), but this was before the
discussion of nosepieces and the importance of a correct
fitting. Repeated measurements in 6 subjects over a
period of two months showed reproducibility for
acoustic rhinometry between 5 and 10%, and for
rhinomanometry 8-15% (245). In a study of 39 patients
with nasal obstruction no significant correlation
between subjective scoring and acoustic rhinometry or
rhinomanometry could be found (246). As expected not
all variables from the rhinomanometric and acoustic
rhinometric measurements are equally well correlated
with the subjective feeling of obstruction (247). In a
number of studies acoustic rhinometry has been
compared with other methods: rhinomanometry,
manometric rhinometry, nasal peak flow measure-
ments, and similar sensitivity (248, 249) (see also
section on Other clinical uses of acoustic rhinometry
and acoustic reflections). An investigation has demon-
strated qualitatively different effects of tobacco-smoke
in subjects complaining of smoke induced rhinitis
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compared to nonsufferers. Differences were seen both
with regard to symptoms and the dose-response curve
from acoustic rhinometry and rhinomanometry (250).
Differences in the correlation between the feeling of
congestion and acoustic rhinometry and rhinomano-
metry were found in smoke sensitive and nonsensitive
subjects, which made the authors conclude that the two
methods are complementary (239). Also when testing
for nasal patency in allergy, the methods do not differ
from methods used in other cases. Of course, if there is
any suspicion of malignancy, visualizing methods like
CT and MRI should be used. However, not all studies
have it as a primary objective to compare, e.g.
sensitivity, variability and reproducibility of the differ-
ent methods. In general, the user friendliness of acoustic
rhinometry is recognized in many of the studies.

Nasal patency in rhinitis: application of acoustic rhinometry
and other methods

Rhinitis and hypersensitivity

Rhinitis may be defined as inflammation of the lining of
the nose, characterized by one or more of the following
symptoms: nasal congestion, rhinorrhoea, sneezing,
and itching. Clinically, it may be defined by 2 or more
symptoms (nasal discharge, blockage, or sneeze/itch)
for more than one hour on most days. These definitions
are stated in a consensus report but not further
discussed in the report (251). A discussion of the
definition is important for epidemiology and monitor-
ing changes in the frequency of the disease, for
treatment and for the individual patient. Different
classifications of rhinitis have been used based on the
precise assumption of causal mechanisms and seasonal
variation in frequency of symptoms. Even emotional
rhinitis seems to be a special entity. The lack of
definitions indicates biological heterogeneity, lack of
knowledge of causal mechanisms as well as methods for
evaluation. Acoustic rhinometry has been used to
differentiate between different types of rhinitis, indicat-
ing a higher sensitivity to histamine in allergic rhinitis
than in vasomotor rhinitis and a pronounced effect of
feet cooling in vasomotor rhinitis (252).

The definition of nasal hypersensitivity or hyperreac-
tivity is even more vague than the definition of rhinitis.
Nasal hypersensitivity may be related to any of the
common nasal symptoms. Nasal hyperreactivity can be
described as a clinical feature characterized by occur-
rence of nasal symptoms on exposure to stimuli such as
dust particles, change of temperature, tobacco smoke,
perfumes, and paint smell (253). International guide-
lines for testing nasal hypersensitivity have not been
published but many studies have examined different
agents (254) and techniques for testing hypersensitivity.
A study of nasal provocation with histamine in allergic
rhinitis patients found better reproducibility of nasal
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symptoms than nasal airway resistance. The challenge
was done using the end-point titration method to obtain
a certain level of symptoms (fixed endpoint), e.g. five
sneezes or double airway resistance (255). One of the
reasons for the poor results could be that hyperreactiv-
ity may be multifactorial. Different sites could be
involved in hypersensitivity, e.g. the vasculature,
receptors, etc. At least some studies seem to indicate
increased number of histamine receptors as well as
autonomic dysfunction (256). Intrasubject differences
in responsiveness to histamine and methacholine do
also indicate that hypersensitivity is multifactorial
(257). Studies have also shown increased sensitivity to
change in posture. Thirty subjects suffering from
allergic rhinitis, 25 patients affected by nonspecific
rhinitis, and 40 healthy controls underwent positional
rhinomanometry. Significant differences in nasal resis-
tance were observed in patients compared with controls
a change from seated to supine position (258). A
sensitive and specific method could ideally be used to
separate healthy from diseased. Numerous studies have
reported that histamine challenge may be used (53,
259). A study of sufferers from sick building syndrome
found higher sensitivity to histamine measured by
rhinostereometry compared to controls (260). The
rhinostereometer has been used in many studies of
nasal reactivity (261-263). In a study of 60 healthy and
65 patients with allergic rhinitis the authors found it
possible to separate the two groups with a specificity of
95%, sensitivity of 86.5%. The test used a derived
parameter (nasal airway resistance) and evaluated the
dose-response of doubling doses of histamine (264).
Other substances have also been used, e.g. distilled
water (265) and showed more congestion in patients
with rhinitis than controls measured by rhinomanome-
try. Cold dry air has been used to induce nasal
inflammation and congestion (53, 266, 267). A recent
small study has shown that intranasal cold dry air is
superior to histamine challenge in determining the
presence and degree of nasal hyperreactivity in
nonallergic, noninfectious perennial rhinitis (268) (see
also the section on Physiological reactions and
pharmacological studies for study VI (488)). In
conclusion, despite many studies, nasal hypersensitivity
is still not a clinical entity and the diagnostic procedures
are not well defined. Acoustic rhinometry may, in
testing hypersensitivity, have a potential advantage
compared with other methods since it can ‘focus’
specifically on changes at the inferior turbinate where
the major changes during challenge take place.

Evaluation of symptoms in nasal allergy

Nasal symptoms in allergy do not differ from the
symptoms in other nasal conditions. The methods for
evaluation are the same in all nasal conditions —
subjective or objective. All the symptoms can be
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Figure 10. The variability of the nasal mucosa in one subject over
6 h. Nasal volume (0-7 cm) measured by acoustic rhinometry.

‘subjectively’ recorded by more or less complicated
scoring systems, e.g. visual analogue scales (VAS).
Reviews have described the different methods for
examination of normal nasal function and patency
(269). Nasal congestion is probably the most complex
symptom and its measurement has already been
discussed (see the section on Acoustic rhinometry).
Secretion can be weighed or number of used hand-
kerchiefs can be counted. Sneezing can be counted (or
scored). Sneezing and itching are usually closely linked
though itching is often a less prominent symptom.

Normal nasal patency and the variability of the nasal mucosa

Different synonyms have been used for nasal obstruc-
tion. In one review, congestion is defined as the swollen
mucosa seen during clinical examination, obstruction is
the subjective discomfort because of insufficient airflow
during breathing and decreased patency, and is
determined by objective measurements (270). Normal
values measured by acoustic rhinometry have been
reported from different countries (271, 272).

In a study from America 106 subjects were examined
by acoustic rhinometry and analysed with regard to
race and height, indicating racial differences between
Anglo-Saxon, Chinese, and Negroid noses (273, 274).
No differences could be demonstrated between Anglo-
Saxon and Indian noses (275). In a Swedish study of 334
normal individuals the MCA (minimum cross-sectional
area) correlated weakly to weight, height, age, and body
mass index (276). In the normal nose the minimum area
is located at the nasal valve or at the head of the inferior
turbinate and moves anteriorly during decongestion
(277). In the normal population 10-20% suffer from
nasal obstruction to such an extent that it is noticed in
daily life but did not cause professional attention. Based
on a history of nasal hypersensitivity or allergy, septal
deviation or small nasal dimensions measured by
acoustic rhinometry, it is possible to predict a
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Figure 11. The nasal volume (0-7 cm) during exercise in a
nonallergic subject compared with decongestion by nose drops.

considerably increased risk of the feeling of nasal
obstruction (278). Subjects with apparently normal
nasal patency may feel nasal obstruction; probably due
to increased vasomotor activity but in 36% of 67
patients the feeling of obstruction disappeared over a
period of 11 years (279). When evaluating normal nasal
patency it is important to have an estimate of the
normal or spontaneous variation in nasal mucosa
congestion. Studies have shown that an acclimatization
period reduces mucosa variability during the measure-
ments (280). The nasal cycle may also contribute to the
variation of the nasal mucosa but in case of a bilateral
(classical) cycle the total ‘congestion’, sum of the two
sides, is usually constant. In a study (see V; 487) of 12
nonallergic subjects measurement of the nasal volume,
minimum cross-sectional area as well as the area at the
anterior end of the inferior turbinate, a typical nasal
cycle was found in 4 out of 12 subjects. The
measurements were done every 15 min for 6 h. The
variability of the nasal mucosa determined as the
coefficient of variation for the entire was 9.4% for the
total nasal volume, 11.3% for the minimum area and
17.8% at 3.3 cm from the nostril which usually
represents the head of the inferior turbinate.
Figure 10 shows the variation and nasal cycle in a
subject in this study.

During exercise (e.g. 15 min exercise at 75% of maxi-
mum expected heart rate), the nasal mucosa decongests
almost to the same level as after using topical decon-
gestant (a-agonist, xylometazoline hydrochloride nose
drops), see Fig. 11. The effect of exercise indicates the
potential of large variability of the mucosa to external
stimulation.

Variability in congestion of the nasal mucosa in allergy

The minimum cross-sectional area is located at the
inferior turbinate in patients suffering from allergic or
vasomotor rhinitis in contrast to nonallergic subjects
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where it more often is located at the internal ostium
(281). The spontaneous variation of the nasal mucosa
was found to be larger in allergic subjects than in
nonallergic subjects (see V; 487). The coefficient of
variation for the nasal volume (0-7.2 cm in the nasal
cavity) was 14% in allergic and 9.4% in nonallergic
subjects (P=0.004). After exercise a decrease in the
variability of the nasal mucosa in allergic subjects
compared with a tendency to increase in nonallergic
subjects was seen. The reason for this is unknown but
may indicate that increased adrenergic tone for a period
of time may stabilize the vasculature in allergic subjects
and destabilize in nonallergic subjects.

The volume before decongestion did also tend to be
smaller in allergic subjects than in nonallergic subjects
making the effect of decongestion larger in the allergic
subjects (P=0.08, 56% vs. 42% for the nonallergic sub-
jects; see Fig. 12) (see V; 487).

Similarly, in a study of the response of normal
and allergic subjects to a topical decongestant, the
normal subjects showed an average total (right + left)
percent area change at the minimum cross-section of
15.6%, and the allergic subjects had a percent change of
24.6% (P=0.04) (282). Another study of the deconge-
stant tramazoline also showed a more congested
mucosa in severe perennial allergy than in controls
(nasal volume) and subjectively a more pronounced
effect of decongestion (283).

Nasal challenge and acoustic rhinometry

Nasal challenge may be used to test hypersensitivity (see
the subsection on Rhinitis and hypersensitivity),
allergy, or to investigate effects of drugs, etc. In the
first study using acoustic rhinometry to examine nasal
airway challenge (see VI; 488), 12 allergic and 12
nonallergic subjects were challenged with histamine.
Nasal airway volume and the minimum area were
measured. Different dose-response curves for histamine
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Figure 12. Nasal volume in allergic and nonallergic subjects
before and after decongestion.
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Figure 13. The dose-response curve for histamine challenge in
allergic and nonallergic subjects.

were obtained showing a shift to the left in allergic
compared with nonallergic subjects. No difference was
seen after pretreatment with antihistamine (Fig. 13).

In an increasing number of reports it has been
claimed that topical nasal decongestant may have a
rebound effect. The rebound effect is, according to
some authors, synonymous with the term rhinitis
medicamentosa. The phenomenon has especially been
examined by rhinostereometry in nasal challenge tests
and it has been claimed that the rebound effect may be
seen after only 7 days of treatment with decongestant
nose drops. The phenomenon has been attributed to
increased sensitivity of the nasal mucosa induced by the
active substance itself (agonist) or the preservative
benzalkonium chloride (261).

In the most recent study by the same authors,
acoustic rhinometry and rhinostereometry was used to
evaluate two parallel groups receiving decongestant
nose drops with and without benzalkonium chloride.
The previous results could not be confirmed and in fact
this study showed that the group who received the
preserved nose drops had decreased reactivity to
histamine after 10 days of treatment (284). Treatment
with a nasal steroid in patients suffering from rhinitis
medicamentosa induced increased histamine sensitivity
measured by acoustic rhinometry and rhinostereome-
try, which should indicate that interstitial oedema is an
important factor in rhinitis medicamentosa (285). The
reduction in swelling was faster than with placebo (286).
In another study benzalkonium chloride caused a slight
prolongation of mucociliary clearance shortly after
application but had no detectable effect on nasal
mucosal function after 2 weeks of regular use (287).

In a study, 10 patients with allergic rhinitis under-
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went a unilateral nasal provocation test with 1000
biological units of specific allergen. Acoustic rhinome-
try was performed at 10, 20, 30, 45 and 60 min, and 2
and 8 h after exposure to allergen. The minimum cross-
sectional area and nasal volume were measured and
showed a unilateral early response and a symmetrical
late phase response (288). In a study of 8 patients
suffering from either grass pollen or house dust mite
allergy, congestion in the contralateral nostril to the
challenge side was interpreted as a late-phase reaction
(289). Azelastine showed efficacy in a study of 28
subjects suffering from hay fever after histamine and
pollen challenge measured by acoustic rhinometry and
rhinomanometry (290).

Acoustic rhinometry evaluating treatment of rhinitis

This section covers only studies VI and VII (488, 489)
and other studies concerning the treatment of rhinitis
are mentioned in the subsection on Allergy and asthma.
In the study of 12 allergic subjects (see VI; 488), it was
found that antihistamine (cetirizine) did not have
significant effect on mucosal swelling measured by
acoustic rhinometry during allergen challenge. The
effect was quite clear during histamine challenge.
During both allergen challenge and histamine challenge
there was a clear effect of antihistamine on the
subjective evaluation (VAS) of the histamine-mediated
symptoms sneezing and itching. Therefore, another
double blind placebo-controlled study (see VII; 489)
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Figure 14. The total minimum cross-sectional area during pollen
challenge in 17 allergic subjects pretreated with placebo,

terfenadine or budesonide. Decongestion was performed before
the last 3 measurements.



was performed in 17 patients suffering from hay fever to
evaluate the effect of nasal steroid (budesonide) and
antihistamine (terfenadine) during allergen exposure.
The minimum cross-sectional area and nasal volume
were measured by acoustic rhinometry and the
subjective evaluation by a questionnaire (VAS), every
15 min for 6 h. Olfaction was also evaluated (see the
subsection on Rhinitis and olfaction). The results
showed a significant effect of budesonide on nasal
congestion during pollen challenge. There was a
tendency to an effect for terfenadine for the objective
variables. Furthermore, a tendency to decrease nasal
congestion during budesonide treatment before nasal
challenge was found. This and the findings in studies V
and VI (487, 488), and (282, 283) indicate a tendency
to increased effect of decongestion in allergic subjects,
and that inflammation and hypersensitivity is present
in hay fever patients out of the season. Figure 14
depicts the results of the challenges.

In the same study a high correlation between the
total minimum area and the subjective occlusion score
was found in some subjects exposed to increasing
doses of pollen whereas in others no correlation was
seen. Especially in subjects with ‘small’ noses a good
correlation was found, see Fig. 15.

Rhinitis and olfaction

Impaired olfaction may be an important symptom in
10-15% of patients suffering from hay fever (291).
Until study VII (489) the correlation between nasal
patency and olfactory function or the effect of nasal
steroid on olfaction had not been studied. Later,
another study also found some effect on the olfactory
function in hay fever patients by treatment with local
steroid (292). In study VII (489), the olfactory
function was measured by a triangle olfactometer
determining the olfactory threshold for butanol. The
threshold was determined before, immediately after,
and 1.5h after allergen challenge. A correlation
between nasal cavity dimensions and the olfactory
threshold was found in 7/17 subjects. In these
subjects, benefit of budesonide treatment on olfactory
function was seen during challenge. Another study
also showed correlation between the change in
olfaction and change in nasal dimensions measured
by acoustic rhinometry during corona virus induced
common cold (293). Others using olfactory and event-
related potentials (ERPs) to assess olfaction could not
demonstrate a significant effect of decongestion on
olfaction in acute rhinitis due to common cold despite
a clear effect on the nasal dimensions evaluated by
acoustic rhinometry (294, 295). Similarly, no signifi-
cant correlation was found between olfaction and
nasal patency during allergen challenge (296). A study
of healthy men across the diurnal cycle showed a
weak but statistically significant negative correlation
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Figure 15. The correlation between subjective evaluation of nasal
occlusion and the total minimum area in two subjects with
different ranges of minimum cross-sectional area.

between nasal volume and odour threshold (297). A
study of paired phenylethyl methyl ethyl carbinol
olfactory detection thresholds in 102 patients oper-
ated for chronic rhinosinusitis showed a correlation
between olfaction and increase in nasal volume
measured by acoustic rhionometry (P <0.005) (298).
In conclusion, the olfactory function in hay fever and
other forms of rhinitis may partly be dependent on
the nasal dimensions but inflammation in the nasal
mucosa may be a more prominent factor.

Other clinical uses of acoustic rhinometry and acoustic
reflections

Clinical application

The acoustic reflection technique for determining the
cross-sectional area as function of distance has been
used to investigate different aspects of physiology,
anatomy, and pathology in the upper airways. The
main interest so far has been in surgical procedures in
the nose, and pathological changes in the pharynx and
trachea including snoring, see reviews (299-301).
Acoustic rhinometry seems to have established its
value for different clinical applications in the upper
airways (302).
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Normal anatomy and nasal obstruction

The use of acoustic rhinometry has confirmed the
observation that the minimum cross-sectional area in
the nasal cavity is located anteriorly, in agreement
with pressure measurements which indicate that the
resistive segment of nasal cavity is located in the first
few centimetres of the nasal cavity (218, 303). In some
subjects the minimum cross-sectional area is located at
the nasal valve, in others especially in cases of
turbinate hypertrophy it is the anterior part of the
inferior turbinate (277, 281). Correlation has been
found between the dimensions of the external nose and
the minimum cross-sectional area (304).

Physiological reactions and pharmacological studies

Acoustic rhinometry has been recognized as a method
to study nasal physiology and vascular reactions in the
nose (305). The effect of localized skin cooling has
been studied by acoustic rhinometry. An immediate
reflex shrinkage of the nasal mucosa followed by a
tendency to congest was observed (306). The same
nasal reaction to whole body cooling is seen (307).

The nasal cycle has been examined, but in contrast to
the original studies where a typical reciprocating cycle
was found in 80% of subjects (34); acoustic studies in a
limited number of subjects showed only 25-50% with a
typical cycle (see I; 484) and (308, 309). In another study
of the nasal cycle the subjective feeling of patency was
not related to the volume and cross-sectional area
changes measured simultaneously (310).

The nasal mucosa is affected by posture (311). It has
been shown that the mucosa swells when the posture is
changed from upright to supine position and by reflexes
producing congestion in the ipsilateral nasal cavity if a
lateral pressure is applied to the body (312-316). It is still
discussed whether the patency of one side influences the
other (317, 318).

The concentration of intranasal nitric oxide seems
independent of nasal cavity volume (319). On the other
hand a study using acoustic rhinometry showed that
nasal nitric oxide is not the principal substance
controlling basal nasal patency or acute congestion
following allergen challenge in allergic rhinitis (320).

In the lower airways a tracheobronchial dilatation is
seen during isocapnic hypoxia (321). Nasal deconge-
stants have been evaluated by acoustic rhinometry, as a
simple method to assess the effect of different com-
pounds, dosages, and dosage forms (284, 314, 318, 322).
In a dose-response study of oxymetazoline, acoustic
rhinometry was found to be more sensitive than
rhinomanometry (323). Differences between conven-
tional imidazoline-containing nasal drops were found
with regard to duration of action (324). Another study
also showed equivalent effects on nasal patency of a
single dose of oxymetazoline nasal spray evaluated by
acoustic rhinometry, rhinomanometry, and VAS, in
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normals. The day-to-day baseline variability was less
than 10% in this study (325). A single 60 mg dose of
pseudoephedrine produced significant increases in the
dimensions of the nasal cavity compared to placebo
using acoustic rhinometry, and this is associated with a
reduction in the symptoms of congestion in common
cold (326).

The influence of other compounds delivered through
the nasal mucosa, like octreotide or starch microspheres
(327, 328), has also been examined. The effect of
different neurotransmitters has been studied (305, 329)
and both substance P and calcitonin gene-related
peptide were found to congest the mucosa. A study
found comparable results during nasal challenge with
histamine and bradykinin evaluated by rhinomanome-
try and acoustic rhinometry (237). The efficacy of
antihistamines for nasal congestion has been measured
by acoustic rhinometry in a number of studies (330, 331).
In one study using acoustic rhinometry and rhinoscopy,
topical treatment with furosemide after polypectomy
has been described to effectively hinder reoccurrence
(332). The effect of antibiotics on congestion due to
nasal infection has also been studied by acoustic
rhinometry (333). Findings suggest that a thromboxane
A antagonist ramatroban may inhibit the increase in
nasal mucosal swelling measured by acoustic rhinome-
try during allergen challenge, but has no effect on nasal
mucosal hemodynamics measured by Laser Doppler
(334). A study examining 4 different antiallergic drugs
found good correlation between acoustic rhinometry
and symptom score (VAS) (335). In conclusion, acoustic
rhinometry seems to be a valuable tool in examination of
physiological reactions and pharmacological effects in
the nose. Still, nasal congestion is only one of the
complex responses of the mucosa and is not always
directly related to the feeling of obstruction.

Pharynx

The cross-sectional areas of the pharynx have been
shown to be dependent on lung volume (336-339) and
posture with decreasing size in supine compared with
the upright position (340, 341). Changes in the
pharynx have also been observed after methacholine
challenge although the reasons for this are unknown
(342). Most of the studies with the acoustic reflection
technique in the pharynx have been related to snoring.

Snoring

It has been found that the cross-sectional area of the
pharynx and glottis is smaller in subjects with
obstructive sleep apnoea than in controls, and that
the size of the airway correlates with the frequency of
apnoeas (343-345). In another group of patients with
sleep apnoea syndrome, smaller passage in the nasal
cavities was found (107). Similarly, other studies have
found a correlation between change in the cross-



sectional area of the airways during negative pressure
load or at different lung volumes and the number of
apnoea periods. This suggests a clinical use for
acoustic rhinometry in the examination of subjects
with snoring and sleep apnoea syndromes (346-350).
In snorers with obstructive sleep apnoea compared to
subjects without apnoea, increased compliance of the
pharynx was found and an effect of weight loss in
obese patients has been demonstrated by the acoustic
reflection technique (351-354). In a study of female
snorers, there were no differences in nasal cavity
volume compared with controls, whereas differences
were observed in the body mass index and nasal flow
volume curves (355). After uvulo-palato-pharyngo-
plasty (340) a decrease in compliance is related to
reduction in number of apnoeas. The effect of
continuous positive airway pressure ventilation has
also been examined (356). In an evaluation of
uvulopalatopharyngoplasty using acoustic rhinometry
the authors concluded that no effect was seen in the
epipharynx but was observed in the turbinate region.
This may be due to sound transmission from one side
through the epipharynx to the other side (357). No
correlation between the sleep apnoea index and nasal
dimensions could be found in a study of 76 patients
with sleep apnoea syndrome but without any nasal
complaints (358). Acoustic rhinometry can be used to
exclude major abnormalities in the nose, which may
lead to sleep disorders. The acoustic reflection
technique in its present form has some limitations
for measurements during sleep but modified techni-
ques, e.g. measuring inside a catheter may show to be
useful.

Application in larynx and trachea

One of the first clinical applications of acoustic
reflections has been the examination of the trachea.
Both the glottic area and the cross-sectional areas of
the trachea may change during respiration and
measurements should be done at a fixed Ilung
volume (201, 209). A positive correlation between
tracheal cross-sections and lung volume has been
found and so also to different flow variables in some
subjects (208, 359). Tracheal stenoses have been
measured with acoustic reflections and the results
were in agreement with radiographic evaluation (202).
The effect of laryngotracheoplasty has also been
examined (360). Different mechanical properties or
bronchomotor tone of the trachea has been demon-
strated by different relative hysteresis of the upper and
lower part of the trachea (361). Positive and negative
pressure seems to have approximately the same effect
on the extra thoracic and intra thoracic parts of the
trachea (362). The changes in the cross-sectional areas
of the bronchi during apnoea were found to be more
pronounced in asthmatic subjects than controls, and
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smallest in double lung transplanted subjects. This
could be abolished by ipratopium in asthmatic subjects
indicating a higher airway tone in these subjects (363).
The tracheal distensibility in patients with cystic
fibrosis is probably increased whereas the size does
not differ from normals (364).

Nasal surgery and acoustic rhinometry

Acoustic rhinometry has been employed to evaluate
the effect of different kinds of nose surgery (365, 366).
The effect of septoplasty has been demonstrated
(367-371). Results suggest that patients with the
smallest preoperative minimum cross-sectional areas
have the subjectively best effect of the operation (367).
Despite this, large-scale studies should be performed
to test the ability of acoustic rhinometry in the
preoperative evaluation of the patients to anticipate
the results of an operation. A new laser-assisted
septoplasty technique has been evaluated in 120
patients (372). Both acoustic rhinometry and nasal
peak flow are recommended for evaluation in relation
to septoplasty (373). Turbinoplasty seems to induce a
reduction of tissue or a scarring in the mucosa that
normally can be decongested (281, 368, 374, 375)
which can be seen as a reduction of the decongestant
capacity of the mucosa evaluated by acoustic rhino-
metry. Acoustic rhinometry has been used comple-
mentary with other methods to examine different
surgical procedures for turbinate hypertrophy (376,
377). A follow-up examination 5 years after septo-
plasty and turbinoplasty showed significantly reduced
dimensions in the nasal cavity and that only 40% of
the patients were satisfied with the result (378).
Another study concluded that the value of acoustic
rhinometry is limited because negative effects were
seen after septoplasty and there was a lack of
correlation between symptoms and objective measures
in this selected group of patients (379). On the
contrary, others have found acoustic rhinometry
useful. They show that postrhinoplasty obstructed
patients still have smaller nasal dimensions than
normals despite an increase in cross-sectional area
(380). A good correlation was found between objective
and subjective results in a study of 24 patients
operated for septal deviations (381). A study of 50
patients with septal deviations and 15 controls showed
that both rhinomanometry and acoustic rhinometry
were able to detect anterior deviations but more
uncertainty appears in the posterior part of the nasal
cavity (382).

In postoperative care, acoustic rhinometry has been
used to study the effect of different nasal packings
(383). An important finding by acoustic rhinometry is
that reduction rhinoplasty also reduces the nasal
valve area with the risk of inducing breathing
problems (384). This has also been shown in a
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cadaver study and seems to be related to the
detachment of the bony vault from the surrounding
structures (385). Lateral rhinotomy has been shown
to have negative effects on the nasal patency (386).
Some authors find acoustic rhinometry very useful in
maxillary osteotomy to relieve obstructive sleep
apnoea and in cleft palate patients to identify
obstructions and evaluate  operative  results
(387-392). As expected, rhinomanometry was more
sensitive than acoustic rhinometry to demonstrate
changes due to operation for nasal valve collapse
(393).

Occupational medicine and acoustic rhinometry

Inhalation of pollutants, gases, and particles may
affect the congestion of the nasal mucosa, which can
be monitored by acoustic rhinometry. Inhalation of
diethylamine had no acute congestion effect on the
nasal mucosa evaluated by acoustic rhinometry and
rhinomanometry (394). The deposition of particles in
the nasal cavity in relation to nasal cavity dimensions
has also been described (65). Acoustic rhinometry was
employed to study the effect of an increasingly used
solvent, N-methyl-2-pyrrolidone (NMP). No signifi-
cant effect was found neither on the nasal airway nor
on the eyes or lower airways examined by other
methods (395). A dose-response study of N,N-
dimethylbenzylamine (DMBA) showed no significant
symptoms or nasal congestion evaluated by acoustic
rhinometry but an increase of eosinophils in the nasal
lavage (396). Similarly, a study of methyl tertiary
butyl ether (MTBE) and related compounds did not
cause any dose-response effect measured by nasal
lavage, acoustic rhinometry, tear film break up time,
etc., although a minor effect was seen simply due to
challenge (397-399). A study of nitrous acid (HONO)
did not show any effect detectable by acoustic
rhinometry (400). Swine dust challenge clearly
induced mucosal swelling measured by acoustic
rhinometry and the response correlated with an
increase in IL-8 in nasal lavage fluid (401). No
effect using acoustic rhinometry measures, nasal
lavage or lung function was seen by the use of
active charcoal filters, and a particle filter, though
there was clear reduction of the intensity of symptoms
induced by diesel exhaust (402). In Swedish schools
with poor indoor environment due to low ventilation
and higher bacterial counts in air samples, nasal
lavage from personnel showed higher cytokine
activity and acoustic rhinometry revealed swollen
nasal mucosa (381, 403, 404). Acoustic rhinometry
has also been used in similar studies of hospitals
(405). Exposure to passive smoking and increased
body mass were predictors of reduced nasal volume in
children 7-12 years old (406).
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Measurements in children

Acoustic rhinometry has been used in newborns (407)
and preschool children (408) to evaluate the normal
nasal cavity dimensions. A study of 183 Asian children
1-11 years old found a correlation between age and
the size of the minimum cross-sectional area (409). The
dimensions in the nasal cavity have been examined in
12-year-old children with congenital deviation of the
nasal septum indicating that the septum may
straighten during growth (410). Decreased nasal
volume was found in children with oral breathing
(411). Acoustic rhinometry has also been used in
preliminary studies to demonstrate changes in the
volume of the nasopharynx after adenoidectomy (412)
and the response of the nasal mucosa to histamine
challenge (413). Some 101 patients aged 2-13 years
were examined preoperatively prior to adenoidectomy,
to evaluate the predictive value of acoustic rhinometry.
As a single examination it had a low but significant
predictive value of the severity of obstruction due to
adenoids evaluated by the surgeon intraoperatively.
Using logistic regression and combining the parents’
scores of obstruction, snoring, and mouth breathing, a
high predictive value with regard to the decision to
operate was found (414). Another study showed
reduction of congestion in the nasal cavity after
adenoidectomy indicating a sustained effect of the
adenoids on inflammation in the upper airways (415).
Some authors find that acoustic rhinometry is a
sensitive method to detect adenoids (416) while others
are unable to separate subjects with adenoids and
controls (417). Acoustic rhinometry may also be a
useful nonendoscopic technique to evaluate the nasal
airway in the stridorous child (418).

Acoustic rhinometry has been compared with rhino
hygrometry (a method for determining the size of
condensed air on a cold plate in front of the nose) in
15 children to examine the nasal cycle. In children with
a regular classical cycle (80%) high correlation was
found between the two methods, which was lower
looking at all data. It was concluded that acoustic
rhinometry is the method of choice to investigate
physiological changes in nasal congestion in children
and that the nasal cycle has equivalent patterns in
children and adults (419). Due to the uncomplicated
and noninvasive nature of the technique, it may prove
to be a useful tool in examination of the airways in
children although the equipment has to be adjusted to
obtain optimal results (420, 421). Some artefacts may
occur, but model examinations provide the means to
optimize the system (421, 422), keeping in mind that
the results may only be valid for the specific set-up.
The application of acoustic rhinometry in children has
especially been examined by Djupesland (423). The
continuous acoustic method was used but the results
of this technique do principally not differ from the



results of other techniques like the one described in the
section on Acoustic rhinometry. The modified method
for use in children has been validated in model studies
and in a CT examination of 5 children with congenital
malformation (choanal atresia) (424-426). In a study
of 94 newborn infants correlation between the nasal
dimensions and the circumference of the head was
found (427). The results confirmed what has been
found earlier (407). Re-examination of 39 of the 94
infants showed that the total minimum cross-sectional
area increased by 67% (0.21 to >0.35 cm?) during the
first year of life. A significant difference in nasal
volume in a subgroup of children with nasal conges-
tion compared to the rest was found (428). No effects
were seen on respiratory mechanics by closure of one
nostril measured as the compliance and resistance of
the total respiratory system (closure of one nostril
reduced the total minimum cross-sectional area in the
nose by more than 50% measured by acoustic
rhinometry) (429).

Measurements in laboratory animals

Previously, assessment of changes in congestion of the
nasal cavity in guinea pigs was primarily done by
passive rhinomanometry or other flow methods.
Guinea pigs are used in development of drugs and
acoustic rhinometry, as a noninvasive method for
objective assessment of the nasal passage, seems to be
valuable (430, 431). Examinations in models and
correlations with rhinomanometry confirm a reason-
able accuracy if the equipment is modified and
optimized for measurement of the small dimensions
(432). The effect of an antiallergic drug has been
examined (433). Based on a receptor binding assay and
measurements by acoustic rhinometry, it is suggested
that sensitization with allergen increases the number of
histamine H1 receptors. The increased number of H1
receptors in the nasal mucosa of sensitized guinea pigs
may be one of the causes of nasal hyperresponsiveness
to antigen (434, 435). The vascular effects of sensory
peptides have also been examined (436).

The paranasal sinus and acoustic rhinometry

The paranasal sinuses may influence the evaluation of
the nasal cavity by acoustic rhinometry (see 1V; 486)
(211). Acoustic rhinometry has been used to describe
the effect of various fenestrating operations (365, 438)
although one study did not find acoustic rhinometry
able to detect any effect of inferior meatal antrostomy
(438). Acoustic rhinometry has also been recommended
along with other methods for evaluation of the nasal
function in relation to sinus disorders (439, 440). Here,
a modification of the technique may give valuable
information about the ostia and sinuses but further
research is necessary.
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Palyps

The effect of medical and surgical treatment of nasal
polyps are easily demonstrated by acoustic rhinometry
(441-444). A reasonable correlation between the
amount of polyp tissue during polypectomy and the
change in acoustic volume has been found in 20 subjects
(445). In a study, 20 patients with recurrent nasal
polyposis but without any history of aspirin sensitivity
were examined. 2000 micrograms of intranasal lysine
aspirin was administered to one nostril and saline to the
other, once a week for periods of up to 15 months. This
had a preventive effect on reoccurrence of the polyps
evaluated by acoustic rhinometry and rhinoscopy (446).

Allergy and asthma

An expiratory glottic widening has been demonstrated
in asthmatic subjects during exercise-induced bronch-
oconstriction (447). In exercise-induced asthma the
expected reduction in bronchial areas could be detected,
whereas an intrathoracic tracheal dilatation was seen in
both asthmatic and normal subjects during exercise
(448). Changes in pulmonary function evaluated by, e.g.
FEV1, may not necessarily reflect the change in all
segments of the airways. Histamine does not seem to
affect the trachea whereas LTC4 and methacholine
induce a constriction (449). Differences have also been
found between various bronchodilators (450) and
among asthma patients (451).

Acoustic reflections have been used to evaluate the
allergen challenge effect (see VI and VII; 488, 489) and a
late phase reaction in the nasal cavity has been
described. However, the interpretation of the results
of the study (289) can be discussed because of the
influence of the nasal cycle during unilateral challenge.
A study of 5 allergen challenged subjects concluded that
acoustic rhinometry can quantitatively assess conges-
tion during immediate and late-phase reactions without
significant correlation to the degree of individual
inflammatory events assessed (452).

Acoustic rhinometry and anterior rhinomanometry
showed significant correlation in an allergen challenge
study, but acoustic rhinometry was found superior to
rhinomanometry especially in the evaluation of initial
nasal blockage (453). Acoustic rhinometry was com-
pared with nasal inspiratory peakflow in a nasal
provocation test with allergen and was found equally
sensitive though acoustic rhinometry was superior
because it is less dependent on the subject’s coopera-
tion (454). In another study, nasal peakflow measure-
ments were found to be more sensitive than acoustic
rhinometry and rhinomanometry (455). The specifica-
tions of the acoustic rhinometer used in that study
would probably not fulfil later requirements. Also a
combination of measurements of nasal secretion and
acoustic rhinometry or rhinomanometry has been
recommended (456). A study found that changes
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measured by acoustic rhinometry and rhinomanome-
try were comparable in histamine and bradykinin
challenge but acoustic rhinometry was more user-
friendly (237, 457). Other studies find acoustic
rhinometry very suitable for histamine and allergen
challenge (458-461) and along with rhinomanometry
to monitor the effect of local nasal immunotherapy
(462).

Others had less success in using acoustic rhinometry
in a cat allergen challenge (463) but the way of dosing
the allergen may also be an important factor here. A
study found that hypertonic saline nasal provocation
stimulates nociceptive nerves, substance P release, and
glandular mucous exocytosis in normal humans but no
effect was seen on the nasal cavity volume measured
by acoustic rhinometry (464). The timing between
nasal congestion during allergen challenge and the
presence of the high-affinity IgE receptor (Fc epsilon
RI) has also been examined (465). Rhinitis during
pregnancy has been described in a number of studies
but no single factor has been established as responsible
for increased rhinitis symptoms during pregnancy. A
study showed increased presence of house dust mite
allergy but no significant difference from (pregnant)
controls measured by the susceptibility to histamine
(rhinostereometry and acoustic rhinometry) (466). This
is similar to earlier reports (467). Furthermore, neither
nasal peakflow measurements nor acoustic rhinometry
could prove any correlation between the menstrual
cycle and nasal congestion (468). Acoustic rhinometry
was used to show that capsaicin de-sensitization of the
human nasal mucosa reduces vascular effects of lactic
acid and hypertonic saline (469). Capsaicin desensiti-
zation of the nasal mucosa reduces symptoms after
allergen challenge in patients with allergic rhinitis, but
no effect was found on nasal swelling measured by
acoustic rhinometry or eosinophilic migration (470).
Acoustic rhinometry has been used in a number of
experimental studies in allergy but until now, similar
to other methods for evaluation of the nasal passage in
allergy, acoustic rhinometry is not used routinely in
daily clinical work.

Other applications

Acoustic reflections have been used to test the
longitudinal area profile of endotracheal tubes (471)
and also to test musical instruments (204).

In a pilot study (cross-over) of 13 patients suffering
from nonallergic rhinitis treated with acupuncture, and
two placebo controls (sham acupuncture and mock
electrical nerve stimulation), an improvement was found
on the minimum cross-sectional area (472). The effects
of the Breathe Right nasal strips and other dilators
(Airplus), which are used to decrease the nasal
resistance, were examined by rhinomanometry and
acoustic rhinometry. They showed equivalent significant
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increases in conductance and minimum cross-sectional
area (473-476). Similar results were seen in 53 athletes
where an increase in the nasal valve area by means of the
nasal strip was demonstrated using acoustic rhinometry
(477). Acoustic rhinometry has been used in a case
report to examine the facial development in a pair of
twins, one of them suffering from trauma to the nose
(478).

The nasal pressure-volume relationship has been
evaluated after congestion with histamine and decon-
gestion with oxymetazoline. The compliance of the
nasal mucosa is changed during decongestion espe-
cially at the anterior part to the turbinates but seems
to be unaffected by congestion due to histamine (479).
It has been correctly stressed in a paper that follow-up
after surgery for nasal tumours is not an area where
acoustic rhinometry should be used (480). A study
indicates that acoustic rhinometry is capable of
detecting changes in velar positioning during ‘silent’
speech (481). Other applications of acoustic rhinome-
try are of course possible but further validation may
be necessary.

Conclusion and future aspects of acoustic rhinometry

Acoustic rhinometry was introduced in 1989 after the
technique for measuring the area—distance function by
acoustic reflections in the lower airways had been
known for more than 20 years. During the first decade
of the nasal application more than 250 papers have
been published indicating increasing interest in the
technique. This may also be due to increasing demands
from patients, doctors, and authorities to objectively
document the effects of treatment and ensure correct
diagnosis.

Our own validation of the acoustic reflection tech-
nique for use in the nasal cavity (see I-1V; 483— 486)
has demonstrated reasonably good correlation of the
area—distance function obtained by acoustic rhinome-
try with the area—distance function obtained by other
methods, e.g. CT and MRI. Despite theoretical
assumptions not being completely fulfilled, acoustic
rhinometry will in most instances give a valid result at
least for the first 5-6 cm into the nasal cavity. The
concerns of errors due to a constriction in the anterior
part of the nasal cavity do not seem to be a problem at
least in normal subjects. In the posterior part of the
nasal cavity and the epipharynx, the paranasal sinuses
may influence the measurement. Further studies are
necessary to clarify the problems of ‘sound loss’ to the
paranasal sinuses and the contralateral side. It may
be possible to compensate for these losses and
probably also get valuable information of the function
of the sinus ostia. In this thesis the importance of
calibration and checking the equipment has not been
discussed particularly but it is worthwhile stressing



that calibration and checking the set-up are necessary
for satisfactory results. Fundamental rules, applicable
to almost every measuring technique, such as daily
checks of the equipment and training of operators are
also important factors despite the simplicity of use of
the equipment. Since congestion of the nasal mucosa
shows considerable variation and is easily influenced
by numerous factors, a standardized operating proce-
dure that includes an acclimatization period will also
enhance the ‘quality’ of measurements.

Guidelines for system usage and methods to obtain
optimal results have recently been published (272,
482). The present equipment can technically be further
improved and lead to better results. In conclusion,
validation of the acoustic reflection technique for use
in the nasal cavity — acoustic rhinometry — has proved
that area—distance functions in the nose can be
obtained with acceptable accuracy (5-10%) and
reproducibility (5-10%) with the present technique
(272). Further validation and improvement of the
equipment are needed to ensure better results from the
posterior part of the nasal cavity and epipharynx.
Revision and improvement of guidelines are also a
natural part of a continuous process.

Despite acoustic rhinometry having been used in
many different aspects of rhinology, major studies or
meta-analyses are still needed to establish ‘normal
values’ in the population and confidence limits to
assess values from individuals. These confidence limits
may not be able to very strictly divide subjects into
two groups: healthy and diseased, since the feeling of
nasal obstruction depends on other factors than nasal
cavity dimensions alone. It is affected by different
factors, e.g. pressure receptors, thermal receptors, pain
receptors, and other symptoms like secretions. Even a
relatively low correlation between objective and sub-
jective evaluation is no reason for omitting objective
testing in diagnostics as well as evaluation of treatment
effects.

Though current clinical use is still limited, some
centres use acoustic rhinometry in all rhinologic
patients.

In the allergic patient (see V-VII; 487-489), larger
spontaneous variations in nasal mucosal congestion
out of the season have been found compared to
normals. Furthermore, allergic subjects were also
found more sensitive to histamine than nonallergic
subjects and treatment with nasal steroid inhibited a
nonspecific inflammation. Increased histamine sensi-
tivity seems to be only a part of nasal hypersensitivity,
and the nasal histamine challenge test cannot be used
as a stand-alone test for nasal hypersensitivity.

Nasal cavity dimensions may affect olfaction in hay
fever patients during allergen challenge but inflamma-
tion is also an important factor. Still, many aspects of
nasal hypersensitivity and especially the relation to
olfaction are unknown. Acoustic rhinometry will most
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likely continue to prove its value in the future as a tool
in rhinology and upper airway diagnostics, research, in
evaluation of treatment effects and not only as a tool
for article writers.

Summary in English

Introduction: Nasal congestion is an important
symptom in many diseases of the upper airways.
Nasal congestion may also affect personal well-being
and quality of life. Furthermore, as the nasal mucosa
is the first part of the airways in contact with the
environment, objective evaluation of nasal congestion
or nasal patency is important. Systematic evaluation
of nasal patency was described in the last part of the
19th century by Zwaardemaker. Measurement of the
pressure drop over the nasal cavity at a passive flow
has been described in 1903 by Courtade and is one of
the first descriptions of rhinomanometry. The
technique is still in use and computer technology has
made the measurements much easier but the method
has not yet been accepted for wide clinical use.

Methodology: Acoustic methods have also been used
for evaluation of nasal patency. A qualitative method
was the hum-test by Spiess (1902), where external
occlusion of the nonoccluded side of the nasal cavity
is experienced as a change in the timbre of the sound
during humming. Acoustic reflections have been used
in geophysical investigations especially with regard to
search for oil. The use of acoustic reflections from the
airways gained special interest in 1960-70 for
determining the geometry of the vocal tract shape
with regard to speech reconstruction. A method
described by A. Jackson (1977) was adopted and for
the first time applied to the nasal cavity. The method
for determining the cross-sectional area as function of
distance in the airways by acoustic reflections is
relatively simple. The incident sound impulse or
pseudorandom noise in the audible frequency range is
compared with the response — the reflections from the
airways. Intuitively, if the size of the entrance to the
airways is known, the size of the reflections may
represent changes of the airway size and the time
between reflections may give the distance between the
changes, dependent on the speed of sound. In this
way it is possible to determine the area as function of
distance in the airways. The technique has some
assumptions and the major effort has been to validate
use in the nose and elucidate aspects with regard to
sound loss in the airways and resolution. Therefore,
the acoustic reflection technique — named acoustic
rhinometry — was compared with other methods like
MRI, CT, and rhinomanometry. Allergic and
nonallergic subjects were also compared.
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Results: Acoustic rhinometry showed reasonable
correlation with CT in a cadaver and in 10 subjects in
comparison with MRI for the first 6 cm of the nasal
cavity. Models based on MRI scannings of subjects
also showed good correlation for the first 6 cm of the
nasal cavity. Posteriorly in the nasal cavity and the
epipharynx, differences were found mainly due to
‘sound loss’ to the paranasal sinuses. Sound loss due
to viscous loss or friction at increasing surface/area
ratio (the complex geometry in the nose) and loss due
to nonrigidity of the nasal mucosa were also
examined. Neither of these factors affected the
area—distance  function  significantly.  Acoustic
rhinometry seems to reflect the area—distance function
in the nose reasonably accurately. In allergic subjects
acoustic rhinometry has been used to evaluate
hypersensitivity. More pronounced spontaneous
variation in nasal mucosa congestion was found in
patients suffering from hay fever compared to
nonallergic subjects. Furthermore, a tendency to a

more swollen mucosa in the allergic subjects
compared to the normal state, and increased
sensitivity to histamine was found. This and

reduction in swelling of the mucosa in allergic
subjects during nasal steroid treatment out of the
pollen season indicate an ongoing inflammatory
process or hypersensitivity in allergic subjects out of
the pollen season. During allergen challenge the
change in nasal cavity dimension as well as
inflammation may affect olfaction in hay fever
patients.

Discussion: Acoustic rhinometry has not only been
used to examine hay fever patients but in many
different aspects of rhinology. Since the introduction
of the acoustic reflection technique in the nose more
than 250 papers using the technique have been
published. Most of the papers find the technique
valuable for evaluation of nasal patency. Fortunately,
some critical papers have drawn attention to some
practical aspects of the technique. Standard operating
procedures, and calibration checks as well as training
of operators will enhance the accuracy and
reproducibility of results.

Conclusion and perspectives: A decade after its
introduction acoustic rhinometry is a well-established
method for evaluation of nasal patency, but further
improvement can be obtained by continued validation
and adjustments of the technique.

Summary in Danish

Introduktion: ‘Tilstoppet nese’ er et vigtigt symptom
ved mange sygdomme i de ovre luftveje. Tilstoppet
nese kan ogsa pavirke det personlige velvere og
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livskvaliteten. Desuden er naseslimhinden luftvejenes
forste kontakt med omgivelserne, hvorfor en objektiv
vurdering af tilstoppethed eller nasal passagen er
vigtig. Systematisk vurdering af nasal passagen er
beskrevet af Zwaardemaker i den sidste del af det
nittende arhundrede. Malinger af trykfaldet over
naesehulen ved et passivt flow er beskrevet i 1903 af
Courtade og er den forste beskrivelse af
rhinomanometri. Denne teknik anvendes stadig og
den moderne computerteknologi har gjort malingerne
nemmere, men metoden anvendes dog ikke klinisk i
serlig vid udtrekning.

Metoder: Akustiske metoder har ogsa veret anvendt
til vurdering nasalpassagen. En semikvantitativ
metode er beskrevet af Spiess i 1902. Ved udvendig
obstruktion af et nasebor vil lyden fra det modsatte
nesebor @ndre kvalitet, nar personen nynner,
afh@ngig af i hvor hegj grad naseboret er obstrueret.
Akustisk refleksion har veret anvendt til geofysiske
undersogelser, specielt olieforekomster. Brugen af
akustisk refleksion i luftvejene samlede
opmarksomhed 1 arene 1960-70 hvad angar
strubehovedets  bevagelser 1 forbindelse med
talegenkendelse. En metode beskrevet af A. Jackson i
1977, blev i 1989 for forste gang anvendt pa
nasehulen. Metoden, der kan bestemme tvearsnits-
arealet som funktion af afstanden ind i nasehulen ved
hjelp af akustiske refleksioner er relativ simpel. Et
horbart lydsignal sendes ind 1 luftvejene og
sammenlignes med det reflekterede signal. Intuitivt,
vil storrelsen af det reflekterede signal vere et mal for
@ndringer i storrelsen af luftvejen og tiden vil vere et
mal for afstanden til &ndringen, nar lydhastigheden
kendes. Hermed er det muligt at bestemme
tveersnitsarealet som funktion af afstande i1 luftvejene.
Teknikken har visse forudsetninger og den sterste
indsats ved n@rverende arbejde har veret at validere
brugen af teknikken i nasen og klarlegge lydtab og
metodens oplesningsevne. Derfor blev den akustiske
refleksions  teknik, for anvendelse 1 nesen,
sammenlignet med andre metoder s& som MRI, CT,
og rhinomanometri. Allergiske personer blev
sammenlignet med ikke-allergiske personer.

Resultater: Akustisk  rhinometri  viste  rimelig
korrelation med CT i et kadaver og hos 10 personer
med MRI i de forste 6 cm af nasehulen. Modeller
baseret pa MRI-scanninger af personer viste ogsa god
korrelation for de forste 6 cm. Bagtil i n@sehulen og i
nesesvalget blev der fundet afvigelser primert pa
grund af lydtab til bihulerne. Lydtab pa grund af
viskest tab eller friktion ved tiltagende omkreds/areal
ratio (kompleks geometri i naesehulen) og lydtab som
folge af, at naseslimhinden ikke opferer sig som en
hard veg synes ikke at have vesentlig betydning.



Akustisk rhinometri synes at reflektere areal-afstands
funktionen i nasen rimeligt ngjagtigt. Hos allergiske
personer har akustisk rhinometri veret anvendt til at
vurdere en oget folsomhed af slimhinden. Sterre
spontan variation blev fundet hos personer med
hofeber i1 forhold til normale. Desuden var der
tendens til at slimhinden var mere havet og der var
gget histamin folsomhed ved provokationstest. Dette
og en afsvulmende effekt af lokal steroid behandling
indikerer en igangvarende inflammatorisk proces og
hyperreaktivitet hos allergikere uden for
pollens@sonen. Ved allergenprovokation kan savel
@ndrede dimensioner som den inflammatoriske proces
pavirke lugtesansen hos hefeberpatienter.

Diskussion: Akustisk rhinometri har ikke kun veret
anvendt til at undersegge hefeberpatienter men ogsa i
en rekke andre sammenhange i rhinologien. Siden
introduktionen af akustisk rhinometri er der i lobet af
en dekade publiceret mere end 250 artikler hvor
metoden har varet anvendt. Mange finder metoden
verdifuld ved undersogelse af nasalpassagen. 1
kritiske artikler er der gjort opmeerksom pa nogle
praktisk betydningsfulde aspekter. Selvom metoden er
ganske simpel at anvende vil faste procedurer ved
maling og check af systemets funktioner, samt
oplering af brugere i malingerne oge nejagtigheden
og reproducerbarheden.

Konklusion: En dekade efter introduktionen er
akustisk rhinometri en veletableret metode til
vurdering af nasal passagen men yderligere
forbedringer kan opnas ved fortsat validering og
justering af teknikken.
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