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Summary

Background Acoustic rhinometry (AR) is commonly used as a quantitative assessment of nasal
response to nasal allergen challenge (NAC). However, sources of error and physical limitations of
various AR area—distance measurements have not been adequately evaluated.

Objective To investigate the clinical value of AR measurements, and the relationship between
subjective sensation and objective AR measurements in the NAC study.

Methods Nasal challenge using increasing concentrations of crude Blomia tropicalis (Bt) extracts
(0.6, 6, and 60 ug/mL) was performed in 15 adult patients (eight males and seven females) with
ongoing persistent allergic rhinitis. Subjective symptom scores of nasal obstruction were recorded
together with the objective AR measurements of the minimum cross-sectional area (MCA), distance
to MCA and cross-sectional area (CSA) at 3.3, 4.0 and 6.4cm from the nostril, during the 7h after
the last challenge.

Results The dose-response increase in nasal obstruction score was significantly (P<0.001 for all)
associated with decreases in mean MCA (r = 0.75), mean CSA3.3 (r = 0.54), mean CSA4.0 (r = 0.53)
and mean CSA6.4 (r = 0.20). The mean MCA (& SD) for each subjective symptom score 0, 1, 2 and
3 was found to be 0.73 (£ 0.22)cm?, 0.63 (£ 0.29)cm?, 0.33 (£ 0.17)cm? and 0.21 (£ 0.14)cm?,
respectively. When the MCA (left and right separately) reached an area <0.2cm?, measurements of
CSA3.3 and CSA4.0 were significantly reduced by 60-70%.

Conclusion This study demonstrates that AR is a useful and objective investigational tool, which
correlates well with the sensation of nasal obstruction. MCA, CSA3.3 and CSA4.0 are more reliable
measurements than CSA6.4 due to physical limitations. It is important to note that when the MCA is
smaller than 0.2cm?, a common condition in the early-phase reaction, area—distance measurements

beyond this point can be misinterpreted and should be considered with caution.
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Introduction

Nasal allergen challenge (NAC) is a valid and reliable tool for
studying the pathophysiological mechanisms involved in
allergic inflammation [1]. Nasal obstruction is one of the car-
dinal symptoms of allergic rhinitis. Therefore, subjective and
objective measurements of nasal obstruction are essential in
the assessment of quantitative nasal responses to allergens.
Acoustic rhinometry (AR) measures cross-sectional areas
(CSAs) and the volume of the internal nasal cavity, which
helps to define objectively the structural pathologies of the
nasal passage [2]. In the literature, AR has been commonly
used in nasal challenge studies with allergens or mediators
(i.e., histamine) [3-9]. Several topographical measurements of
the AR area— or volume—distance have been introduced, such
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as minimal cross-sectional area (MCA), distance to MCA,
CSA at 3.3, 4.0 and 6.4cm from the nostril. Although each
measurement is suggested to represent a distal dimension of
the nasal cavity, there is no uniform agreement among experts
on the value and significance of each measurement in respect
to nasal cavity dimension. In addition, possible errors and
physical limitations of AR measurement due to the natural
structure of nasal cavity and sinuses, and constriction in the
nasal valve area have been observed in laboratory nose
models, but not in the human nose [10—12].

In this study NAC using house dust mite Blomia tropicalis
(Bf) was performed in patients with persistent allergic rhinitis
(PAR). AR was performed, and the subjective sensation of
nasal obstruction was recorded, during the early- and late-
phase reactions after NAC. The aim of this study was to
investigate the quantitative value and possible errors of var-
ious AR distance—area measurements in patients who expe-
rienced subjective symptoms varying from no obstruction to a
maximal nasal obstruction caused by NAC. We assessed the
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relationship between the patient’s subjective sensation and
objective AR measurements in various nasal conditions.

Methodology

Study patients

Fifteen adult patients (eight males and seven females) between
21 and 44 years of age (mean age of 28.4 years) with ongoing
PAR were recruited. Their sensitization to Bt was confirmed
by a positive skin prick reaction. The patients had no acute
nasal symptoms and had not taken any medication during the
previous 2 weeks (at least 30 days for any nasal or systemic
corticosteriods). A written informed consent was obtained
from each subject. Approval to conduct this study was
granted by the National Medical Research Council of
Singapore and the Institutional Review Board of the Medical
Faculty of The National University of Singapore.

Crude extract of Bt

Crude extract of Bt was prepared from cultured mites, as
described previously [13]. In brief, the mites were harvested
when the culture was approximately 4 weeks old. The mite
culture was separated through a series of 500 and 125um
sieves, by using a mechanical sieve shaker. Mites with sizes
greater than 120 um were transferred to a modified Tullgren,
which was built up of five layers of gauze on a funnel that was
attached to a 15mL Falcon tube. A 60 W bulb was applied at
a distance of 15cm from the culture medium for 4 h. Most of
the mites in the medium crawled through the gauze and down
into the tube. Mites that remained in the funnel were then
swept into the tube using a tiny soft brush after the gauze was
removed. One gram of frozen or lyophilized mites was
homogenized using a pestle and mortar in the presence of
liquid nitrogen. Twenty-five millilitres of phosphate-buffered
saline (PBS), 2 mM phenylmethyl-sulphonyl fluoride (PMSF)
and ImM EDTA was used for protein extraction at 4°C
overnight. After centrifugation at 15000g for 15min, the
supernatant of the extract was dialyzed overnight at 4°C
against PBS.

Nasal allergen challenge

The NAC was carried out in a double-blind manner using
nasal spray, one puff (0.04 mL of allergen solution) per nostril
[14, 15]. The study subject was asked to be in complete apnea
during spraying. This precaution would prevent the provoca-
tion extract from entering the lower airway. The NAC was
started by using PBS (diluent of allergen extract) and then
subsequently increasing concentrations of Bt extracts; 0.6
pg/mL (low), 6 pg/mL (medium) and 60pg/mL (high) at
intervals of 15min. Subjective and objective symptoms were
collected as a baseline, 15 min after each nasal challenge and
at 30min, 1, 3, 5 and 7h after the last challenge in order to
study the early- and late-phase reactions. After a washout
period of at least 2 weeks, six of the patients underwent an
identical challenging procedure with only PBS as a control.

Subjective symptoms of nasal obstruction

Nasal obstruction was recorded using a symptom severity
scale: 0 =none: no obstruction evident; 1 = mild: symptom

clearly present but minimal awareness; 2 = moderate: definite
awareness of symptom which is bothersome but tolerable;
3 =severe: symptom is hard to tolerate and interferes with
activities of daily life/sleeping.

Measurement of AR

A SRE 2100 acoustic rhinometer (Rhinometrics A/S, Lynge,
Denmark) was used to measure the nasal geometry. It was
performed according to the standard procedure as described
in our previous reports [16, 17]. Briefly, the subjects sat up-
right in an armchair, with the head properly supported, and
breathed quietly through the mouth. An appropriately sized
adapter was selected according to the shape of the subject’s
nostril. Every test consisted of three consecutive measure-
ments of each side of the nasal cavity. The following CSA
measurements were recorded:

MCA: the minimal CSA at 1-5cm from the nostril.
Distance (cm) to MCA from the nostril.

CSA at 3.3, 4.0 and 6.4cm from the nostril, representing
the anterior end of the inferior turbinate, the mid-portion
of the inferior turbinate that has the most abundant
erectile tissue component, and the posterior nasal cavity
[2, 18, 19].

Mean values of the above measurements (right and left);
MCA (mMCA), distance to MCA and CSA (mCSA3.3,
mCSA4.0, mCSA6.4) were calculated.

Statistical analysis

A repeated measurement analysis was performed to assess the
time trend of the responses and mean differences between the
mite-challenge subjects and controls taking into account the
group X time interactions. Coefficient of variation (CV) was
used to compare the variability of the area—distance meas-
urements at each CSA over time.

Spearman’s correlation was applied to investigate the
relationship between variables of AR area—distance measure-
ments and subjective symptom scores.

Results
All study subjects completed the study.

Subjective nasal symptoms

Figure 1 shows the mean nasal (+ SD) symptom scores before
and after NAC with control solution (PBS) and Bt. There was
a dose-response increase in nasal obstruction score after Bt
challenges with a maximal blockage (mean score of 2.33 +
0.25) at 30min after challenge. There was a significant
difference (P = 0.025) between the two groups with the study
subjects experiencing a significant change over time (P = 0.011)
but not the controls (time x group interactions, P = (0.002).

AR area—distance measurements

Figure 2 shows the mean (4 SD) of MCA, distance to MCA,
CSA3.3, CSA4.0 and CSA6.4 measurements at different time-
points after nasal challenge with Bt and control solution. For
mMCA, mCSA3.3 and mCSA4.0, reduction of CSAs after
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Mean subjective score

Time of measurement

Differences between case and control: P=0.025
Time trend: P=0.011
Time & group interaction: P=0.002.

Fig. 1. Mean subjective symptom score of nasal obstruction before and
after Blomia tropicalis (Bt, n= 15) and control (phosphate-buffered saline
(PBS), n=6) challenge.

1.5

Mean MCA (cm?2)

Distance of MCA (cm)

Mean CSA3.3 (cm?2)

Mean CSA4.0 (cm2)

Mean CSAG6.4 (cm2)
(3]
1

RN

Time of measurement

Fig. 2. Mean values ( + SD) of minimum cross-sectional area (MCA),
cross-sectional area (CSA)3.3, CSA4.0 and CSA6.4 after nasal challenge
with house dust mite Blomia tropicalis (Bt, n=15) and control solution
(phosphate-buffered saline (PBS), n= 6).

nasal challenges with Bt are confirmed by statistically signifi-
cant differences as compared with control challenge, as well
as time trend and time x group interactions (Table 1). Max-
imal reduction of mean MCA (0.26 cm?) is associated with the

maximal increase of mean distance to MCA (2.86cm) at
30 min after NAC.

CV at different CSAs is shown in Table 2. The variation at
mCSA6.4 is more varied as compared with the other area
measurements as shown by the larger mean CV with a twice
as large standard error and wider range (minimal and max-
imal values).

Relationship between nasal symptom scores and
AR area—distances

Spearman’s correlation was performed to investigate the
relationship between the subjective symptom score of nasal
obstruction and objective measurements of AR; see Fig. 3.
There is an inverse relationship between symptoms score and
MCA (r= —0.568, P<0.001). Although there are significant
correlations between nasal obstruction scores and all four
area—distance measurements, it appears that the strongest re-
lationship is found between nasal symptom score and mMCA
(r=0.75), and followed by mCSA3.3 (r=0.54), mCSA4.0
(r=0.53) and mCSA6.4 (r =0.20). The correlations between
MCA and the other three area—distance measurements are
shown in Table 3. Once again, the CSA6.4 measurement
differs largely from other area measurements in terms of their
relationship with nasal obstruction score and MCA.

Influence of constriction of MCA (< 0.2 cm?) on area—
distances beyond MCA

It was reported that in normal adults the CSA of the nasal
valve is 0.2-0.6cm”. As the constriction narrows (<0.2cm?)
the area and volume measurements beyond this point are often
underestimated [12]. To test this hypothesis, we divided MCA
(left and right separately) into two groups; <0.2 and >0.2 cm?
as measured during the time course of NAC (Table 4), and
compared the corresponding area measurements (CSA3.3,
CSA4.0 and CSA6.4) beyond the MCA. Results showed that
when the MCA reached an area <0.2cm?, measurements of
CSA3.3 and CSA4.0 were reduced by 60-70%.

Discussion

Nasal obstruction is one of the predominant symptoms of
allergic rhinitis that can be registered subjectively and objec-
tively [20]. It can be measured by sensation of nasal obstruc-
tion, nasal airflow and resistance induced by airflow, and CSA
at various distances. AR is a static test of nasal luminal
dimensions, which is independent of airflow [21]. Given the
area—distance variation, different parameters can be deter-
mined; the common AR measurements are MCA, CSA at
distances of 3.3, 4.0 and 6.4cm from the nostril, which re-
present nasal valve, the anterior end of inferior turbinate, mid-
portion of the inferior turbinate (or the anterior end of the
middle turbinate) and the posterior nasal cavity, respectively
[2-7, 18, 19, 22, 23]. However, standardization of measure-
ments, sources of error and physical limitations of AR meas-
urements have not been adequately evaluated.

The nasal valve region (the primary airway resistor) is con-
sidered to be a site of major pathophysiological concern [21].
However, the location and nature of the nasal valve is still not
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Table 1. Statistical comparisons between nasal challenge with Bt (n= 15) and control solutions (PBS, n= 6) in different time of measurements

Mean CSAs in distance

MCA (cm?) D (cm) CSA3.3 (cm?) CSA4.0 (cm?) CSA6.4 (cm?)
Bt PBS Bt PBS Bt PBS Bt PBS Bt PBS
Time of measurements
Baseline 0.72 1.01 2.39 2.33 1.26 1.57 1.74 1.88 3.02 3.65
Control 0.76 0.90 2.47 2.39 1.45 1.34 2.04 1.61 3.32 2.88
Low™ 0.60 0.89 2.53 2.27 0.99 1.45 1.51 1.77 2.85 3.42
Medium* 0.40 0.88 2.58 2.44 0.72 1.37 1.10 1.64 2.10 3.04
High* 0.31 0.87 2.73 2.44 0.55 1.35 0.89 1.64 2.75 2.99
30 min 0.26 0.91 2.86 2.49 0.44 1.39 0.81 1.72 2.07 3.38
1h 0.35 0.79 2.82 2.51 0.71 1.30 0.85 1.65 1.43 2.94
3h 0.49 0.80 2.66 2.72 0.91 1.19 1.45 2.00 2.28 2.59
5h 0.48 0.74 2.64 2.57 0.83 1.25 1.31 1.50 2.23 2.91
7h 0.54 0.96 2.67 2.60 0.90 1.54 1.41 1.88 2.56 3.25
Statistical comparisons (P-value)
Between groups <0.001 0.184 0.008 0.038
Time trend <0.001 <0.001 <0.001 <0.001
Time x group interaction <0.001 0.306 <0.001 <0.001

*Nasal challenge with increasing concentrations of Bt. Bt, Blomia tropicalis; PBS, phosphate-buffered saline; CSA, cross-sectional area; MCA, minimum cross-

sectional area.

Table 2. Coefficient of variation at different CSAs (cm?)

Coefficient of variation

Area in distance Standard

(cm) Mean  error Minimum  Maximum  Median
MCA 0.47 0.06 0.23 0.76 0.45
CSA3.3 0.52 0.06 0.28 0.82 0.47
CSA4.0 0.42 0.05 0.24 0.64 0.39
CSA6.4 0.61 0.1 0.35 1.45 0.46

Calculations were based on a total of 420 measurements; nasal challenges
with Blomia tropicalis (n = 15) and control solution (n= 6) at 10 different time
of measurements, right and left sides. P=0.533 (Kruskal-Wallis test). CSA,
cross-sectional area; MCA, minimum cross-sectional area.
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Fig. 3. Correlation between minimum cross-sectional area (MCA) and
symptom score. Spearman’s correlation: r= —0.568 (P<0.001). Values
shown on the graph are mean ( + SD) of minimum cross-sectional area
(MCA). Calculations were based on a total of 420 measurements; nasal
challenges with Blomia tropicalis (n = 15) and control solution (n=6) at 10
different times of measurements, right and left sides.

Table 3. Interrelationships of acoustic rhinometry area—distance measure-
ments, and their relationship with the subjective nasal obstruction scores

Coefficient correlation

Area in distance Nasal obstruction

(cm) MCA scores

MCA* - 0.75 (P<0.001)
CSA3.3 0.807 (P<0.001) 0.54 (P<0.001)
CSA4.0 0.631 (P<0.001) 0.53 (P<0.001)
CSA6.4 0.359 (P<0.001) 0.20 (P<0.001)

Calculations were based on a total of 420 measurements; nasal challenges
with Blomia tropicalis (n= 15) and control solution (n = 6) at 10 different time
of measurements, right and left sides. MCA, minimum cross-sectional area;
CSA, cross-sectional area.

clear. The nasal cavity conforms to a slit-like shape due to
three turbinates. This structure is physiologically important
since it creates a turbulent inspiratory air stream and provides
two-thirds of the total respiratory resistance. Some authors
suggest that the nasal valve consists of the slit-like opening
between the caudal end of the upper lateral cartilage and
nasal septum, while others suggest it is composed of the
caudal nasal septum, the caudal end of the upper lateral
cartilage, the head of the inferior turbinate, and the remaining
tissues surrounding the piriform aperture [22, 24]. It would
appear that the nasal valve is a functional region rather than
an area [21].

MCA is the most frequently used AR determinant. In some
subjects the MCA is located at the nasal valve while in others,
especially in cases of turbinate hypertrophy, it is the anterior
part of the inferior turbinate [9]. Our data showed a mean
(£ SD) baseline MCA of 0.72 &+ 0.12cm® at a distance of
2.39 £+ 0.16 cm that decreased rapidly to a minimum value of
0.26 + 0.14cm? at a distance of 2.86 & 0.31 cm 30min after
NAC. Under normal conditions, the MCA represents a
narrow lumen of the functional valve, which is anterior
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Table 4. Frequency of MCA (right and left, n= 30) less than 0.2 cm? at different time of measurements and its influence on the measurements of CSA (3.3, 4.0

and 6.4 cm) beyond this point

MCA <0.2¢cm?

MCA>0.2cm?

Distance—area (cm?)

Distance—area (cm?)

n CSA3.3 CSA4.0 CSA6.4 n CSA3.3 CSA4.0 CSA6.4

Baseline 0 - - - 30 - - -

Control 0 - - - 30 - - -

Low+ 1 0.08 0.13 2.21 29 1.02 1.55 2.87
Middlet 6 0.25* 0.58* 2.05 24 0.83 1.23 2.1
Hight 15 0.26™* 0.6 3.64" 15 0.85 1.18 1.86
30min 13 0.19** 0.52** 2.34* 17 0.64 1.02 1.86
1h 11 0.35* 0.37* 0.78* 19 0.92 1.13 1.80
3h 4 0.25** 0.57* 1.02* 26 1.02 1.59 2.48
5h 5 0.35* 0.76* 1.47 25 0.93 1.42 2.39
7h 5 0.25** 0.67** 1.23* 25 1.03 1.56 2.82

*P<0.05, **P<0.01. ¥Nasal challenge with increasing concentrations of Blomia tropicalis (B).

(approximate 0.91cm) to the anterior end of the inferior
turbinate (at the distance of CSA3.3cm). During allergic
reactions, it moves more posteriorly to the anterior end of the
inferior turbinate due to the dilative reaction of the cap-
acitance vessels of the erectile tissue. There is an inverse
relationship between symptoms score and MCA. With sub-
jective symptom scores of zero and one, there was a wider
range of MCA that corresponded well with a wide variation
of normal nasal cavity dimensions. Interestingly, MCA range
is more specific with pathological conditions causing severe
nasal obstruction (scores 2 and 3) (Fig. 3).

There are some physical limitations or errors associated
with the algorithms used in AR: (1) sinus ostium size, sinus
volume or CSA in the distal parts (approximately 5-10cm
into the nasal cavity) of the nasal cavity [10]. (2) A significant
constriction in the nasal valve area will affect the area and
volume measurements beyond this point [11, 12]. (3) Distor-
tion of the vestibule with the nasal tip adapter and anatomical
variations of the columella, which changes the 0 reference
points [22]. In addition, erectile tissue in the nose, especially
the inferior turbinates, fluctuates greatly in size depending on
physiological changes (e.g., nasal cycle, body temperature,
posture and exercise) and response to inflammation. A
spontaneous fluctuation in nasal patency can be documented
every 10 min with irregular patterns, frequency and amplitude
in healthy and allergic individuals [17]. All these factors have
to be taken into account when using AR as an investigational
tool in different studies.

Using nasal cavity models, two experimental studies have
demonstrated that the measurement of both CSA and volume
beyond a constriction area of less than 0.2 or 0.28 cm? will
cause significant systemic errors [11, 12]. Following our data,
a constriction of less than 0.2cm? at the MCA caused a sig-
nificant underestimation (60-70%) of the CSA measurements
(Table 4). This is particularly important when using AR in a
nasal challenge study, which may cause severe nasal obstruc-
tion during the early-phase reaction. In a previous report,
Phipatanakul et al. [8] used the MCA and nasal cavity vol-
umes measured at 0-5 and 5-10cm from the nostril during
the acute airway response to cat allergen exposure. The au-
thors concluded that although AR does provide an objective

measure of nasal response to allergen exposure, it has signifi-
cant limitations due to the lack of correlation with symptoms,
the inability to measure a dose response, and the changes
noted even among the control subjects. However, this unex-
pected result could be due to the uncorrected volume meas-
urements since the MCA reported was very low (<0.1cm?)
after cat allergen exposure.

Among all the measures of CSA in this study, CSA6.4 was
found to be least reliable, with a high CV compared with the
other measurements and did not show a significant difference
between Bt and control groups. It was reported that the
effects of paranasal sinuses and low-frequency acoustic
resonances in the posterior part of the nasal cavity are not
accounted for in the current AR algorithms [10]. Areas
between 5 and 10cm may be influenced by the sinuses and
especially the ostia connecting them with the nasal cavity [25].
It is important to note that all possible sources of errors and
physical limitations have to be considered when using AR as
an investigational tool in the study of nasal physiology and
pathophysiology in various clinical and experimental settings.

In conclusion, AR has proved to be a useful and objective
investigational tool in the evaluation of nasal physiology and
pathophysiology. Among the AR area—distance measurement
parameters, MCA appears to be the most sensitive and
correlates well with the sensation of nasal obstruction. When
MCA is smaller than 0.2 cm?, a common condition especially
in the early-phase reaction after NAC, other distal measure-
ments beyond this point can be underestimated and should be
ignored.
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