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Abstract

Current rhinometric and flow assessments measure nasal patency and are often
poorly correlated with rhinitis symptoms. To evaluate magnetic resonance imaging
(MRI) as a new method to measure inflammatory changes in nasal and sinus
mucosa following nasal allergen challenge. A pilot study (n=6) determined
the optimal technical settings for MRI to measure inflammatory change which
were then adopted for the main study. This study was a single blind, placebo-
controlled, three-way crossover trial in 14 subjects with seasonal allergic rhinitis.
Effects of cetirizine, cetirizine and pseudoephedrine (Cet+PE), or placebo on total
nasal symptom scores (TNSS), peak nasal inspiratory flow (PNIF), nasal nitric
oxide (nNO), acoustic rhinometry, and MRI end points following nasal intranasal
allergen challenge were measured. There were significant changes in all parameters
after allergen challenge (P < 0.01), except for nNO. MRI end points were less
variable and more consistent than PNIF and acoustic rthinometry in detecting
changes after allergen challenge. Total nasal airspace volume was the most sensitive
and reproducible MRI measurement, with a mean reduction from —5.37 cm” (95%
CI —7.35, —3.38; P < 0.001), which was maximal 60 min after allergen challenge. A
change of one in TNSS corresponded to a change in MRI volume of —0.57 cm”.
There was an improvement in all parameters (except nNO) in subjects taking
Cet+PE compared with placebo, however this did not achieve significance
probably because of the small study size (overall analysis P > 0.07; comparison of
active versus placebo P> 0.09). MRI provides novel insights into the anatomical
inflammatory changes post allergen challenge and provides a new method for
assessment of nasal patency and objective measurement of inflammatory
responses.

Introduction

Nasal provocation has been used to investigate the
pathophysiology of allergic and non-allergic rhinitis, and
is thought to have potential value for the evaluation of
mechanisms of inflammation in both upper and lower
airways, because of the similarity of the inflammatory
responses to allergen challenge [1]. Traditionally, the
evaluation of therapies for allergic rhinitis have used
symptom-based scores (total nasal symptom score; TNSS)
or visual analog scale (VAS) methods, despite the subjective
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nature and high variability of these tests [2-5]. There is a
need for more objective and reproducible biomarkers of
allergic inflammation which are non-invasive to facilitate the
clinical assessment of novel anti-inflammatory drugs.

H;j-receptor antagonists (anti-histamines) are widely
prescribed for the treatment of allergic rhinitis but
have limited clinical efficacy. Anti-histamines may relieve
symptoms of itch, sneeze, and discharge but are less effective
treatments for nasal blockage. Nasal blockage may result
from oedema and vascular congestion. Therefore, the
combination of the antihistamine cetirizine (Cet) [6] and
a decongestant, such as pseudoephedrine (PE), has a logical
rationale [7, 8]. We compared the effect of single doses of Cet
(10mg) alone or Cet (10mg) and PE (120mg) in
combination versus placebo to evaluate MRI end points
against symptom scores (TNSS, VAS, and nasal symptom
score for congestion NSSC), measurements of nasal
patency [4, 9], acoustic rhinometry, peak nasal inspiratory
flow (PNIF), acoustic rhinometry of nasal volume and
minimum cross sectional area (ARMXCA) and nasal nitric
oxide (nNO) [10-12]. The study was conducted in two parts,
with an initial pilot phase to determine the relevant MRI
parameters and a second study as a single-blind three-way
cross over study.

Methods
Subjects

Asymptomatic subjects with a diagnosis of seasonal allergic
rhinitis and a previous positive skin prick test for Timothy
grass pollen at or within the 12 months preceding the
screening visit were selected. Six subjects were recruited to
part 1 of the study. Fourteen subjects were randomized in
part 2, this included the six subjects from part 1. All
subjects were included in the analysis, the average age
of subjects was 31 years with a male to female ratio of
12:2. Full details of the subject characteristics at baseline
can be found in the supplemental data online (Table SI).
This prospective study was approved by the East London
and the City Research Ethics Committee (07/Q0603/3)
and written informed consent was obtained from all
subjects.

Pilot study to optimize MRI parameters

A pilot study (data not shown) determined the technical
parameters for MRI imaging and the optimal times to
perform MRI scans post allergen challenge. Two MRI
scans were performed after the allergen challenge: an
early scan after 15-30 min and a second scan at 45—-60 min.
The MRI data were reviewed by a radiologist and
MRI parameters were defined for all subsequent scans
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in the main study (see Results). The optimal time to
perform the MRI scan was found to be at 60 min post-
challenge when there were maximal inflammatory changes.
However, at this time point the TNSS response was
submaximal at 80% of the peak response which occurred at
the earlier 15min time point as we have previously
described [13].

Controlled trial of rhinitis therapies

The study design is shown in Figure 1. This was a
randomized, single-blind, placebo-controlled, double-dum-
my, three period, crossover single oral dose study in patients
with allergic rhinitis. Subjects were assessed at baseline with
MRI scan, symptom scores, plus measurements of nasal
patency. The same order of investigations were repeated at
the different time points throughout the study. Subjects were
then dosed according to the randomization code. Subjects
were blindfolded before each dose administration. Active
treatments and double dummy placebo were administered
with 50 mL water and tablets swallowed under direct
observation by the study nurse. The study medications
were as follows: CONTACT 120mg (pseudoephedrine
hydrochloride). Zirtek 10mg (cetirizine hydrochloride).
There were matching placebo tablets for both Zirtek, and
CONTACT 120.

The MRI scan and all measurements were repeated 60 min
after drug administration and immediately before the
allergen challenge procedure. Nasal allergen challenge was
then performed (see below). The final MRI scan was
repeated at 60 min post-allergen challenge and all other
measurements repeated. Each treatment period was separat-
ed by a wash-out period of at least 7 days. This time period
allowed the nasal mucosal process to return to a non-
symptomatic baseline.

Nasal allergen challenge

Nasal allergen challenge was performed as previously
described [1, 13] with Timothy grass pollen (Alk-Abello,

Cross over:
Placebo or
Cet + PE or
Cet Nasal allergen challenge
Time (mins) [ 60 0 60
MRI MRI MRI
(baseline) (drug only effect) (drug + allergen)
< Acousticrhinometry + Acousticrhinometry  + Acoustic rhinometry
« PNIF + PNIF « PNIF
«  Symptom score + Symptom score « Symptom score
.« VAS + VAS « VAS

Figure 1. Study design with MRI assessments at baseline, 60 min after
drug (pre-challenge) and 60 min after allergen challenge. PNIF, peak
nasal inspiratory flow; VAS, visual analog scale.
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Denmark). Application of the allergen to the nasal mucosa
was undertaken using a nasal pump spray (Dolphin nasal
applicator, Valois [14-16]. A total dose of 1 pg was given as
100 L to each nostril (500 BU/mL to each nostril).

Acoustic rhinometry and PNIF

Rhinometry was performed at screening pre-challenge pre-
dose, and 60 min after challenge. Rhinometry assessments
were made of nasal volume and minimum cross sectional
area (ARMXCA) using an Al acoustic rhinomter (GM
Instruments, Kilwinning, UK). With a nosepiece inserted,
subjects were asked to breathe in and hold their breath. The
measurement was repeated three times. PNIF and maximum
PNIF (PNIFMAX) were measured with a Portable Nasal
Inspiratory Flow Meter (Clement Clark, Harlow, UK), with
full exhalation beforehand. The PNIF was a short, sharp
inspiratory action of approximately one second duration
within an anesthetic mask tightly applied to the face. The
measurement was repeated three times and the highest result
recorded.

nNO

nNO was measured using the NIOX analyser (Aerocrine,
Stockholm, Sweden) with sample time of 40s, with tidal
breathing for approximately 5 s. The subject inhaled to total
lung capacity over 2-3 s with the mouth open, then closed
the mouth and held the breath as long as possible. Sample
flow did not fall more than 1.5 mL/s below its normal value
(around 5mL/s). The procedure was repeated to obtain
three readings within 10% of each other.

Symptoms

Patient assessment of nasal patency was performed using
VAS 0-100 mm. and TNSS completed by the subject. TNSS
were recorded before and at frequent intervals after nasal
allergen challenge. Nasal congestion, rhinorrhoea, sneezing,
and nasal itch were scored from 0 to 3 (0 no, 1 mild, 2
moderate, 3 severe symptoms). The scores were then added
up to give a final TNSS out of a maximum of 12.

MRI measurements

MRI measurements were made using a Siemens 1.5T MRI
scanner (Siemens Heathcare, Erlangen, Germany) with an
average scan time for each subject approximately 15 min.
Settings were 4-5min for proton density (PD) and
transverse relaxation time (T2) coronal views (4-5min)
with 40 slices, the dimensions were field of view (the size of
the two dimensional spatial encoding area of the image;

160 x 143 mm?), matrix (384 x205) and voxel size
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(0.7 x 0.4 x 0.3 mm?); time to equal (PD weighting = 43 ms;
T2 weighting = 128 ms); time to repeat (6120 ms). Cross-
sectional airspace area (and thus also airspace volume) of the
nasal passages was measured. Within subject, the cross-
sectional airspace area is directly proportional to the airspace
volume per slice.

The primary endpoint was average airspace sectional
area (METASV). Secondary MRI endpoints were: volume
of fluid identified adjacent to the airspace; total mucosal
surface area (TMSA); total nasal cavity volume (TNCV; a
single value which could be applied to all time points per
patient—either the single value derived following image
registration, or the average of the values used for each time
point per patient visit) and nasal tissue volume (NTV)
derived from the nasal cavity volume less airspace and fluid
volumes (the resulting volume included cartilage, bone,
enclosed airspace and other factors and was only indicative
of the tissue volume).

All MRI endpoints were considered in two ways:
regularly defined intervals along the nasal passage, to
allow standardized subject profiles to be plotted, and totals
or averages along the entire length of the nasal passage to
provide a simple subject-level summary at each time point
(additionally, the smallest cross-sectional airspace area in
any slice along the nasal passage and the location of this
slice was determined). The maximum number of slices per
subject was 21 so location specific MRI measurements were
derived over 20 slices. MRI assessments of congestion

included: total airspace volume (TASV), METASV,
minimum cross-sectional area (MIXA), TNCV, and
TMSA.

Statistics

This exploratory study was not formally powered, but was
based on feasibility and exploratory statistics were used.
Subjects were randomized with RANDALL. All statistical
analyses were performed using SAS™ on a windows or UNIX
platform. Most displays were generated in the harmoniza-
tion of Analysis and Reporting Program environment which
uses SAS version 8.2 on a UNIX platform. Trellis plots were
generated using S-Plus version 7.0. Average air space
sectional area was analyzed by mixed effect model, looking
at change from baseline at pre- and post-challenge. The
model used fitted terms for baseline value, period, treatment,
time and treatment—time interaction. The average baseline
TNCV was explored as a covariate. The UNR correlation
structure between time points was used. Subject was fitted as
random variable. Point estimates and 95% confidence
intervals were constructed using the appropriate variance
term for the estimating the change from baseline at pre- and
post-challenge and the difference between pre- and post-
challenge for each treatment. The Kenward Roger correction
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was employed. Estimates of both within- and between-
subject variability were calculated for future studies, with
95% confidence intervals based on Satterthwaite’s approxi-
mation. Similar models were used to analyse MIXA, TASV,
and TMSA as well as normalized airspace volume (TNCVm).
Similar models, but without adjusting for TNCV at baseline,
were used to analyse total NTV (TNTV) and normalized
nasal tissue. Acoustic rhinometry endpoints: nasal volume
and MIXA, VAS, and PNIF changes from baseline were also
analysed in a similar way to MRI endpoint without the
adjustment for TNCV.
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Results
Pharmacodynamic marker results

Allergen challenge produced a significant change across all
measurements (Fig. 2 and Table 1). The individual data for
TNSS pre- and post-allergen challenge for the different
treatment periods are shown in Figure 3. The mean change
and changes from baseline for TNSS was A6.55 (95%CI 4.16,
8.94; P < 0.001), PNIF was A—28.77 (95%CI —46.58, —10.96;
P <0.002), and VAS was A26.67 (95%CI 12.20, —4114;
P <0.001). For the MRI measurements, the change from
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Figure 2. Panels for measurements pre-dose and post-nasal allergen challenge for the different treatment groups. (A) Nitric oxide (NO), (B) total nasal
symptom score (TNSS), (C) peak nasal inspiratory flow (PNIF), (D) nasal volume, (E) total airspace volume (TASV), (F) normalized TASV, (G) normalized total

nasal tissue volume (TNTV). Data are mean 4 SD.
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Table 1. Changes induced by allergen challenge in the presence of
treatment can be detected by most endpoints (LS means (95%Cl) of
treatment estimate of change from pre-challenge).

Treatment Estimate Lower Upper P
NSSC

Cet 1.72 0.96 2.48 0.001

Cet + PE 1.31 0.53 2.08 0.002

Placebo 1.41 0.64 2.18 0.001
PNIF

Cet -36.29 -59.14 —13.45 0.003

Cet + PE —13.31 —35.27 8.65 0.227

Placebo —33.48 —55.43 —-11.54 0.004
TASV

Cet —4.29 —6.32 —2.27 0.001

Cet + PE —-2.28 —4.23 -0.32 0.024

Placebo —3.76 —5.80 -1.73 0.001
TNSS

Cet 6.40 3.97 8.84 0.001

Cet + PE 4.77 2.32 7.21 0.001

Placebo 6.83 4.38 9.29 0.001
VAS

Cet 27.08 13.64 40.52 0.001

Cet + PE 20.17 6.73 33.61 0.004

Placebo 26.76 12.79 40.72 0.001

Cet, cetirizine; PE, pseudoephedrine; NSSC, nasal symptom score for
congestion; PNIF, peak nasal inspiratory flow; TASV, total airspace
volume; TNSS, total nasal symptom score; VAS, visual analog score.

baseline values were; TASV A—5.37 (95%CI —7.35, —3.38;
P <0.001), NTV A5.47 (95%CI 3.25, 7.70; P < 0.001), TMSA
A—37.74 (95%CI —61.40, —14.08; P < 0.003). TMSA also was
also reduced by allergen, mean difference A—37.74 (95%CI
—61.40, —14.08; P < 0.03).

The variability in the intra-subject response and the
different methodologies employed were NSSC 1.08 (95%CI
0.85, 1.53); PNIF 38.32 (95%CI 29.68, 54.11); TASV 2.98

154

104

TNSS

Pre Post Pre Post Pre Post

Placebo -+ Cetirizine +

Pseudoephedrine

Cetirizine

Figure 3. Total nasal symptom score (TNSS) pre-allergen challenge (after
dosing) and 60 min post-nasal allergen challenge for individual subjects
with the different treatments.
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(95%CI 2.30, 4.21); TNSS 3.63 (95%CI 2.82, 5.09); VAS
22.07 (95%CI 16.98, 31.53). The lowest intra-subject
variability was seen with MRI measurement of TASV. The
MRI profile with slice is shown in Figure 4 and typical MRI
images pre- and post-allergen challenge shown in Figure 5.
The changes in volume in a typical subject are clearly seen
and a unilateral predominance in some subjects (Fig. 5B).

There is some indication of correlation between the MRI
and acoustic rhinometry volume (ARV), and some degree of
negative correlation between MRI and VAS score. A change
of one in the TNSS score on average corresponded with MRI
volume of —0.57 cm’, with a range of —0.78 to —0.37. The
correlation data can be viewed in the supplemental data
online (Figures S1 and S2).

There was a trend towards difference between treatment
and placebo although this did not achieve significance
because of small numbers (Fig. 2; P=0.32); across allergen
challenge the differences between time-points were highly
significant (P < 0.001). There was no evidence of an
interaction between time and treatment (P> 0.1).

Overall across all treatments (Fig. 2 and Table 2) the
airspace sectional area tended to decrease after challenge.
The drop was less pronounced for the combination
treatment Cet plus PE, although not significantly different
from placebo. Similar results were obtained when analysing
airspace volume. The graphical analysis shows the trend for a
treatment separation that did not reach statistical signifi-
cance but illustrates the lower variability with MRI than with
other methods (Table 2).

VAS, TNSS, and PNIF

There was no evidence of treatment difference or treatment
time interaction (all P> 0.5) and, overall across all treat-
ments, the VAS increased after challenge (P < 0.001; Fig. 2).
The increase was less pronounced for the combination
treatment Cet plus PE, although not significantly different
from placebo. The TNSS results were similar to those of VAS
(Fig. 2). PNIF showed a trend to fall after allergen challenge
and across all treatment groups (Fig. 2).

Acoustic rhinometry

There was no evidence of difference between treatments or
an interaction between time and treatment (P> 0.1; Table 2).
There was evidence of difference between time points
(P < 0.001; Fig. 2 and Table 1). The trend was similar to the
one observed when analysing the MRI METASV.

nNO

There were no significant changes in nNO across the allergen
challenge procedure (Fig. 2). On placebo pre-dose values
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were 1304 £ 762 ppb; post-dose 1699 £ 485; post-challenge
1509 = 522; Cet treated group pre-dose value was 1587 & 565;
post-dose 1609 4 500; 1599+ 523 post-challenge. In the
combination group, the values were pre-dose 1574 =+ 589;
post-dose 1904 £ 500; post-challenge 1570 £ 430. The data
showed no significant change (Fig. 2) following allergen
challenge.

Safety

There were no serious adverse events reported. The MRI
scans and procedure was well tolerated. Adverse events were
mostly related to the allergen challenge and were mild in
nature and self-limiting.

Discussion

This is the first study in man to evaluate nasal allergen
responses using MRI imaging before and after nasal allergen
challenge. Animal studies have reported the effect of nasal
challenge in response to histamine and methacholine on
MRI images using gadolinium enhancement to localize
edema formation [17-21]. Clinically, MRI has mainly been
used for the evaluation of the para-nasal sinuses and may
replace CT for the evaluation of pathological mucosal
abnormalities [22, 23]. A recent report describes the use of
MRI to evaluate the inflammation produced by segmental
bronchial allergen challenge [24].

Nasal allergen challenge produced a highly significant
change in all the measured variables including all MRI
endpoints. The timing and magnitude of the changes seen

450

after allergen challenge seen in this study for symptom-based
scores and measurements of nasal patency were similar to
that reported in a recent review, which included a dose-
response analysis to nasal administration of nasal aller-
gen [1]. Therefore, the findings in our study that MRI
endpoints, particularly TASV, were more sensitive and less
variable than the conventional measurements of symptom
scores and nasal patency would suggest that MRI may prove
a useful and objective method for assessment of
the inflammatory response post-allergen challenge. A
negative change is indicative of smaller free nasal airspace.
A drop in airspace volume was expected after allergen
challenge. A smaller negative change from baseline would
represent a lower reaction from the nasal tissues to the
allergen challenge and that would then be reflected in wider
free nasal airspace.

The clearest separation of the different treatments was
seen in the MRI measures of the volume of the respiratory
space and the soft tissue, normalized total nasal tissue
volume (TNTYV; Fig. 2). An advantage of MRI is the ability to
measure mucosal inflammatory changes and edema as well
as volume changes directly.

In some instances, the changes in volume were localized to
one side, as shown in Figure 5B. This is consistent with an
asymmetry of nasal volume changes post-allergen challenge,
(with greater changes on the non-patent side) which was
related to the endogenous nasal cycling rhythm [25].
Measures of cross- sectional area have been compared
between MRI and acoustic rhinometry [26], although the
extent of the correlation has been reported to depend on
the state of congestion which limits its value in challenge

© 2015 The Authors. Immunity, Inflammation and Disease Published by John Wiley & Sons Ltd.
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Subject 1

A

Baseline

60 min

Slice 26

Subject 2

Baseline

Slice 15 Slice 21

60 min

Slice 15

Slice 21

Figure 5. (A) MRI at baseline and at 60 min following challenge; subject
1 shows decreased airspace in both nostrils, the changes are
representative for all but one of the subjects where the baseline scan
showed movement artifact; (B) MRI at baseline and at 60 min following
challenge; subject 2 shows unilateral changes with decreased airspace in
right nostril, increased airspace in left nostril.

studies [27]. The lack of correlation between the different
variables illustrates the difficulty in utilization of symptom-
based scores to assess the effects of nasal challenge [3, 4, 28]
and it should be pointed out that one method for assessment
is not adequate for allergic rhinitis assessment and that
multiple methods should be used. There was a weak
correlation between the MRI and ARV, and a weak negative
correlation between MRI and VAS (supplemental data).
A lack of correlation with symptom VAS score and

MRI changes following nasal allergen challenge

Table 2. Effect of allergen challenge on MRI endpoints. LS means
(95%Cl) of treatment comparison for change from pre-challenge.

Treatment Ref Test-ref Lower Upper P
NSSC
Cet Cet + PE 0.41 —0.46 1.27 0.34
Cet + PE Placebo 0.31 —0.56 1.17 0.47
Placebo Placebo -0.10 —1.00 0.79 0.82
PNIF
Cet Cet + PE —22.98 —-53.80 7.84 0.14
Cet + PE Placebo —-2.81 —33.50 27.88 0.85
Placebo Placebo 20.17 —-9.98 50.33 0.18
TASV
Cet Cet + PE —-2.02 —4.43 0.39 0.10
Cet + PE Placebo —0.53 -2.99 1.92 0.66
Placebo Placebo 1.49 -0.92 3.90 0.21

Cet, cetirizine; PE, pseudoephedrine; NSSC, nasal symptom score for
congestion; PNIF, peak nasal inspiratory flow; TASV, total airspace
volume; TNSS, total nasal symptom score; VAS, visual analog score.

cross-sectional area measurements by acoustic rhinometry
was also seen in a histamine challenge [29]. No difference
was seen in nNO data. The baseline values are in the range
reported by Kharitonov [30] and somewhat higher than
the values in normal controls reported in other studies [31].
However, the effects of nasal allergen challenge are varied
with decreases in nNO reported [30], or no change [32],
probably dependent on the degree of sinus obstruction.

The lack of a clear difference between drug treatments and
placebo may have been due to the single dose administration
of active drugs and restricted time-point analysis. The study
was not powered to show statistically significant differences
between drug treatments and placebo. There was a clear
trend that suggested a positive treatment effect after
combination therapy (Cet+PE); the data showed a reduc-
tion in symptom scores, improvement in nasal patency, and
MRI end points (Fig. 2), although statistical significance was
not achieved perhaps because of the small numbers involved
(n=14). These changes may result from the effect of PE in
reducing vascular congestion and edema. Other studies have
also demonstrated that the combination of anti-histamines
with vasoconstrictor agents increases efficacy in the
treatment of allergic rhinitis [7, 12].

By contrast, a single dose of Cet failed to abrogate the
effects of allergen challenge and post-allergen measurements
were no different from placebo. A similar lack of effect of Cet
on nasal patency as recorded by acoustic rhinometry
(MIXA) has also been reported [29]. Antihistamines have
minimal effects on nasal congestion, which remains one of
the less well-treated symptoms of allergic rhinitis. After
single dosing with anti-histamines, effects are typically seen
on cutaneous topical challenge wheal and flare responses up
to 24 h after a single dose [33]. More often effects of anti-
histamines have been examined after chronic dosing. The
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effect of anti- histamines is greatest on the itching and
sneezing symptoms scores [28], typically measured at steady
state. However, in a study comparing skin and nasal
responses of five anti- histamines, inhibitory effects were
seen after single dosing [11]. Additionally, single dose
studies with anti-histamines using the Vienna Chamber [34]
showed significant reductions in symptoms score of
approximately 30% within 1h post-dosing, but with much
larger sample sizes (n=65). Evidence of synergy of the
effects has been previously reported for the combination of
PE and Cet in chronic dosing studies [7, 8]. Differences
between single dose and multiple dose effects are also seen in
other studies with theophylline [35] and with cortico-
steroids, where acute and chronic effects seen with inhaled
corticosteroids differ when administered immediately before
challenge corticosteroids have a small effect on early phase
symptoms and inhibit predominantly the late phase TH2
mediated responses (IL-4, -5, -13) [15, 16]. In contrast,
multiple dosing with corticosteroids inhibits symptoms in
the early phase (approximately 30% [15, 36] and attenuates
predominantly the late phase production of TH2 cytokines
in response to allergen challenge [15, 36]. Changes in the
airway calibre measured with acoustic rhinometry with
corticosteroids, showed a trend but did not reach statistitical
significance again in contrast to effects of inhaled cortico-
steroid on symptom scores [37]. The variability of
rhinometric measurements varies from 10% to 30% and is
beset by intrinsic problems of the non-linear relationship
between flow and volume [4]. Additionally, expressing the
rhinometric measurements as a minimal cross sectional area
to depict resistance is complicated by non-uniform flow and
change between laminar and turbulent flow [9, 38].

This is the first reported study of the use of MRI where this
technique has been used to quantify the inflammatory
changes following nasal allergen challenge. MRI endpoints
have been compared directly with conventional assessments,
such as symptom scores and measurements of nasal patency,
although subjective measures might be variable, they are a
good indication to how the participant perceives their
allergic rhinitis symptoms, and currently the FDA recognizes
TNSS as the only parameter in evaluating new medications,
while still considering others. The major MRI limitations
remain cost, imaging time, and the potential for claustro-
phobia. MRI procedures were well tolerated in this small
study despite the need to keep perfectly still following
allergen challenge, and the acquisition times prevent
multiple frequent measurements. MRI provides an objective
method for the assessment of the response to nasal challenge,
which merits further study in studies with chronic dosing
and novel agents. MRI provides novel insights into the
anatomical changes in response to allergen and provides a
new method for the assessment of nasal patency, vascular
congestion, and inflammation.

B. R. Leaker et al.

Conflict of Interest

BRL has received research funding from AstraZeneca, Chiesi,
Daiichi-Sankyo, DSP-Sumitomo, GlaxoSmithKline, Pfizer.
GS has received research grants from GlaxoSmithKline,
ALK, honoraria for articles, consulting, lectures/chairing
and/or advisory boards from AstraZeneca, Brittania Phar-
maceuticals, Capnia, Church & Dwight, Circassia, Glaxo-
SmithKline, Groupo Uriach, Meda, Merck, MSD, Ono
Pharmaceuticals, Oxford Therapeutics, Sanofi-Aventis,
Shionogi, UCB and travel funding from Bayer, Glaxo-
SmithKline. CR] has no declared competing interests. PJB
has served on Scientific Advisory Boards of AstraZeneca,
Boehringer-Ingelheim, Chiesi, Daiichi-Sankyo, Glaxo-
SmithKline, Novartis, Nycomed, Pfizer, Teva and UCB
and has received research funding from Aquinox Pharma-
ceuticals, AstraZeneca, Boehringer-Ingelheim, Chiesi, Daii-
chi-Sankyo, GlaxoSmithKline, Novartis, Nycomed, Pfizer
and Prosonix. He is also a cofounder of RespiVert (now part
of Johnson & Johnson), which has discovered novel inhaled
anti-inflammatory treatments for asthma and COPD.

References

1. Scadding, G. W., M. A. Calderon, V. Bellido, G. K. Koed,
N. C. Nielsen, K. Lund, A. Togias, D. Phippard, L. A. Turka,
T. T. Hansel, et al. 2012. Optimisation of grass pollen nasal
allergen challenge for assessment of clinical and immunolog-
ical outcomes. J. Immunol. Methods 384:25-32.

2. Litvyakova, L. I., and J. N. Baraniuk. 2001. Nasal provocation
testing: a review. Ann. Allergy Asthma Immunol. 86:355-364;
quiz 64-5, 86.

3. Akerlund, A., M. Andersson, J. Leflein, T. Lildholdt, and N.
Mygind. 2005. Clinical trial design, nasal allergen challenge
models, and considerations of relevance to pediatrics, nasal
polyposis, and different classes of medication. J. Allergy Clin.
Immunol. 115:5460-5482.

4. Hilberg, O. 2002. Objective measurement of nasal airway
dimensions using acoustic rhinometry: methodological and
clinical aspects. Allergy 57(Suppl 70):5-39.

5. Andersson, M., L. Greiff, C. Svensson, and C. Persson. 1995.
Various methods for testing nasal responses in vivo: a critical
review. Acta Otolaryngol. 115:705-713.

6. Braunstein, G., F. Malaquin, I. Fajac, M. Melac, and N.
Frossard. 1992. Inhibition of histamine-induced nasal
obstruction by cetirizine in allergic rhinitis. Br. J. Clin.
Pharmacol. 33:445-448.

7. Grosclaude, M., K. Mees, M. E. Pinelli, M. Lucas, and H. Van
de Venne. 1997. Cetirizine and pseudoephedrine retard, given
alone or in combination, in patients with seasonal allergic
rhinitis. Rhinology 35:67-73.

8. Horak, F,, J. Toth, B. Marks, U. P. Stiibner, U. E. Berger, S.
Jager, B. Burtin, and C. Duby. 1998. Efficacy and safety

452 © 2015 The Authors. Immunity, Inflammation and Disease Published by John Wiley & Sons Ltd.



B. R. Leaker et al.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

© 2015 The Authors. Immunity, Inflammation and Disease Published by John Wiley & Sons Ltd.

relative to placebo of an oral formulation of cetirizine and
sustained- release pseudoephedrine in the management of
nasal congestion. Allergy 53:849-856.

. Al Ahmari, M. D., J. A. Wedzicha, and J. R. Hurst. 2012.

Intersession repeatability of acoustic rhinometry measure-
ments in healthy volunteers. Clin. Exp. Otorhinolaryngol.
5:156-160.

Howarth, P. H., K. Harrison, and S. Smith. 1993. The
influence of terfenadine and pseudo-ephedrine alone and in
combination on allergen- induced rhinitis. Int. Arch. Allergy
Immunol. 101:318-321.

van Steekelenburg, J., P. A. Clement, and M. H. Beel. 2002.
Comparison of five new antihistamines (H1-receptor
antagonists) in patients with allergic rhinitis using nasal
provocation studies and skin tests. Allergy 57:346—350.
Horak, F., P. Zieglmayer, R. Zieglmayer, P. Lemell, R. Yao, H.
Staudinger, and M. Danzig. 2009. A placebo-controlled study
of the nasal decongestant effect of phenylephrine and
pseudoephedrine in the Vienna Challenge Chamber. Ann.
Allergy Asthma Immunol. 102:116-120.

Nicholson, G. C., H. H. Kariyawasam, A. J. Tan, J. M.
Hohlfeld, D. Quinn, C. Walker, D. Rodman, J. Westwick, S.
Jurcevic, O. M. Kon, et al. 2011. The effects of an anti-IL-13
mAb on cytokine levels and nasal symptoms following
nasal allergen challenge. J.
128:800-807. €9.

Erin, E. M., B. R. Leaker, A. Zacharasiewicz, L. A. Higgins,
G. C. Nicholson, M. J. Boyce, P. de Boer, R. C. Jones, S. R.
Durham, P. J. Barnes, et al. 2006. Effects of a reversible beta-
tryptase and trypsin inhibitor (RWJ-58643) on nasal allergic
responses. Clin. Exp. Allergy 36:458—-464.

Erin, E. M., A. S. Zacharasiewicz, G. C. Nicholson, A. J. Tan,
L. A. Higgins, T. J. Williams, R. D. Murdoch, S. R. Durham,
P. J. Barnes, and T. T. Hansel. 2005. Topical corticosteroid

Allergy Clin. Immunol.

inhibits interleukin-4, -5 and -13 in nasal secretions following
allergen challenge. Clin. Exp. Allergy 35:1608-1614.

Erin, E. M., B. R. Leaker, A. S. Zacharasiewicz, L. A. Higgins,
T. J. Williams, M. J. Boyce, P. de Boer, S. R. Durham,
P. J. Barnes, and T. T. Hansel. 2005. Single dose topical
corticosteroid inhibits IL-5 and IL- 13 in nasal lavage
following grass pollen challenge. Allergy 60:1524—1529.

Reo, N. V., M. E. Alexander, and R. Goel. 1992. A nuclear
magnetic resonance investigation of the upper airways in
ferrets. II. Contrast- enhanced imaging to distinguish vascular
from other nasal fluids. Magn. Reson. Med. 27:34-43.

Bl¢é, F. X., C. Cannet, S. Zurbruegg, H. Karmouty-Quintana,
R. Bergmann, N. Frossard, A. Trifilieff, and N. Beckmann.
2008. Allergen-induced lung inflammation in actively
sensitized mice assessed with MR imaging. Radiology
248:834-843.

Tigani, B., C. Cannet, H. Karmouty-Quintana, F. X. B¢, S.
Zurbruegg, E. Schaeublin, J. R. Fozard, and N. Beckmann.
2007. Lung inflammation and vascular remodeling after

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

MRI changes following nasal allergen challenge

repeated allergen challenge detected noninvasively by MRI.
Am. J. Physiol. Lung Cell Mol. Physiol. 292:L644-L653.
Tigani, B., C. Cannet, S. Zurbrugg, E. Schaeublin, L. Mazzoni,
J. R. Fozard, and N. Beckmann. 2003. Resolution of the
oedema associated with allergic pulmonary inflammation in
rats assessed noninvasively by magnetic resonance imaging.
Br. J. Pharmacol. 140:239-246.

Beckmann, N., B. Tigani, D. Ekatodramis, R. Borer, L.
Mazzoni, and J. R. Fozard. 2001. Pulmonary edema induced
by allergen challenge in the rat: noninvasive assessment by
magnetic resonance imaging. Magn. Reson. Med. 45:88-95.
Druce, H. M. 1991. Emerging techniques in the diagnosis of
sinusitis. Ann. Allergy 66:132-136.

Lloyd, G. A., V.J. Lund, P. D. Phelps, and D. J. Howard. 1987.
Magnetic resonance imaging in the evaluation of nose and
paranasal sinus disease. Br. J. Radiol. 60:957-968.
Vogel-Claussen, J., J. Renne, J. Hinrichs, C. Schonfeld, M.
Gutberlet, F. Schaumann, C. Winkler, C. Faulenbach, N.
Krug, F. K. Wacker, et al. 2014. Quantification of pulmonary
inflammation after segmental allergen challenge using turbo-
inversion recovery-magnitude magnetic resonance imaging.
Am. J. Respir. Crit. Care Med. 189:650—657.

Kim, J. K., J. H. Cho, H. J. Jang, D. B. Shim, and H. A. Shin.
2006. The effect of allergen provocation on the nasal cycle
estimated by acoustic rhinometry. Acta Otolaryngol.
126:390-395.

Hilberg, O., F. T. Jensen, and O. F. Pedersen. 1985. Nasal
airway geometry: comparison between acoustic reflections
and magnetic resonance scanning. J. Appl. Physiol.
1993;75:2811-2819.

Corey, J. P., A. Gungor, R. Nelson, J. Fredberg, and V. Lai.
1997. A comparison of the nasal cross-sectional areas and
volumes obtained with acoustic rhinometry and magnetic
resonance imaging. Otolaryngol. Head Neck Surg.
117:349-354.

Andersson, M., H. Nolte, C. Baumgarten, and U. Pipkorn.
1991. Suppressive effect of loratadine on allergen-induced
histamine release in the nose. Allergy 46:540-546.

Hilberg, O., L. F. Grymer, and O. F. Pedersen. 1995. Nasal
histamine challenge in nonallergic and allergic subjects
evaluated by acoustic thinometry. Allergy 50:166—173.
Kharitonov, S. A., K. Rajakulasingam, B. O’Connor, S. R.
Durham, and P. J. Barnes. 1997. Nasal nitric oxide is increased
in patients with asthma and allergic rhinitis and may be
modulated by nasal glucocorticoids. J. Allergy Clin. Immu-
nol. 99:58—64.

Maniscalco, M., M. Sofia, and G. Pelaia. 2007. Nitric oxide in
upper airways inflammatory diseases.
56:58-69.

Maniscalco, M., M. Sofia, S. Faraone, and L. Carratu. 2000.
The effect of platelet-activating factor (PAF) on nasal airway

Inflamm. Res.

resistance in healthy subjects is not mediated by nitric oxide.
Allergy 55:757-761.

453



MRI changes following nasal allergen challenge

33. Takahashi, H., Y. Zhang, and E. Morita. 2008. Evaluation of
the antihistamine effects of olopatadine, cetirizine and
fexofenadine during a 24 h period: a double-blind, random-
ized, crossover, placebo-controlled comparison in skin
responses induced by histamine iontophoresis. Arch. Der-
matol. Res. 300:291-295.

34. Day, J. H., D. L. Buckeridge, R. H. Clark, M. P. Briscoe, and R.
Phillips. 1996. A randomized, double- blind, placebo-
controlled, controlled antigen delivery study of the onset of
action of aerosolized triamcinolone acetonide nasal spray in
subjects with ragweed-induced allergic rhinitis. J. Allergy
Clin. Immunol. 97:1050-1057.

35. Naclerio, R. M., D. Bartenfelder, D. Proud, A. G. Togias, D. A.
Meyers, A. Kagey-Sobotka, P. S. Norman, and L. M. Lichten-
stein. 1986. Theophylline reduces histamine release during
pollen-induced rhinitis. J. Allergy Clin. Immunol. 78:874-876.

36. Pipkorn, U., D. Proud, L. M. Lichtenstein, A. Kagey-
Sobotka, P. S. Norman, and R. M. Naclerio. 1987. Inhibition
of mediator release in allergic rhinitis by pretreatment with
topical glucocorticosteroids. N. Engl. J. Med. 316:1506-1510.

37. Hilberg, O. 1995. Effect of terfenadine and budesonide on
nasal symptoms, olfaction, and nasal airway patency
following allergen challenge. Allergy 50:683—688.

38. Scherer, P. W., 1. I. Hahn, and M. M. Mozell. 1989. The
biophysics of nasal airflow. Otolaryngol. Clin. North Am.
22:265-278.

SUPPORTING INFORMATION

Additional supporting information may be found in the
online version of this article at the publisher’s web-site.
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Figure S1. Correlation data from MRI for total airspace
volume (TASV) versus total nasal symptom score (TNSS).
The changes between pre-challenge and post-challenge are
plotted. Parameter estimates; 95% confidence limits; slope

—0.57 (—0.78, —0.37).

Figure  S2. Trellis plot of MRI derived measurement
versus acoustic rhinometry data, all time points all data.
The average airspace volume is directly proportional to
the total airspace volume. The black box outlines the MRI
analyses; total airspace volume (TASV), average airspace
sectional area (METASV), minimum cross-sectional area
(MIXA), total mucosal surface area (TMSA) and total
nasal cavity volume (TNCV). Data for the visual analog
scale score (VASCR), acoustic rhinometry distance of
minimal cross-sectional area (ARDX), acoustic rhinom-
etry volume (ARV), acoustic rhinometry cross-sectional
area (ARX), Maximum peak nasal inspiratory flow
(PNIFMAX). There are indications of correlation bet-
ween the MRI assessments and more conventional
endpoints and suggestions of greater correlations between
VASCR and ARV (cells with red box outline). Symbols:
+ placebo, o cetirizine, A cetirizine 4+ pseudoephedrine;
red 60min post-challenge, green post-dose, blue pre-
challenge.

Table S1. Demographic characteristics of seasonal rhinitis
subjects studied. Data are mean + SD.
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