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ABSTRACT
BACKGROUND

Usher syndrome (USH) is a rare autosomal recessive disease, affecting vision and
audition, and showing clinical and genetic heterogeneity. Evidence of olfactory impairment in
USH patients has emerged through psychophysical and structural imaging studies. However,
the effect of this condition in the central olfactory processing network has not yet been
evaluated through functional imaging studies. We sought to compare olfactory task-related
activity in the orbitofrontal (OFC) and piriform (PC) cortices between USH patients and
healthy subjects. Also, a classification analysis between these groups was carried out to

assess functional imaging potential of discriminating USH patients.
MATERIALS AND METHODS

Twenty-six age- and gender-matched controls with no history of olfactory dysfunction
and 27 USH patients (4 USH1, 21 USH2, 2 USH3) were studied. Functional magnetic
resonance imaging (fMRI) was used with an olfactory detection task to evaluate responses in
the OFC and PC. Four butanol concentration levels were presented to each participant.
These regions were functionally defined using an automated meta-analysis toolbox,
Neurosynth. In the univariate analyses a multi-subject general linear model (GLM) with
random effects was performed and the beta estimates from each region were used to
compare between groups. In the classification analysis a separate-subject GLM was
performed and t-statistic maps were created for each subject which then were used as input

to a logistic regression classifier.
RESULTS

An interaction effect between group and butanol level was found in the right OFC
(F(2.365;118.247)=3.032, p=0.043). Also, an interaction effect between group and butanol
level emerged in the right PC (F(3,150)=4.537, p=0.004). Stimulus-evoked activation in both
the left OFC and left PC did not show any significant effect. Planned contrast of the highest
odor concentration minus the lowest odor concentration activation between groups revealed
a significant difference in the right OFC (1(51)=2.339, p=0.023). The same contrast showed a
significant difference between USH patients and controls in the right PC (t(51)=-3.380,
p=0.001).

As for the USH patients vs controls classification analysis we report a predictor model
with accuracy of 71.7% (p=0.0072), sensitivity of 67.7% (p=0.0328), specificity of 77.3%
(p=0.0041) and an AUC of 0.785 (p=0.0087).



CONCLUSION

These data provide evidence of decreased activation in the right PC and increased
compensatory activation in the right OFC in USH patients reinforcing the notion of
dysfunctional olfactory sensory function. Also, it shows that olfactory fMRI patterns can
discriminate USH patients from controls which holds promise in USH diagnosis improvement.

KEYWORDS: Usher Syndrome; Smell; Odor; Functional Magnetic Resonance Imaging;

Multivariate Pattern Analysis.



ABBREVIATIONS

BA — Brodmann

fMRI — Functional magnetic resonance imaging
GLM — General linear model

MVPA — Multivariate pattern analysis
OFC - Orbitofrontal cortex

PC — Piriform cortex

ROI — Region-of-interest

RP — Retinitis pigmentosa

USH - Usher syndrome

USH1 — Usher syndrome type 1
USH2 — Usher syndrome type 2

USH3 — Usher syndrome type 3



INTRODUCTION

Usher syndrome (USH) is a rare autosomal recessive disease whose clinical
manifestations are heterogeneous and severely debilitating. It is the most common genetic
cause of deaf-blindness and is incurable. Typical manifestations include retinitis pigmentosa
(RP), hearing loss and vestibular dysfunction. This condition is classified into three clinical
types (type I, Il and Ill) according to the clinical presentation. Type | USH (USH1) is
characterized by severe to profound congenital deafness, vestibular areflexia and rapid onset
of RP. Type Il USH (USH2) clinical presentation includes moderate to severe hearing loss,
normal vestibular function and late onset of RP. Type Ill USH (USH3) patients suffer from
progressive hearing loss, sporadic vestibular dysfunction and variable onset of RP (1).

It has been demonstrated that the pathophysiology of USH is related to photoreceptor
cells degeneration in the retina and dysfunctional cilia motility of hair cells in the cochlea and
vestibular labyrinth (2,3). There are 12 genetic loci known to be involved in this disease:
USH1B-H, USH2A, C-D and USH3A-B. These genes encode proteins involved in cell
adherence, protein scaffolding and signaling processes. Mutations within any of these
genetic loci results in functional impairment of key proteins of cochlear and photoreceptor
cells (4). Thus, USH can be broadly viewed as a sensory ciliopathy.

Since olfactory receptor cells are ciliated, it has been hypothesized that these patients
could also exhibit olfactory loss (5). In fact, olfactory deficits have already been reported not
only in mice models of this syndrome (6) but also in USH patients (5). Recently, a larger
clinical study showed that USH1 patients exhibit a faster ageing olfactory decline when
compared to healthy individuals (7). Furthermore, it has been demonstrated that the olfactory
sulcus depth is reduced in USH patients and the olfactory threshold is negatively correlated
with olfactory bulb volume in USH1 patients (8). However, the effect of this condition in the
central olfactory processing network remains to be evaluated through functional imaging

studies.

Olfactory processing begins with the interaction between a molecular stimulus and
the olfactory receptor neurons. The axons of olfactory receptor neurons (first-order neurons)
synapse onto apical dendrites of olfactory bulb neurons (second-order neurons). Axons from
the latter leave the bulb in the olfactory tract and project to the primary olfactory cortex. This
region is mainly comprised by the piriform cortex, rostral entorhinal cortex and the amygdala,
which then project to higher-order brain regions such as orbitofrontal cortex, cingulate cortex
and insula (9,10).

Some functional magnetic resonance imaging (fMRI) studies have reported
diminished activation levels in central olfactory brain regions in anosmia and hyposmia

conditions (11,12). Notably, it has been reported that after a 7-day olfactory deprivation there
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is a reversible increase in stimulus-evoked activity in orbitofrontal cortex (OFC) and the
opposite in the piriform cortex (PC) (13). Thus, it is tempting to speculate that similar
alterations may be found in USH patients due to the dysfunctional ciliated olfactory receptor
cells.

Several neurological and psychiatric diseases including autistic spectrum disorders
(14), social anxiety disorder (15), schizophrenia (16) and major depressive disorder (17)
have been investigated through multivariate pattern analysis (MVPA) showing that it is
possible to discriminate patients from healthy subjects based on fMRI activation patterns.
Although these studies and classification techniques need further validation, they represent a
promising tool in the diagnosis of clinically challenging diseases.

The aim of this work is to study USH olfactory impairment through fMRI by generating
stimulus-response curves for functionally-defined regions-of-interest (ROIs) in central
olfactory brain areas specifically the piriform cortex and the orbitofrontal cortex. Both
univariate and MVPA analysis will be conducted to identify and characterize putative
differences between USH patients and controls regarding fMRI activity. In sum, we intend to
test two hypotheses: USH patients show different responses in central olfactory areas when
compared to healthy individuals and it is possible to discriminate between these two groups
using fMRI activity patterns.



MATERIALS AND METHODS
SUBJECTS

Twenty-seven USH patients (19 male and 8 female; mean age=47.41 with SD=12.28)
were included in this study. Of these there were 4 USH1, 21 USH2 and 2 USH3.
Comparatively, 26 age- and sex-matched controls (18 male and 8 female; mean age=46.42

with SD=12.15) with no history of olfactory dysfunction were also included in this study.

The study was conducted in accordance with the Declaration of Helsinki and was
approved by the Ethics Commission of Faculty of Medicine of University of Coimbra. All

participants signed a written informed consent after full explanation of research procedures.

All USH patients were diagnosed according to clinical criteria based mainly on
ophthalmological and otorhinolaryngological tests by two experienced physicians (18).
Genetic tests were later used to confirm the diagnosis.

Both controls and USH patients were subjected to a thorough clinical examination
and extensive review of clinical history in order to assess possible confounding factors for
olfactory function and fMRI activity responses. Exclusion criteria for this study were visual,
olfactory and auditory alterations in controls (2 controls excluded), controls with smoking
habits as these are known to have lower olfactory acuity (19) and concomitant pathologies
that might affect olfaction such as post-traumatic olfactory dysfunction and post-upper
respiratory tract infection (1 control excluded). Abnormal neuroradiological findings (4
patients and 2 controls excluded) and incorrect task execution during fMRI scans (5 patients
excluded) were also exclusion factors. USH patients were subjected to Montreal Cognitive
Assessment test (MoCA) in order to exclude dementia that is known to potentially cause

olfactory impairment (20).

FMRI ACQUISITION

Scanning was performed in a 3-Tesla scanner (Magneton TrioTim, Siemens AG,
Germany) at the Portuguese Brain Imaging Network, using a 12-channel birdcage head cail.
Two T1-weighted Magnetization-Prepared Rapid Acquisition with Gradient Echo (MPRAGE)
sequences (1x1x1 mm?® voxel size; Repetition Time (TR) 2.53 s; Echo Time (TE) 3.42 ms;
Flip Angle (FA) 7°; Field of View (FOV) 256x256 mm?; 176 slices) were acquired from each
participant. Functional sequences (single shot Echo Planar Imaging [EPI]) were acquired 30
deg in the axial plane orthogonal to the Anterior Commissure-Posterior Commissure plane
(AC-PC) covering the whole brain (3x3x3 mm? voxel size; TR 3s; TE 30 ms; FA 90°, FOV
256x256 mm?; 43 slices; 86x86 imaging matrix). This slice orientation was chosen to

minimize signal dropout in the orbitofrontal and medial temporal areas caused by



susceptibility artifacts as previously described (21). Each functional sequence was preceded
by a multi-echo EPI (3.7x3.7x3 mm? voxel size; TR 0.4 s; TE; 4.92 ms; TE, 7.38 ms; FA 60
deg; FOV 235x235 mm?; 36 slices; 64x64 imaging matrix) acquisition in order to correct for
EPI distortion due to susceptibility artifacts.

OLFACTORY THRESHOLDS

Following previous studies (22), each participant performed a butanol olfactory
threshold test through a single staircase procedure with a set of 8 solutions ranging from 4%
to 0.002% following a 1:3 dilution with water as a solvent. In this context the olfactory
threshold is the lowest butanol concentration detected by an individual. The butanol solution
was presented to participants birhinally. Butanol is a bimodal odorant activating both the

olfactory and trigeminal nerve (12).

OLFACTORY FMRI TASK

A random staircase design with four concentration levels of butanol was
implemented. The concentration levels were as follows: the butanol threshold concentration
(Bo) determined prior to scanning, one concentration below (), one concentration above
(B+1) and two concentrations above (B.,). Participants were instructed to press a button
whenever they detected the odorant after the green or white (for patients with severe visual
impairment) screen. The first presented concentration was random. Then, whenever the
individual detected the odorant, the next concentration was lower. On the other hand,
whenever the participant did not detect the stimulus, the next concentration was higher. This
approach was used to guarantee an adaptive design. Participants were instructed to breathe
normally and not to sniff as sniffing can induce signal change in primary olfactory regions
(21). Odorless air was used as baseline. In order to prevent olfactory receptors saturation, a
supra-threshold coffee odorant was released three times per run. Odorant release blocks
(black screen) lasted 30 s each allowing proper detection in olfactory impaired patients (21).
Each run consisted of 18 blocks of odorless air, 3 blocks of coffee and 12 blocks of butanol
and thereby lasting 16 min and 30 s. All participants completed two functional runs except 4

patients that only completed one run due to fatigue.

The stimulus was designed using Matlab 2010b (The MathWorks, Inc., USA) with
Psychophysics Toolbox 3 extensions and it was presented in a back-projection Liquid Crystal
Display monitor (NordicNeuroLab, Norway) with a mirror mounted above the coil. Responses
were collected with an fMRI response pad (Lumina LU400-PAIR, Cedrus Corporation, USA).

The odorants were presented using an olfactometer (Mag Design and Engineering, Redwood



City, USA) which was controlled using the Matlab script and was kept in the control room.
Individual conduits passed to the MRI room through the waveguide and were connected to

the individual odorant containers. Nasal cannulae were used to deliver air flow bilaterally.

IMAGE PROCESSING

Image processing was performed using BrainVoyager 20.6.2 (Brain Innovation BV,
The Netherlands). The two Tl-weighted anatomical images were averaged for each
participant, re-oriented in relation to AC-PC and transformed to Talairach (TAL) coordinate

system. These images were used to project task-related responses.

Anatabacus, a plugin for BrainVoyager software, was used to correct EPl geometric
distortion due to susceptibility artifacts. Preprocessing included scan time correction,
temporal high-pass filtering (2 cycles per run), correction for small inter-scan head
movements, spatial normalization and spatial smoothing (FWHM 6 mm). Since a strong
habituation effect on the hemodynamic response was verified in the second half of the

stimulation block our model only accounted for stimulus effects in the first half.

DEFINITION OF ROIS

In order to define functional ROIs, we used the automated meta-analysis toolbox
Neurosynth (23) similarly to other studies (24,25). A meta-analysis of 74 studies using the
term “olfactory” was retrieved. This meta-analysis provided a reverse-inference z-score map
of brain regions related to the olfactory central network (FDR-corrected at p<0.01). The map
was transformed to TAL coordinate system and was thresholded at a z value of 2.5 and a 50
voxel cluster-threshold. This restricted the map to known olfactory related regions only and
eliminated spurious voxels. The resulting map contained 325 voxels (3x3x3 mm?® voxel size
after transformation) (Figure 1). Next, the map was split into several clusters and sub-
clusters (local maxima) (Table 1). Bilateral PC and OFC (BA 11) were used as ROIs in the
univariate analysis. The left sub-cluster on the fronto-temporal junction which we used as left
PC includes a small portion of the left amygdala. In respect to the MVPA analysis all olfactory
regions were used except for the lateral globus pallidus which resulted in a 317 voxel-extent

olfactory map.
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Figure 1: Central olfactory map derived from Neurosynth after transformation to TAL coordinate

system. A z value threshold of 2.5 and a 50-voxel cluster threshold was applied. An averaged

anatomical image of controls is used to project the statistical map. Left side corresponds to right

hemisphere.

Table 1: All regions-of-interest yielded by splitting the olfactory statistical map into sub-clusters.

Talairach coordinates.

Peak

Voxel
Region H X y z Extent
OFC (BA 11) R 12 35 -14 27
OFC (BA 11) L -12 38 -14 21
OFC (BA 47) R 21 26 -8 32
OFC (BA 47) L -21 29 -8 41
OFC (BA 47)/temporal pole R 24 11 -20 11
Piriform cortex R 15 -7 -14 32
Piriform cortex/amygdala L -21 -1 -11 55
Amygdala R 24 -10 -8 15
Insula L -33 2 -8 48
Insula R 30 2 -8 35
Lateral globus pallidus R 18 -1 -2 8

H=hemisphere, R=right, L=left, OFC=orbitofrontal cortex, BA=Brodmann area.
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UNIVARIATE ANALYSIS

A multi-subject general linear model (GLM) with random effects was performed in
BrainVoyager using 5 task-related predictors (coffee, butanol .1, butanol 3¢, butanol 8.1, and
butanol B.;) and additional predictors accounting for within-run head movement. Beta
estimate values for each condition were extracted from each ROI. Statistical analyses were
then carried out with IBM SPSS Statistics 22 (IBM Corporation, USA). We performed
repeated-measures analysis of variance (ANOVA) with the between-subjects factor being the
group and the butanol level as within-subjects factor. Age was included as a covariate. When
a significant interaction factor was found we performed a repeated measures ANOVA for
each group separately in order to explore linear trends. A planned contrast of the highest
concentration condition minus the lowest concentration condition (B., vs B.;) was also
compared between groups when an interaction factor was identified. Since we had a strong
prior hypothesis regarding group differences concerning OFC and PC, these analyses were
only conducted in bilateral OFC (BA 11) and bilateral PC. A significance level a=0.05 was
considered. When applicable, tests of sphericity were reported along with respective

Greenhouse-Geisser corrections.

MVPA

Since classification procedures rely on the assumption of independent samples, a
separate-subject GLM model with the same predictors as described above was performed
which yielded beta estimates for each butanol level for each participant. Then 6 contrast
maps (., vs odorless air; Bo vs odorless air; B.; vs odorless air; B., vs odorless air; .2 vs B.;
B+2 + B+1 Vs B [1 1 -2]) were produced for each subject. All contrast maps were transformed

to t-statistic maps in order to establish the same scaling across voxels for all participants.

Most disease-state classification studies have used support vector machine
classifiers (SVM) (14-17) but logistic regression has already been successfully implemented
in related brain decoding experiments (26). In this study a fast logistic regression classifier
with L1-regularization was used as implemented in LIBLINEAR classification library (27). For
each contrast, we used the t-statistic maps of all 53 subjects masked with the overall
olfactory map as input to the classification analysis. Thus, each classification process
included 53 independent samples with 317 features and 2 classes (controls and USH
patients). A 20-fold stratified cross-validation scheme was used to assess the performance of
our model by training and testing on separate subsets with approximately the same class
proportions. Using the resulting confusion matrix, accuracy, sensitivity and specificity across
folds were calculated. Decision values for each participant were used to calculate the area

under curve (AUC) values. This process was repeated for each contrast. Significance was
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evaluated with permutation testing (n=10000) for each model with random assignment of
group class to the input t-statistic maps. The p-values were calculated with the resulting null-
hypothesis distribution as the proportion of permutations that yielded greater accuracy than
the accuracy obtained from each classification model. A significance level a=0.05 was

considered.
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RESULTS
ROIS UNIVARIATE ANALYSIS

In each ANOVA we first looked at the interaction effect between group and butanol
level. Only if a non-significant interaction effect was found we evaluated the main effects.
Whenever a factor was found to be statistically significant, proper posthoc analyses were

run.

An interaction effect between group and butanol level was found in the right OFC (BA
11) (F(2.365;118.247)=3.032, p=0.043, Greenhouse-Geisser corrected, Mauchly’s
W(5)=0.668, p=0.001, £€=0.788) (Figure 2A). However, posthoc tests did not reveal significant
differences between controls and USH patients for any butanol level (B.;: t(51)=0.162,
p=0.872; Bo: t(51)=-0.861, p=0.393; B.:: t(41.883)=0.313, p=0.756; B.,: t(51)=-1.844,
p=0.071). In order to evaluate if there were differences between butanol concentration levels
for each group we split the model and obtained non-significant butanol effect for both
controls (F(3;72)=0.979, p=0.408) and USH patients (F(2.195;54.872)=0.678, p=0.568,
Greenhouse-Geisser corrected, Mauchly’s W(5)=0.562, p=0.018, €=0.732). Separate
repeated measures ANOVA showed a significant linear trend for controls, F(1,25)=6.855,
p=0.015, but not for USH patients, F(1,26)=0.413, p=0.526.

Regarding the left OFC (BA 11), neither the interaction effect was significant
(F(3,150)=0.853, p=0.467) nor the main effects of butanol (F(3,150)=0.630, p=0.596) and
group (F(1,50)=0.234, p=0.630).

Also, an interaction effect between group and butanol level emerged in the right PC
(F(3,150)=4.537, p=0.004) (Figure 2B). After this significant effect, posthoc analyses were
run which did not reveal significant differences between USH patients and controls at
Bonferroni corrected statistical significance a=0.05/4=0.0125 (B.;: t(51)=0.718, p=0.476; [B,:
t(51)=-0.941, p=0.351; B.:: t(51)=-0.537, p=0.593). Although not statistically significative, a
marginal effect was found in the highest butanol concentration: B., (t(51)=-2.342, p=0.023.
When we split the model to test the effect of butanol for each group separately only non-
significant values arose (controls: F(3;72)=2.333, p=0.081; USH: F(3;75)=1.934, p=0.131).
Separate repeated measures ANOVA showed a significant linear trend for USH patients,
F(1,26)=10.181, p=0.004, but not for controls, F(1,25)=1.760, p=0.197.

In the left PC, interaction effect between group and butanol concentration proved to
be non-significant (F(2.453;125.113)=0.928, p=0.414, Greenhouse-Geisser corrected,
Mauchly’s W(5)=0.733, p=0.009, €=0.818). Furthermore, both main effects for butanol
(F(2.453;125.113)=0.702, p=0.525, Greenhouse-Geisser corrected, Mauchly’s W(5)=0.733,
p=0.009, €=0.818) and group (F(1,51)=0.541, p=0.465) were statistically non-significant.
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Figure 2: Interaction effect of group X butanol level: A) Controls show a decreasing response trend in
right OFC (BA 11) when higher odorant concentrations are used. USH patients exhibit an inverse
tendency (except for B.1). B) There is an increasing response trend in controls when higher
concentrations are used, and the opposite effect is seen in USH group. Group differences seem to be

larger with higher odor concentrations. The bars display the standard error of the mean (SE).

Since butanol concentration presented to each participant during the fMRI task
depended on individual olfactory thresholds it is also worth contrasting ., against f; and
compare this contrast between groups. We hypothesized that this would provide a more
reliable measure of the subject-specific variation of the stimulus-evoked response. This a
priori defined contrast was only investigated in ROIs which showed a significant interaction
factor. As for the right OFC (BA 11) we found a significant difference in this contrast between
groups (t(51)=2.339, p=0.023) (Figure 3A). Also, a significant difference between USH
patients and controls with respect to this contrast was revealed in the right PC (t(51)=-3.380,
p=0.001) (Figure 3B).
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Figure 3: Planned contrast (8. vs B.1) between USH patients and controls: A) USH group shows

significantly higher response in the right OFC (BA 11). B) USH patients have significantly lower activity

in the right piriform cortex. *p<0.05, **p<0.01. The bars display the standard error of the mean (SE).

MVPA ANALYSIS

The selected contrasts that were used as input to the classification analyses and the

corresponding performance measurements are summarized in Table 2. The contrast B., +
B:1 vs B1 [1 1 -2] resulted in the best predictor model (accuracy=0.7170, p=0.0072;
sensitivity=0.6774, p=0.0328; specificity=0.7727, p=0.0041; AUC=0.7849, p=0.0087). A
graphical depiction of the classification performance for the best contrast (B.2 + Bs1vs B4 [1 1

-2]) is shown in Figure 4.

Table 2: Performance measures for each contrast used as input to the classification analyses.

Contrasts Accuracy  Sensitivity  Specificity AUC

B.1 vs odorless air 0.6604* 0.6429 0.6800* 0.6681
Bo vs odorless air 0.5472 0.5313 0.5714 0.6952*
B.+1 vs odorless air 0.4340 0.4286 0.4400 0.3718
B.» vs odorless air 0.4906 0.4815 0.5000 0.5641
Bi2 vs B 0.6226 0.6250 0.6207 0.6667
Bz + Bi1vs B 0.7170**  0.6774* 0.7727** 0.7849**

AUC=Area Under Curve. *p<0.05, **p<0.01.
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Classification Performance and Permutation Testing
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Figure 4: Performance measures for the best contrast model (B> + B+ vs By [1 1 -2]) and the
corresponding measures Yyielded by the permutations testing. *p<0.05, **p<0.01. The bars display the
standard error of the mean (SE) of the 20 folds of the model cross-validation and of the 10000

permutations.
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DISCUSSION

This study aimed to shed new light on the effects of USH olfactory impairment in
central olfactory brain regions. There are several studies in the literature reporting decreased
olfactory function in USH patients although some results are conflicting (5, 28). Meanwhile, a
more robust study has demonstrated that USH1 patients exhibit a faster ageing olfactory
decline compared to controls (7). Besides USH, other ciliopathies such as Bardet-Bied|
Syndrome have also been associated with olfactory dysfunction (29).

We compared stimulus-evoked responses between USH patients and healthy
subjects within central olfactory regions in the context of an olfactory detection task. It should
be noted that adapting the presented odorant concentrations during the fMRI task to each
individual detection threshold is crucial in order to warrant the same difficulty across
participants, compensate expected inter-subject variability and allow for a fair comparison
across subijects.

Although the olfactory map retrieved from Neurosynth yielded other ROls that could
be investigated regarding group differences, we decided to restrict our univariate analyses to
the OFC and PC. Wu et al. demonstrated that after a period of reduced odor input there is
specifically a decrease in stimulus-evoked response in PC and the opposite occurs in OFC
(13), which allowed to define a strong a priori hypothesis. Bearing this in mind we formulated
the hypothesis that the most significant differences between groups would be verified in
these areas. Also, we chose to perform the univariate analyses using specifically BA 11 in
detriment of BA 47 as the former has been the OFC area mostly linked to olfactory
processing (30). When it is possible to formulate strong hypothesis, these strategies avoid

exploratory and underpowered statistical testing thus reducing false positives.

Overall, we found evidence for defective olfactory function in USH patients particularly
in the right OFC and right PC. Repeated measures ANOVA revealed a significant interaction
effect between group and butanol concentration for both right OFC and right PC. This means
that differences between USH patients and healthy subjects are dependent upon odor
concentration. Even though posthoc analyses with multiple comparisons correction failed to
detect specific differences between groups for each butanol concentration, different trends in
activation were clearly identified (Figure 2). One should note that posthoc tests are less
sensitive to explore interactions than trend analysis. In fact, the observed interactions stem
from the fact that controls showed a significant decreasing response trend in right OFC
(Figure 2A) as higher odorant concentrations were used and USH patients exhibited an
inverse tendency. The opposite scheme was verified in PC (Figure 2B) with controls
increasing their response along higher intensity stimulus levels and USH patients showing

significantly lower activation. The planned contrast (B> vs B.;)) showed that the mean
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activation in the right OFC significantly increased from the infra-threshold to the higher
odorant concentration in USH compared to controls (Figure 3A). On the contrary, in the right
PC, the USH group exhibited a significant mean activation decline from the lowest to highest
butanol concentration compared to controls (Figure 3B).

In healthy subjects PC activity seems to be relatively proportional to odor intensity
which has been demonstrated in mice (31) and guinea pig (32) studies. On the other hand,
OFC attempts to compensate for this putatively excessive input signal. In USH patients the
opposite functional relation is verified in this study.

Previous studies have shown that hyposmia or anosmia conditions are associated
with diminished activation in the PC (12,13) which is easily explained by the lack of
information projecting from the second olfactory neuron. Since our results are consistent
with those reports, they reinforce the notion of dysfunctional olfactory receptor cells in USH
patients. Thus, it is natural to suppose that USH mutations must somehow affect olfactory
neuroepithelium specifically in the nasal cilia. Interestingly, evidence for abnormal nasal cilia
has been reported in 1979 in RP patients, some of them being USH patients (33). Further
support to this hypothesis comes from a recent study which demonstrated the presence of
USH proteins within the olfactory epithelium of mice and their interaction with olfactory
signaling proteins (6).

The OFC is the high-order area that has been most linked with olfactory processing
and its functions include odor quality discrimination and olfactory conscious awareness.
Specifically, the right OFC plays a central role in conscious olfactory perception (34). It has
been demonstrated that OFC volume is positively correlated with olfactory performance in
respect to several tasks including odor sensitivity, odor quality discrimination and cued odor
identification (35). Notably, a study found evidence of a decreasing stimulus-evoked
response in PC after 7 days of olfactory deprivation whereas an increasing OFC activity was
verified (13). These findings were explained as a compensatory mechanism that makes the
olfactory system resistant to reversible derangements of afferent sensory input. Our data
suggest that a similar process occurs in USH patients particularly for higher odor
concentrations (Figure 2,3). However, in this case the olfactory deprivation is not transient
but chronically progressive which is substantiated by USH patients faster age-related
olfactory decline (7), suggesting that the type of acute adaptation observed in health

participants is also observed chronically in patients.

It needs to be pointed out that only right-sided ROIs showed a significant interaction
factor. The left PC ROI may have not showed this effect because it also contained a patrtial
area of the left amygdala which may have caused a partial volume effect. However, that was

not the case with the left OFC. In fact, evidence for dominant right OFC has been described
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particularly with higher odor concentrations (36). Thus, it is possible that differences between
groups are less relevant in the left side even when higher odor concentrations are used but
not in the right side.

We demonstrated through an exploratory classification analysis that it is possible to
predict weather a subject is an USH patient or a healthy individual based on the fMRI pattern
of the olfactory network. MVPA procedures have been investigated as diagnostic tools in
several neurological and psychiatric diseases that pose significant challenges in terms of
diagnosis and classification (14-17). These studies have shown that specific regional fMRI
patterns of activation carry discriminant information regarding the disease in study. Indeed,
Chanel and colleagues reported an autism spectrum disorder categorization accuracy of
92.3% (14) while it has been reported a classification accuracy of 82.5% for social anxiety
disorder (15) both using SVM classifiers. Although our results are not as promising as those,
they still represent a significant classification model with 71.7% accuracy, 67.7% sensitivity
and 77.2% specificity for the B., + B+1 VS B.1 contrast using a logistic regression classifier with
L1-regularization (Figure 4). This also indicates that discriminative information is contained
within the olfactory network used in this analysis namely the OFC, PC, insula, amygdala and
a small region that extended from the right OFC (BA 47) to the right temporal pole. We chose
to run the classification analysis using all regions yielded by the meta-analysis based on the
hypothesis that distributed alterations along several central olfactory regions occur in USH
patients. Amygdala is considered part of the so-called primary olfactory cortex receiving
direct axonal projections from the olfactory bulb (34) and insula is deeply involved in olfactory
processing (37). Also, cortical thinning of the temporal pole has been associated with
reductions in odor familiarity and cued odor matching (38). We only excluded the lateral
globus pallidus to avoid biased classification based on potential movement differences
between the two groups. It was not the purpose of this analysis to identify specific patterns
within each olfactory region but to investigate whether distributed fMRI activity is potentially
suited to identify USH patients.

Currently, USH diagnosis rely mostly on genetic testing although auditory, retinal and
vestibular tests may narrow the differential diagnosis (39). Besides its clinical heterogeneity,
USH is also characterized by genetically heterogeneity which is also present in each USH
subtype (40). This means that some mutations can give rise to different clinical subtypes and
even atypical USH (40). Therefore, it is necessary to improve both USH diagnosis and USH
subtype categorization as each subtype exhibit different prognosis and require tailored
management. The identification of fMRI biomarkers that can discriminate USH patients

constitutes an attractive option as a screening test prior to definitive genetic testing. Also, it
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could be used as an outcome measure in future therapeutic studies and eventually as a

predictor of functional prognosis.

Our study was carried out with a small sample of USH patients (n=27) which limits the
power of our statistical analysis. Larger series should be used to confirm our results and
investigate other aspects such as putative correlations between fMRI central olfactory
activation and psychophysical measures. Also, in this study we could not draw any
conclusions regarding USH types because of small samples for USH1 (n=4) and USH3 (n=2)
compared to USH2 (n=21) but this is of uttermost importance and should be addressed in
future research. Other olfactory tasks such as olfactory discrimination and identification
performed during fMRI could be helpful in better characterizing olfactory deficits. Further
functional imaging studies should be conducted in order to identify olfactory-activated
patterns that could elucidate the proposed compensatory mechanism and eventually be used
as biomarkers of the disease. This requires both improved experimental conditions and
better classification models. For instance, the classification performance would probably
benefit from proper feature selection methods such as recursive feature elimination. Also,

other classifiers might work better than the one we used in this study.
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CONCLUSION

This study provides evidence of dysfunctional stimulus-evoked activation in the right
PC and right OFC in USH patients through an olfactory task during fMRI. Furthermore, it
shows that it is possible to discriminate patients and controls based on fMRI olfactory
network patterns.

Further research is warranted with respect to putative differences between USH
clinical types in central olfactory regions. This could provide insight to a better understanding
of the mechanisms responsible for USH clinically heterogeneity. Also, a larger sample of
USH patients should be studied in order to confirm our results and unveil possible effects
that our analyses failed to detect due to lack of power. Detailed MVPA should be carried out
aiming to elucidate the mechanisms underlying central olfactory regions dysfunction in USH
patients.
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