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A B S T R A C T

Diseases involving cilia dysfunction, such as Usher Syndrome (USH), often involve visual and auditory loss.
Psychophysical evidence has suggested that this may also hold true for the peripheral olfactory domain. Here we
aimed to go a step further by attempting to establish relations between the integrity of cortical structures and
olfactory function in this condition. We investigated olfactory function for USH types 1 (USH1) and 2 (USH2).
Bilateral olfactory bulb (OB) volume and olfactory sulcus (OS) depth were also analysed.

Thirty-three controls with no previous olfactory deficits were age, sex and handedness-matched to 32 USH
patients (11 USH1, 21 USH2). A butanol detection threshold test was performed to measure olfactory function.
For OB volume and OS depth, morphometric measurements were performed using magnetic resonance imaging
(MRI) based on detailed segmentation by three independent operators. Averaged values across these were used
for the statistical analyses. Total intracranial volume was estimated using Freesurfer to account for head size
variability.

Olfactory threshold was significantly lower in controls when compared to USH, USH1, and USH2. OS depth
was found to be shallower in both hemispheres in USH patients when compared with the control group. OB
volume was not significantly different between control and USH groups, or respective subgroups. Nevertheless,
butanol threshold was negatively correlated with the left OB volume for the USH type 1 subgroup. The main
effect of OS depth reduction was found to be mainly due to the comparison between USH2 and controls.

Our results provide evidence for morphometric changes and olfactory dysfunction in patients with USH. This
correlated with a reduction in left OB volume in the USH1 subgroup, the most severe USH phenotype. The main
effect of reduced OS depth was found to stem mainly from USH2 raising questions regarding a possible complex
interaction between sensory olfactory loss and central cortical changes in this disease.

1. Introduction

Usher Syndrome (USH) is an heterogeneous and severely debili-
tating genetic disease of autosomal recessive nature. It is considered to
be the most common cause of inherited deaf-blindness with a world-
wide prevalence of 3–8:100000 (Mathur and Yang, 2015; Toms et al.,
2015).

USH is thought to be a ciliopathy characterized by sensorineural
hearing loss and progressive retinal degeneration in the form of
Retinitis Pigmentosa (RP), featuring night blindness and loss of per-
ipheral vision in early stages, with progression to blindness (Mathur
and Yang, 2015; Toms et al., 2015). USH accounts for 18% of RP and
5% of inherited deafness cases (Toms et al., 2015).

USH may be subdivided in three types (Mathur and Yang, 2015;
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Toms et al., 2015). USH type 1 (USH1) is characterized by onset of RP
during infancy along with congenital profound deafness and vestibular
impairment (Mathur and Yang, 2015). USH type 2 (USH2) is the most
common type and has a later onset of RP during puberty or early
adulthood and shows a milder hearing loss with no vestibular dys-
function. In rare cases, a progressive loss of hearing along with variable
expression of both vestibular dysfunction and RP onset lead to a diag-
nosis of USH type 3 (USH3). The cases with additional atypical features
are described as atypical USH (Mathur and Yang, 2015; Toms et al.,
2015; Yan and Liu, 2010).

Thirteen genes have been associated with USH so far (Mathur and
Yang, 2015), mainly comprising functions regarding cell adherence and
protein scaffolding and signalling. Proteins encoded by these genes may
participate in a multiprotein complex responsible for the development
and maintenance of the hair bundles of the inner ear and photo-
receptors in the retina. This may imply that multiple splice isoforms of
USH genes play similar roles in different tissues, such as the outer
segment and calyceal processes of photoreceptors in the retina, mi-
crovilli in the intestine, and the cilia in olfactory epithelium (Jansen
et al., 2016; Toms et al., 2015; Yan and Liu, 2010).

Olfactory involvement has long been suspected in this syndrome
(Arden and Fox, 1979; Jansen et al., 2016; Seeliger et al., 1999; Zrada
et al., 1996), though conclusions have been controversial. A recent
animal study demonstrated USH proteins' expression in the olfactory
epithelium (Jansen et al., 2016) and a human-based USH study re-
porting accelerated psychophysical olfactory loss with age in USH pa-
tients led to a renewed interest in studying olfaction in USH (Ribeiro
et al., 2016).

Magnetic resonance imaging (MRI) and other imaging methods such
as positron emission tomography and functional MRI have enabled
additional progress in the study of olfaction in several disorders. Neural
mechanisms of olfactory function have been studied not only in healthy
subjects (Seubert et al., 2013a; Seubert et al., 2013b), but also in Par-
kinson's disease (Mueller et al., 2005; Wang et al., 2011) and schizo-
phrenia (Nguyen et al., 2011; Turetsky, 2000; Yousem et al., 2001),
among other pathologies with known olfactory deficits. Moreover, in
Alzheimer's disease (Thomann et al., 2009) and Bardet-Biedl Syndrome
(BBS) (Braun et al., 2014, 2016), olfactory bulb (OB) volume and ol-
factory sulcus (OS) depth have been shown to be correlated with ol-
factory function. To the best of our knowledge, there is no published
study correlating morphometric and olfactory functional changes re-
garding Usher syndrome.

Here we aimed to evaluate putative morphometric changes in OB
volume and OS depth for USH patients and correlate such alterations
with olfactory function.

2. Methods

2.1. Participants

This study was conducted in accordance with the Declaration of
Helsinki and was approved by the Ethics Committee of the Faculty of
Medicine of University of Coimbra. Written informed consent was ob-
tained from all participants after research procedures had been fully
explained.

Control subjects were enlisted from the local population while pa-
tients were recruited from the Otorhinolaryngology consultation of
Centro Hospitalar e Universitário de Coimbra, Coimbra, Portugal. USH
patients were clinically diagnosed as defined by the USH consortium
(Smith et al., 1994; Steiner and Abraham, 1978). All subjects were
subjected to a thorough clinical examination and an extensive review of
clinical history.

Exclusion criteria were previously documented olfactory impair-
ment or neurodegenerative disease, abnormal neuroradiological find-
ings, and diagnosis of diabetes mellitus as this common disease is in-
volved in atrophy of several brain regions (Wang et al., 2014).

The final control group consisted of 33 healthy subjects [21 males,
12 females; 42.76 ± 10.51 years-old (mean ± standard deviation)].
The patient's group included 32 subjects (20 males, 12 females;
46.59 ± 13.54 years-old).

The USH group was further divided into 2 subgroups: USH1 [11
patients (8 males, 3 females); 45.55 ± 16.27 years-old] and USH2 [21
patients (12 males, 9 females); 47.14 ± 12.28 years-old]. All groups
(Control, USH) and subgroups (Control, USH1, USH2) were age,
gender, and handedness-matched (Table 1).

2.2. Psychophysics and brain imaging

A binasal butanol olfactory threshold test was executed using a
staircase procedure with a set of 8 solutions of n-butanol ranging from
4.000% to 0.002% following a 1:3 dilution with water as a solvent
(Seeliger et al., 1999). Given this method, the lower the concentration
detected by the subject – olfactory threshold – the better the olfactory
performance (Cain, 1983, b; Cain and Gent. 1988; Toledano et al.
2003).

Scanning was performed on a 3-Tesla scanner (Magneton TrioTim,
Siemens AG, Germany) at the Portuguese Brain Imaging Network, using
a 12-channel birdcage head coil. Two T1-weighted Magnetization-
Prepared Rapid Acquisition with Gradient Echo sequences were ac-
quired from each participant [1× 1×1mm3 voxel size; Repetition
Time (TR) 2.53 s; Echo Time (TE) 3.42ms; Flip Angle (FA) 7°; Field of
View (FOV) 256×256mm2; 176 slices]. Additionally, one T2-
weighted sequence was acquired for each subject (0.4× 0.4× 2.0mm3

voxel size; TR 6.4 s; TE 148ms; FA 150°; FOV 230×230mm2; 30
slices) (Burmeister et al. 2011).

Manual segmentation of the OB was performed moving distally from
the abrupt change in diameter at the beginning of the olfactory tract
(Mueller et al. 2005). OS depth (Fig. 1) was measured in the plane of
the posterior tangent through the eyeballs (Duprez and Rombaux 2010;
Nguyen et al. 2011). Both were completed in Osirix v6.5.2 (Pixmeo
SARL, Geneva, Switzerland) by three operators (JNR, ACP, SF) using
the T2-weighted sequence. Since intraclass coefficient (95% confidence
interval) were of 0.924 (0.891–0.949) for OB and 0.960 (0.942–0.973)
for OS, all measurements were averaged in the following statistical
analyses.

Freesurfer v5.3 software package (http://surfer.nmr.mgh.harvard.
edu/) was used to perform cortical reconstruction and volumetric seg-
mentation using the averaged T1-weighted scans for all subjects. The
total intracranial volume values were extracted for each participant to
account for head size variability.

2.3. Statistical analysis

Statistical analyses were performed between main groups (Control
and USH) and between subgroups (Control, USH1, and USH2).
Normality and variance homogeneity tests were performed when ne-
cessary to select either parametric or non-parametric statistical tests.
For MRI structural measurements (OB volume, OS length), we used
repeated-measures Analysis of Covariance (ANCOVA) with group or
subgroups as the ‘between-subjects’ factor. Side [left (L), right (R)] was

Table 1
Age and gender descriptive statistics regarding groups and subgroups, all
matched between groups and subgroups (p > 0.05).

Age Gender

Mean ± standard deviation (years-old) Male:Female ratio

Control 42.76 ± 10.51 21: 12
USH 46.59 ± 13.54 20: 12
USH1 45.55 ± 16.27 8: 3
USH2 47.14 ± 12.28 21: 9
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defined as the only ‘within-subjects factor’. Both age and estimated total
intracranial volume were included as covariates. Despite age-matching,
we still included age as a covariate because of the observed intragroup
correlations (age × ROS, r=−0.289, p=0.020; Age × LOS
r=−0.401, p=0.001).

Regarding the butanol threshold, we performed Mann-Whitney or
Kruskal-Wallis H tests (with Bonferroni correction for multiple com-
parisons for post-hoc tests) for group or subgroup analyses, respec-
tively. In addition, non-parametric Spearman correlations were used to
assess the association between butanol threshold and OB, OS, and age.

All analyses were performed using SPSS Statistics v23.0 (SPSS Inc.,
Chicago, IL, USA) with statistical significance set at p < 0.05.

3. Results

3.1. Olfactory threshold

The butanol threshold was significantly higher (U=237,
p=9.700×10−5) in USH patients (median= 0.140%, interquartile
range [IQR]= 0.047–0.430%) when compared with the control group
(median=0.016%, IQR=0.016–0.047%).

Furthermore, a Kruskal-Wallis H test showed a statistically sig-
nificant difference between subgroups [χ2(2)= 19.469,
p=5.900×10−5]. Both USH1 (median= 0.430%,
IQR=0.140–0.430%; adjusted p=7.100× 10−5) and USH2
(median=0.047%, IQR=0.016–0.430%; adjusted p=0.036) had
higher butanol thresholds than the control group. No differences were
found between USH1 and USH2 (adjusted p=0.116).

3.2. Olfactory bulb and sulcus morphometry

Although a lower mean OB volume was found in USH patients, no
overall main effect was found between groups[F(1,61)= 0.099,
p=0.754], nor between subgroups[F(2,60)= 0.261, p=0.771], and
therefore no post-hoc tests were performed. Descriptive statistics for OB
volumes are provided in Table 2.

Regarding OS depth, we found a statistically significant main effect

on overall OS depth between groups[F(1,61)= 8.924, p=0.004], with
post-hoc tests showing a significant reduction for USH for both right OS
[t(63)= 2.996, adjusted p=0.004] and left OS [t(63)= 2.510, ad-
justed p=0.015].

An overall effect was also present among subgroups [F(2,
60)= 4.801, p=0.012], with a significant reduction of OS on both
sides only in the USH2 subgroup [right OS: t(52)= 3.060, p=0.003;
left OS: t(52)= 2.571, p=0.013] when compared with controls. Type
1 USH patients did not have significant differences regarding OS when
compared with both USH2 [right OS: t(30)= 0.836, p=0.406; left OS:
t(30)= 0.728, p=0.470] nor with controls [right OS: t(42)= 2.014,
p=0.051; left OS: t(42)= 1.405, p=0.168]. Descriptive measures for
OS are provided in Table 3 and a visualisation of the means across
groups and subgroups can be seen in Fig. 2. Given that these patients
had visual and auditory loss, it was expected that these structures were
also affected. This was indeed the case for the visual areas (p < 0.001
on t-tests between groups).

3.3. Correlations with butanol thresholds

We found a correlation between the butanol threshold and age
(rs=0.246, p=0.048) only in healthy controls (rs=0.440, p=0.010)
and neither in the USH group (rs=0.015, p=0.934) nor in its sub-
groups (USH1: rs=0.280, p=0.405; USH2: rs=0.022, p=0.925).

The butanol threshold was found to be negatively correlated with
the left OB volume (rs=− 0.249, p=0.045) for all subjects, but not
with the right OB (rs=− 0.059, p=0.642). In addition of this effect
being derived from the USH group (rs=− 0.393, p=0.026), this re-
sult was mainly explained by the USH1 subgroup (rs=− 0.692,
p=0.018).

Butanol threshold showed no correlation with OS depth on either
side for neither healthy controls nor USH patients and its subgroups.

Fig. 1. Example of the implementation of olfactory sulcus (OS) depth mea-
surement, in this case on the right side. It is performed using Osirix by first
finding the plane of the posterior tangent through the eyeballs. Afterwards a
virtual tangent to the inferior gyrus rectus and internal orbital gyrus is ob-
tained. Using this line as a starting point, another one is then drawn to measure
the OS. Both lines are represented in red in Osirix (see orange arrow). (For
interpretation of the references to color in this figure legend, the reader is re-
ferred to the web version of this article.)

Table 2
Olfactory bulb volume for Control and USH groups and its subgroups. No
overall main effect was found between groups F(1,61)= 0.099, p=0.754] nor
between subgroups[F(2,60)= 0.261, p=0.771]. ROB – Right olfactory bulb.
LOB – Left olfactory bulb.

MEAN (mm3) SD (mm3)

Control ROB 60.07 14.38
LOB 61.37 13.88

USH ROB 57.64 16.17
LOB 54.96 14.38

USH1 ROB 55.13 14.98
LOB 51.51 15.39

USH2 ROB 58.95 16.98
LOB 56.77 13.79

Table 3
Olfactory sulcus depths for Control and USH groups and its subgroups. An
overall main effect was found between groups, F(1,61)= 8.924, p=0.004, and
subgroups, F(2, 60)= 4.801, p=0.012, with a decrease in the depth of the
sulci only for the USH group and USH2 subgroup, respectively. ROS – Right
olfactory sulcus. LOS – Left olfactory sulcus.

MEAN (mm) SD (mm)

Control ROS 7.90 2.14
LOS 7.26 2.11

USH ROS 5.62 3.14
LOS 5.29 2.98

USH 1 ROS 6.22 2.60
LOS 5.76 3.03

USH 2 ROS 5.31 3.41
LOS 5.04 3.00
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4. Discussion

This study provides novel insights into structure-function correla-
tions in USH, concerning psychophysical function and central olfactory
structures, as assessed by psychophysics and MRI, respectively.

Although there is some uncertainty regarding olfactory deficits in
USH patients (Seeliger et al. 1999), our study corroborates this notion
in line with previous functional findings such as sensory deficits iden-
tified in 22 USH patients (Zrada et al. 1996) and studies in other ci-
liopathies as BBS (Braun et al. 2014). Furthermore, in our group of
subjects, we were able to confirm the functional relevance and dom-
inance of olfactory deficits in USH1 patients (see also our previous
psychophysical work in USH1 patients (Ribeiro et al. 2016)).

Jansen et al., 2016 correlated olfactory deficits in USH mice models
with the presence of USH olfactory neuroepithelium protein changes.
These changes seem to affect the development of stereocilia and ste-
reocilia-like structures in not only the inner ear and in the retina, but
also in the olfactory cilia as previously suggested (Arden and Fox 1979).

We further confirmed the well described age-related decrease in
olfactory psychophysical function in healthy subjects possibly justified
by repeated viral infections of the upper airway, a decrease in neuro-
transmitters, and degeneration of the olfactory epithelium, among
others (Huart et al. 2013; Yousem 1989). In our USH patient group, no
such age dependent correlation was found, suggesting that disease-re-
lated factors play a more dominant role in the olfactory phenotype than
age. Yet, another study from our research group (Ribeiro et al. 2016) –
with a total of 65 USH patients (22 USH1, 43 USH2) – showed that an
age-related olfactory decline in both USH1 and USH2 is also present,
though the latter did not reach statistical significance.

With a reduction in olfactory function we would have expected to
also find a reduction in OB volume, as it has been found to positively
correlate with olfactory performance in healthy subjects (Buschhüter
et al. 2008; Huart et al. 2013; Nguyen et al., 2016; Seubert et al., 2013b;
Turetsky, 2000; Yousem 1989) and several diseases (Nguyen et al.
2011; Rombaux et al., 2009; Thomann et al. 2009). This could be ex-
plained by the OB' role in connecting the peripheral and central nervous
system via the olfactory tract making this region a primary place for
processing olfactory information (Buschhüter et al. 2008; Huart et al.
2013). The OB volume is thus generally correlated with the olfactory

function.
Indeed, we did not find evidence for significant reduction in OB

volume for both hemispheres in USH and for both of the patients'
subgroups, in contrast with the effects observed in OS. This is intriguing
because OB has been shown to suffer significant volumetric differences
in as short periods of time as of 3months after olfactory training
therapy (Gudziol et al. 2009). This is generally explained by the oc-
currence of neuroplasticity, previously reported to occur in the OB
(Buschhüter et al. 2008; Turetsky, 2000), more patent in younger
people (Rombaux et al. 2010). Correlation analysis suggests that OB
may play a role in functional olfactory reserve in this condition.

Accordingly, a negative correlation was found to exist between ol-
factory thresholds (worse performance) and left OB volume for USH
patients, namely USH1. In addition, taking into account the premise of
a brain right-side dominance in olfactory function (Abolmaali et al.
2002; Hummel et al. 2003; Rombaux et al., 2009), we were surprised to
find that akin to BBS patients (Braun et al. 2016) this correlation was
present in the left hemisphere. Contrary to healthy subjects and patients
with other diseases, this could imply that when faced with an olfactory
deficit, the left OB may be more vulnerable in these specific pathologic
entities, USH and BBS, both grouped as ciliopathies. Given that olfac-
tory function presents the above mentioned right-hemisphere dom-
inance the observation of a correlation specifically for the left side re-
quires additional explanation. Given that this was also observed in
other conditions such as BBS this maybe due to the lower functional
reserve and consequent higher disease susceptibility of the left side.

Interestingly enough, with OS depth also having been linked with
olfactory performance, a bilateral reduction was present in USH. This
main effect was found to be due mainly to the USH2 group. Given that
OS reduction does not necessarily mirror changes in OB (Hummel et al.
2015), this suggests a complex interaction between peripheral neuro-
sensory deficits and cortical changes.

These findings suggest that olfactory threshold testing should be
included in the standard clinical assessment of USH. More specifically,
in the early diagnosis of USH it could be used prior to genetic testing, or
at least as additional information because of the clinical implications in
daily life functioning.

Moreover, other functional imaging studies(e.g. functional MRI can
potentially provide a more comprehensive understanding of the role of

Fig. 2. Mean and standard errors of mean of both groups and subgroups for left and right olfactory sulci. ROS – Right olfactory sulcus. LOS – Left olfactory sulcus.
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OB, OS, and other olfactory-related brain regions in the sensory phe-
notype of USH.

5. Conclusion

We found a reduction in OS depth, mostly in USH2 patients, and
decreased olfactory performance. In addition, the left OB volume cor-
related with USH patients olfactory function. Our study also raises re-
levant questions for future longitudinal studies regarding the effect that
multiple and early sensory deficits may have in brain structures over
disease progression. The structure-function correlations highlighted in
this study suggest the need for future research based on functional
imaging approaches such as functional MRI.
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