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Abstract
Sensorineural hearing loss (SNHL) is characteristic of Usher syndrome type 2 (USH2),
but less is known about SNHL in nonsyndromic autosomal recessive retinitis
pigmentosa (ARRP) and olfaction in USH2A-associated retinal degeneration. The Rate
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of Progression of USH2A-related Retinal Degeneration (RUSH2A) is a natural history
study that enrolled 127 participants, 80 with USH2 and 47 with ARRP. Hearing was
measured by pure-tone thresholds and word recognition scores, and olfaction by the
University of Pennsylvania Smell Identification Test (UPSIT). SNHL was moderate in
72% of USH2 participants and severe or profound in 25%, while 9% of ARRP participants had moderate adult-onset SNHL. Pure-tone thresholds worsened with age in
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ARRP but not in USH2 participants. The degree of SNHL was not associated with
other participant characteristics in either USH2 or ARRP. Median pure-tone thresholds in ARRP participants were significantly higher than the normative population
(p < 0.001). Among 14 USH2 participants reporting newborn hearing screening
results, 7 reported passing. Among RUSH2A participants, 7% had mild microsmia and
5% had moderate or severe microsmia. Their mean (±SD) UPSIT score was 35 (±3),
similar to healthy controls (34 [±3]; p = 0.39). Olfaction differed by country
(p = 0.02), but was not significantly associated with clinical diagnosis, age, gender,
race/ethnicity, smoking status, visual measures, or hearing. Hearing loss in USH2Arelated USH2 did not progress with age. ARRP patients had higher pure-tone thresholds than normal. Newborn hearing screening did not identify all USH2A-related
hearing loss. Olfaction was not significantly worse than normal in participants with
USH2A-related retinal degeneration.
KEYWORDS

autosomal recessive retinitis pigmentosa, olfaction, sensorineural hearing loss, Usher syndrome
type 2
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I N T RO DU CT I O N

common causes of nonsyndromic autosomal recessive RP (ARRP)
(Kaiserman et al., 2007; McGee et al., 2010; Oishi et al., 2014; Rivolta

Dual sensory impairment associated with deaf-blindness is particularly

et al., 2000; Seyedahmadi et al., 2004). While congenital SNHL is a

challenging for patients (National Center on Deaf-Blindness, 2021).

defining feature in USH2, less is known about hearing in persons with

Many conditions can cause loss of hearing and vision, including prena-

USH2A-related ARRP (Lenassi et al., 2015).

tal or congenital complications such as congenital cytomegalovirus

In addition to vision loss caused by photoreceptor degeneration

infection, hydrocephalus, asphyxia, and injury, in addition to heredi-

and SNHL, other sensory deficits can be associated with the ciliary

tary syndromes. Usher syndrome is a leading cause of autosomal

defect that underlies USH2A-related disease. Olfaction deficits in peo-

recessive deaf-blindness, and is a ciliopathy characterized by retinitis

ple with USH2 were first reported by Zrada et al. (1996). Studies in

pigmentosa (RP) with sensorineural hearing loss (SNHL). Clinically,

mice demonstrated expression of the Usher protein complex in the

Usher syndrome is divided into three types, based on the severity and

ciliary region of the olfactory epithelium, and abnormal electro-

onset of hearing loss (Friedman et al., 2011; Mathur & Yang, 2015).

olfactograms in murine models of Usher syndrome (Jansen et al.,

Usher syndrome type 1 is associated with profound congenital hear-

2016). However, subsequent reports of smell function in patients with

ing loss, absent vestibular responses, and RP (or rod greater than cone

USH2 have provided conflicting results (Ribeiro et al., 2016; Seeliger

photoreceptor degeneration) beginning in the first decade of life and

et al., 1999). Also, to the best of our knowledge, olfaction deficits

represents 33–44% of all Usher syndrome (Mathur & Yang, 2015).

have not been evaluated in USH2A-associated ARRP. Some reports

Usher syndrome type 2 (USH2) is associated with a moderate to

suggest smell may be heightened in USH2 patients (Ribeiro

severe congenital SNHL with a sloping configuration, normal vestibu-

et al., 2016), raising the possibility that sensory compensation to dual

lar function and RP beginning in the first or second decade, and repre-

vision-hearing loss may be present in USH2 patients. Cross-sensory

sents 56–67% of all Usher syndrome (Eudy et al., 1998; Fishman

enhancements at the cortical level have been reported (Armel &

et al., 1983). Usher syndrome type 3 is the least common form,

Ramachandran, 1999; Gougoux et al., 2005; Myers et al., 2017). How-

accounting for <3% of Usher syndrome, and is associated with pro-

ever, there is little evidence that olfaction is improved as a result of

gressive hearing loss, variable vestibular responses, and variable onset

vision loss (Smith et al., 1993). Thus, the question whether olfaction is

of RP (Adato et al., 2002; Fields et al., 2002; Joensuu et al., 2001).

different from normal in USH2 or ARRP patients with USH2A muta-

Usher syndrome is genetically heterogeneous and at least 15 genes

tions remains unresolved.

and 3 loci have been associated with autosomal recessive Usher syn-

The Rate of Progression of USH2A-related Retinal Degeneration

drome (RetNet, 2021) (The Hereditary Hearing Loss Homepage,

(RUSH2A) study is an ongoing multicenter, international, non-

2021). This report focuses on USH2.

interventional investigation at multiple sites of individuals with

Although multiple genes have been associated with USH2, the

USH2A-associated USH2 and ARRP (NCT03146078). Baseline ocular

most commonly implicated is USH2A (Le Quesne Stabej et al., 2012;

characteristics of the RUSH2A participants have been published

McGee et al., 2010). Mutations in USH2A are among the most

(Birch et al., 2020; Duncan et al., 2020). Here, the RUSH2A study
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afforded the opportunity to investigate hearing and olfaction in

and the mean value from two ears was used for analyses. Degree of

patients with USH2A-related retinal degeneration.

hearing loss by air conduction was classified into five categories based
on the 4F-PTA: normal (≤20 dB HL), mild (>20–≤40 dB HL), moderate
(>40–≤70 dB HL), severe (>70–≤95 dB HL), and profound (>95 dB

2

METHODS

|

HL). If a patient had hearing loss by the 4F-PTA, the type of loss was
determined by calculating the difference between the three frequency

2.1

|

Study design

(0.5, 1, and 2 kHz) pure-tone averages (3F-PTA) for air and bone conduction (i.e., air-bone gap). When the average air-bone gap was less

The RUSH2A study design has been described previously (Duncan

than 10 dB HL and there was hearing loss by the 3F-PTA (>20 dB

et al., 2020). Briefly, 127 participants were enrolled between August

HL), the hearing loss was classified as SNHL. When the air-bone gap

2017 and December 2018 at 16 sites in Canada, France, Germany,

was greater than 10 dB HL, the hearing loss was classified as conduc-

the Netherlands, the United Kingdom, and the United States. This

tive if the bone conduction 3F-PTA was normal (≤20 dB HL), or mixed

investigation adhered to the tenets of the Declaration of Helsinki and

when the bone conduction 3F-PTA indicated any degree of hearing

was approved by the institutional review boards or ethics boards

loss (>20 dB HL). One ear of a single USH2 patient was excluded from

associated with each participating site.

analysis of hearing loss type due to insufficient data. A third PTA

Participants had to be at least 8 years old with a rod-cone degen-

(WR-PTA) comprising the average of thresholds at 0.5, 1, 2, and 3 kHz

eration associated with at least two disease-causing USH2A sequence

was used for plotting the comparison between pure-tone thresholds

variants. ARRP participants for whom the phase of allele inheritance

with WRS (Gurgel et al., 2012).

was not known underwent additional genetic testing of one to two
first-degree relatives to confirm that inheritance was in trans. Subjects
whose heterozygous variants in the USH2A gene were inherited in cis

2.3
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Olfaction

were not eligible to participate in the study. The segregation studies
as well as pathogenicity or likely pathogenicity of all USH2A variants

The University of Pennsylvania Smell Identification Test (UPSIT, Sen-

was reviewed by an expert genetics committee. Ultimately, partici-

sonics International, Haddon Heights, NJ) was performed in all

pants with USH2 or with ARRP with homozygous or compound

127 participants (Doty et al., 1984). This reliable and sensitive test

heterozygous USH2A variants inherited in trans were enrolled.

(Doty et al., 1989) correlates well with more time-consuming tests,

Best corrected visual acuity (BCVA) letter score was measured

including olfactory threshold tests (Doty et al., 2019). In brief, the

according to the Early Treatment of Diabetic Retinopathy Study

UPSIT consists of 40 “scratch-and-sniff” microencapsulated odorant

(ETDRS) protocol (Ferris 3rd et al., 1982) to assign participants to a

patches that release an odor upon being scratched. Four forced-

vision cohort. Then, 105 participants with 54 or greater (20/80 or bet-

choice response alternatives, three foils and one correct answer, are

ter) letters in the better eye, central kinetic visual field III4e isopter

associated with each odorant patch. The total number of correct

extending at least 10 diameter, and stable fixation were enrolled in

responses out of the 40 odorants serves as the test score. Subjects

the primary cohort. A secondary cohort of 22 patients had ETDRS let-

with ongoing upper respiratory infections were excluded from testing.

ter score of 53 or worse (20/100 or worse), central kinetic visual field

Testing was conducted in rooms with adequate air turnover and



III4e isopter less than 10 diameter, or unstable fixation. Both cohorts

participants were requested not to wear lotions or perfumes on the

are combined in this baseline cross-sectional report.

test day to minimize confounding from such factors. Smoking status
information was also collected. The smell function of each participant
≥15 years (N = 126) was further classified into these categories:

2.2

|

Audiology

normosmia (UPSIT total score 32–40 for men and 31–40 for women),
mild microsmia (UPSIT total score 28–31 for men and 29–30 for

Audiological evaluation including pure-tone and speech thresholds

women), and moderate/severe microsmia (UPSIT total score 17–27

and word recognition tests was administered at study baseline by

for men and 17–28 for women (Doty, 1995). All baseline testing

audiologists associated with study sites. Audiology data were

occurred prior to February 2019.

reviewed by a single study expert audiologist (C. C. B.) to confirm
accuracy and completeness. Three participants with cochlear implants
in both ears were excluded from the audiology analyses. Data from

2.4

|

Ocular function and structure assessments

two other participants were not available since they missed the hearing examination. Participants' self-reported history of hearing loss

All measurements were performed by study certified technicians fol-

(e.g., newborn screening test results and age at onset of hearing loss)

lowing standardized protocols. Following subjective refraction, BCVA

was collected at the baseline visit.

was measured as the ETDRS letter score obtained from the electronic

Hearing outcomes in this report include the pure-tone thresholds

visual acuity tester or standard ETDRS charts (Beck et al., 2003; Ferris

and word recognition scores (WRS). A four frequency (0.5, 1, 2, and

3rd et al., 1982). Only BCVA from study eyes was used for analyses.

4 kHz) pure tone average (4F-PTA) was calculated for each ear

Full-field electroretinogram (ERG) tests were measured to obtain an

4
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objective estimate of the residual retinal function, and were per-

3

RE SU LT S

|

formed following International Society for Clinical Electrophysiology
of Vision standards (McCulloch et al., 2015). The full-field ERG mea-

3.1

|

Study population

sures included amplitude of the dark-adapted (DA) 0.01 ERG response
b-wave (a rod-driven bipolar cell response), the amplitude of the DA

A detailed description of the RUSH2A participant enrollment flow and

3.0 ERG response b-wave (the combined response of both the rod

baseline

and the cone systems), and the trough-to-peak amplitude of the light-

et al., 2020). A total of 127 participants were enrolled into the study,

adapted (LA) 30 Hz flicker (a purely L- and M-cone-driven response).

characteristics

was

previously

published

(Duncan

with 63% (n = 80) classified as USH2 and 37% (n = 47) as ARRP

The full-field stimulus test in response to white, blue and red

based on self-reported hearing loss history (those with hearing loss

stimuli was performed utilizing the Espion E3 system (Diagnosys LCC,

before adulthood were classified as USH2, and ARRP otherwise,

Lowell, MA) (Klein & Birch, 2009) as described previously (Birch

except one participant who reported childhood hearing loss due to

et al., 2020). This test provides nonlocalizing information on a partici-

Usher Syndrome was reclassified into ARRP based on normal 4F-PTA

pant's ability to detect a light stimulus in the dark and indicates

results at study baseline). The median age was 37 years (IQR, 27–44)

whether the perception is mediated by rod or cone photoreceptors.

for the USH2 group and 44 years (IQR, 36–50) for the ARRP group.

Retinal structure was assessed using spectral-domain optical

Overall, 68 of the participants (54%) were female, 113 (89%) were

coherence tomography and the remaining ellipsoid zone area was

white, and 83 (65%) were enrolled in the U.S. or Canadian sites.

measured. Static perimetry (SP) was performed using the Octopus

The median age at onset of first noticed vision loss was 16 years

900 (Haag-Streit, Mason, OH) and three measures were included in

(IQR, 13–22) for the USH2 group and 32 years (IQR, 20–41) in the

the analyses: full-field hill of vision, 30-degree hill of vision and mean

ARRP group.

sensitivity. For the evaluation of kinetic perimetry (KP), the Octopus
perimetry EyeSuite software calculated areas in squared degrees for
each isopter automatically. Both SP and KP data were graded by the

3.2

|

Auditory findings

Casey Reading Center (Casey Eye Institute, Oregon Health Sciences
University, Portland, OR). Mean macular sensitivity was measured by

Among the 75 USH2 participants with audiology data, none had

fundus-guided microperimetry, graded by the Duke Reading Center

normal hearing; the degree of hearing loss was severe or profound in

(Duke University, Durham, NC). Details on these measures have been

19 (25%), moderate in 54 (72%), and mild in 2 (3%). Among the

reported elsewhere (Duncan et al., 2020).

47 ARRP participants, 4 (9%) had moderate adult-onset hearing
loss, 8 (17%) had mild hearing loss and 35 (74%) had normal hearing
(e-Figure 1). All 75 USH2 participants had SNHL except one with

2.5

|

Statistical analysis

bilateral mixed hearing loss. Among the 12 ARRP participants with
hearing loss, one had unilateral conductive hearing loss, and the

The distributions of 4F-PTA data and UPSIT scores were summa-

remaining 11 had SNHL that was bilateral in 10 and unilateral in 1.

rized using means and standard deviations (SDs). The 4F-PTA was

The mean 4F-PTA was 66 dB HL (SD, 13) in the USH2 group, and

compared with age- and gender-matched percentile bands of

17 dB HL (SD, 12) in the ARRP group. As shown in Figure 1(a), 4F-

normative data from International Organization for Standardization

PTAs did not increase (worsen) with age in the USH2 participants.

(ISO) standards (ISO 7029: 2017, 2017) for USH2 and ARRP partici-

The mean (95% CI) difference in the 4F-PTA was

pants separately. For ARRP participants, the percentage below

dB HL/year in females and 0.19 ( 0.09, 0.46) dB HL/year in males in

the age and sex-specific median was compared to 0.50 using

the USH2 group. All but one of the USH2 participants had 4F-PTAs

one-proportion Z-test. The associations between participant

above the ISO 95th percentile curves for both males and females (ISO

characteristics and 4F-PTA thresholds within the USH2 and ARRP

7029:2017, 2017). As shown in Figure 1(b), 4F-PTAs increased with

groups were also assessed separately by linear regression models.

age among the ARRP participants and showed a similar upward trend

The UPSIT scores from RUSH2A participants were compared

when compared to the ISO normative data. The mean (95% CI) differ-

to healthy historical controls of similar age and gender from

ence in the 4F-PTA was 0.54 (0.31, 0.78) dB HL/year in females and

an UPSIT database at the University of Pennsylvania (N = 77)

0.99 (0.65, 1.32) dB HL/year in males in the ARRP group. All but two

using a linear regression model with adjustment for age and gender.

ARRP participants (96%) had 4F-PTAs at or above the median ISO

Linear

curves (p < 0.001 for comparing to 50%).

regression

models

were

also

used

to

assess

the

0.01 ( 0.34, 0.32)

association between study participant characteristics and UPSIT

Among the USH2 participants, the 4F-PTA was not significantly

scores. Correlations between UPSIT scores, 4F-PTA thresholds,

associated with age, gender, race/ethnicity or duration of disease (e-

and selected visual functional and structural measures were

Table 1). Among the ARRP participants, higher 4F-PTAs were signifi-

assessed with Spearman partial correlations with 95% confidence

cantly associated with older age (p < 0.001) and longer disease dura-

intervals adjusted for age. All analyses were conducted using SAS

tion (p = 0.03) from univariate models. Disease duration was

version 9.4 (SAS Institute, Cary, NC) and reported P values are two-

confounded by age and was no longer significant once age

sided.

was included in the multivariable model.

5
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F I G U R E 1 Scatterplots of the mean four frequency (0.5, 1, 2, and 4 kHz) pure-tone average (4F-PTA) from ears versus age at study baseline.
(a) Usher syndrome type 2 (USH2) (N = 75) and (b) autosomal recessive retinitis pigmentosa (ARRP) (N = 47). Green indicates female and purple
indicates male. Solid and dashed lines are percentile bands of normative data from Organization for Standardization (ISO) standards for females
and males, respectively

decline of WRS was much faster when WR-PTA was greater than
60 dB HL compared to the decline when WR-PTA was below 60 dB
HL. All but one of the ARRP participants had WRS of 90% or better
despite the degree of hearing loss; the single outlier had moderate
SNHL (age = 67 years).

3.3

|

Olfactory findings

The majority of the RUSH2A participants had normal smell function at
the study baseline visit. Among the 126 participants ≥15 years old,
only 9 (7%) had mild microsmia and 6 (5%) had moderate or severe
microsmia. The proportion of participants who had any smell function
loss in the ARRP group (17%) was numerically higher than those in
the USH2 group (9%) (Figure 3), but this was not statistically significant (p = 0.17). The different age distributions among the two groups
F I G U R E 2 Scatterplots of mean word recognition score versus
pure-tone average of 0.5, 1, 2, and 3 kHz (WR-PTA) averaged from
both ears at study baseline (N = 87)

had no impact on this result.
The mean (±SD) UPSIT score was 35 (±3) in the RUSH2A participants and 34 (±3) in the age-similar healthy controls from the UPSIT
database. After adjusting for age and gender, the mean adjusted difference (95% CI) between the two groups was 0.39 ( 0.50,

Self-reported newborn hearing screening data were collected;
however, only 14 (22%) USH2 and 5 (19%) ARRP participants (mean

1.28) (p = 0.39).
Within the RUSH2A cohort, there were significant differences in

age = 31 years, range 15–50) reported that hearing screening tests

UPSIT scores among different countries (p = 0.02), with participants

were conducted during the newborn period. Interestingly, seven out

from Netherlands and UK having lower mean UPSIT total scores

of the 14 USH2 participants who recalled newborn hearing screening

(32 and 33, respectively) and participants from Canada and Germany

reported they passed this test (e-Figure 2).

having higher mean UPSIT total scores (38 and 36, respectively)

Scatterplots of WRS versus the WR-PTA are presented in

(Table 1). The UPSIT score was not significantly associated with clini-

Figure 2. WRS for the USH2A participants ranged from 26 to 100%

cal diagnosis, age, gender, race/ethnicity, and smoking status at study

and declined in a nonlinear pattern as the WR-PTA increased; the

baseline. No significant associations were found between UPSIT

6
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are slightly elevated above age- and gender-based normative levels,
although clinically normal, in persons with ARRP.
Hearing loss in USH2A-associated USH2 is generally considered
stable without significant-age related decline (Reisser et al., 2002).
However, cross-sectional data have shown hearing loss progression
across test frequencies in an USH2 group that was attributable to
aging for all but the low frequencies that declined at a rate independent of age (Pennings et al., 2003). Additional reports of longitudinal
data have documented faster age-related hearing sensitivity decline in
USH2A-associated USH2 than other types of USH2 (M. Sadeghi
et al., 2004). Case studies show hearing loss progression in some
(A. M. Sadeghi et al., 2013) (van Aarem et al., 1996) and stability in
FIGURE 3

Smell function loss severity by clinical diagnosis

others (A. M. Sadeghi et al., 2013) (Hmani-Aifa et al., 2002). In the current USH2 cohort, the cross-sectional data did not show hearing loss
progression with age, not even the expected progression seen in a

scores and visual functional and structural measures (Table 2), or with

normal aging population or other USH2 groups (Pennings et al., 2003;

the 4F-PTA (Spearman correlation = 0.12, p = 0.18, adjusting for

M. Sadeghi et al., 2004). However, it is possible that better hearing

age). Sensitivity analyses show similar results for olfaction analyses by

was present at younger ages, especially since some participants

excluding participants who used carbonic anhydrase inhibitor at time

reported that they passed a newborn screening test, and this cross-

of enrollment.

sectional study was not designed to assess progression, which is a limitation of the study.
Only 14 of the USH2 participants in this study reported having a

4

|

DISCUSSION

newborn hearing screening test. This low number is largely attributable to the incorporation of newborn hearing screening as standard

The RUSH2A study provided the opportunity to assess olfactory and

practice in only the past 20 years (Joint Committee on Infant

hearing deficits and to address some discrepancies in the literature,

Hearing, 2007). Seven of these USH2 participants reported that they

especially regarding smell dysfunction in participants with USH2A

passed the newborn hearing screening. While the hearing loss associ-

mutations. Strengths of the RUSH2A study include the largest

ated with USH2A is often described as congenital, age at hearing loss

(n = 127) patient population to date of molecularly confirmed partici-

identification may be much later as evidenced by a mean age of diag-

pants with USH2A-related retinal degeneration and the use of quanti-

nosis at 5.9 years reported by Abadie et al. (2012). In addition, new-

tative standard clinical testing methods.

born hearing screening tests are generally conducted at levels that

The hearing loss observed previously in patients with USH2A-

may miss a mild hearing loss (The Joint Committee on Infant

related USH2 ranged from mild to severe, and was sensorineural,

Hearing, 2019). Results of newborn hearing screenings in our small

bilaterally symmetrical, and gently down sloping from low to high fre-

dataset suggest that hearing loss may be present at birth in some and

quencies (Abadie et al., 2012; Pennings et al., 2003). The audiometric

that it may have a delayed onset in others with USH2A mutations.

patterns observed in RUSH2A are largely consistent with these

Further investigation of hearing screening results and age of hearing

descriptions (e-Figure 3). Moderate SNHL was present in 72% of our

loss diagnosis in a larger cohort of persons with USH2A mutations

cohort, comparable to previous reports showing moderate SNHL in

may clarify the onset timeline.

75–77% (Abadie et al., 2012; Blanco-Kelly et al., 2015).

The mean UPSIT score for all RUSH2A participants was not sig-

Congenital hearing loss is a factor that differentiates USH2 from

nificantly different from normal and there was no significant differ-

ARRP, and there is an expectation that auditory dysfunction, other

ence between USH2 and ARRP participants. Only 12% of all

than that attributable to normal aging, does not occur in the ARRP

participants exhibited olfaction deficits (7% had mild microsmia and

phenotype. Our data show clinically significant, mild to moderate

5% had moderate or severe microsmia). Thus, while cases of impaired

SNHL in 26% (12/47) of participants with ARRP, in agreement with

smell function in conjunction with USH2A mutations are possible, they

prior reports of hearing loss in 5 (26%) of 19 patients with ARRP

appear to be relatively uncommon and rarely severe.

(Lenassi et al., 2015). Hearing sensitivity declines with age, and faster

Olfaction has been the object of investigation in Usher syndrome

in males than females, in otologically normal individuals (ISO

prior to RUSH2A. Zrada et al. first raised the possibility of olfaction

7029:2017, 2017). Cross-sectional analysis of PTAs across the ages in

deficits in a study of UPSIT results in USH1 and USH2 subjects with

RUSH2A shows hearing progression in the ARRP group; however, the

similar disease severity to our study participants (Zrada et al., 1996). A

4F-PTAs were above the age- and gender-based 95th percentile for

subsequent investigation by Seeliger et al. (1999) did not confirm

19 (40%) of 47. This suggests that there may be a subtle effect of

olfaction deficits in either USH1 or USH2 using the “Sniffin' Sticks”

USH2A mutations on the auditory system, where hearing thresholds

test, a three-part approach that measures olfactory thresholds (T),

7
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odor discrimination (D), and the ability to identify (I) correctly 16 com-

Olfaction deficits have also been reported in patients with other

mon odors. Ribeiro et al. (2016) used the same test and characterized

syndromic ciliopathies affecting vision associated with CEP290 vari-

olfaction in USH1 and USH2 patients with separate T, D, and I scores

ants (McEwen et al., 2007) or Bardet–Biedl syndrome (BBS). Utilizing

plus a composite TDI olfaction score. These authors observed signifi-

either a 12-item version of the UPSIT (Kulaga et al., 2004) or the com-

cantly lower T, I, and TDI composite olfaction scores in USH2 than in

plete 40-item version used in the present study (Iannaccone

USH1 patients, and observed faster olfaction aging in USH1 patients

et al., 2005), olfaction deficits have been documented in BBS. Some

than in controls, but not in USH2 patients (Ribeiro et al., 2016). Impor-

BBS-related protein expression in the murine olfactory epithelium has

tantly, however, the smell identification (I) scores in both USH1 and

been documented, and both electro-olfactographic and behavioral

USH2 patients were not different from control subjects, in contrast to

evidence of olfaction deficits have been confirmed in BBS mouse

earlier findings (Zrada et al., 1996).

models (Kulaga et al., 2004; Nishimura et al., 2004).

T A B L E 1 Association between
UPSIT total score and participant
characteristics

UPSIT score
Characteristic

N

Mean ± SD

All

127

35 ± 3

Clinical diagnosis
80

35 ± 3

ARRP

47

34 ± 4
0.90a

Age at enrollment (years)
<30

30

34 ± 4

30–39

34

34 ± 3

40–49

37

35 ± 3

50–59

11

34 ± 5

≥60

15

35 ± 3

Female

68

35 ± 4

Male

59

34 ± 3

Gender

0.34

Race/ethnicity

Other

NA
0.55

USH2

Non-Hispanic White

Univariate
p-value

0.63
113

34 ± 3

14

35 ± 3
0.38a

Duration of disease
(years)b
<10

37

34 ± 4

10–19

46

34 ± 4

≥20

43

35 ± 3

Daily smoker ever

0.23

Yes

33

34 ± 3

No

94

35 ± 3
0.02c

Country
Canada

4

38 ± 1

France

13

34 ± 5

Germany

11

36 ± 2

Netherlands

10

32 ± 3

United Kingdom

10

33 ± 3

United States

79

35 ± 3

Abbreviations: ARRP, autosomal recessive retinitis pigmentosa; UPSIT, University of Pennsylvania Smell
Identification Test; USH2, Usher syndrome type 2.
a
Variable was analyzed as continuous.
b
One participant was missing age of onset (a participant-reported field based on their awareness of visual
symptoms) and duration of disease (computed based on age of onset and date of enrollment).
c
Four participants from Canada were excluded from analysis due to small sample size.
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T A B L E 2 Spearman correlation between UPSIT total score and
visual function and structure measures

Visual function measures
Visual acuity

Correlation with UPSIT
score (95% CI)a
0.05 ( 0.22, +0.13)

related USH1B. Furthermore, only certain characteristics of the
electro-olfactogram were abnormal in some of the mice, and in some
cases, they were rather subtle (Jansen et al., 2016). Although mice rely

p-Value

on smell function far more than humans and there may be important

0.57

inter-species differences in olfaction deficits resulting from Usher protein defects, a spectrum of olfaction abnormalities may exist among

Full-field stimulus threshold
White stimulus

+0.07 ( 0.13, +0.27)

0.49

various forms of Usher syndrome. No model of USH2A-related dis-

Blue stimulus

+0.06 ( 0.14, +0.27)

0.55

ease was included in the investigation by Jansen et al. (2016) and it is

Red stimulus

+0.11 ( 0.09, +0.31)

0.28

DA 0.01 ERG responseb

0.11 ( 0.28, +0.07)

0.21

DA 3.0 ERG responsec

0.14 ( 0.30, +0.04)

0.13

LA 3.0 Flicker ERG
responsed

0.12 ( 0.29, +0.06)

0.19

not presently known whether a defect in USH2A is associated with an
olfaction deficit in mice. Our findings predict either no deficit or a

Full-field electroretinography

milder/subtler deficit in these mice than has been thus far observed in
Usher syndrome models.
The UPSIT investigates odor identification (I) in a very reproducible and comprehensive fashion (40 separate odors vs. 16 in the
“Sniffin' Sticks” test) and correlates well with olfactory thresholds and

Kinetic perimetry

other measures of olfactory function. Prior to RUSH2A, an olfaction

I4e seeing area

0.08 ( 0.25, +0.10)

0.37

III4e seeing area

0.09 ( 0.26, +0.08)

0.30

higher reliability and sensitivity than the “Sniffin' Sticks” test

V4e seeing area

0.12 ( 0.29, +0.06)

0.20

(Doty, 2007). While patients with USH2A-related retinal disease do

Ellipsoid zone area on
optical coherent
tomography

0.10 ( 0.27, +0.08)

0.26

not appear to have significant smell identification deficits, other sub-

deficit was seen only with the UPSIT (Zrada et al., 1996), which has a

types of USH2 may, and may have been overrepresented in prior
studies (Zrada et al., 1996). A recent larger study of genetically

Static perimetry

uncharacterized patients (Ribeiro et al., 2016) documented consis-

Full-field hill of vision

0.11 ( 0.28, +0.07)

0.23

30 hill of vision

0.11 ( 0.29, +0.07)

0.21

T scores. Thus, consistent with results suggested by the investigations

Mean sensitivity

0.10 ( 0.27, +0.08)

0.26

conducted on mice (Jansen et al., 2016), it is possible that only certain

Microperimetry mean
retinal sensitivity

0.11 ( 0.31, +0.10)

0.32

olfaction characteristics may be abnormal in humans with Usher syn-

Abbreviations: ERG, electroretinogram; UPSIT, University of Pennsylvania
Smell Identification Test.
a
Spearman partial correlation adjusted for age at enrollment.
b
The amplitude of the b-wave from the dark-adapted 0.01 ERG response
which reflects a rod-driven bipolar cell response.
c
The amplitude of the b-wave of the dark-adapted 3.0 ERG response,
which arises from a combined response of both rod and cone systems.
d
The trough-to-peak amplitude of the light-adapted 30 Hz flicker ERG
response, which is cone-driven.

tently abnormal D scores for both USH1 and USH2 patients, but not

drome. In summary, the RUSH2A participants did not consistently
exhibit smell identification deficits as measured by the UPSIT. However, a systematic investigation of genetically well-characterized
USH1 and USH2 patients is warranted to determine which subtypes
of Usher syndrome, if any, exhibit olfaction deficits (Jansen
et al., 2016). If present, olfaction deficits could potentially add a third
sensory dimension to the dual visual–auditory compromise that characterizes Usher syndrome.
Neither olfaction nor SNHL parameters were significantly associated with age, sex, race/ethnicity, or smoking status at study baseline

There are several potential reasons for the discrepancies among

(with the exception that age was significantly associated with 4F-

the previous Usher syndrome studies. The small studies by Zrada

PTAs in ARRP participants). Olfaction was not associated with any

et al. (1996) (8 USH1 and 14 USH2 patients), Seeliger et al. (1999)

visual functional or structural measures, and there was no correlation

(8 USH1 and 31 USH2 subjects), and Ribeiro et al. (2016) (22 USH1

between UPSIT and 4F-PTA thresholds. All olfactory tests were com-

and 43 USH2) were genetically uncharacterized and it is likely the par-

pleted by February 2019, prior to the discovery of the COVID-19

ticipants in these prior reports (Ribeiro et al., 2016; Seeliger

virus commonly associated with hyposmia and anosmia (Meng

et al., 1999; Zrada et al., 1996) were genetically heterogeneous. Thus,

et al., 2020).

it is possible that subtypes of USH2 other than those carrying USH2A

In conclusion, USH2A-related USH2 participants did not show

mutations may exhibit a greater proportion and/or severity of olfac-

normal age-related increases in SNHL, and ARRP participants had

tion deficits than observed in RUSH2A.

higher pure-tone thresholds than a normative population. Amnestic

Preclinical studies have shown Usher protein complex expression

accounts from this cohort suggest some patients with USH2A may

in the ciliary region of the murine olfactory epithelium (Jansen

pass a newborn screening for hearing loss. Olfaction was not signifi-

et al., 2016). Significantly abnormal electro-olfactograms have been

cantly worse than normal in participants exhibiting either USH2A-

observed in mice carrying mutant Usher genes: olfactory defects were

related USH2 or ARRP by UPSIT score criteria. Pathogenic variants in

especially severe in USH1C (harmonin) and USH1G (SANS) deficient

USH2A variably affect the cochlea, and their impact on olfaction is

mouse models but were not observed in a mouse model of MYO7A-

modest as judged by UPSIT in the current study. Additional measures
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