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Abstract

Background and objectives The Pro51Ser (P51S) COCH mutation is characterized by a late-onset bilateral sensorineural
hearing loss (SNHL) and progressive vestibular deterioration. The aim of this study was to carry out a systematic review of
all reported hearing and vestibular function data in P51S COCH mutation carriers and its correlation with age.

Materials and methods Scientific databases including Medline, Cochrane Database of Systematic Reviews, Cochrane Central
Register of Controlled Trials, IST Web of Knowledge, and Web of Science were searched to accumulate information about
hearing outcome and vestibular function. Eleven genotype—phenotype correlation studies of the P5S1S COCH variant were
identified and analyzed.

Results The SNHL starts at the age of 32.8 years. The Annual Threshold Deterioration is 3 decibel hearing loss (dB HL)
per year (1-24 dB HL/year). Profound SNHL was observed at 76 years on average (60-84 years). 136 individual vestibu-
lar measurements were collected from 86 carriers. The onset of the vestibular dysfunction was estimated around 34 years
(34-40 years), and vestibular deterioration rates were higher than those of the SNHL, with complete bilateral loss observed
between 49 and 60 years.

Conclusion Both audiometric and vestibular data were processed with much different methodologies and pre-symptomatic
P51S carriers were systematically underrepresented. Further delineation of this correlation would benefit cross-sectional
and longitudinal study involving all (pre-symptomatic and symptomatic) P51S carriers.
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Introduction

Gene mutations account for more than 60% of congenital
sensorineural hearing loss (SNHL) in Western Countries
[1, 2]. Hereditary SNHL does not necessarily start at birth,
however, as many causative gene mutations only begin to
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express at much later ages, for example, DFNAY, also known
as the ninth locus that was discovered for autosomal domi-
nant SNHL [3]. It is characterized by a late-onset of rapidly
progressive SNHL together with accompanying vestibular
impairment [3]. The first reported DFNAO patients were car-
rying the ¢.151C> T mutation in COCH, which is the result
of a substitution of cytosine by thymine nucleotide of the
151th base pair in codon 51 (c.151C > T, P51S) [3, 4].

The SNHL in P51S carriers is estimated to start in
the 4th decade, followed by a rapid progression to severe
hearing and balance deficiencies in the 6th decade. The
balance dysfunction is more discrete, but nevertheless,
a progression to bilateral vestibulopathy (BV) with
complete peripheral vestibular areflexia at later ages is
observed in many DFNAY patients. A considerable part
of these patients, however, present Meniere-like symp-
toms, which suggests that the vestibular signs are more
heterogeneous than the auditory dysfunction [5-7]. For
these reasons, we hypothesize that the age of onset of
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vestibular deterioration of P51S carriers is more difficult
to assess than the SNHL. In the perspective of innovative
future hearing and vestibular treatments, such as gene
therapy, stem cell therapy, neural regeneration, in associa-
tion with cochlear and/or vestibular implantation, a better
understanding of the onset of the very first signs of any
deterioration, including the balance system, is important.

The objective of this systematic review is to identify
studies related to DFNA9, caused by the P51S COCH
variant, with special attention to the subclinical period
in this late-onset progressive disorder affecting cochle-
ovestibular function.

Materials and methods
Data sources

The strategy and methodology used for the systematic review
was based on the PRISMA Statement (preferred reporting
items for systematic reviews and meta-analysis) [8].
Medline, PubMed, Cochrane Database of Systematic
Reviews, Cochrane Central Register of Controlled Trials,
ISI Web of Knowledge and Web of Science were searched.
Information was retrieved about COCH mutations causing
DFNADJ, including phenotype, genotype, pathophysiology
and imaging. Figure 1 shows the PRISMA 2009 Flow Dia-
gram of publications found using the following search strat-
egies: “P51S” and “cochleovestibular” and ‘deterioration”;

Fig. 1 Flow-chart of systematic
review of P51S phenotype stud-
ies: of the initial 153 references

potentially relevant citations identified: 153

obtained from the search of
COCH mutation in the litera-
ture, only 11 were eventually

citations excluded based on title and abstract

relevant for reviewing inner ear
function in subjects carrying

the P51S mutation in COCH hand searching): 18

additional potentially relevant citations

evaluation: 102
duplicates: 82
no full text available: 2
irrelevant subject: 18

specifically

l

citations retrieved for study of the P51S COCH

mutation: 69

citations excluded based on full record evaluation with
selection criteria: P51S COCH mutation: 49

studies retrieved for more detailed evaluation: 20

citations excluded based on full text evaluation with
selection criteria: genotype-phenotype correlation
<4 study of auditory, vestiibular and radiological signs of
P51S COCH mutation: 9

v

relevant studies: 11

@ Springer



European Archives of Oto-Rhino-Laryngology (2019) 276:1251-1262

1253

“P51S” and “dizziness”; “P51S” and “DFNA9”; “P51S”
and “hearing” and “impairment”; “COCH” and “muta-
tion”; “phenotype” and “DFNA9”; “DFNA9” and “dizzi-
ness”; “DFNA9” and “COCH” and finally “COCH” and
“mutation”.

Study selection

All studies were screened for eligibility in three phases based
on study subject mentioning DFNA9 and/or COCH muta-
tion. In the first phase, all English-written studies from the
late 1980s until present were screened on title and abstract.
In case of missing abstract, but with applicable title, the
study was included to the second phase. In the second phase,
the studies were screened in abstract and full-text based in
study subject mentioning the P51S COCH mutation. A third
screening on the presence of audiometric and/or vestibular
function assessment was carried out.

A total of 153 records were listed, and another 18 records
were added by manual searching to get a better understand-
ing of the gain-of-function effect, pathophysiology of COCH
mutation and cochlin function [7, 9-25]. A hundred and two
were removed, of which 82 duplicates, 18 irrelevant subject
and 2 without full text, leaving 69 papers for further analysis.
Only 20 records were specifically dealing with the P51S
COCH variant, as 31 were dealing with other COCH muta-
tions, whereas 18 were non-audiological reports [6, 26—45].

The 20 selected records were further analyzed with regard
to phenotypical aspects of the P51S COCH variant. Eleven
records met all selection criteria and contained presumed
useful audiometric and/or vestibular data for the evaluation
of the deterioration in relation to age [5, 26-28, 30-34, 36,
37].

Data extraction

In case of different audiometric data presentation (e.g.,
audiograms or different pure tone average (PTA) plots
against age) a comprehensive assessment and inventory of
all individual measurements was conducted. All available
measurements at both ears per frequency were collected and
a binaural mean value for each frequency per age was cal-
culated and plotted as cumulative age-related typical audio-
gram (ARTA). Since the individual 95th percentile thresh-
old values of presbyacusis in relation to the patient’s sex
and age were derived for each frequency by the ISO 7029
method in almost all selected records, an identical procedure
was carried out for the data retrieved from the two papers
in which this methodology was not reported [46]. If longi-
tudinal measurements of the same individual were shown,
all the available data were included in the assessment (see
discussion below). For the vestibular function, we first ana-
lyzed all different methods and parameters that were used to

represent the vestibular function and we looked for the ref-
erence method for the respective scores. Normative values,
if mentioned, were used to evaluate the measurements. An
overall inventory of all individual vestibular measurements
as function to age was carried out. The flow of included
articles can be found in Fig. 1.

Results
Assessment of the auditory function in P51S carriers

Belgian and Dutch researchers carried out a series of pheno-
type studies in large COCH P51S families originating from
the Low Countries [3, 5, 26, 28, 30-34, 37, 38].

The P51S COCH variant is by far the most prevalent
COCH variant in this region (Belgium and The Netherlands)
[5, 6,26-28, 30-34, 37, 38, 40, 43]. Other variants include
G88E, G87W and I109T in Dutch families and P98* in a
Belgian family with Moroccan roots [41, 44, 47-49]. The
P51S COCH variant was also found in one North-American
family [36].

Of the 153 records selected for DFNAO9 cochleovestibu-
lar deficiency, only 11 phenotype studies of P51S carriers
could be held back for detailed analysis of age-related SNHL
[26-28, 30-34, 36, 37]. The methodology and the audio-
metric data of these 11 selected records are summarized in
Table 1 [5, 26-28, 30-34, 36, 37].

Individual hearing thresholds were available in six
papers, whereas the audiometric data was limited to a variety
of pure tone average (PTA) or descriptive statistics without
available raw data in two records [26, 28, 30-34, 36]. In the
three remaining records, audiometric data were missing and
were, therefore, unavailable for the evaluation of the SNHL
in relation to age [5, 27, 37]. The majority of the records
were cross-sectional studies. However, additional longitudi-
nal data assessment was found in 7 out of 11 records, which
were available in plots as function to age per frequency
for those affected subjects of whom at least three different
audiometric measurements of the same affected subject were
available over a period of at least 3 years, as defined by the
majority of the authors [26, 28, 30, 31, 33, 34, 36].

Regression analysis of auditory data

Until 2003, many authors used linear regression analy-
sis to evaluate the progression of the hearing deteriora-
tion in DFNA9 as function to age [26, 28, 31, 32]. How-
ever, since the onset of the SNHL is late and because
maximal hearing threshold values are fixed, due to scale
limitations of audiometers (120 dB HL), a more realistic
trajectory of the auditory deterioration would rather be
non-linear instead of a straight line [33]. The logarithmic
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dose-response equation results in a sigmoidal curve that
plots the hearing thresholds in decibel hearing level (dB
HL) as function to age in years [32-34, 41, 48, 49].

The resulting sigmoidal curve still contains a linear
section, however, which starts at X10 and ends at X90,
both representing the age at which the threshold attains
10% of the whole trajectory and the age at which the
threshold attains 90% of the whole trajectory, respectively
[32]. The variable slope of the linear segment represents
the annual threshold deterioration (ATD), in decibel per
year (dB/year) and can be calculated per frequency or
for different PTA indices (Table 2) [33, 50]. Moreover,
it allows the estimation of the age of onset of the hearing
loss, which is derived from the scores at X10 [33, 34].

In five studies from this same centre, similar regres-
sion analyses was used to calculate ATD’s, which we have
summarized in Table 2 [26, 31-34]. The ATD is on aver-
age 3 dB HL per year, ranging from 1 to 24 dB HL per
year. The evaluation of the decline of speech perception
as function to age, using consonant—vowel—-consonant
(CVC) word scores was conducted in a similar fashion
[32]. An average annual deterioration of speech percep-
tion around 2.9% per year was observed [32].

Imaging

N/A
4 were aged > 55 years

Statistical method

N/A

Vestibular data

VST, Caloric
response, c- and
o-VEMP/, vHIT*

Audiometric data

N/A
3 were ages < 35 years, 19 were in the group ages 36-55 and n

Age-related typical audiogram (ARTA)

Study design
Cross-sectional

Audiometric data were presented in a variety of different
manners, evolving from simple superimposed audiograms
in early studies to plots of hearing thresholds or PTA’s as
function to frequency by means of averaged thresholds per
age group or decade in the more recent papers [26, 28, 33].

Verstreken et al., from their side, presented Box and
Whisker boxes per frequency by means of three plots rep-
resenting hearing thresholds (from the patient’s best ear)
of three subgroups of P51S carriers of different age catego-
ries (<35 years, 36-55 years, > 55 years) [30]. Bom et al.,
first developed “age-related typical audiogram” (ARTA) as
a way of depicting binaural median averaged hearing thresh-
olds of all assessed subjects in just one audiogram, avoid-
ing superimposition of data and unnecessary subdivision
into different audiograms [33, 50]. The ARTA for the P51S
COCH variant was first derived from 32 P51S carriers origi-
nating from the same Dutch family (w98-011), as shown in
Table 3, which was only available in one record [33]. It is
unclear whether additional data of other affected subjects
of the same and/or other DFNA9 families may have been
supplemented to the data of these first 32 P51S mutation
carriers for calculation of the ARTA shown in two more
recent papers [33, 34, 49]. Bom’s ARTA provides a clear
overview of typical mean hearing thresholds per frequency
per age group (decade). However, it is based on a limited
number of affected subjects (n=32) when compared to the
large amount of available individual hearing data in the 11

1SO 7029
correction

N/A
24 ages 36-55 year; n=15 aged > 56 year

21 ages <35 year; n

Family pedigree
miscellaneous

Number of
subjects

16

Ethnicity
2018 The Netherlands

Year

Note that several DFNA9 (Dutch) families were re-used in subsequent publications (w98-011,w98-94,). The table also shows heterogeneity in vestibular functions tests, presentation of audio-

metric data and differences of statistical analysis
ESRT speech reception threshold as a score for speech audiometry using consonant—vowel—-consonant words

¢ENG electronystagmography, by calculating the sum of the 4 caloric responses for each subject; n

dCross-sectional study: data divided in 3 age categories: n
"DRC dose-response curve: a sigmoidal non-linear equation
JVEMP vestibular evoked myogenic potentials (c- and 0-VEMP)

Table 1 (continued)

2VOR vestibulo-ocular reflex

SVST velocity step test (rotatory chair test)
CATD annual threshold deterioration

fPTA pure tone average in dB HL

{BAHT binaural averaged hearing threshold
XVHIT video head impulse test

Reference
Alberts et al. [37]
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selected records. For this reason, it was worth the effort to
calculate a cumulative ARTA, based on a much larger num-
ber of affected subjects assembled with all the available raw
data in the 11 papers (Fig. 2). For this purpose, we collected
all individual hearing thresholds which could be derived
from available cross-sectional raw data in audiograms (six
records) as well as frequency-specific longitudinal data
against age (seven records). In case ISO 7029 method was
not used or not addressed (2 records; 24 subjects), individu-
als were considered affected if the best hearing ear showed
thresholds beyond the 95th percentile threshold value for
presbyacusis. This way, we were able to analyze a total of
243 cumulative individual hearing threshold measurements,
representing audiometric data of at least 100 P51S carriers
collected from all studies in Table 2 [26, 28, 31-34]. The
frequency-specific median values are plotted against age in
decades in Fig. 2 (cumulative ARTA). The age distribution
of the assessed measurements (in decades) are depicted in
Fig. 3. Thirty-eight hearing measurements were collected
from younger subjects (10—40 years) compared with 207
individual measurements of subjects aged 41 and older
(Fig. 3). The age of onset of SNHL is estimated at a median
age of 40, ranging from 35 to 56 years (Table 2). Besides
one exceptionally early onset at the age of 18 years in one
Belgian sibling with a homozygous carriership of the P51S,
high-frequency SNHL starts at 32.8 years, and the lower

Table 2 Overview of audiometric data of P51S carriers

frequencies at 40.7 years. Profound SNHL is achieved at
76 years.

The assessment of the vestibular function in COCH
mutations

Only six studies of DFNA9 patients caused by the P51S
COCH variant contain detailed individual data of the ves-
tibular function which are summarized in Table 3 [26, 28,
30, 31, 34, 37]. The Dutch investigators used the velocity-
step test (VST), with the time constant ‘77, in seconds (s),
as cardinal parameter for the vestibular function, whereas
the Belgian researchers, on the contrary, preferred calculat-
ing the gain (°/s) of the eye nystagmus slow phase velocity
obtained from the caloric stimulation by successive irriga-
tion of both ears with water at 30° and 44 °C.

The methodology for the time constant ‘7" measurement
was well defined and comparable in all selected (Dutch)
studies, in which T was derived from a VST by determining
the computer-based analysis of the time of speed decay of
the elicited post-rotational nystagmus till 37% of its initial
value [26, 28, 34, 37]. They established a classification of
the vestibular—ocular reflex (VOR) according to the value of
the time constant ‘7", considering 7 scores from 13 to 23 s as
normal [34, 51]. A T score of 0 s was allocated to areflexia,
a score of less than 5 was assigned to severe hyporeflexia

Reference Family Ethnicity n  Objective age of Subjective ATD (dB/year) Remarks

onset SNHL (year) onset SNHL
(year)

Verhagen et al. [26] W98-94 NL 16 35-45 35-50 4 (2-7) -

Bom et al. [28] W98-011 NL 15 35-50 (n=1:18)* 36-63 4 (1-24) ATD at low freq. =
3 dB/year onset 40
years, high freq. 1.8
dB/year onse 35 years

Fransen et al. [29] Family 1 (B), family 2 B, NL 34 35-56 (median: 42) 40 N/A -

(Verhagen 1988, NL),
family 3 (Verhagen
1991, NL)

Verstreken et al. [30] N/A B 60 N/A 39 (20-56) N/A -

Lemaire et al. [31] New family B 8 40 30-45 3(2-5) ATD low freq. 2-3 dB/
year, high freq. 3-5
dB/year

Bom et al. [32] W98-011, w98-065, B, NL 42 43 N/A N/A N/A

wc!W98-066, wo8-
94, Lemaire

Bom et al. [33] W98-011 NL 32 37.8(32.8-40.7) N/A 2.55(1.5-3.3) High freq. 3.3 versus
low freq. 1.5 dB/year

Bischoff et al. [34]  New family +w98-011, NL 74 43 N/A 1.9-3.3 ATD based on

w98-066, w98-065, freq. 0.5-2 kHz
miscellaneous

Note that several families were re-used in subsequent papers (wW98-94,w98-011,...). The SNHL starts at the age of 32.8 years, with an annual
threshold deterioration (ATD) of 3 decibel hearing loss (dB HL) per year. Profound hearing loss is observed at 76 years of age (60—84 years)

*n=1 homozygous carriership
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Table 3 Overview of vestibular data of P51S carriers
Reference Family Ethnicity N Age of onset  Subjective age of ~ VOR test Vestibular data AVD (s/year)
signs (year)  onset signs (year)
Verhagen [26] W98-94 NL 4 39 39 VST and 7(s) BA 37-44 year N/A
De Kok et al. [27] W98-011, W98- NL N/A N/A N/A N/A N/A N/A
065, W98-
066,W98-94
Bom [28] W98-011 NL 10 40 40 VST and 7(s) BA>60 year; HS  N/A
40-45 year
Fransen [29] Family 1 (B), B, NL N/A 40 40 N/A N/A N/A
family 2 (NL)
Verhagen 1988,
family 3 (NL)
Verhagen 1991
Verstreken [30] N/A B 26 N/A 38 (5-57) ENG caloric N=3:0;n=8 <20, N/A
n=17<33
Lemaire et al. New family B 6 N/A 30-45 (same as ENG caloric Anecdotal N/A
[31] HL)
Bom [32] W98-011, W98- B,NL N/A N/A N/A N/A N/A N/A
065, W98-066,
‘W98-94, lemaire
Bom [33] W98-011 NL N/A N/A N/A N/A N/A N/A
Bischoff et al. New family + com- NL 22 34 N/A VST and 7(s) Plot T versus age 1.5
[34] parison w98-011,
w98-066, w98-06,
miscellaneous
Hildebrand [36]  US family USA N/A N/A N/A N/A N/A N/A
Alberts [37] Miscellaneous NL 16 N/A N/A VST, caloric, All individuals N/A
vHIT, c-VEMP, were 57 year or
o-VEMP older; all had
T=0

Note that several families were re-used in subsequent publications (w98-94, w98-011,...). The onset of the vestibular dysfunction was estimated
around 34 years (3440 years), and vestibular deterioration rates were higher than those of the SNHL, with complete bilateral loss observed
between 49 and 60 years. Note the different methods in assessing vestibular function between mainly Belgian and Dutch researchers

VOR vestibule—ocular reflex, VST velocity-step test, T time constant, BA bilateral areflexia, AVD annual vestibular deterioration rate (seconds/
year), caloric caloric responses were elicited form electronystagmography by summating the gain of all 4 irrigations

close to areflexia, whereas scores from 5 to 12 were con-
sidered hyporeflexia. Hyperreflexia, on the other hand, was
diagnosed when T score was above 23 s [34]. Verstreken
et al. used summation of the slow phase’s gain derived from
of all 4 caloric response as a measure of the vestibular func-
tion, using the normative data of the gain scores according
to Vanderstappen et al. [30, 52]. Lemaire et al. also used the
caloric response as a parameter, however, without reporting
a reference method [31]. The raw data of Verstreken et al.
unfortunately, were unavailable [30]. Moreover, the study
outcome measures served almost exclusively to determine
a possible correlation between the unilaterality of the ves-
tibular dysfunction and the asymmetry of the SNHL [30].
Many older papers presented rudimentary and anecdo-
tal results of vestibular function of a limited number of
patients, whereas other authors attempted the calculation
of the annual vestibular deterioration (AVD) rate, based on
the time Constant ‘7" plotted as function to age [30, 31, 34].

According to some, at least 25% of affected subjects pre-
sented Meniere-like symptoms, especially in early stages of
the disease, whereas others reported similar fluctuating hear-
ing function, but not in such proportions [26, 28, 30, 31, 34].
Menieére’s disease and DFNADO are unrelated, however [53].

The subjective age of onset of the vestibular signs ranged
from 5 to 53 years, with a median of 39 years (Table 3). The
vestibular symptoms were first considered appearing at the
same time as the onset of auditory signs [5, 26, 28, 30, 31].
Other studies with a bit larger groups of affected individu-
als, however, claim vestibular signs preceding the SNHL by
9 years [34].

The time constant ‘7" was used as the main vestibular
parameter in the majority of (Dutch) studies, contributing
to 128 cumulative vestibular measurements performed on
more or less 76 affected subjects [26, 28, 34, 37]. Caloric
responses of another eight affected individuals were added
to the previous data [31].
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Fig.2 Cumulative ARTA (based on bilateral averaged hearing lev-
els) based on 243 measurements in P51S carriers. Note that the aver-
aged hearing levels of the P51S carriers aged 80 years and above are
comparable to the preceding age-group. This is probably the result of
the missing values corresponding to all out-of-scale hearing meas-
urements which were excluded by several authors, who feared biased
binaural averaged values using 130 dB versus 120 dB. Open dots:
P51S carriers aged <20 years. c-shaped dots: P51S carriers aged
30 years. Open triangles: P51S carriers aged 40 years. Open boxes:
P51S carriers aged 50 years. x-dots: P51S carriers aged 60 years. full
dots: P51S carriers aged 70 years. Full boxes: P51S carriers aged
80 years

This way, a total of 136 cumulative individual vestibu-
lar measurements of approximately 84 P51S carriers were
analyzed (Fig. 4). There were no measurements of sub-
jects under 21 years. Bilateral vestibular areflexia (BV)
was observed in all affected individuals aged 61 years or
older, while this condition was already achieved in the
82.75% of measurements in affected subjects aged between
51 and 60 years (24 out of 29). However, individuals aged
between 31 and 50 years showed a marked heterogeneity
due to a wide variety in the degree of the vestibular impair-
ment, ranging from normal to total bilateral areflexia. In
this critical age period, bilateral vestibular hyporeflexia
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accounted for 10 out of 41 measurements (24.4%) and the
same percentage showed BV. In contrast, no areflexia was
found in patients aged under 31 years. Vestibular hyper-
reflexia, however, was observed in 5 out 16 measurements
in subjects aged between 21 and 30 years (31%) and it is
definitely an exclusive feature of the early phase in the
peripheral vestibular dysfunction.

The wide variety of different vestibular conditions in
the age period between 31 and 50 years suggests the high-
est deterioration rate that occurs in this period. When these
data are divided into smaller age group of 5-year intervals,
as depicted in Fig. 5, hyperactive vestibular function are
absent at ages above 41 years and all showed some degree
of impairment above the age of 45. The strongest decline
starts at 36 years and ends around 60 years. BV was regis-
tered in 46, 68.8 and 77% of all measurements in affected
subjects of the next three age groups (46-50, 51-55 and
56-60 years, respectively). This suggests that the vestibu-
lar deterioration starts around the age of 36 years, whereas
100% completion is achieved about 60 years. For compari-
son, Bischoff’s annual vestibular deterioration (AVD) rate
of time constant ‘7" was 1.5 s per year, with age of onset
at 34 years and BV achieved at about 49 years [34]. Here
also, a proportionally underrepresentation of presympto-
matic subjects is evident, since none of them were inves-
tigated under the age of 21 years, while only 5 and 11
measurements were inventoried in the 3rd and 4th decade,
respectively.

Discussion

DFNADO is caused by no less than 24 different mutations in
COCH and it has been found to originate in four different
continents, except for Africa. This suggests the prevalence
of COCH mutations may still be underestimated. It also con-
firms that COCH plays an important role in human inner ear.

The three main limitations for the comparison of the
audiological data were the following: the tendency of suc-
cessively reusing identical study populations of the same
family pedigrees in consecutive papers over a period of time
(7 out of 11), absence of audiometric data of any kind (3 out
of 11), the use of different PTA indices without displaying
the raw data (2 out of 11) and different data assessments (lin-
ear regression (n=3), dose-response curve (n=3), box plots
(n=1). The problems to overcome when assessing of the
vestibular data were the differences in test method, choice
of parameter and data processing.

The reuse of audiometric data of the same affected sub-
jects in successive studies holds the risk of double or even
triple registration of identical measurements in a single
individual, resulting in the distortion of figures representing
one or more age-related subgroups of patients compared to
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Age distribution of 243 auditory function measurements in P51S carriers
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Fig.3 Age distribution of auditory function conducted on 243 P51S carriers. Merely 10 measurements were conducted under the age of 40,

emphasizing the relative underrepresentation of pre-symptomatic carriers

Distribution of peripheral vestibular
function per age (decade) of 84 P51S
carriers (136 measurements)
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Fig.4 Vestibular dysfunction as function to age (decade). Bilateral
vestibular areflexia (BVL) is measured in all carriers aged 61 and
older. The age-group between 30 and 50 years yields high vestibular
phenotypical heterogeneity. There are very few measurements in pre-
symptomatic carriers (<30 years)

other subgroups, due to absence of unequivocal data in many
records. Besides raw data restricted to those measured at the
best ear of the subjects by some, the superimposition of a

series of numerous audiograms by others were also poten-
tially confusing. Other limitations, such as the absence of
the correction of the SNHL for individual 95th percentile
threshold values of presbyacusis in relation to age and sex
(ISO 7029) or the omission of mentioning the total number
of included individuals in a few records, further added to the
complexity of the review [5, 26, 30, 31, 36].

Nonetheless, the abundancy of all the available audiomet-
ric data of patients suffering from DFNA9 when compared
to other hereditary SNHL must be exploited. For these rea-
sons all available audiometric data from all 11 selected stud-
ies were collected to compare the cumulative figures with
those already available in the literature (Table 1; Fig. 2).

As a final note on the audiometric assessment, a clear
underrepresentation of young subjects (38 versus 207) sug-
gests proportionally scarce enrollment of presymptomatic
P51S COCH carriers in the available studies.

Figures 4 and 5, which represent data of 136 meas-
urements, also illustrates, however, that BV may only be
observed at 60 years instead of 49 years, even though the
decline of vestibular function remains more severe than the
SNHL [34]. Because the high-frequency SNHL already
starts at 32.8 years, vestibular dysfunction may not precede
the SNHL by 9 years, but rather start simultaneously. This
discrepancy may be due the fact that the statistical estimates
were based on one single parameter (time constant ‘7”),
which may not have adequate sensitivity to detect early (uni-
lateral) vestibular dysfunction, even though it is considered
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Fig.5 Vestibular dysfunction as
function age (5-year interval).
The vast majority of vestibu-
lar function was measured on
symptomatic carriers aged 55

years or more. The younger RSN
carriers (<30 years) are largely o
underrepresented. The maximal 100%
decline rate is noted between 90%
36 and 55 years of age, whereas
carriers aged 56 and older have 80%
reached advanced stages of 2 2
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very suitable in bilateral vestibulopathy [54]. The propor-
tionally small sample size of presymptomatic P51S carriers
may limit our insight into the vestibular deterioration rate
in the group.

Rotatory chair and caloric response test protocols involve
the stimulation of the horizontal (lateral) SCC, however,
at completely different frequencies (0.002-0.004 Hz in
caloric tests) [55-57]. The sinusoidal harmonic accel-
eration test (SHAT) uses only low frequency sensitivity
(0.005-0.64 Hz), whereas the VST involve more high-fre-
quency components closer to those of (video) head impulse
test (VHIT) [55]. In case of unilateral or bilateral vestibular
dysfunction, SHAT has higher sensitivity, however, both
VST and SHAT show abnormal response in 53% of BV
[58]. Caloric response tests, in contrast, are less sensitive
for BV mainly due to missing initial physiological values
as a reference [58]. Important factors for the interpretation
of vestibular function are the inherent limitations of caloric
and both VST and SHAT tests as well as the necessity of
carrying out normative studies for each vestibular laboratory.
With the exception of one record, all phenotype studies of
P51S COCH carriers were conducted at least 10 years ago.
Vestibular evoked myogenic potentials (VEMP) and (video)
head impulse test (VHIT) were not implemented at that time,
whereas they are now incorporated as part of the vestibular
testing battery worldwide [59, 60]. Except for VEMP tests,
which assess the otolith organs, all other tests use a vari-
ety of different sensitivity components of one of more SCC
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Distribution of vestibular function per age (5 year-
interval) of P51S carriers (136 measurements)
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(from O to 6 Hz), which are covering the optimal frequency
sensitivity range of the SCC [55, 59].

For those reasons, and in light of the limitations that are
inherent to the rotatory chair and caloric vestibular tests,
rotatory chair or caloric test are to be considered com-
plementary with other vestibular test and are not to be
seen as the only test in the diagnosis of BV or unilateral
vestibulopathy.

A multicentric prospective cross-sectional study is
needed, involving symptomatic as well as presymptomatic
P51S carriers and using comprehensive audiometric and ves-
tibular test battery, including VNG, VEMP and vHIT tests,
to gain new insights and more accurate figures on cochle-
ovestibular deterioration meanwhile avoiding the limitations
described in this section.

Conclusion

The present review of all available phenotype studies of
the most prevalent COCH mutation in the Low Countries
(the P51S variant) confirms the late onset of the SNHL
(43 years), characterized with an annual threshold deterio-
ration of 3 dB HL per year and with profound SNHL at
76 years on average, whereas vestibular dysfunction was first
observed around 34 years and BV was achieved from about
41 to 60 years. Hence, high-frequency SNHL already starts
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at 32.8 years, which is earlier than the estimated onset of the
vestibular signs.

The main limitations are the fact that presymptomatic
P5S1S carriers are clearly underrepresented in the literature,
both in the assessment of SNHL as well as the peripheral
vestibular function. Moreover, the deterioration rates of the
vestibular function were only calculated by means of the
time constant ‘7" derived from the velocity-step test in the
overwhelming majority of the data.

Further work is needed to highlight the subclinical period
in this late onset progressive trait affecting cochleovestibular
function, involving all (presymptomatic and symptomatic)
P51S carriers while using state-of-the-art vestibular testing
(incl. VEMP and vHIT).
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