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ABSTRACT
Background Hearing and the auditory pathway are affected in Fabry diseases (FD). There is limited data on
hearing and auditory pathways in this population. Therefore, we aimed to investigate auditory functions and
auditory pathways using auditory brainstem responses (ABR), otoacoustic distortion emission (DPOAE),
pure tone audiometry (PTA), and tympanometry in patients with FD and to compare these results with those
of healthy individuals.
Material and Methods This study included 16 patients with FD (F/M: 8/8, age: 33.5 + 15.4 years) and 16
healthy controls (F/M: 5/11, age: 33.6 &+ 6.3 years). Hearing functions and auditory pathways were assessed
with ABR, DPOAE, PTA, and tympanometry.
Results According to the results of PTA, conductive hearing loss was detected in 4 (25%) of the patients with
FD. When the 500-4,000 Hz frequencies were assessed, the bone pathway hearing threshold in both ears was
significantly higher in the patients with FD than in the control group (p = 0.014 andp = 0.014, respectively).
When we compared the DPOAE measurements of the patients with FD and the control groups, the dB value
measured at 2.8 kHz was significantly lower in the patient group than in the control group (p = 0.018). When
we compared the ABR measurements, the right ear’s 3-5 interpeak latency at 60 dB was significantly lower
in the patient with FD than in the control group (1.8 = 0.3 ms vs 2 = 0.2 ms, p = 0.033).
Conclusions We found that the hearing loss rate and hearing threshold were statistically significantly higher
in FD patients than in the control group. Hearing screening should be systematically performed in these
patients.
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INTRODUCTION

The most common diseases among lysosomal storage
diseases are Gaucher and Fabry diseases. The disease
results from the deposition of globotriaosylceramide
(Gb3) in various tissues due to insufficiency of the en-
zyme a-galactosidase A. Numerous signs of the disease
may occur due to the deposition of Gb-3 in autonom-
ic and spinal ganglia, renal tubulointerstitial cells and,
renal glomerular, vascular smooth muscle cells, cardiac
myocytes, vascular and lymphatic endothelial cells in
the cornea.! Early clinical manifestations of the disease
include hypohidrosis, gastrointestinal symptoms (GIS),
angiokeratomas, distal joint pain, and tinnitus. The most
important predictor of the likelihood of developing Fab-
ry-related complications is enzyme activity.? However,
even if distinctive signs and symptoms occur, there is
a significant delay in diagnosis up to 20 years from the
onset of symptoms. This is probably due to a lack of
awareness and the wide range of clinical manifestations,
especially in women.** Therefore, recognizing the signs
and symptoms of Fabry disease (FD) is closely associat-
ed with disease awareness among paediatricians, pediat-
ric metabolic specialists, pediatric geneticists, cardiolo-
gists, neurologists, dermatologists, nephrologists, trained
pathologists, and ophthalmologists. In particular, after
diagnosis, it is possible to change the disease’s natural
course and progression and improve patients’ quality of
life through treatment.>® Nowadays, there is no curative
treatment for FD. Recombinant a-Gal A and migalastat
are treatment options for suitable patients.’

Patients with FD experience progressive hearing
problems. These hearing problems, especially hearing
loss, may develop gradually or occur suddenly. Symp-
tomatic hearing loss happens in %18-55 of patients with
FD, but sudden hearing loss occurs in %6-36 and tinni-
tus in %17-53 of patients. Typically, it is observed more
frequently and to a greater extent in male FD patients.
Recent studies have shown that the developing hearing
loss in these patients is predominantly sensorineural.®
However, this population has limited data on hearing and
auditory pathways. Therefore, we aimed to investigate
auditory functions and auditory pathways using audi-
tory brainstem responses (ABR), pure tone audiometry
(PTA), otoacoustic distortion emission (DPOAE), and
tympanometry in patients with FD and to compare these
results with those of healthy individuals.

MATERIAL AND METHODS

The protocol of the study was approved by the
Medical Ethics Committee of Necmettin Erbakan
University (NEU) (Faculty of Medicine, Konya, Tur-
key). The patients and healthy volunteers signed the
written informed consent. This study included 16
patients with FD (F/M: 8/8, age: 33.5 £ 15.4 years)
and 16 healthy controls (F/M: 5/11, age: 33.6 + 6.3
years). In addition, we categorised patients according
to whether they received treatment. Patient’s medical
records (information on patients’ age, medications
taken, duration and course of disease, and otologic
history) were reviewed. Inclusion criteria were 1) 18-
70 years of age, 2) decreased (< 2.5 nmol/mL/hour )
a-gal-A activity in dried blood spots (DBS) in male
patients, and 3) presence of GLA gene mutation asso-
ciated with FD in female patients.

The screening of FD was performed by assessing
a-gal-A activity < 2.5 nmol/mL/hour in DBS and was
confirmed by GLA gene mutation analysis. The crite-
ria for the diagnosis of FD were a-gal-A activity < 2.5
nmol/mL/hour in male patients and a genetic mutation
associated with FD in female patients. The screening
of FD was performed by assessing a-Gal A activity in
dried blood spots (DBS) and was confirmed by GLA
gene mutation analysis. GLA gene was sequenced
using the MiSeq next-generation sequencing (NGS)
platform, an FDA-approved diagnostic system (Illu-
mina, San Diego, CA, USA). Plasma lyso-Gb3 levels
were measured via tandem mass spectrometry method
from DBS before ERT at the beginning and end of the
study. Diagnostic procedures have been rearranged
by adding them to the material method section.

A complete oto-rhino-larygologic examination
was performed on all participants. Otologic history
was obtained from all patients, including inherited
deafness, otologic symptoms, otologic trauma or sur-
gery, use of ototoxic agents, and noise exposure. All
patients underwent otoscopy. None of the patients was
found to have comorbidities related to otolaryngolo-
gy in their history or on examination. Our patients
had no middle ear problem, and no issues were found
in the external auditory meatus and inner ears in the
otolaryngologic test. In addition, otolaryngologic an-
amnesis and history showed no abnormality in their
ears. Hearing functions and auditory pathways were
assessed with ABR (Eclipse Interacoustics), DPOAE
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(Otodynamics Echoport ILO 288 USB), PTA (Inter-
acoustics AC33 Audiometer), and tympanometry (In-
teracoustics AT235). Tympanograms of all patients
were also found to be Type A-Normal.

Air conduction and bone conduction hearing
thresholds were calculated for each ear using a 5-dB
stepwise method at 250, 500, 1000, 2000, 4000, and
8000 kHz. The severity of hearing loss was deter-
mined as PTA for 0.5, 1, 2, and 4 kHz. In addition,
a high-frequency hearing loss (hFhl) was considered
at 4 and 8 kHz to assess the inner ear’s involvement
better.

ABR measurements were performed on both ears
separately with single-channel electrode placement.
While subjects were in the supine position, measure-
ments were made in the alternate mode, 1200 sweep,
11.7 rates, and click stimulus. Stimulus intensities
used were 60 dBnHL, 40 dBnHL, 20 dBnHL, and
10 dBnHL. The amplitudes of the I./IIL./V. waves, the
latencies of the I./I11./V. waves and the latencies of the
I- III/I-V/TII-V interpeak were recorded.

During DPOAE measurements, the frequency
density within the stimulus was determined as L1 (65
dB-SPL) for frequency f1 and L2 (55 dB-SPL) for fre-
quency f2. The DPOAE results were recorded twice
for each frequency, 1000, 1500, 2000, 3000, 4000,
6000, and 8000 Hz. In the DPOAE results, the “sig-

nal-to-noise ratio” (SNR) values determined for each
frequency are read from the table generated by the
test system.

Venous blood samples were collected for biochem-
ical analysis without ingestion of drugs and after at
least 10 hours of fasting. Biochemical analyzes were
performed at the Central Biochemical Laboratory of
our hospital NEU Meram Faculty of Medicine. Ana-
lyzes were performed using the oxidase-based tech-
nique with a modular system from Roche and Hitachi
(Mannheim, Germany).

Statistical Analysis

Windows version 12.0 (SPSS Inc. Chicago/Illi-
nois/USA) was used to analyse clinical and experi-
mental data. Descriptive statistics were determined
for each variable individually. Numeric or categor-
ical variables were expressed as mean + standard
deviation and number per cent. Whether or not the
data were normally distributed was examined using
the Shapiro-Wilk test. Parametric statistics (t-test for
independent samples) and nonparametric statistics
(Mann-Whitney U test) were used for continuous
variables. Fisher’s Exact and Chi-square tests were
used to compare categorical data between indepen-
dent groups. A p - value of < 0.05 was considered sta-
tistically significant.

Table 1. Demographic, clinic and biochemical features of the patients with FD and healthy

subjects.
Parameters Patients with Fabry disease Healthy subjects P value
(n: 16) (n: 16)

Gender (F/M) 8/8 5/11 0.280
Age (years) 335+154 33.6+£6.3 0.976
eGFR (mL/min) 108.3 +49.9 103.9+13.3 0.736
Glucose (mg/dL) 89.3+6.3 91 +8.3 0.530
Urea (mg/dL) 29.6+18.1 27.1+73 0.509
Creatinine (mg/dL) 1.2+1.9 0.8+0.1 0.203
Sodium (mmol/L) 139.3+ 1.8 139.1+1.8 0.703
Potassium (mmol/L) 46+04 43+0.3 0.029
Total protein (g/L) 68.9+3.8 724+3 0.008
Albumin (g/L) 429+4.1 46.7+2.8 0.005
AST (U/L) 162+3.5 20.9+12.1 0.749
ALT (U/L) 13.8+7.1 28.1£20 0.001
CRP (mg/dL) 25+39 34+3.6 0.118
Protein/creatinine ratio in spot urine (mg/dL) 741.1 +£1329 88.1 +£38.6 <0.001
White blood cell count (103/uL) 74+13 83+1.6 0.100
Neutrophil count (103/uL) 43+1.1 44+12 0.755
Lymphocyte count (103/uL) 24+0.6 29+0.6 0.033
Hemoglobin count (g/dL) 13.6+1.3 144+15 0.173
Platelet count (103/uL) 256.6 + 58.3 270.7 £ 66.3 0.523
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RESULTS

Table 1 shows the demographic data, clinical char-
acteristics, and biochemical results of 16 patients with
FD and 16 healthy control subjects. When the patients
and healthy subjects were evaluated, it was found that
there were no significant differences concerning the
following variables: sex, age, serum levels of glucose,
creatinine, sodium, CRP, haemoglobin, and platelet
count. In addition, serum levels of total protein, albu-
min, alanine aminotransferase (ALT) and lymphocyte
count were higher in the control group (p = 0.008, p
=10.005, p = 0.001 and p = 0.033, respectively). Serum
potassium levels and protein/creatinine ratio were sig-
nificantly higher in patients with FD than in control
subjects (p = 0.029 and p < 0.001, respectively) (Table
D).

After the diagnosis of FD in 4 patients, 12 more
affected family members were identified through
family screening. The pedigree analysis provided an
early diagnosis for two male relatives (nephews) of a
male patient and four male relatives (2 sons and two
nephews) of the other male patient. The diagnosis
was made in 3 female relatives of a female patient (1
daughter, two nieces) and three relatives (2 daughters
and a niece) of the other female patient. The mean du-
ration of diagnosis was 67.69 + 13.29 months, and the
mean duration of treatment was 62.44 + 15.21 months
in patients with FD (Table 2). Nine patients were us-
ing agalsidase alfa, and seven were using agalsidase
beta. In addition, the patients’ enzyme levels and lyso
Gb-3 levels were given in Table 2.

When the hearing functions of the participants
were evaluated, it was found that the rate of hearing
loss was higher in the patients with FD than in the
healthy control group (p = 0.033). According to the
results of PTA, conductive hearing loss was detected
in 4 (25%) of the FD patients, while it was not detect-
ed in the control group. The mean value of hearing
thresholds obtained with PTA in the patients with FD
and the control groups was within the normal range in
the bone and airway for both ears. However, when the
frequencies of 500-4,000 Hz were assessed, the bone
pathway hearing threshold in both ears was higher in
the FD patients than in the healthy control group (p =
0.014 and p = 0.014, respectively) (Table 3).

When we compared the otoacoustic distortion
product measurements of the FD patients and the
control group, the dB value measured at 2.8 kHz
was lower in the patient group (p = 0.018). When we
compared the ABR measurements, the right ear’s 3-5
interpeak latency at 60 dB was lower in the patients
with FD (1.8 £ 0.3 vs 2 £ 0.2 ms, p = 0.033).

When patients were divided into groups after
agalsidase treatment, there were no significant differ-
ences in sex, age, serum glucose, serum creatinine,
sodium, potassium, C-reactive protein, lymphocyte
count, and platelet count between the treated and
untreated groups; only the spot urine protein/creati-
nine ratio was higher in the treated group (p = 0.039).
Hearing thresholds determined with PTA in the treat-
ed and untreated patients were within the normal
bone and airway range at all frequencies between
250-8,000 Hz in both ears. No significant difference

Table 2. Diagnosis, treatment dates and enzyme levels of patients with Fabry disease.

No  Gender Age Dignosis FD duration Treatment Treatment Enzyme  Lyso Treatment
(years) date (months) date duration (month) level Gb-3

1 Female 19 01.01.2017 72 01.01.2018 60 2.5 5.2 Agalsidase alfa
2 Male 48 01.01.2017 72 01.01.2018 60 0.2 4.6  Agalsidase alfa
3 Female 21 01.03.2017 69 01.06.2017 67 0.8 1.8  Agalsidase alfa
4 Female 33 01.06.2019 43 17.02.2020 35 2.1 4.2  Agalsidase beta
5 Male 37 11.11.2015 86 01.01.2016 84 0.9 39.3  Agalsidase beta
6 Male 39 23.11.2015 86 01.01.2016 84 1.4 27.5  Agalsidase beta
7 Male 47 08.06.2016 79 01.10.2016 75 0.2 1.7 Agalsidase beta
8 Female 36 11.01.2019 48 01.11.2019 38 2.0 7.9  Agalsidase beta
9 Male 25 18.10.2016 74 23.02.2017 71 1.2 60.8  Agalsidase alfa
10 Female 66 03.01.2017 71 23.02.2017 71 24 11.5  Agalsidase alfa
11 Male 38 01.02.2017 70 23.02.2017 71 1.2 233 Agalsidase beta
12 Female 43 11.04.2017 68 03.08.2017 65 23 14.7  Agalsidase alfa
13 Female 19 04.03.2019 45 01.09.2019 40 2.5 5.2 Agalsidase alfa
14  Male 48 01.03.2018 58 01.12.2018 49 0.2 4.6  Agalsidase alfa
15  Female 21 09.10.2017 63 01.03.2018 58 0.8 1.8  Agalsidase alfa
16  Female 33 19.06.2016 79 17.02.2017 71 2.1 4.2  Agalsidase beta
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Table 3. Comparison of audiometry findings of the patients with FD and healthy subjects.

Parameters Patients with Fabry disease Healthy subjects P value
(n: 16) (n: 16)
Right ear 500-4000 Hz (air) 9.1+438 6.6+1.7 0.253
Right ear 4000-8000 Hz (air) 12.9+8.7 84+1.8 0.474
Right ear 500-4000 Hz (bone) 6.5+3.8 38+2.1 0.014
Left ear 500-4000 Hz (air) 8.4+37 65+1.7 0.200
Left ear 4000-8000 Hz (air) 123+7.1 83+1.7 0.361
Left ear 500-4000 Hz (bone) 63+34 38+2.1 0.014
Hearing loss n (%) 4 (25) 0 0.033

was found between the two groups.

When the measurements of the otoacoustic dis-
tortion product of the groups were evaluated, it was
found that the dB value at the right ear SNR 1.4 and
2.8 kHz and at the left ear SNR 1.0, 1.4, 2.0, and 2.8
kHz was significantly higher in the untreated patient
group (p = 0.027, p = 0.050; p = 0.014, p = 0.022, p
= 0.08, and p = 0.029, respectively) (Table 4). When
the ABR measurements were evaluated between the
groups, it was found that there was no statistical dif-
ference.

DISCUSSION

As a result of the study, we came to three import-
ant conclusions. First, proteinuria was significantly
increased in FD patients compared with the control
group. Second, the proportion of patients with hear-
ing loss was higher in FD patients. Third, the average
hearing threshold of patients with FD was higher than
that of the healthy group at the frequencies of 500-

4,000 Hz in the bone tract for both ears.

FD is a genetic storage disease that plays a role in
chronic kidney disease but can be treated. Renal find-
ings occur in at least 20% of females and about 50%
of male patients.” The primary renal finding is usu-
ally proteinuria.'”’ In a study by Turkmen et al", the
incidence of proteinuria in 30 patients with FD was
23.3%. According to the literature, the protein-to-cre-
atinine ratio in our study’s puncture urine was higher
in patients with FD than in the control group. When
we divided the patients with and without treatment
into groups, the ratio of protein to creatinine detected
in the puncturing was higher in the treatment group.
This result may be attributed to treated patients hav-
ing more severe diseases and being more likely to de-
velop organ damage.

The effects of FD on hearing have also been de-
scribed in the last 15 years. Several studies have re-
ported that progressive sensorineural and episodic
hearing loss 1s more common than the average popu-
lation, especially at high frequencies.'>"* Sergi et al.14

Table 4. Autoacoustic emission findings of treated and nontreated FD patients with agalsidase.

Parameters FD patients with treatment (n: 9) FD patients without treatment (n: 7) P value
Right ear SNR 1.0 kHz 4.6+78 8.6+8.3 0.339
Right ear SNR 1.4 kHz 59+6.1 13+£52 0.027
Right ear SNR 2.0 kHz 24+58 82+6.1 0.074
Right ear SNR 2.8 kHz -7.4+13.2 20+9.2 0.050
Right ear SNR 4.0 kHz 03£8.2 0.7+8.1 0.791
Right ear SNR 6.0 kHz -6.0+12.9 -27+£9.8 0.588
Right ear SNR 8.0 kHz -15.1+£6.9 -13.7+9.7 0.740
Left ear SNR 1.0 kHz 1.1£9.2 12+4.8 0.014
Left ear SNR 1.4 kHz 6.5+£4.5 123+43 0.022
Left ear SNR 2.0 kHz 0.6+64 102+£5.8 0.008
Left ear SNR 2.8 kHz -34+7.7 51+5.8 0.029
Left ear SNR 4.0 kHz 1.1+£7.6 82+5.8 0.060
Left ear SNR 6.0 kHz 44+11.5 2.9+10.2 0.205
Left ear SNR 8.0 kHz -157+8.2 -23.3+6.7 0.067
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investigated the involvement of the inner ear in 20
patients with FD receiving enzyme replacement ther-
apy (ERT). This study’s patients were audiologically
evaluated every six months using audiometry, OAE,
and ABR methods. The mean follow-up time was 51.5
months (range: 25-73). Audiometry detected a hear-
ing loss in 18 ears (45%) (13 patients) at pretreatment
evaluation. These hearing losses were reported to be
sensorineural, and the site of the lesion was the co-
chlea, as indicated by the OAE and ABR findings.
When the planned follow-up times were reached in
the study, the number of ears with hearing loss in-
creased to 21 (52.5%), but it was found that the differ-
ence was not statistically significant. The authors sug-
gested that inner ear involvement remains stable with
ERT, so treatment should be started without waiting
for hearing loss to develop. In our study, the rate of
patients with hearing loss was higher than in control
subjects. No difference in hearing loss was found
when the treated and untreated patients were exam-
ined. But a conductive hearing loss in 4 patients could
not be associated with any condition. However, it was
thought that impedance changes due to FD-related
deposit accumulations in the sound conduction path
starting from the tympanic membrane and continuing
with the malleus incus stapes and their ligaments and
ending in the fenestra ovale might be a factor. How-
ever, because our study was cross-sectional, it may
be misleading to make a statement about the effect of
ERT on hearing loss.

In addition, hearing loss due to neurological in-
volvement in patients with FD is another reason for
blaming. In a study by Koeping et al.”®, %74 of FD
patients were found to have sensorineural hearing
loss by audiometry. In the ABR evaluation of these
patients, the interpeak wave latencies I-I11/11I-V/I-V
were within the normal range. In our study, the ABR
test performed to evaluate the patients’ auditory path-
ways found that the right ear of the patients with FD
was significantly lower at 60 dB than the control group
with 3-5 interpeak latencies. However, the results of
ABR were found to be normal in all our patients.

In a study by Bitirgen et al.'®, corneal sensitivity,
density, and nerve fibre length were lower in FD pa-
tients than in control subjects when evaluated by cor-
neal confocal microscopy. Although FD-associated
nerve damage was directly detected by microscopy
in this study, the presence of auditory nerve damage
in our study could not be seen by the ABR test. This
could be because the head pairs were affected by FD

at different rates or because a method that assessed
electrical activity, such as the ABR test, was inade-
quate. Studies are needed to evaluate more patients
and use other ways, such as autopsy studies.

Another question that needs to be addressed re-
garding hearing loss in patients with FD is whether
it is possible to halt or even reverse hearing loss with
treatment. To investigate this question, Palla ez al."”
audiometrically assessed the hearing of 47 patients
before starting ERT and 60 months after treatment.
The authors, who found no difference between the
two evaluations, claimed that although the hearing
loss was not reversed by ERT, at least hearing func-
tions were stabilized. One of the major shortcomings
of our study is that the periods before and after treat-
ment were not evaluated to examine the effect of ERT
on hearing loss.

CONCLUSIONS

As a result, we found that the hearing loss and
hearing threshold rates were higher in FD patients
than in the healthy group. Although the effects of
pathogenesis and enzyme replacement therapy are
not yet fully known, hearing screening should be sys-
tematically performed in these patients and included
in this screening in asymptomatic patientsWe believe
that possible hearing loss can cause a severe deterio-
ration in the quality of life, even if it does not cause
life-threatening situations, and that adverse effects on
quality of life can be prevented by early diagnosis/
treatment.
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