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INTRODUCTION
Charcot–Marie–Tooth disease (CMT) refers to the heterogeneous group of inherited sensory and motor neuropathies. With the 
development of molecular genetics, nearly 100 distinct genetic causes have been identified, with linkage established to many 
others (http://molgen-www.uia.ac.be./CMTMutations). Clinically, the most frequent CMT phenotype is characterized by progressive 
distal weakness and sensory loss, foot deformities, and absent reflexes [1]. However, a great variability exists regarding the severity 
and accompanying features among the different genotypes. The presence of cranial nerve involvement is unusual but has been 
consistently described in certain subtypes. Hearing loss due to auditory nerve dysfunction was first described in 1979 and was 
subsequently described in patients with diverse subtypes of CMT [2, 3]. It can occur as a constant phenotypic feature like in CMT4D or 
CMTX5 or as an occasional associated feature as in MPZ, PMP22, GJB1, NEFL, and SH3TC2 mutations [4-10]. 

Homozygous mutations of the SH3TC2 gene cause early onset demyelinating neuropathy (CMT4C) characterized by unsteadiness, 
scoliosis, distal proximal weakness, profound sensory loss, and occasional cranial nerve involvement. The latter includes hearing 
loss, vestibulopathy, pupillary abnormalities, and/or tongue atrophy [11]. Cranial nerve VIII seems to be the most frequently affected 
cranial nerve as hearing loss has been reported in 15–40% of patients with CMT4C and vestibular unexcitability has been reported 
in 7 of 10 cases [12, 13].

Auditory neuropathy (AN) can be defined as the presence of normal evoked otoacoustic emissions (OAEs) and/or cochlear micro-
phonics (CM) with an absent or abnormal auditory brainstem response (ABR) [14]. The presence of OAEs or CM indicates the preser-
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OBJECTIVE: Charcot–Marie–Tooth disease type 4C (CMT4C) is a hereditary demyelinating early onset neuropathy with prominent unsteadiness 
and occasional cranial nerve involvement. Vestibulopathy caused by the dysfunction of cranial nerve VIII has been demonstrated in a high per-
centage of these patients, but the presence and degree of auditory neuropathy are unknown. The aim of the study was to characterize the hearing 
abnormalities of a series of patients with CMT4C and to determine the presence and severity of auditory neuropathy (AN) in these patients. 

MATERIALS and METHODS: Ten patients with genetically confirmed CMT4C underwent comprehensive clinical and audiological testing. The 
results were compared among patients in different age groups and also to the results of vestibular testing that had already been performed. 

RESULTS: Only 3 patients had hearing problems, but 9 had hearing abnormalities on ancillary testing that were compatible with different degrees 
of auditory nerve dysfunction. In the mildest cases, only the abnormality of the stapedial reflex and distortion of wave I in auditory brainstem 
responses could be detected. In the more severe cases, tonal audiometry revealed asymmetric hearing loss. These findings were more severe in 
older patients, even after correcting for age-related hypoacusia. In these patients, vestibular dysfunction could also be detected and seemed to 
be more profound and symmetric than hearing loss. 

CONCLUSION: This report confirms and defines the presence of different degrees of auditory neuropathy in all patients with CMT4C, being detect-
able, usually unilaterally, during infancy, and worsening with disease progression.
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vation of the function of outer hair cells in the cochlea; therefore, the 
absence of ABR demonstrates a dysfunction in the inner hair cells of 
the cochlea, the synapse with the auditory nerve, and/or the auditory 
nerve itself. A pathological examination of the cochlea in a patient 
with an MPZ mutation and AN revealed marked loss of auditory gan-
glion cells and central and peripheral auditory nerve fibers within the 
cochlea, with relative preservation of the cochlear hair cells [7]. 

Thus, the aim of the study was to characterize the hearing abnormali-
ties in a series of patients with CMT4C and to determine the presence 
and severity of AN in these patients.

MATERIALS and METHODS

Subjects
Ten patients with genetically confirmed CMT4C were prospectively 
included in this study. Of these, 6 were males and 4 were females; 
cases 1 and 5 were siblings, as were cases 9 and 10. All were of Gypsy 
ethnicity, except cases 4 and 8 who belonged to two Caucasian fam-
ilies with no apparent consanguinity. Written informed consent was 
obtained from all patients, and the protocols were approved by the 
Ethics Committee of the hospital. 

Clinical Study
The detailed history and complete neurological examination results 

were recorded. Assessment included the following: strength, muscle 
atrophy, sensory loss, reflexes, foot deformities, and scoliosis. Muscle 
strength was scored using the standard Medical Research Council 
scale. The CMT neuropathy score (CMTNS) was used to determine 
neurological impairment [15]. Functional status was evaluated using 
the Functional Disability Scale (FDS) [16]. Electrophysiological studies 
were conducted in all patients following the same protocol that was 
previously described [17]. 

Patients were specifically questioned regarding the onset of symp-
toms and characteristics of hearing loss. A complete history of audi-
ological disturbances in other family members was obtained, as was 
the history of exposure to ototoxic drugs or to an excessively noisy 
environment. 

Genetic Study
The search for mutations in the SH3TC2 gene was performed by Sanger 
sequencing of the PCR products of exons and their intronic flanking 
sequences in an ABI Prism 3130xl autoanalyser (Applied Biosystems, 
Foster City, CA, USA) using primers as described elsewhere [13]. The gen-
otype is detailed in Table 1.

Audiological Study
After otoscopic examination, hearing was evaluated using tympano-
gram and stapedial reflex, tone and speech audiometry, OAEs, and ABR. 
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Table 1. Clinical characteristics and nerve conduction studies

No. (sex)/  Genotype Onset Sensory Motor Cranial     Nerve conduction studies 
Age  (years) loss UL/LL nerves Vestibulopathy FDS CMTNS Age MMNCV CMAPUL/LL SNAPUL/LL

1 (M)  p.R1109X/  Delayed All +/++ HL C 5 23 24 y 31 m/s 7/0 0.6/0 
45y p.R1109X walking          

2 (F)  p.R1109X/ Delayed   All +/+++ - C 3 18 3y 17 m/s NP/NP NP 
12y p.R1109X walking 

3 (F)  p.R1109X/ Delayed P, V +/++ - C 3 19 12y 23 m/s 10.6/0.5 1.9/0 
20y p.C737_P738 walking 
 delinsX    

4 (M)  p.R529Q/  Unstable P, V +/+++ HL C 4 24 39y 27 m/s 2.2/0 1/0 
58y p.R529Q 10y 

5 (F)  p.R1109X/  Delayed All +/+++ - I 6 23 20y 19 m/s 4/0 0/0 
33y p.R1109X walking 

6 (M) p.R1109X/  Delayed All +/++ HL 
56y p.R1109X walking   Trigeminal C 5 20 53y 25.8 m/s 4,3/0 0/0 
     neuralgia 

7 (F) p.R1109X/  Delayed   All +/+ - C 2 16 10y 33 m/s 10/0.1 0.8/0 
20y p.R1109X walking 

8 (M) p.H1102LfsX14/  Unstable P, V +/++ - C 3 16 30y 33 m/s 5.9/0 1.5/0 
37y p.H1102LfsX14/ 12y 

9 (F) p.R1109X/ Pes cavus P, V +/++ - I 3 17 26y 31 m/s NP/0 0/0 
27y p.C737_P738 9y 
 delinsX  

10 (F) p.R1109X/ Falls, All ++/+++ - I 5 23 20y 27 m/s 4.3/0 0/0 
24y p.C737_P738 2y  
 delinsX  

No: number; UL: upper limb; LL: lower limb; P: pinprick; V: vibratory; HL: hearing loss; C: complete vestibulopathy (unexcitable vestibular system); I: incomplete vestibulopathy; MMNCV: 
median motor nerve conduction velocity (normal values>51.6 m/s); CMAP: compound muscle action potential; data of the UL: median nerve (normal values>13.8 mV); LL: peroneal 
nerve (normal values>7.4 mV); SNAP: sensory nerve action potential; data of the UL: median nerve (normal values >16.5 mV); LL: sural nerve (normal values>18mV); NP: not performed 



Tympanograms and stapedial reflex thresholds were measured using 
a GSI 38 Tympanometer. Tympanometry was performed using a 226
Hz probe tone, with a sweep pressure start point of +200 daPa and an 
end point of −400 daPa. Ipsilateral acoustic reflexes were bilaterally 
assessed with pure tone activator stimuli of 0.5, 1, 2, and 4 kHz .

Pure tone audiometry was performed by trained personnel using an 
Interacoustics A/S AC40 audiometer including TDH39 headphones 
(ISO 389/ANSI S3.6-1996) and a Radioear B71 bone vibrator transduc-
er (ISO 7566/ANSI S3.43-1992). Pure tone threshold audiometry was 
performed at 250, 500, 1000, 2000, 4000, and 8000 Hz. Mean pure 
tone averages (PTAs) (250–8000 Hz) were calculated for both ears. 
The severity of hearing impairment was established according to the 
BIAP (Oficina Internacional de Audiologia) criteria: normal: < 20 dB, 
mild: 20–40 dB, moderate: 40–70 dB, severe: 70–90 dB, and profound, 
>90 dB.

Speech audiometry in quiet was performed using a set of 50 open 
spondaic bisyllabic word lists. Patients were asked to repeat words to 
the audiologist, and scores were tallied as the percent correct value, 
speech recognition threshold (lowest level at which speech can be 
identified at least half the time), and maximum discrimination level 
(intensity in dBs at which patients get a higher percentage of correct 
words). 

To study the discrimination in noise, we used the self-assessment 
Abbreviated Profile of Hearing Aid Benefit (APHAB) questionnaire [18]. 
In this paper we evaluated scores about difficulty in communication 
in background noise as follows: always (99%), almost always (87%), 
generally (75%), half the time (50%), occasionally (25%), seldom 
(12%), and never (1%).

OAEs were obtained using MAICO ERO•SCAN™, an automatic OAE 
test system that provides a measurement of distortion products 
at several frequencies. Four frequencies were tested (frequency 

range=2 –5 kHz). The intensity of F1 was 65 dB SPL and of F2 was 
55 dB SPL. The averaging time was 4 s per frequency, and the pass 
signal-to-noise ratio was 6 dB. A positive distortion product was 
considered when the number of passing frequencies for the over-
all test pass was 3.

The ABR were obtained using AEP Bio-logic. The stimulus parame-
ters were as follows: type click, duration 100 ms, rate 13/s, alternating 
polarity, and a Beyer DT48 transducer. The acquisition parameters 
were as follows: electrodes, Cz to ipsilateral mastoid with forehead 
ground; filter settings, 100–3000 Hz, notch filter, none; filter slopes, 6 
dB/octave; analysis period, 10.24–15.36 ms; number of sweeps, 1024 
with two replications. High level stimuli (80–95 dB nHL) were used to 
obtain ABR recordings.

To study the relationship between age and audiological findings, the 
patients were divided into three groups: group I (cases 2, 3, and 7), 
group II (cases 5, 9, and 10) and group III (cases 1, 4, 6, and 8). For each 
group, the mean PTA in each ear was determined and compared with 
the mean PTA values (Q=50%) of different age groups in the normal 
population, thus obtaining the PTA loss corrected by age [18]. The 
presence of AOE and the ABR wave morphology were also recorded 
in the different age groups.

RESULTS
Relevant clinical features are summarized in Table 1. The series com-
prised 10 patients with a moderate or severe phenotype as judged 
using CMTNS and important functional disability. 

Audiological Study
All patients reported normal speech development and no exposure 
to ototoxic drugs or a noisy environment. No family history of hear-
ing loss was present, and one patient (case 5) had a history of right 
ear recurrent otitis media during childhood. Only 3 patients had sub-
jective hearing loss. No patients were fitted with hearing aids.
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Table 2. Pure tone and speech audiometry 

                                                    Speech  
    Pure Tone Audiometry RE (dB)                 Pure Tone Audiometry LE (dB)                     audiometry maximum  APHAB

  250 500 1 2 4 8  250 500 1 2 4 8  
                      discrimination level

 Background 
Case Subjective HL Hz Hz KHz KHz KHz KHz PTA Hz Hz KHz KHz KHz KHz  PTA  RE LE noise

1 Adolescence 40 50 55 55 60 65 54.2 50 55 50 55 45 55 51.7 92%-90dB 80%-90dB Never

2 NR 10 10 10 10 10 10 10.0 10 10 10 10 10 10 10.0 100%-35dB 100%- 35dB Never

3 NR 20 20 10 10 10 20 15.0 20 20 30 35 40 25 28.3 NT NT NT

4 Early adulthood 20 40 40 45 60 80 47.5 35 45 60 60 90 90 63.3 90%-75dB 80%-90 dB Half the time

5 OD: Infancy*  60/25 65/40 65/50 60/55 40/40 30 53.3/42 20 25 30 30 30 30 27.5 100%-80dB 100%-50 dB Occasionally 
 OI: NR 

6 Early adulthood 90 90 75 70 80 80 80.8 80 85 80 70 50 65 71.7 75%-95dB 80%-95 dB Never

7 NR 20 15 25 15 15 10 16.7 25 20 10 10 5 10 13.3 100%-35dB 100%-35 dB Half the time

8 NR 30 30 35 35 45 45 36.7 40 40 40 35 55 65 45.8 100%-60dB 100%-60 dB Never

9 NR 20 15 10 10 10 20 14.2 35 20 20 25 35 20 25.8 100%-25dB 100%-45 dB Never

10 NR 10 15 15 25 20 15 16.7 20 25 30 40 40 40 32.5 100%-35dB 100%-50dB Never

dB: decibels; HL: hearing loss; NR: no subjective hearing loss; NT: not tested (*) otitis; RE: right ear; LE: left ear; PTA: pure tone average 250 Hz–8KHz; APHAB: Abbreviated Profile of Hearing Aid Benefit  ques-
tionnaire; NR: normal



Pure tone and speech audiometry results are represented in Figure 
1 and Table 2. Normal hearing thresholds on performing pure tone 
audiometry were present in only two patients (cases 2 and 7). Three 
patients (cases 3, 9, and 10) had unilateral mild hearing loss in one ear 
and normal hearing in the opposite ear. The configuration of the au-
diogram was flat in case 3 and with more affectation of high frequen-
cies in cases 9 and 10. Speech audiometry in the affected ear showed 
100% speech recognition at 45 and 50 dB in cases 9 and 10, respec-
tively, and was not performed in case 3. Four patients (cases 1, 4, 6, 

and 8) had bilateral mild-to-severe hearing loss. Audiograms were 
flat in cases 1, 6, and 8, and in case 4 high frequencies were more 
affected. The maximum speech recognition scores (Table 2) were 
correlated with audiometry PTA (hearing thresholds). Case 8 did not 
notice any hearing problem while the other 3 cases were aware of 
progressive hearing difficulties. Case 5 had severe mixed hearing loss 
in the right side, which was probably related to recurrent otitis media 
during childhood. Only 3 patients had comprehension difficulties in 
background noise without a clear relation with auditory dysfunction. 
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Figure 1. Pure Tone Audiometry and Speech Audiometry of 4 patients



Tympanometry results and OAEs are summarized in Table 3. Tympa-
nometry results were normal in all patients tested. Ipsilateral stapedi-
al reflex was affected in all tested patients; in case 7, it was bilaterally 
absent. Cases 9 and 10 had abnormally elevated thresholds. OAEs 
were present in 6 patients: bilateral in 1 (case 2) and unilateral in 5 
(cases 4, 5, 7, 9, and 10). Three patients had an absence of OAEs (cases 
1, 6, and 8), and they were not performed in case 3. 

ABRs are summarized in table 4. All patients, except cases 2 and 5, 
had atypical ABRs with distortion in the wave form and amplitude re-
duction. Some had severely distorted ABRs with very low amplitude 
(5 ears), and others had distorted ABRs with low amplitude waves. 
Wave I was absent in 8 ears and present in 10 ears. Wave V was pres-
ent in all ears except in one (case 4 LE). 

The relationship between age and audiological findings are sum-
marized in Table 5. An increase in the PTA loss, less ears with normal 
OAEs, and more distortion of ABR waves with age were observed.

DISCUSSION
The presence of hearing loss in patients with CMT4C has been previ-
ously reported, but the underlying audiological characteristics and 
frequency are unknown. In our series, only 3 of 10 patients had hear-
ing problems, but after performing a comprehensive study, 8 had 
hearing abnormalities and 5 met all criteria for AN. 
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Table 3. Tympanometry and otoacoustic emissions

    SR RE Threshold  SR LE Threshold 
Cases Tympanometry PTA RE (dB) PTA LE (dB) (500-4KH) (500-4KH) OAE RE OAE LE

1 NR 54.2 51.7 Negative Negative Absent Absent

2 NR 10.0 10.0 Negative Negative Present Present

3 NT 15.0 28.3 NT NT NT NT

4 NR 47.5 63.3 Negative Negative Absent Present

5 NR 40 * 27.5 Negative Negative Absent Present

6 NR 80.8 71.7 Negative Negative Absent Absent

7 NR 16.7 13.3 Negative  Negative Absent Present

8 NR 36.7 45.8 Negative Negative Absent Absent

9 NR 14.2 25.8 95/95/105/95 dB 100/100/105/100 dB Present Absent

10 NR 16.7 32.5 90-100-100-95 dB  90-95-105-100 dB Present Absent

PTA: pure tone average; dB: decibels; SR: stapedial reflex; OAE: otoacoustic emissions; NT: not tested; RE: right ear; LE: left ear
*Air conduction was used to determine the PTA

Table 4. Auditory brainstem response 

   ABR RE 90 dB    ABR LE 90 dB

Case PTA RE (dB)  Wave morphology Wave I Wave V   PTA LE (dB) Wave morphology Wave I Wave V 

1 54.2 Severely distorted Absent Present 51.7 Severely distorted Absent Present

2 10.0 Normal Present Present 10.0 Normal Present Present

3 15.0 NT NT NT 28.3 NT NT NT

4 47.5 Distorted Present Present 63.3 Severely distorted Absent Absent

5 53.3 Normal Present Present 27.5 Normal Present Present

6 80.8 Severely distorted Present Present 71.7 Severely distorted Present Present

7 16.7 Distorted Present Present 13.3 Distorted Present Present

8 36.7 Distorted Absent Present 45.8 Distorted Absent Present

9 14.2 Distorted Absent Present 25.8 Distorted Absent Present

10 16.7 Distorted Present Present 32.5 Distorted Absent Present

PTA: pure tone average; RE: right ear; LE: left ear; NT: not tested; OAE: otoacoustic emissions; ABR: auditory brainstem response; dB: decibels; NS: neurosensorial hearing loss; AN: 
auditory neuropathy; NH: normal hearing

Table 5. Audiological findings in different age groups

  Mean age  PTA RE PTA LE     ABR Wave I amplitude 
Group (years) (dB) (dB) OAE Normal Low Very low

I 16.67 13.9 17.2 2/2 1 bil   1 bil. 

II 27.67 22.47 27.44 3/3 1 bil. 2 bil. 

III 48 46.44 47.82 1/4  1 uni. 2 bil/1 uni.

PTA: pure tone average corrected according to the values of the normal population in different 
age groups (Q=50%); RE: right ear; LE: left ear; OAE: otoacoustic emissions; ABR: auditory 
brainstem response



Hearing loss was confirmed with pure tone audiometry in 8 of 10 pa-
tients, with thresholds that ranged from normality to severe hearing 
loss. On performing speech audiometry, understanding in silence 
was concordant with hearing thresholds on performing pure tone 
audiometry. Speech understanding is generally poor with noise in 
AN, but only 3 patients reported subjective difficulties with noise in 
the APHAB questionnaire. OAEs were present in 6 of 9 patients and 
were bilaterally present only in the youngest patient. The presence 
of OAEs indicates the normality of OHCs but can be absent because 
of multiple causes, including aging [19]. In fact, the 3 patients without 
OAEs were the oldest and had prominent hearing loss on performing 
tonal audiometry.

These results were complemented with the abnormality of the sta-
pedial reflex in the 9 patients in whom it was tested, which has been 
associated with damage to the distal auditory pathways [20]. Auditory 
brainstem potentials were altered in 7 of 9 patients, and in all pa-
tients, wave I was more affected than V, which was consistent with 
damage to the cochlear nerve.

Thus, auditory testing in our patients revealed hearing abnormalities 
in all patients ranging from an abnormality of the stapedial reflex 
and/or ABR to severe hearing loss on performing tonal audiometry. 
In 5 of the 6 patients (7 ears) in which OAEs were present, the criteria 
for AN were fulfilled, and in the other 11 ears, sensorineural hearing 
loss was demonstrated, but the normality of OHC function could not 
be formally established. These findings could be complemented with 
CM, but they are not available in our center. In any case, the SR was 
absent in all our patients, which was probably the first marker of au-
ditory dysfunction in these patients [20], and the ABR were also altered 
in 7 of 9 patients. These findings are compatible with damage to the 
auditory nerve, which is expected in the disease process of CMT4C [3].

The audiological findings in these patients differed according to age, 
suggesting the development of audiological abnormalities with dis-
ease progression (Table 5). The three youngest patients had normal 
mean tonal thresholds, but the stapedial reflex and ABR were mildly 
abnormal. On the other hand, the four oldest patients had very high 
bilateral mean tonal thresholds and severe disruption of waveform I 
in the ABR. Although there is a decline in PTA that can be attributed 
to aging [21], after correcting the values with the mean PTA values in 
the different age groups, the PTA loss clearly increased as the disease 
progressed. 

Another salient feature is that hearing loss was usually asymmetric. In 
fact, the mild abnormalities detected on performing tonal audiome-
try in young patients were always unilateral (cases 3, 9, and 10). Even 
in severely affected patients with bilateral hearing loss, it was usually 
asymmetric. This asymmetry in cranial nerve involvement has been 
described in other cranial nerve dysfunctions like regarding pupillary 
abnormalities, trigeminal neuralgia, or accessory nerve palsies [10].

In this same series of patients, we had previously performed exten-
sive vestibular testing, which confirmed the presence of significant 
vestibular impairment compared to age- and sex-matched controls. 
Even though the results are not directly comparable, as the tests em-
ployed in vestibular and audiological testing were completely differ-
ent, the degree of vestibulopathy was strikingly profound in most 

patients (70% had completely unexcitable vestibular systems) and 
more symmetric than the auditory impairment. The 3 patients with 
less severe vestibular involvement (cases 5, 9, and 10) suffered from 
mild unilateral hearing loss. The ABR was normal in case 5. On the oth-
er hand, cases 2 and 7, who had a normal tonal audiometry results, 
suffered from complete vestibulopathy. Taking this into account, it 
seems that although the physiopathological process affecting cranial 
nerve VIII in CMT4C can be similar in the auditory and vestibular fas-
cicles of the nerve, the clinical consequences are not analogous. This 
may partly be due to the different relative sensibilities of the tests 
employed and to the intrinsic difference in the physiological path-
ways. We speculate that the vestibular reflexes important to postural 
balance are more affected by the disruption and slowing of nerve 
conduction than the auditory pathways. 

This report confirms and defines the presence of different degrees of 
auditory abnormalities in all patients with CMT4C, being detectable, 
usually unilaterally, during infancy, and only with SR or ABR, which 
worsens with disease progression.
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