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Abstract

Objective: To define auditory nerve and cochlear functions in two families with autosomal dominant axonal Charcot-Marie-Tooth
(CMT).
Methods: Affected members in two families with different point mutations of NF-L gene were screened with auditory brainstem responses
(ABRs). Those with abnormal ABRs were further investigated with clinical, neurophysiological and audiological procedures. The point
mutations of NF-L gene involved were Glu397Lys in 8 affected members of the family with AN, and Pro22Ser in 9 affected members of
the family without AN.
Results: ABRs and stapedial muscle reflexes were absent or abnormal in affected members of only one family consistent with auditory
neuropathy (AN). In them, audiograms, otoacoustic emissions, and speech comprehension were normal. Absent or abnormal ABRs were
consistent with slowing of conduction along auditory nerve and/or brainstem auditory pathway. Wave I when present was of normal
latency.
Conclusions: Auditory nerve involvement in the presence of normal cochlear outer hair cell activity is asymptomatic in one of two fam-
ilies with CMT disorder with different point mutations of the NF-L gene. The nerve disorder is consistent with altered synchrony and
slowed conduction.
Significance: The absence of ‘‘deafness’’ may reflect the ability of central mechanisms to compensate for the slowly developing auditory
nerve abnormalities.
� 2007 International Federation of Clinical Neurophysiology. Published by Elsevier Ireland Ltd. All rights reserved.

Keywords: Hereditary neuropathy; Asymptomatic auditory neuropathy; NF-L gene; Point mutation; Auditory brainstem responses; Pathophysiological
mechanisms
1. Introduction

Hearing loss and deafness is an uncommon phenotypic
variant in Charcot-Marie-Tooth (CMT) (Satya-Murti
1388-2457/$32.00 � 2007 International Federation of Clinical Neurophysiolo
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et al., 1980; Raglan et al., 1987). Recent studies have
focused attention on auditory function in CMT by identi-
fying hearing disorder as a prominent feature in several dis-
tinct genetic variants including primary demyelinating
forms (CMT1) due to mutation of PMP22 gene duplica-
tion (Boerkoel et al., 2002; Kovach et al., 2002; Hattori
et al., 2003; Joo et al., 2004), primary axonal forms
(CMT2) due to mutations of MPZ gene (Chapon et al.,
1999; De Jonghe et al., 1999; Misu et al., 2000; Hattori
et al., 2003; Starr et al., 2003), connexin 31 (GJB3) gene
gy. Published by Elsevier Ireland Ltd. All rights reserved.
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(Lopez-Bigas et al., 2001), Connexin 32 (Cx32) gene (Boer-
koel et al., 2002; Hattori et al., 2003), and in a mixed demy-
elinating/axonal autosomal recessive motor-sensory
neuropathy, HMSN-Lom, particular to Roma populations
due to a mutation of the NDRG1 gene (Kalaydjieva et al.,
1998; Butinar et al., 1999; Kalaydjieva et al., 2000).

At least three of these studies (Butinar et al., 1999;
Kovach et al., 2002; Starr et al., 2003) demonstrated that
affected individuals showed normal physiological mea-
sures of cochlear outer hair cell activity (otoacoustic
emissions, OAEs) but abnormal auditory nerve activity
(auditory brainstem responses, ABRs), localizing the
hearing loss to dysfunction of the auditory nerve. Patho-
logical examination of the cochlea in one MPZ patient
with deafness showed marked loss of both auditory gan-
glion cells and nerve fibers with normal numbers of inner
hair cells and near normal numbers of outer hair cells
(Starr et al., 2003). The vestibular nerve was also abnor-
mal. Thus, deafness in CMT can be attributed to an
accompanying neuropathy of the auditory nerve sparing
the inner hair cells. A similar conclusion was drawn by
both Spoendlin (Spoendlin, 1974) and Hallpike et al.
(Hallpike et al., 1980) based on cochlear histopathology
in subjects with CMT and deafness without the availabil-
ity of physiological tests now used to define auditory
neuropathy (AN).

Criteria for identifying a hearing disorder as due to
auditory nerve dysfunction or AN include: (1) absence or
profound abnormalities of neural components of the ABRs
beyond those encountered for the same degree of hearing
loss due to a cochlear sensory disorder; (2) normal outer
hair cell activities reflected by OAEs and/or cochlear
microphonics; (3) absence of acoustic middle ear muscle
reflexes; (4) temporal processing disorders affecting speech
perception out of proportion to the pure tone hearing loss
reflecting altered auditory temporal processes (Starr et al.,
1996; Zeng et al., 2005). These same criteria can be found
in disorders of auditory nerve fibers accompanying CMT
(Butinar et al., 1999) as well as in disorders of inner hair
cells and their synapses with auditory nerve accompanying
mutations of Otoferlin (Roux et al., 2006; Varga et al.,
2006). The analyses of animal models of auditory neurop-
athy due to particular disorders of inner hair cells, syn-
apses, or auditory nerve may clarify whether there are
objective measures that are specific for these different sites
of dysfunction (Petit, 2006; Moser et al., 2006). While the
benefits of cochlear implantation in auditory neuropathy
are clear, there is as yet little evidence that these benefits
vary according to site of lesion (Shallop et al., 2004; Rou-
illon et al., 2006).

We have examined auditory and vestibular nerve func-
tions in two families with CMT2E disorder due to NF-L
point mutations without complaints of hearing impair-
ment. For objective measures of auditory nerve and brain-
stem functions we used ABRs; for cochlear outer hair cell
functions we used OAEs; and for vestibular function we
used ENGs. Our study was motivated by a recent account
of ‘‘deafness’’ occurring in a single member of a family with
an NF-L mutation (Zuchner et al., 2004) but did not define
whether the deafness was related to a particular variation
in the NF-L gene affecting auditory nerve, or a non-specific
sensorineural hearing loss. The second rationale for the
study was based on findings of asymptomatic abnormali-
ties of peripheral nerve function in several forms of CMT
(Dubourg et al., 2001; Infante et al., 2001) and cranial
neuropathies (Ceranic and Luxon, 2004). We hypothesized
that subclinical forms of auditory neuropathy might also
be present in other hereditary neuropathies. For instance,
abnormalities of auditory brainstem responses without
subjective complaints of hearing problems have been
described in individuals with Friedreich’s ataxia (Satya-
Murti et al., 1980), multiple sclerosis (Starr and Achor,
1975; Furst et al., 2000), and various degenerative disorders
(Cassandro et al., 1986; Raglan et al., 1987). Asymptomatic
vestibular nerve dysfunction can also occur in subjects with
auditory neuropathy (Fujikawa and Starr, 2000). And
finally, the clinical expression of auditory neuropathy
may also occur when individuals are febrile, as in a special
variant known as ‘‘temperature sensitive auditory neurop-
athy’’ (Starr et al., 1998).

We will report on two families with Charcot-Marie-
Tooth disease having Type 2 axonal neuropathy without
symptoms of hearing impairment. Both families were iden-
tified as having dominantly inherited disease genetically
localized to 8p21 locus (Georgiou et al., 2002). We found
that the disease in one family is associated with the neuro-
filament light (NF-L) Pro22Ser (Georgiou et al., 2002)
mutation and in the other family with the (NF-L)
Glu397Lys (Zuchner et al., 2004) mutation. Both families
have comparable peripheral nerve involvement but only
one family had an asymptomatic involvement of auditory
nerve.
1.1. Subjects

The family with (NF-L) Glu397Lys with auditory nerve
involvement will be designated as ‘‘NFL + AN’’ and the
family with (NF-L) Pro22Ser will be designated as
‘‘NFL’’. All subjects signed informed consent that was
approved by the institutional review board for human
research studies of the University of Ljubljana.

NFL family has 52 members extending over five gener-
ations with 18 having a peripheral neuropathy CMT2 phe-
notype; nine affected members were tested (Tables 1 and 2).
None of the unaffected members were examined. The dis-
ease onset was most common in the first decade. The pre-
senting sign was steppage gait in almost all patients.
Symmetrical, slowly progressive distal weakness and wast-
ing of lower limbs were found in all patients; upper limbs
were involved in 6 patients. Pes cavus (an exaggeration of
the normal arch of the foot) and hammer toes were present
in the majority of patients and absent in only 2 patients. Six
of the nine affected patients had claw hands. All had mildly



Table 1
Patients’ personal data and neurological findings

Pt. No. Age Gender Onset Initial symptoms
steppage gait

Motor Reflex Claw hands Pes
cavus/varus

Sensory

UL LL Pain/touch Deep sense

NFL family NF-L Pro22Ser

III-6 70 F 0–10 + + + Absent Ankle + + + +
III-16 63 F 10–20 + + + A + + � +
III-18 57 F 0–10 + + + A + + + +
IV-1 48 F 0–10 + + + Absent Ankle + + + +
IV-4 51 M 0–10 + + + A + + + +
IV-11 42 F 0–10 + � + Absent Ankle � � + +
IV-13 33 F 0–10 + + + Absent Ankle + � + +
V-1 23 M Not done Not done � + Facilitation � + � �
V-2 25 F 0–10 + � + Facilitation � + � +

NFL + AN family NF-L Glu397Lys

III-1 51 M 10–20 + + + A + + + +
III-4 56 M 10–20 + � + A � + + +
IV-1 19 M 10–20 + + + A � + + +
IV-2 26 M 10–20 + + + A � + + +
IV-3 37 F 10–20 + + + A � � + �
IV-4 29 F 20–30 Pain in the legs � + Absent Ankle � + � +
IV-5 25 M 10–20 + � + A � + + +
V-1 17 F 10–20 + � + Absent Ankle � + � +

F, female; M, male; A, absent all reflexes; +, present; �, absent.
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reduced sensation that involved touch, pain, vibration, and
position sense.

NFL + AN family had 17 members extending over five
generations with 12 affected with the CMT2 phenotype.
Eight affected members were examined in detail (Tables 1
and 2). None of the unaffected members were tested. The
disease onset was mainly in the second decade of life.
The presenting symptom was steppage gait in almost all
patients; an exception was one patient with painful feet
(IV-4). Symmetrical, slowly progressive distal weakness
Table 2
Patients’ personal data and investigations

Pt. No. Age Gender PTA R/L Speech Stapedial
reflex R/L

DPOA
R&L

NFL family NF-L Pro22Ser

III-6 70 F 25/30 +
III-16 63 F 45/40 �
III-18 57 F 20/20 +
IV-1 48 F 30/40 �/+
IV-4 51 M 20/20 �
IV-11 42 F 12/10 N +/+ +
IV-13 33 F 15/15 +
V-1 23 M 10/10 +
V-2 25 F +

NFL + AN family NF-L Glu397Lys

III-1 51 M 13/3 N �/� +
III-4 56 M 18/31 A �/� +
IV-1 19 M 10/11 N �/� +
IV-2 26 M 10/10 N +/� +
IV-3 37 F 11/11 A �/� +
IV-4 29 F 10/10 N �/� +
IV-5 25 M 10/10 N +/+ +
V-1 17 F 10/10 N +/+ +

F, female; M, male; A, abnormal; +, present; �, absent; blank, not done; A*, a
DPOAE, distortion product otoacoustic emissions; ABR, auditory brainstem
and wasting of lower limbs were found in all patients;
upper limbs were involved in 4 patients. Pes cavus and
hammer toes were present in the majority of patients and
absent in only one patient. Claw hands were found in only
1 member. All reflexes were absent in six members and only
ankle reflexes were absent in two members of this family.
Five had mildly impaired sensation that involved touch,
pain, vibration, and position sense, two had diminished
sensation for vibration and position senses and one had
only touch and pain sensation diminished. Palpably
E ABR CV motor median
nerve m/s

CV sensory
median nerve

MEP Gap r/l

N 36 � 7/5
N � � 3/2
N 38 � 5/9
N 41 � 3/5
N 41 � 3/6
N 39 � 3/4
N 54 � 5/2
N 34 � 3/5
N 32 � 5/6

� 46 � A 6/5
� 42 � 184/176
� 39 � A 2/3
A* 46 � A 3/3
A* 37 � 5/4
A 46 � 5/6
A* 51 � 5/3
A 34 � 3/5

bnormal and central auditory pathway lesion; PTA, pure tone audiogram;
response; CV, conduction velocity; MEP, motor evoked potentials.
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enlarged nerves (ulnar at the elbow or peroneal at the
ankle) were not noted. Also absent were scoliosis, limb
ataxia, vocal cord paralysis, and respiratory affection.
There were signs of upper motor neuron impairment in
three affected members (III-1, IV-1, IV-2); only one (III-
1) had clinical signs of corticospinal tract involvement
(increased muscle tone, brisk patellar jerks and spastic
gait). The other two patients were found abnormal on
transcranial magnetic stimulation (TMS) testing. Other
family members refused the TMS test.

2. Methods

We identified members of NFL family who were affected
with a peripheral neuropathy and identified by nerve con-
duction studies performed under standardized conditions
(Stålberg and Falck, 1993). The measured results were
compared with expected values and were considered nor-
mal when their Z-scores (the measured value according
to the age and height minus the expected value divided
by the standard deviation) were less than 2 (Stålberg and
Falck, 1993). Motor studies of median, ulnar, peroneal
and tibial nerves were measured and sensory studies of
the median, ulnar, and sural nerves were accomplished
antidromically. The subjects with peripheral neuropathy
were then assessed by ABRs.

2.1. Auditory brainstem responses (ABRs)

Brainstem auditory evoked potentials were recorded
from scalp electrodes (ipsilateral earlobe – vertex Cz)
to alternating click stimuli presented from TDH-39P ear-
phones at 10/s rate at 100 dB nHL. Masking of the
opposite ear with white noise was used at the stimulus
intensity 70 dB nHL. The grand average of three sepa-
rate sets of 2000 trials was made. Measurements were
made from the grand average for each ear of the peak
latency of the neural components and their inter-peak
latency and compared with the values from 23 normal
hearing subjects (12 females and 11 males) in our labora-
tory. Abnormalities of ABRs were defined by standard
clinical procedures (Pratt et al., 1999). Those individuals
with abnormal ABRs were subjected to additional tests
as follows.

2.2. Clinical audiology

Hearing functions were measured monaurally in a sound
attenuating booth using TDH-39 P earphones. We tested:
(1) pure tone audiometry (250–8000 Hz) by air and bone
conduction in eight members of NFL + AN; (2) speech
comprehension to phonetically balanced words at thresh-
old and at increasing intensities. Normal hearing subjects
in our laboratory identify 100% of words by 30 dB HL,
hearing level; (3) tympanograms; (4) ipsilateral acoustic
middle ear muscle reflexes were tested to pure tones at
0.5, 1, 2, 4 kHz at intensities up to 100 dB HL; abnormality
was defined by absence of reflex response; (5) distortion
product otoacoustic emissions (DPOAEs) were measured
with Grason-Stadler GSI 60; the stimulus levels used were
65 and 55 dB SPL; (6) psychoacoustic measure of temporal
processes using the threshold for detecting brief silent peri-
ods in noise (gap detection) (Zeng et al., 1999). We used a
web based protocol on a portable computer (www.bsos.
umd.edu/hesp/zeng/gapdetection) with TDH-39P to test
subjects binaurally in a quiet room in their homes. Three
white noise stimuli of the same duration, one of which
had a gap, were consecutively presented to the patient
and were indicated by three filled circles on the computer
screen. The patient had to identify which noise burst was
‘‘different’’. If the correct noise stimulus was chosen, the
gap became shortened till threshold was identified. Gap
detection thresholds for subjects, naı̈ve in performing psy-
choacoustic tests, are less than 7 ms.
2.3. Vestibular tests

Caloric stimulation with warm and cold water was used
to obtain oculovestibular reflexes, while recording extra
ocular movements.
2.4. Pyramidal tract conduction studies

Conduction studies were performed under standard-
ized conditions in three affected members, one of whom
had clinical signs of pyramidal tract involvement (Chang
and Lien, 1991). Pyramidal tract central motor latencies
were determined by subtracting latencies of the com-
pound muscle action potentials (abductor digiti quinti
or tibialis anterior muscles) to magnetic stimulation over
the neck at the C7 level or over the back at the T12 level
from latencies of the compound muscle potentials after
transcranial magnetic stimulation of motor cortex (cen-
tral motor latencies). Stimulus intensities were adjusted
individually to obtain motor responses of either moder-
ate (stimulation in the back) or maximal amplitudes
(stimulation at the vertex).
2.5. Data analyses

We compared quantified data of the ABRs from 8
NFL + AN members (16 ears) and 9 NFL members (18
ears). Statistical measures of significant differences in ABRs
as a function of family (NFL + AN vs. NFL) for the inci-
dence of detecting components, their absolute latencies,
and the intercomponent intervals were obtained using the
test of proportions and Mann–Whitney U test. The values
were compared to values obtained in the same way from
normal subjects (Table 3). Also Spearman’s correlation
was used in order to compare the I–II and III–V intercom-
ponent interval with conduction velocities of median,
ulnar, peroneal and tibial nerves. There were insufficient
numbers of family members tested for central motor laten-

http://www.bsos.umd.edu/hesp/zeng/gapdetection
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Table 3
Auditory brainstem potentials (ABRs): incidence of detection, absolute latencies, and intercomponent times with statistical difference between the groups

n Waves

I II III IV–V

Incidence

NFL 18 17 15 17 18
NFL + AN 16 6 5 10 12
Difference between two proportions (p) <.001 <.001 <.001 <.001
Normal values 23 23 23 23 23

Latencies (ms)

NFL 18 1.65 ± .15 2.8 ± .16 3.84 ± .20 5.66 ± .21
NFL + AN 16 1.83 ± .16 3.3 ± .08 4.41 ± .17 6.67 ± .30
Mann–Whitney U test (p) ns <.001 <.001 <.001
Normal values – female 12 1.61 ± .12 2.72 ± .12 3.72 ± .12 5.60 ± .20
Normal values – male 11 1.64 ± .13 2.84 ± .15 3.84 ± .17 5.79 ± .25

I–II II–III III–V I–V

Intercomponent intervals (ms)

NFL 14 1.15 ± .14 1.04 ± .13 1.82 ± .16 4.01 ± .12
NFL + AN 6 1.51 ± .14 1.1 ± .20 2.24 ± .25 4.76 ± .21
Mann–Whitney U test (p) <.002 ns <.001 <.001
Normal values – female 12 1.11 ± .11 1.00 ± .08 1.88 ± .12 3.99 ± .15
Normal values – male 11 1.20 ± 14 1.00 ± .09 1.15 ± .15 4.12 ± .25

n, Number of ABR averages; ns, non-significant.
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cies to examine for significant correlations with the I–III or
III–V intercomponent interval.

3. Results

3.1. Symptoms of auditory and vestibular dysfunctions

There were two members of the NFL + AN family with
symptoms of auditory or vestibular disorders: one (IV-2)
noted difficulties understanding speech using the telephone
and in noise, the other (IV-3) had occasional dizziness.

3.2. Auditory brain stem responses (ABRs)

Individual ABRs waveforms from both families to mon-
aural stimulation of each ear are shown in Fig. 1 along with
the averaged ABRs from a group of normal hearing young
adults (dark black trace). ABR components were easily
identified and of normal latencies in all members of NFL
family. In contrast, ABR components in NFL + AN fam-
ily were either undetectable (see Table 3 for details) or sig-
nificantly delayed in latency compared to both normals and
NFL family (p < .001). Importantly, when wave I was pres-
ent, its latency did not differ significantly from both the
controls and the NFL family (Table 3) consistent with a
selective preservation of function of distal portions of audi-
tory nerve early in the disorder.

Measures of intercomponent intervals (Table 3) were
normal in NFL family members but abnormal in
NFL + AN. We measured the III–V interval bilaterally
in five subjects of the NFL + AN family with these compo-
nents as a function of the I–II interval and compared the
measures with those from the NFL family. Results of
Mann Whitney test show that the NFL + AN family had
significant increases of both I–II (p = 0.0026) and III–V
(p < 0.0001) intervals compared to the NFL alone family.

One of the three NFL + AN family members with a cen-
tral slowing of conduction also had evidence of slowing of
central pyramidal tracts (IV-1).

3.3. Clinical Auditory tests

3.3.1. Audiograms

Audiograms in NFL + AN were normal, except in three
subjects showing a mild 30 dB elevation of threshold at
high frequencies (6 and 8 kHz).

3.3.2. Otoacoustic emissions

DPOAEs were present from 0.5 to 5 kHz in the
NFL + AN family except in the two oldest members whose
DPOAEs were absent at 4 and 5 kHz.

3.3.3. Speech identification scores

Scores were normal in all members of NFL + AN.

3.3.4. Gap detection

Thresholds were within normal limits (<7 ms) in all. We
could not obtain a threshold for one individual with right
sided cerebral infarct and could not ascertain if the task
demands or specifics of the acoustic percept were the cause.

3.3.4.1. Acoustic middle ear muscle reflexes. Middle ear
muscle reflexes were present bilaterally in three (IV-4,
IV-5, V-1), absent bilaterally in 3 (III-1, III-4, IV-3), and
absent unilaterally in 2 (IV-1, IV-2). Tympanograms were
normal in all.



Fig. 1. Auditory brainstem responses (ABRs) recorded earlobe (active) to vertex (reference) for NFL family (upper panels) and NFL + AN (lower
panels); to left ear stimulation (left); to right ear stimulation (right). Cochlear microphonics were cancelled by combining the averages to the condensation
and rarefaction stimuli. The vertex positive components are plotted upwards. Vertical lines have been placed at the peaks of the normal ABR wave I, and
V, plotted in bold below. The waves I, II, III, and IV/V were labeled with roman numerals. Measures of incidence, of latencies and of intercomponent
intervals are given Table 3. NFL family members are numbered by Roman numerals (III–V) referring to their generation and by Arabic numbers referring
to their position in that generation. The NFL family has normal latency of ABRs except for III-6 on the left side contaminated by muscle artifact.
NFL + AN members in generations III and IV show absence of ABRs or presence of only delayed wave V. In contrast, members of the youngest
generation (V) show normal latency wave I but delays of subsequent waves (II–V). Details of the measures can be found in Table 3.
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3.3.5. Electronystagmography – ENG

Test results were obtained in four family members and
were normal.

3.4. Peripheral nerve and motor evoked potential studies

Nerve conduction studies demonstrated mixed axonal
and demyelinating involvement. Mean values of NFL
and NFL + AN for motor nerves were: 39/44 m/s for the
median, 40/44 m/s for the ulnar, 32/28 m/s for the peroneal
and 33/31 m/s for the tibial nerves. Of 36 motor conduc-
tion velocities measured in NFL family, 25 were abnor-
mally slowed, 6 were unobtainable (no compound muscle
action potentials – CMAPs), and only 5 were normal.
The corresponding numbers for NFL + AN for 32 motor
conduction velocities were 23, 9 and 1. The sensory action
potentials of ulnar, median, and sural nerves were absent in
all patients of both families. The Spearman correlation
between III–V conduction times of ABRs with peripheral
nerve conduction times of the median nerve was significant
for the NFL + AN family r = 0.69 and p = 0.03, whereas
the correlation was not significant for the NFL family.
There were no significant correlations defined for either
family for ulnar, peroneal and tibial nerves conduction
times.

Motor evoked potentials (MEP) were studied in three
subjects of NFL + AN. MEP and compound motor
action potentials from stimulation of the nerve roots over
the back could not be elicited in patient III-1 with clinical
signs of the pyramidal tract affection because of severe
wasting of both hand and tibialis anterior muscles. Two
other subjects (IV-1 and IV-2) were not clinically spastic
but had mildly prolonged abductor digiti quinti muscle
central motor latencies (patient IV-1 11.8 and 12.0 ms
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and patient IV-2 13.0 and 9.9 ms on the right and left
side, the upper normal value 11.0 ms), while MEPs from
their tibialis anterior muscles could not be elicited. Of
note is that peripheral nerve and back stimulation
revealed normal CMAP amplitudes in hand and leg mus-
cles of both patients localizing the deficit to the central
pyramidal tract.

3.5. Genetic studies

Members of both families were genotyped at marker loci
spanning all known CMT1 and CMT2 loci. Linkage and
haplotype analyses supported linkage of the mutation on
the CMT2E locus and sequence analysis of the NFL gene
revealed the corresponding mutations, as described by
Georgiou et al. (2002) and Zuchner et al. (2004).

4. Discussion

The results of this study showed that a family with
NFL + AN mutation had many of the criteria of audi-
tory neuropathy (abnormalities of ABRs, absent stape-
dius reflexes) but were without symptoms of an
auditory temporal processing disorder (normal threshold
of gap detection and normal speech comprehension).
Since the ABR reflects activity of a limited portion of
the auditory pathway, the lack of correspondence
between ABR measures and perceptual functions of
‘‘hearing’’ can be expected. We studied two Slovenian
families with an axonal autosomal dominant form of
Charcot-Marie-Tooth disease caused by mutations in
the NF-L gene. CMT2 in the family without AN is
caused by the Pro22Ser (Georgiou et al., 2002) mutation
and in NFL + AN family by the Glu397Lys (Zuchner
et al., 2004) mutation. The genetic defects in these two
families, occurring in the same gene, have different effects
on auditory nerve, auditory brainstem, and central
motor pathways. Different point mutations occur com-
monly for many genes (e.g., the MPZ gene) and are
accompanied by different phenotypic variants of the dis-
order. The clinical features of the disease in the two fam-
ilies of the present report were similar but with some
distinctive features. Both exhibited slowly progressive
muscular atrophy and mild sensory loss in distal limbs
with members of NFL being generally affected earlier
and less severely than members of NFL + AN. Nerve
conduction abnormalities were similar in both families.
Only some of the affected members of NFL + AN
showed clinical or electrophysiological signs of pyramidal
tract involvement.

The clinical heterogeneity between these two families
was especially revealed by auditory nerve function tests
that were impaired only in affected members of
NFL + AN and were consistent with the clinical diagno-
sis of auditory neuropathy. The ABR abnormalities in
NFL + AN are consistent with a disorder affecting both
the ganglion cells and auditory axons that is progressive
with age. ABRs in young family members showed slow-
ing of conduction of auditory nerve manifested as a
lengthening of conduction time between wave I (gener-
ated distally in auditory nerve) and wave II (generated
proximally in auditory nerve). In older family members
there was a loss of waves I and II and in the oldest fam-
ily members waves III, IV and V were also lost (Table
3). Three NFL + AN members also had slowing of con-
duction in the central auditory pathway – suggesting an
additional brainstem auditory pathway involvement.
Acoustic middle ear reflexes were absent in all but the
youngest affected members who had preserved waves I.
In contrast to these abnormalities of objective measures
of auditory temporal processing, subjective measures of
gap detection threshold and speech comprehension in
quiet were preserved.

Subjects in NFL + AN had normal audiological evalua-
tions (otoacoustic emissions), audiograms, speech compre-
hension, and threshold for detecting brief silent intervals in
noise (gap detection). The mild high frequency hearing loss
in both families is common in the general population (Rob-
inson, 1988) and would not account for the abnormality of
ABRs. The loss of middle ear muscle reflexes in five mem-
bers of NFL + AN is typical of AN (Starr et al., 1996). We
also did not find evidence of vestibular disorders in either
family using a limited clinical caloric test suggesting that
vestibular nerve is not affected in contrast to certain other
types of CMT diseases (Butinar et al., 1999; Starr et al.,
2003).

The pathophysiology of auditory neuropathy accompa-
nying various forms of CMT has been proposed to be sec-
ondary to demyelination affecting synchrony of discharge
and/or to axonal loss affecting the number of axons that
can fire synchronously (Starr et al., 2001). The analysis
of hearing in specific forms of CMT may help identify spe-
cific underlying pathophysiological mechanisms associated
with symptoms of auditory neuropathy. CMT is classified
into two major types by electrophysiological and histopa-
thological criteria. The primary demyelinating or CMT1
type is characterized by slow nerve conduction velocities
(NCV) with relative preservation of the number of axons
(Dyck and Lambert, 1968). The axonal or CMT2 type is
characterized by fiber loss but normal or slightly reduced
NCVs (Dyck and Lambert, 1968). The terms demyelinat-
ing or axonal, as used to characterize the underlying
pathology of peripheral neuropathies, do not accurately
reflect the changing features of the disorders. Some of
the pathological processes (e.g., dysimmune state in acute
inflammatory postinfectious polyneuropathy – AIDP)
may simultaneously initiate both demyelination and axo-
nal loss. Moreover, the integrity of both the myelin and
axons is interdependent and clinical expression of
CMT1A, where the genetic mutation impairs PMP22 func-
tion through a ‘‘dosage effect’’ (the alteration of a pheno-
type by an increased dosage, or amount, of the product
of the gene), occurs only after the pathogenic processes
affect also axons (Krajewski et al., 2000). It may also be
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important to note that different mutations in same genes
(e.g., NF-L, MPZ, Cx32) may cause features of either
demyelinative or axonal type of polyneuropathy (Senderek
et al., 2000; Hattori et al., 2003; Zuchner et al., 2004). Even
the demyelination, that has been considered ‘‘secondary’’
to axonal loss in different degenerative and metabolic axo-
nal disorders, is probably an essential feature of the
pathology (Dyck, 1975). In our patients both sensory
(sural and median nerves) and motor nerve studies were
consistent with axonal loss. There was absence of sensory
action potentials, low amplitude of M waves (the whole
muscle compound muscle action potential), and borderline
motor nerve conduction velocities (>38 m/s for median
nerves). Hattori et al. (2003), in studies of CMT families
with deafness (PMP22, MPZ, Cx32), found electrophysio-
logical and anatomical evidence for the presence of both
demyelinating and axonal features.

The perceptual consequences of auditory nerve dysfunc-
tion affect primarily temporal processes such as gap detec-
tion and speech comprehension. These deficits are present
in AN independent of their etiologies (Zeng et al., 2004).
Both demyelination and axonal disorders have several fea-
tures that affect synchrony of discharge and the number of
fibers that is active. Demyelination may result in the reduc-
tion of conduction velocity causing increased temporal dis-
persion, reduced ability to transmit trains of impulses,
spontaneous generation of action potentials, and in axonal
loss (Brown and Watson, 2002). Axonal lesion may also
result in slow conduction velocities particularly pro-
nounced at the nerve terminal and increased temporal dis-
persion (regenerating and dying axons, secondary
demyelination, loss of fastest fibers), in block of conduc-
tion, but primarily in the reduced number of axons (char-
acteristic in preferential involvement of certain types of
axons), and in ectopic impulse generation (Brown and
Watson, 2002). Both types of pathology in auditory nerve
would interfere with auditory nerve functions in rather sim-
ilar manner.

The two families of this report demonstrate that there
can be profound differences in auditory nerve function
when the peripheral nerve disorder is quite similar. The
NFL family had normal auditory nerve functions,
whereas the NFL + AN family had physiological evidence
(ABRs, middle ear muscle reflexes) of auditory neuropa-
thy. Signs of the axonal loss in peripheral nerves (e.g.,
reduction in the compound muscle action potential ampli-
tude) are usually accompanied clinically by muscle weak-
ness. It may be that the disorder of the auditory nerve in
our patients is sufficiently ‘‘mild’’ to be asymptomatic due
perhaps to the slow evolution of nerve changes that may
allow central processes to compensate for the altered
auditory input. Physiological recordings of auditory
nerve, brainstem, and cortical responses to sound provide
quantitative measures of brain functions contributing to
‘‘hearing’’ and may provide clues as to the site(s) of audi-
tory impairments without necessarily being objective mea-
sures of ‘‘hearing’’.
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