Neuromuscular

Editor’s choice
Scan to access more
free content

1Department of Neurology,
Graduate School of Medical
Science, Kyoto Prefectural
University of Medicine, Kyoto,
Japan

Department of Medical
Education and Primary Care,
Graduate School of Medicine,
Kyoto Prefectural University of
Medicine, Kyoto, Japan
3Department of Neurology and
Geriatrics, Kagoshima
University Graduate School of
Medical and Dental Sciences,
Kagoshima, Japan

“North Medical Center, Kyoto
Prefectural University of
Medicine, Kyoto, Japan

Correspondence to

Dr Yu-ichi Noto, Department
of Neurology, Kyoto
Prefectural University of
Medicine Graduate School
of Medical Science,

465 Kajii-cho, Kamigyo-ku,
Kyoto 602-0841, Japan;
y-noto@koto.kpu-m.ac.jp

Received 31 March 2014
Revised 6 July 2014
Accepted 13 July 2014
Published Online First

4 August 2014

C%D Linked

» http://dx.doi.org/10.1136/
jnnp-2014-308855

CrossMark

To cite: Noto Y, Shiga K,
Tsuji Y, et al. J Neurol
Neurosurg Psychiatry
2015;86:378-384.

RESEARCH PAPER

Nerve ultrasound depicts peripheral nerve
enlargement in patients with genetically distinct
Charcot-Marie-Tooth disease

Yu-ichi Noto," Kensuke Shiga,? Yukiko Tsuji," lkuko Mizuta," Yujiro Higuchi,?
Akihiro Hashiguchi,® Hiroshi Takashima,? Masanori Nakagawa,* Toshiki Mizuno'

ABSTRACT

Objective To elucidate the ultrasound (US) features of
peripheral nerves including nerve roots in patients with
different types of Charcot-Marie-Tooth disease (CMT),
and the association between US findings, clinical
features and parameters of nerve conduction studies
(NCS) in CMT1A.

Methods US of median, sural and great auricular
nerves and the C6 nerve root was performed in patients
with CMT1A (n=20), MPZ-associated CMT (n=3), NEFL-
associated CMT (n=4), EGR2-associated CMT (n=1),
ARHGEF10-associated CMT (n=1) and in controls
(n=30). In patients with CMT1A, we analysed the
correlations between US findings and the following
parameters: age, CMT Neuropathy Score (CMTNS) and
NCS indices of the median nerve.

Results Cross-sectional areas (CSAs) of all the nerves
were significantly increased in patients with CMT1A
compared with that in controls. In MPZ-associated CMT,
increased CSAs were found in the median nerve at wrist
and in the great auricular nerve, whereas it was not
increased in patients with NEFL-associated CMT. In
patients with CMT1A, there was a positive correlation
between CMTNS and the CSAs in the median nerves or
great auricular nerves. In median nerves in patients with
CMT1A, we found a negative correlation between the
nerve conduction velocity and the CSA.

Conclusions Nerve US may aid in differentiating
among the subtypes of CMT in combination with NCS.
In CMT1A, the median nerve CSA correlates with the
disease severity and peripheral nerve function.

INTRODUCTION

Charcot-Marie-Tooth disease (CMT) is a clinically
and genetically heterogeneous inherited neuropathy,
characterised by distal muscle atrophy, weakness and
sensory loss with reduced tendon reflexes. Nerve
conduction studies (NCS) differentiate CMT into
the demyelinating type (median nerve motor con-
duction velocity (MCV) <38 m/s) and axonal type
(median nerve MCV >38 m/s).! Autosomal domin-
ant (AD) demyelinating (CMT1), AD axonal
(CMT?2), autosomal recessive (AR; CMT4) and X
linked (CMTX) forms of CMT exist. The main path-
ology of CMT4 is demyelinating. CMTX type 1
(CMT1X) is the second most common form of
CMT. Most males with CMT1X have intermedi-
ately slow MCV between 30 and 45 m/s, and the
pathology of CMT1X is axonal loss and some seg-
mental demyelination.> Over the last decade, there

have been rapid advances in identifying genetic
abnormalities in patients with CMT. More than 45
different CMT-causing genes have been described.’
Furthermore, Hattori et al* reported that patients
with MPZ, PMP2 and Cx32 mutations present both
demyelinating and axonal types.

High-resolution ultrasound (US) has been increas-
ingly used for the non-invasive assessment of periph-
eral nerve diseases.” © US features of some CMT
subtypes have been reported.” ® Schreiber et al’
reported direct comparisons of nerve US findings
between CMT subtypes and the correlation between
nerve US indices and NCS parameters. However,
detailed studies, including those on US assessment of
nerve roots and clarification of the correlation between
US findings and the disease severity, remain limited.

The purpose of this study was to describe US fea-
tures of peripheral nerves including Cé nerve root
in different types of CMT, and analyse the correl-
ation between US findings and clinical/neurophysio-
logical parameters.

METHODS

The study was conducted at Kyoto Prefectural
University of Medicine Hospital between January
and November 2012. Informed consent was pro-
vided by each participant, and the study protocol
was conducted in accordance with the Declaration
of Helsinki.

Subjects

We examined 35 consecutive patients (21 males
and 14 females; age range 10-80 years; mean+SD
46.7+19 years) with hereditary motor and sensory
neuropathy, 4 of whom were blood relatives to at
least one other patient of the study group. In all
patients, the diagnosis was based on the results of
NCS and a family history of the disease.

Thirty sex-matched and age-matched controls
(19 males and 11 females; age range 24-84 years;
mean=SD 42.7+16 years) were recruited from the
staff of Kyoto Prefectural University of Medicine
and their families, who were free of any neuromus-
cular symptoms (eg, numbness and tingling or weak-
ness of limbs), diabetes mellitus and alcoholism.

Genetic testing

First, we investigated whether patients with the
demyelinating type of CMT have PMP22 duplication
or deletion by fluorescence in situ hybridisation. For
patients with the demyelinating type of CMT who
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had no PMP22 rearrangement or patients with the axonal type of
CMT, genomic DNA was extracted from their peripheral blood leu-
cocytes, and then 30 disease-causing genes related to CMT were
screened for wusing the custom MyGeneChip CustomSeq
Resequencing Array (Affymetrix, Inc, Santa Clara, California,
USA), which was designed to screen for CMT and related diseases,
such as ataxia with oculomotor apraxia types 1 and 2, spinocerebel-
lar ataxia with axonal neuropathy and distal hereditary motor neur-
opathy.'® We designed 363 primer sets to include the entire coding
regions and flanking sequences of the 30 genes (box 1). When a
novel mutation was detected, we performed familial segregation
analysis to elucidate the pathogenicity of the mutation if possible.

Ultrasound

All US examinations were performed by the same examiner
(Y-iN) trained in neuromuscular US, using a GE Logic PS
System (GE Healthcare Japan, Tokyo, Japan) with a 12 MHz
linear-array probe. The cross-sectional areas (CSAs) of the fol-
lowing nerves and nerve roots were measured: median nerve,
sural nerve, great auricular nerves and Cé6 nerve root.
Additionally, the diameter of the C6 root was measured. The
median and the sural nerves were selected for evaluation
because those nerves have been frequently evaluated in preced-
ing studies in patients with CMT. The greater auricular nerve
was examined because of the unique travelling course in the
neck surface and its easy accessibility. The examiner (Y-iN) was
not blinded to the diagnosis or clinical or electrophysiological
findings. All participants were placed in a supine position when

Box 1 Genes analysed in the screening

PMP22 (peripheral myelin protein 22)

MPZ (myelin protein zero)

EGR2 (early growth response 2)

NEFL (neurofilament light chain polypeptide)
ARHGEF10 (rho guanine-nucleotide exchange factor 10)
GJB1 (gap junction protein beta 1)

PRX (periaxin)

LITAF (lipopolysaccharide-induced TNF-« factor)
GDAP1 (ganglioside-induced differentiation-associated protein 1)
MTMR2 (myotubularin-related protein 2)

SH3TC2 (SH3 domain and tetratricopeptide repeats 2)
SBF2 (SET-binding factor 2)

NDRG1 (N-myc downstream regulated 1)

MFN2 (mitofusin 2)

RAB7 (Ras-related GTPase 7)

GARS (glycyl-tRNA synthetase)

HSPB1 (heat shock protein 1)

HSPB8 (heat shock protein 8)

LMNA (lamin A/C)

DNM_2 (dynamin 2)

YARS (tyrosyl-ARS)

AARS (alanyl-ARS)

KARS (lysyl-ARS)

APTX (aprataxin)

SETX (senataxin)

TDP1 (tyrosyl-DNA phosphodiesterase 1)

SOX10 (SRY-BOX 10)

DHH (desert hedgehog)

GAN1 (gigaxonin 1)

KCC3 (K-Cl cotransporter family 3)

their median nerves and cervical nerve roots were examined,
and in a prone position when their sural nerves were examined.
The median nerve was imaged at the wrist crease, in the middle
of the forearm, and in the middle of the upper arm. The sural
nerve was imaged at 10 cm proximal to the lateral malleolus.
We used the saphenous vein as a landmark when we identified
the sural nerve beside the vein. The great auricular nerve was
imaged at the midpoint between the top of the sternum and
mandibular angle. We could identify the nerve in front of the
sternocleidomastoid muscle (figure 1A). The CSAs were calcu-
lated by manual tracking of the nerve circumference including
the hyperechoic rim. The diameter of the root was measured
between the outer surfaces of the hyperechoic rims. The mea-
sured site of the Cé6 nerve root was about 1 cm distal to the
transverse process after identifying the Cé vertebra using a pre-
viously reported procedure (figure 1B).'!

Nerve conduction studies

Using standard techniques (Neuropack EMG system (Nihon
Kohden, Tokyo, Japan)), conventional NCS was performed.
The skin temperature was maintained above 32°C. The distal
motor latency (DML), compound muscle action potential
(CMAP) amplitude and MCV were recorded from the median
nerve. The MCV was assessed in the wrist to elbow. The
sensory nerve action potential (SNAP) amplitude, SNAP dur-
ation and sensory conduction velocity (SCV) were recorded
from median and sural nerves. Antidromic median and sural
nerve SNAPs were recorded from digit II and behind the lateral
malleolus, respectively. We analysed the corresponding nerves in
unilateral side using US and NCS.

Clinical assessment

Patients with CMT underwent clinical and neurophysiological
assessment based on the CMT Neuropathy Score (CMTNS).'?
The CMTNS is composed of nine items: sensory symptoms,
motor symptoms of legs and arms, pin sensibility, vibration,
strength of legs and arms, ulnar CMAP amplitude and ulnar
SNAP amplitude. The CMTNS ranges from 0 (no deficit) to 36
(maximal deficit).

Statistics

In the analysis of NCS parameters, if no CMAP and SNAP
responses were elicited, they were excluded from analysis except
for the amplitude data (CMAP and SNAP amplitudes in no
response were regarded as 0.001 mV and 0.001 wV, respect-
ively). Fisher’s exact test was used to analyse the gender ratio
between patients with CMT and controls. To compare CMTNS
between the different CMT subgroups, and the US parameters
(CSA and diameter) among the different CMT subgroups and
controls, a Bonferroni-corrected Mann-Whitney U test was
applied. The correlation between the US findings (CSA and
diameter) and clinical parameters (age, height, weight, body
mass index and CMTNS) or the electrophysiological parameters
(DML, MCV, SCV, CMAP amplitude and SNAP amplitude) in
controls and patients with CMT1A was tested with Pearson cor-
relation coefficients. In all comparisons, a p value of less than
0.05 was considered significant. All statistical analyses were per-
formed using STATA software (Stata Corp, Texas, USA).

RESULTS

Clinical data and CMTNS

On the basis of the genetic testing results, 20 patients were classi-
fied with PMP 22 duplication-associated CMT (CMT1A), 3 with
MPZ-associated CMT (2 CMT1B and 1 CMT2]), 4 with

Noto Y, et al. J Neurol Neurosurg Psychiatry 2015;86:378—384. doi:10.1136/jnnp-2014-308211 379

"ybLAdoo Ag pajoalold 1sanb Ag gzoz ‘s yadJey uo jwod fwqg-duul:dny woly papeojumoq "#T0Z 1ShBny 7 uo TTZ80E-#T0Z-duul/9eTT 0T Sse paysiignd 1s1y :AireiyoAsd BinsoinaN |[0JnaN


http://jnnp.bmj.com/

Neuromuscular

Great auricular

Sternocleidomastoid muscle

Figure 1

C6
vertebral
body

The ultrasound images of the great auricular nerve (A) and the measured site in the C6 nerve root (B). The dotted circle indicates the

cross-sectional image of the great auricular nerve (A). The distances between the outer surfaces of the hyperechoic rims (between arrowheads) were

measured as the nerve root diameter (B).

NEFL-associated CMT (2 CMTI1F and 2 CMT2E), 1 with
EGR2-associated CMT and 1 with ARHGEF10-associated CMT.
The patient with CMT2] presented hearing loss and autonomic
dysfunction such as Adie’s pupils and dysuria, in addition to the
distal dominant muscle weakness. All of the patients with
NEFL-associated CMT showed distal dominant muscle weakness.
The patient with EGR2-associated CMT was reported by us
recently.’® The patient with ARHGEF10-associated CMT pre-
sented muscle weakness in lower extremities with a slight
decrease in vibratory sensation. Direct sequencing of the
ARHGEF10 gene in the patient with ARHGEF10-associated
CMT revealed a heterozygous single nucleotide substitution,
¢.2435T>C, which might be a novel mutation. We could
confirm the same mutation in the proband’s brother with similar
symptoms and electrophysiological findings, although gene ana-
lysis of other asymptomatic family members was not possible. No
pathogenic mutation was identified in three patients with demye-
linating type CMT and three with axonal type CMT.

Demographic data, the electrophysiological neuropathy type,
CMTNS and gene mutation of each CMT subtype are shown in
table 1. No significant difference in CMTNS was demonstrated
among the CMT subtypes. In groups with MPZ or NEFL muta-
tion, demyelinating and axonal types were mixed.

US findings

US findings in each CMT group and the control group are pre-
sented in table 2 and figure 2. The CSAs in patients with
CMT1A were larger than those in controls irrespective of exam-
ination sites (figure 2). Although all mean CSAs and the Cé
root diameter in patients with MPZ mutation tended to be
larger than in controls, significant differences existed in the
median nerve CSA at wrist and in the great auricular nerve
CSA. There were no significant differences between all CSAs in
patients with NEFL mutation and controls, whereas median
nerve CSAs at three sites in patients with CMT1A were larger
than in patients with NEFL mutation including the demyelinat-
ing type. In a patient with EGR2 mutation, CSAs of proximal
sites tended to be large, and the C6 root CSA in a patient with
EGR2 mutation was larger than the mean CSA value+2 SDs in
controls. Although we could not identify the C6 root and great
auricular nerve in a patient with ARHGEF10 mutation, CSAs of
the median nerve and sural nerve in the patient were slightly
larger than the mean CSAs of controls.

Nerve conduction studies
Results of parameters of the NCS on the median and the sural
nerves are listed in table 3. In patients with CMT1A, motor and

Table 1 Biometric data, electrophysiological neuropathy types, CMT Neuropathy Score and gene mutations
PMP22 duplication MPZ mutation EFL mutation EGR2 mutation ARHGEF10 mutation Controls
(n=20) (n=3) (n=4) (n=1) (n=1) (n=30)
Age, mean (range) 47.6 (21-78) 39.7 (10-69) 47.3 (27-68) 49 67 42.7 (24-84)
Gender (M/F) 10/10 21 212 0/1 1/0 19/11
Height (cm), mean (SD) 161.9 (10.0) 152.7 (16.1) 168.4 (5.1) 160.0 (NA) 173.5 (NA) 162.8 (11.5)
Weight (kg), mean (SD) 58.2 (11.1) 55.6 (17.5) 63.5 (22.2) 56.0 (NA) 76.0 (NA) 58.4 (10.8)
Body mass index, mean(SD) 22.1 (3.3) 23.4 (2.5) 22.3 (7.6) 23.8 (NA) 25.2 (NA) 21.9 (2.2)
Demyelinating type/axonal type 20/0 21 212 1/0 on NA
CMT Neuropathy Score, mean (range) 14.0 (7-28) 12.0 (10-14) 15.5 (9-25) 7.0 7.0 NA
Gene mutations PMP22 duplication CMT1B: CMT1F: Thr387Asn Thr109lle NA
Tyr68Cys Pro8Leu
(n=2); (n=2)
CMT2J: CMT2E:
Thr124Met Glu396Lys;
Tyr389Cys

CMT, Charcot-Marie-Tooth disease; F, female; M, male; NA, not applicable.
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Table 2  Ultrasound findings in patients with Charcot-Marie-Tooth disease and controls

PMP22 MPZ mutation NEFL mutation EGR2 mutation ARHGEF10
duplication (n=20) (n=3) (n=4) (n=1) mutation (n=1) Controls (n=30)
Mean (SD) (n) Mean (SD) (n) Mean (SD) (n) Mean (SD) (n) Mean (SD) (n) Mean (SD) (n)
Cross sectional area (mm?)
Median nerve (wrist) 23.5 (4.0) (20) 21.0 (4.5) (3) 12.0 (3.0) (4) 20.5 (1) 22.8 (1) 14.1 (2.6) (30)
Median nerve (forearm) 22.1 (9.2) (20) 17.5 (8.9) (3) 8.5 (3.1) (4) 12.2 1) 18.3 (1) 8.7 (1.3) (30)
Median nerve (upper arm) 42.4 (11.8) (20) 28.9 (12.3) (3) 18.2 (4.4) 4) 345 (1) 36.6 (1) 16.5 (2.7) (30)
C6 root 29.8 (10.7) (12) 17.0 (1) 171 (1) 422 (1) NA (0) 13.0 3.1) (22)
Great auricular nerve 3.9 (1.6) (19) 5.2 (3.8) (2) 2.0 (1) 35 (1) NA (0) 1.7 (0.6) (25)
Sural nerve 11.0 (4.8) (20) 7.5 (2.5) (3) 6.0 (2.5) (4) 6.7 (1) 14.3 (1) 5.8 (1.5) (29)
Diameter (mm)
C6 root 5.3 (1.1) (13) 44 (1) 4.1 (1) 55 (1) NA (0) 3.6 (0.5) (25)

NA, not applicable.

sensory conduction velocities reduced with decreased CMAP
and SNAP amplitude. In patients with MPZ mutation, the
patients with CMT1B had a very slow MCV, whereas the
patient with CMT2]J showed a nearly normal MCV. In patients
with NEFL-mutations, the difference between CMT1F and 2E
was similar to that between CMT1B and 2]. The patient with
EGR2-associated CMT (CMT1D) showed a demyelinating
pattern. The MCV and SCV were moderately slowed in the

patient with ARHGEF10 mutation.

35 -

25

Cross Sectional Area (mm2)

50

40

30

20

Cross Sectional Area (mm?)

30 -

20

15

10 -

A. Median Nerve (wrist)

Correlation between US findings and clinical/
electrophysiological parameters in patients with CMT1A

We analysed the correlation between US findings (nerve CSAs and
Cé6 diameter) and clinical data (CMTNS, age, height, weight and
body mass index)/electrophysiological parameters in patients with
CMT1A. The CMTNS in patients with CMT1A was positively
correlated with the CSA of the great auricular nerve and that of
the median nerve at the upper arm (figure 3A, B). Moreover, an

inverse association was noted between the C6 root CSAs and age
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Figure 2 Ultrasound data on the median nerve, C6 root, great auricular nerve and sural nerve in patients with Charcot-Marie-Tooth disease (CMT)
and controls. Horizontal bars indicate means. *p<0.05; **p<0.01. Arrowheads indicate demyelinating type in patients with MPZ-associated and

NEFL-associated CMT. Cross-sectional areas of the C6 root and great auricular nerve in patients with ARHGEF10-associated CMT were not recorded
because of technical difficulty in ultrasound examination.
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Table 3 Nerve conduction study results

Median nerve (motor) Median nerve (sensory) Sural nerve
DML (ms) Amplitude (mV) MCV (m/s) Amplitude (nV) SCV (m/s) Amplitude (uV) SCV (m/s)
PMP22 duplication (n=20) 10.2 3.8 21.8 1.3 20.9 0.6 22.9
MPZ mutation (n=3)
CMT1B (n=2) 6.9 4 14.6 0.0 NA 0.0 NA
CMT2J (n=1) 3.7 1.3 46.4 9.7 49.4 6 51.9
NEFL mutation (n=4)
CMT1F (n=2) 8.0 24 24.2 0.0 NA 0.0 NA
CMT2E (n=2) 5.7 9.8 50.4 6.8 435 13 54.9
EGR2 mutation (n=1) 6 4.7 23.2 2.1 26.8 NE NA
ARHGEF10 mutation (n=1) 4.7 5.6 1.7 14.7 40.2 6.5 48.8

Data are given as means.

CMT, Charcot-Marie-Tooth disease; DML, distal motor latency; MCV, motor conduction velocity; NE, not evoked; NA, not applicable; SCV, sensory conduction velocity.

(figure 3C). Although statistically significant differences were not
demonstrated, age tends to correlate inversely with CSAs of the
median nerve at the fore arm, that at upper arm, the sural nerve
and the great auricular nerve, whereas a positive relationship
between age and CSAs of median nerve at the wrist was observed
(p=0.23). All clinical data except for the CMTNS and age showed
no correlation with CSAs and the C6 diameter.

In the analysis between US findings of the median nerve and
electrophysiological parameters, there was a significant negative
correlation between the CSA at the forearm and MCV of the
median nerve (between the wrist and elbow; p<0.05; figure 4A).
Likewise the CSA at the upper arm of the median nerve was
negatively correlated with the MCV of the median nerve
(between the wrist and elbow; p<0.01; figure 4B). No correl-
ation was observed between the CSA and CMAP amplitude/
SNAP amplitude of the median nerve. Analysis of the correlation
between US and electrophysiological findings of the sural nerve
was not performed because SNAPs were not evoked in 18 of the
20 patients with CMT1A.

DISCUSSION

In this study, we confirmed that patients with CMT1A showed a
uniform enlargement of nerves, including the nerve root, based
on US imaging. Although small in number, we showed increased
CSA in median nerves in individuals with MPZ mutations
(CMT1B and 2J), EGR2 mutations (CMT1D) and ARHGEF10
mutations. In patients with NEFL mutations (CMT1F and 2E),
however, the CSAs in the examined nerves are comparable to
those in normal controls. This is the first report regarding the
US findings in patients with CMT2J, 1F 2E, 1D and
ARHGEF10-associated CMT. The limitation of this study
included a small number of patients with rare mutations.
Therefore, these findings should be confirmed in a larger cohort
in the future. Furthermore, we revealed not only the presence
of a correlation between the CSAs and electrophysiological
parameters, but also a correlation between the CSAs and clinical
parameters (CMTNS) in patients with CMT1A.

In agreement with previous reports, we found markedly
increased CSAs in all nerves and nerve roots in patients with
CMT1A.° ' The ranges of CSAs in great auricular and sural
nerves of patients with CMT1A and controls overlapped to some
extent (figure 2). Measuring CSAs in the median nerve and nerve
root may facilitate a clear distinction among CMTI1A,
NEFL-associated CMT and a healthy state. Pazzaglia et al'®
reported that the sural nerve CSA was not increased in the major-
ity of patients with CMT1A (70%). In our study, however, the

sural nerve CSA in patients with CMT1A was significantly larger
than that in controls. One of the factors influencing the differ-
ence between our results and the aforementioned study might be
that CSAs were calculated by tracking the nerve circumference
including the hyperechoic rim in that study. We measured CSAs
by tracking the outline of the hyperechoic rim in consideration
of the possibility that the nerve stroma including the epineurium
proliferates in some subtypes of CMT. Robaglia-Schlupp et al'®
reported that PMP22 overexpression enhanced collagen synthesis
by fibroblasts, and noted the possibility that structures other than
Schwann cells were affected in CMT1A.

In this study, three patients with MPZ mutations were
included. Two of them were diagnosed with CMT1B. The
remaining patient was diagnosed with CMT2]. There have been
no reports including US findings in patients with CMT2]J. CSAs
in all nerves of the patient with CMT2] were the smallest in the
three patients with MPZ-associated CMT, and these, excluding
the median nerve (wrist) of the patient with CMT2]J, were
nearly the same as the mean values of the control group.
Median nerve CSAs of the other two patients with
demyelinating-type MPZ-associated CMT (CMT1B) tended to
be larger than in controls (figure 2). These findings are consist-
ent with a previous study on CMT1B."

This is the first report on nerve US findings including patients
with NEFL-associated CMT. Four patients with NEFL-
associated CMT were examined in this study, comprising two
with CMT1F and two with CMT2E. Although two of the four
patients had demyelinating-type CMT, they did not show the
enlargement of peripheral nerves. The NEFL gene encodes the
neurofilament light chain polypeptide (NEFL), which is one of
the most abundant cytoskeletal components of neurons, and
plays a pivotal role in the assembly and maintenance of the
axonal cytoskeleton. Fabrizi et al'” noted that the main patho-
logical finding in patients with NEFL-associated CMT was axo-
nopathy with marked structural alterations in the cytoskeleton
and significant secondary demyelination. It appears that nerve
conduction velocity slowing in NEFL-associated CMT is asso-
ciated with mutations affecting the NEFL protein head
domain.'® From these findings, patients with demyelinating type
CMT may not always present increased CSAs of nerves, although
previous studies have reported that patients with other demyelin-
ating type CMT generally showed increased CSAs of nerves.” '°

The patient with EGR2-associated CMT in this study presented
with a mild, demyelinating, adult-onset form.'® The EGR2 gene
encodes early growth response-2 protein (EGR2), which plays a
role in peripheral nerve myelin development and maintenance, and
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Figure 3 Scatterplot of the clinical parameters and ultrasound
findings in patients with CMT1A. The CMTNS was positively correlated
with the CSA of the great auricular nerve and that of the median nerve
at the upper arm (A and B). An inverse correlation between the C6 root
CSAs and age was observed (C). CMTNS, CMT neuropathy score; CSA,
cross-sectional area; CMT, Charcot-Marie-Tooth disease.

activates the transcription of several myelin-associated genes, such
as PMP22 and MPZ. Although we could include only one patient
with EGR2-associated CMT, CSAs in all nerves tended to be larger
than in controls. We also included the patient with CMTwho had a
potent novel mutation in the ARHGEF10 gene, as aforementioned.
The phenotype of the patient was classified as the axonal type by
neurophysiological testing, but the MCV was moderately slowed
(median nerve MCV 41.7 m/s), as well as in previous studies.?® 2!
Verhoeven et al demonstrated the possibility that ARHGEF10
protein is associated with the developmental myelination of periph-
eral nerves using a mouse model. CSAs in all nerves were increased
in the present patient, although CSAs of the C6 root and great aur-
icular nerve were not recorded because of technical difficulties.
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Figure 4 Scatterplot of the electrophysiological parameters and
ultrasound findings in patients with CMT1A. A negative correlation
between the CSA at the forearm and MCV of the median nerve
(between the wrist and elbow) was found (A). Likewise the CSA at the
upper arm of the median nerve was negatively correlated with the MCV
of the median nerve (between the wrist and elbow) (B). CMT,
Charcot-Marie-Tooth disease; CSA, cross-sectional area; MCV, motor
conduction velocity.

Regarding the US findings of the patients with CMT1A,
Pazzaglia et al'*demonstrated an inverse correlation between
sural nerve CSAs and the age in patients with CMT1A. In this
study, no such correlation was observed in patients with
CMT1A. As aforementioned, the difference in the method of
measuring CSAs could influence the results. Instead, a significant
negative correlation between C6 root CSAs and the age was
noted. However, there are some reports that the biometric data
of patients with CMT showed no significant correlation with
CSAs.” ? Thus, the results of correlation analysis between CSAs
and biometric data have varied among reports. The reason for
this remains unclear, and so further studies involving larger
series of cases are needed.

This study first showed the correlation between the disease
severity (CMTNS) and CSAs in patients with CMT1A. Patients
with a larger CSA in the median or great auricular nerve may
show more marked impairment. It is extrapolated from these
results that the degree of the disease severity might be deter-
mined by the extent of the pathological change, such as onion
bulbs which are the results of repetitive demyelination—remyeli-
nation and the proliferation of the nerve stroma. On the other
hand, it seems that the positive relationship between CMTNS
and CSAs contradicts the inverse relationship between age and
CSAs in this study (figure 3), because CMTNS generally
increases with age in patients with CMT. Future studies will be
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required to elucidate whether age or disease severity has more
influence on the nerve enlargement in CMT1A. Along with the
report by Pazzaglia et al,'® the negative correlation between age
and CSAs in most of the nerves might be specific to CMT1A,
and indicates that decreased CSAs reflect axonal loss.
Conversely, only CSA in median nerve at wrist correlated with
age positively in patients with CMT1A of this study, although it
was not statistically significant. CSA at wrist might be affected
by factors except for CMT1A including carpal tunnel syndrome
(CTS), etc. In patients with CTS, median nerve CSAs at wrist
are generally increased.??

Several studies have reported on the relationships between US
findings and NCS parameters in CMT and other neuropa-
thies.” * 2***° Consistent with a previous study by Schreiber
et al, we identified a significant negative correlation between the
CSAs of median nerve and the MCVs in the corresponding
segment. The decreased MCVs in patients with CMT1A reflect
the functional aspect for the histopathological alteration of mye-
lination, progression of which might have paralleled the enlarge-
ment of nerves, that is, increased CSAs.

There are some limitations to our study. First, US examina-
tions were performed by only one unblinded examiner.
However, Cartwright et al*® ?” reported that the diagnostic
accuracy of neuromuscular US in unblinded studies was similar
to that in blinded studies, and that intra-rater and inter-rater
reliability of nerve and muscle US were sufficiently high. This
argument may mitigate the unblinded design in this study to
some extent; however, blinded assessment by multiple exami-
ners is desirable in future studies on nerve US. Second, the small
number of some CMT types is also a limitation of our study.
Therefore, the findings of CSAs obtained from a single or a few
patients should be carefully interpreted. Further study of a large
population is needed, especially in MPZ-associated and
NEFL-associated CMT in which demyelinating and axonal
types are mixed. Third, the US feature of CMT1A has been
already revealed by some studies.”™ ® '* However, describing
the US finding of that was needed for shedding light on the
extent of nerve enlargement in other rare CMT subtypes. In
addition, nerve CSAs correlated with the clinical severity in
CMT1A can provide a new insight into the evolving field of
nerve US. Finally, our CSA measuring method including the
hyperechoic rim is different from the method in most previous
studies of nerve US with tracking inside the rim. Therefore, US
findings in our study should be compared with other studies of
nerve US with caution. However, our method might make it
possible to assess the actual pathology of CMT because struc-
tures other than Schwann cells could proliferate in CMT1A.*®

In conclusion, we have demonstrated US findings at diverse
anatomical sites of patients with CMT subtypes. We confirmed
the uniform enlargement of peripheral nerves in patients with
CMT1A. We also found that patients with demyelinating-type
CMT, such as CMT1F (NEFL-associated CMT), do not always
exhibit nerve enlargement. Nerve US in addition to conven-
tional NCS could facilitate targeted gene analysis in clinical
situations, and may advance the understanding of peripheral
nerve pathology in patients with CMT.
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