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ABSTRACT: Introduction: In this study we aimed to clarify
whether muscle ultrasound (US) of the forearm can be used to
differentiate between patients with sporadic inclusion body
myositis (s-IBM) and those with s-IBM-mimicking diseases.
Methods: We compared the echo intensity (El) of the flexor digi-
torum profundus (FDP) muscle and the flexor carpi ulnaris
(FCU) muscles in patients with s-IBM (n = 6), polymyositis/der-
matomyositis (PM/DM; n = 6), and amyotrophic lateral sclerosis
(ALS; n = 6). Results: We identified El abnormalities in 100%
of patients with s-IBM, 33% of those with PM/DM, and 33% of
those with ALS. An “FDP-FCU echogenicity contrast,” a US
pattern involving a higher E! in the FDP than in the FCU, was
observed in all patients with s-IBM, but in none of those with
PM/DM or ALS. Conclusions: FDP-FCU echogenicity contrast
in muscle US is a sensitive diagnostic indicator of s-IBM.

Muscle Nerve 49: 745-748, 2014

Sporadic inclusion body myositis (s-IBM), one of
the most common myopathies in older adults, is
characterized by slowly progressive muscle weak-
ness with a predilection for the quadriceps femoris
and flexor digitorum profundus (FDP) muscles.'?
In needle electromyography (EMG), s IBM can be
confused with amyotrophic lateral sclerosis (ALS)
because of the presence of so-called “neurogenic
changes,” such as high-amplitude and long-
duration motor unit potentials. These findings
may be indicative of motor units with hypertro-
phied myofibers in chronic myopathy.” Hokkoku et
al. reported that examination of the FDP muscle
in EMG can reduce the risk of making a misdiag-
nosis of ALS in patients with s-TBM.* Magnetic res-
onance imaging (MRI) of the forearm was also
reported to be useful for diagnosis of s-IBM.”
Selective involvement of the FDP has thus drawn
attention in the clinical diagnosis of s-IBM.

Abbreviations: ALS, amyotrophic lateral sclerosis; CSA, cross-sectional
area; DM, dermatomyositis; El, echo intensity; EMG, electromyography;
FCU, flexor carpi ulnaris; FDP, flexor digitorum profundus; FDS, flexor digi-
torum superficialis; MRI, magnetic resonance imaging; MUP, motor unit
potential; PM, polymyositis; s-IBM, sporadic inclusion-body myositis; US,
ultrasound

Key words: amyotrophic lateral sclerosis; diagnosis; inclusion body myo-
sitis; muscle; ultrasound
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com). DOl 10.1002/mus.24056

Ultrasound Pattern in IBM

Over the past few decades, high-frequency
ultrasound (US) of muscles and peripheral nerves
has emerged as a non-invasive and simple tool to
assist in the diagnosis of neuromuscular disorders.
Therefore, we employed US of the FDP to differ-
entiate accurately between patients with s-IBM and
those with other s-IBM-mimicking diseases.

METHODS

Subjects. Consccutive Japanese patients who pre-
sented with s-IBM (6 patients), polymyositis (PM; 2
patients), dermatomyositis (DM; 4 patients), or
amyotrophic lateral sclerosis (ALS; 6 patients) at
our hospital were enrolled. Informed consent was
provided by all patients. The diagnosis of s-IBM or
PM/DM was confirmed by muscle biopsy according
to previously established criteria.>® All ALS
patients fulfilled the Awaji criteria for probable/
definite ALS, or showed progressive muscle weak-
ness compatible with ALS.

Ultrasound. US imaging for all patients was per-
formed by the same physician (Y.N.) using a GE
Logiq P5 system with a 10-MHz linear-array probe
(GE Healthcare Japan, Tokyo, Japan). Each subject
lay in the supine position with the right elbow
bent. The transducer was placed at 5 cm distal to
the right olecranon, as shown in Figure 1A. The
FDP could be identified as a triangular compart-
ment adjacent to the ulna. The ulnar nerve is a
landmark for identification of the 3 muscles [the
FDP, flexor digitorum superficialis (FDS), and
flexor carpi ulnaris (FCU)], because the nerve is
encircled by these muscles. This transducer place-
ment provides a favorable crosssectional view of
the FDP and FCU muscles at the same depth to
enable effective comparison of echo intensity (EI)
between them. Machine settings for image acquisi-
tion were preset and kept constant for all images
without adjusting the focal point, gain, or time-
gain compensation settings.

Visual Assessment of Muscle Echo Intensity. The
EI of the FDP muscle adjacent to the ulna was
scored retrospectively by a single examiner (Y.N.),
based on the Heckmatt rating scale, as follows:
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FIGURE 1. (A) Transducer position used to visualize the flexor digitorum profundus (FDP), flexor digitorum superficialis (FDS), and
flexor carpi ulnaris (FCU) muscles simultaneously. The ulnar nerve (*) is encircled by the FDP, FDS, and FCU muscles. {B) Patterns
of muscle uitrasound images in a normal subject, sporadic inclusion body myositis (s-IBM), polymyositis, and amyotrophic lateral scle-
rosis. Note the moderately high echo intensity of the FDP and normal echo intensity of the FCU in the s-IBM patient (“FDP-FCU echo-
genicity contrast”) [arrow in (B)]. Slightly high echo intensities of the FDP and FCU muscles in PM and ALS patients.

l—normal; 2—slightly increased muscle EI with
normal bone reflection; 3—moderately increased
muscle EI with reduced bone reflection; and
4—severely increased muscle EI without bone
reflection.” The Heckmatt grade of the FCU mus-
cle was then scored by comparing it with that of
the FDP muscle. A patient with increased “FDP-
FCU echogenicity contrast” was indicated when the
EI grade of the FDP muscle was >1 grade higher
than that of the FCU muscle. The proportion of
patients who had increased FDP-FCU echogenicity
contrast was calculated in each disease group. In
addition, FDP/FCU EI ratios (EI score of the FDP
muscle divided by score of the FCU muscle) by
Heckmatt rating scale scoring were also calculated.

Quantitative Assessment of Muscle Echo Intensity.
Quantification of muscle EI using gray-scale analy-
sis was performed to confirm the results obtained
by visual assessment (i.e., Heckmatt rating scale
score). This objective assessment was done with a
standard histogram function available in Photo-
shop (Adobe Systems, Inc., San Jose, California),
as reported previously.® The mean gray-scale values
of FDP and FCU muscles were calculated, respec-
tively, from the histogram, after encircling these
muscles without surrounding fascia using the track-
ing software function. FDP/FCU EI ratios by gray-
scale analysis were calculated.

Assessment  of Muscle Atrophy. At the site
described above, the muscle cross-sectional areas
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(CSAs) of the FDP and FCU were measured by

continuous manual tracing of the muscle cir-

cumference, excluding the surrounding fascia.
Measurement of the FDS muscle was omitted
because a fraction of the circumference of the FDS
muscle was often out of the cross-sectional image
we obtained. FDP/FCU CSA ratios were calculated.

Statistical Analysis. All statistical analyses were per-
formed using Stata software (StataCorp, College
Station, Texas). Frequencies of all EI abnormalities
and FDP-FCU echogenicity contrast detected by
US were tested by the Fisher exact test. Multiple
comparisons of Heckmatt rating scale scores, mean
gray-scale values, FDP/FCU EI ratio of Heckmatt
rating scale and gray-scale analysis, and FDP/FCU
CSA ratio between the 3 groups were tested by
analysis of variance and the Bonferroni procedure.

Standard Protocol Approvals. This study was
approved by the local ethics committee of Kyoto
Prefectural University of Medicine Graduate
School of Medical Science.

RESULTS

Clinical Characteristics and Echo Intensity. Clinical
profiles, Heckmatt rating scale scores for FDP and
FCU, and detection rates of EI abnormalities and
FDP-FCU echogenicity contrast are shown in Table
1. The mean Heckmatt rating scale score for the
FDP and the FDP/FCU El ratio by the Heckmatt rat-
ing scale were significantly higher in the sIBM
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Table 1. Demographics, clinical findings, and echo intensity abnormalities.

s-IBM (0 = 6) PM/DM (n = 6) ALS (0 = §)
Gender (M:W) 5:1 3:3 3:3
Age in years [mean (range)) 71.5 (68-79) 56.3 (39-72) 72.2 (82-79)
Disease duration in months [mean (range)] 56.7 (14-120) 49.3 (1-215) 29.8 (2-94)
Heckmatt rating scale of FDP [mean {rangs)] 2.7 (-3t 1.3 (1-2) 1.3 (1-2)
Heckmatt rating scale of FCU [mean (range)) 1.3(1-2) 1.3 (1-2) 1.3 (1-2)
FDP/FCU Heckmatt rating scale ratio (mean) 2.1 1.0 1.0
El abnormality of any FDP and FCU muscle [ (%)] 6 (100)1T 2 (33) 2 (33)
FDP-FCU echogenicity contrast [n (%] 6 (100)1T 0 (0) 00

FDP/FCU Heckmatt rating scale ratio is defined as El score of the FDP muscle divided by El score of the FCU muscle. El abnormality is defined as Heck-
matt rating scale score >2. FDP-FCU echogenicity contrast is defined as an echo intensity pattern of a higher intensity in FDP than in FCU muscle. s-IBM,
sporadic inclusion body myositis; PM/DM, polymyositis/dermatomyositis; ALS, amyotrophic lateral sclerosis; El, echo intensity; FDP, flexor digitorum profun-

dus muscle; FCU, flexor carpi uinaris muscle.
*P < 0.05 and *P < 0.01 vs. PM/DM.
'P < 0.05 and 1P < 0.01 vs. ALS.

group than in the PM/DM or ALS groups. All s-IBM
patients had EI abnormalities of the FDP muscle,
whereas 2 of 6 PM/DM patients (33%) and 2 of 6
ALS patients (33%) had EI abnormalities. All EI
abnormalities in the FDP muscles obtained from s-
IBM arms showed a homogeneous high echoic pat-
tern, whereas those obtained from the PM/DM and
ALS arms showed a rather heterogeneous high
echoic pattern, as shown in Figure 1B. On visual
assessment, none of the sIBM patients had an EI
abnormality of the FCU, whereas 2 PM/DM patients
and 2 ALS patients had increased EI in both the
FCU and FDP muscles. In the PM/DM or ALS arms,
no patients exhibited a higher EI in FDP than in
FCU. Thus, the FDP/FCU echogenicity contrast pat-
tern, indicating higher EI in FDP compared with
the FCU muscle, was a characteristic finding in s-
IBM patients (Fig. 1B). Quantitative analysis using
gray-scale analysis also showed that the FDP/FCU EI
ratio was significantly higher in the s-IBM group
than in the PM/DM or ALS groups (P < 0.01 and P
< 0.01, respectively). The mean FDP/FCU EI ratios
of s-IBM, PM/DM, and ALS patients were 1.33, 0.88,
and 1.02, respectively. No significant differences in
any indices were found when comparing PM/DM
and ALS groups.

Muscle Cross-Sectional Area. Muscle CSAs and
FDP/FCU CSA ratios are shown in Table 2. No

significant difference in CSA of the FDP muscle
was found among the 3 groups, whereas CSAs of
the FCU muscles in s-IBM were significantly larger
than those in ALS patients. The FDP/FCU CSA
ratio was significantly lower in the sIBM group
than in the PM/DM or ALS groups.

DISCUSSION

This study has revealed that patients with s-IBM
show “FDP-FCU echogenicity contrast,” in which
the EI of the FDP muscle is higher than that of the
FCU muscle. This recognizable EI pattern was not
seen in any of the patients with PM/DM or those
with ALS in this study. The results demonstrate that
muscle US of the forearm is a non-invasive and eas-
ily accessible diagnostic tool for s-IBM.

A high EI in muscle US suggests increased
fibrous tissue or fatty degeneration in interstitial
components of the muscle, indicating chronic
myopathy. A low EI reflects interstitial edema,
which is often observed in the acute stage of inflam-
matory myopathy.g’m It remains to be elucidated
whether s-IBM is caused by an inflammatory or a
degenerative mechanism together with a secondary
inflammatory process. In general, muscle biopsy of
s-IBM patients reveals abundant chronic myopathic
changes, such as marked variation in fiber size,
endomysial fibrosis, and fatty degeneration. In this
study, a visually homogeneous high echoic pattern

Table 2. Comparison of muscle cross-secticnal area.

sIBM (1 = 6)

PM/DM (0 = 6) ALS (0 = 6)

CSA of FDP muscle (mm?) [mean (range)]
CSA of FCU muscle (mm?) [mean {range)]
FDP/FCU CSA ratio (mean)

80.5 (63.0~117.4)
131.8 (100.9-149.5)F
0.61*7

165.9 (90.4-332.3) 106.3 (62.1-148.6)
110.3 (73.9-135.6) 86.3 (49.4-129.4)
1.47 1.28

FDP/FCU CSA ratio is defined as CSA of the FDP muscle divided by CSA of FCU muscle. s-IBM, sporadic inclusion body myositis; PM/DM, polymyositis/
dermatomyositis; ALS, amyotrophic iateral sclerosis; CSA, cross-sectional area; FDP, flexor digitorum profundus muscle; FCU, flexor carpi uinaris muscle.

*P < 0.01 vs. PM/DM.
P < 0.05 vs. ALS.

Ultrasound Pattern in IBM
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of the FDP muscle was found in s-IBM patients,
whereas EI abnormality in muscle in ALS and
PM/DM patients showed a rather heterogeneous
pattern. Although we found that mean gray-scale
values of the FDP in s-IBM were higher than those
in PM/DM and ALS patients, it is unclear what
determines the visual echoic pattern (i.e., homo-
geneous or heterogeneous). Further study related
to the correlation between the visual ultrasound
pattern and the muscle pathology of sIBM is
needed.

Sekul et al. reported that muscle MRI of the
forearm demonstrated selective involvement of the
FDP muscle in up to 95% of s-IBM patients.” Fur-
thermore, they observed marbled brightness of the
FCU and FDS muscles on Tl-weighted MRI in 33%
and 29% of patients, respectively, and concluded
that the FDS muscle was spared even in the late
stages of s-IBM. In addition, a quantitative motor
unit potential (MUP) analysis revealed decreased
amplitude, short duration, and reduced MUP size
index in the FDP.* Both the MRI study and quanti-
tative MUP indicated that selective involvement of
the FDP can be a unique finding to identify
patients with s-IBM. In this US study, the frequen-
cies of a high EI of the FDP and FCU muscles
were comparable to those of the MRI study (100%
in FDP and 33% in FCU muscles), indicating that
US image analysis is another promising technique
to identify FDP muscle pathology. This study also
revealed decreased FDP/FCU CSA ratios in s-IBM
patients, indicating selective atrophy of the FDP.
Among the various tests, muscle US is advanta-
geous because it is not only less invasive than EMG
or muscle biopsy, but it is also far less expensive
than MRI. In addition, US assessment is readily

748 Ultrasound Pattern in IBM

available in any hospital and can be repeated easily
at the bedside.

There are some limitations to this study. First,
our findings were obtained from a small population
of patients. Second, the patients with PM/DM in
this study were younger than those with ALS. Mus-
cle echo intensity increases with age due to replace-
ment by fat or fibrous tissue.” This could have
influenced the results of echo intensity in older
patients to some extent. Finally, the US examina-
tions in this study were done by a single examiner
who was not blinded to the clinical diagnoses. A
blinded design with a larger number of patients
with inter- or intrarater reliability assessment will be
needed to confirm the results of our study.
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Nerve ultrasound depicts peripheral nerve
enlargement in patients with genetically distinct
Charcot-Marie-Tooth disease

Yu-ichi Noto,' Kensuke Shiga,? Yukiko Tsuiji," Ikuko 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 using 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.

Uhirasound

All US examinations were performed by the same examiner
(Y-IN) trained in neuromuscular US, using a GE Logic P5
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 Cé 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

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 C6 nerve root was about 1cm distal to the
transverse process after identifying the Cé6 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 pwV, 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 amplitade 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 Neuro! Neurosurg Psychiatry 2014;0:1-7. doi:10.1136/jnnp-2014-308211
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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 CMT1F 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.

Table 1 Biometric data, electrophysiological ,neuropathy;t‘ype's,} CMT Neuropathy Score and gene mutations k

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 C6
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

ARHGEF10 mutation

PMP22 duplication ~ MPZ mutation  EFL'mutation  EGR2 mutation  Controls
(n=20) - S (=3) (=) (n=1) S n=1) - (n=30)
Age, mean (range) 476 (21-78) 39.7 (10-69) 473(27-68) 49 67 42.7 (24-84)
Gender (M/F) 1010 il B D 9m
Height (cm), mean (SD) 161.9 (10.0) . 152.7 (16.1) 1684 (.1) 1600 (NA)  1735(NA) 162.8 (11.5)
Weight (kg), mean (SD) 58.2 (11.1) 556 (17.5) 635(222) 560 (NA) 760 (NA) 1584 (10.8)
Body mass index, mean(SD) 0163 234025 0 23(16) . 238(NA) 25.2 (NA) , 219 22)
- Demyelinating type/axonal type 00 oo 220 CNA
CMT Neuropathy Score, mean (range) 140 (7-28) 120 (10-14) - 155 (9-25) 70 700 NA
Gene mutations _PMP22 duplication ~~ CMT1B: oMM - Thr387Asn Thr109lle NA
e Tyr68Cys - ~Pro8leu b : - T
(=2 =2
M2 - OMT2E
- Thr124Met. Glu396Lys;

CMT, Charcot-Marie-Tooth disease; F, female; M, male; NA, not applicable.

- Tyr389Cys ;
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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]J. The patient with
EGR2-associated CMT (CMT1D) showed a demyelinating
pattern. The MCV and SCV were moderately slowed in the
patient with ARHGEF10 mutation.

~ A. Median Nerve (wrist)

B. Median Nerve (forearm)

Correlation between US findings and clinical/
electrophysiclogical 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

C.Median Nerve (upper arm)
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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 conductlon study results

Medlan nerve (motor)

. -Median nerve (sensory)  Sural nerve

- SCV (mfs)

DML (ms) Amplitude (mV) MCV (m/s)  Amplitude (V) ~ SCV (mis) Amplitude (V)

PMIP22 dupucatmn (n—20) S102 38 , N8 13209 06 229
MPZ mutation (n=3) [ ca S : R ST : o k : i
CMTIB(n=2) 6.9 e = 148 0.0 : SONAC 00 O NA
CMT2) (n=1) 37 - 13 464 97 4940 e B
NEFL mutation (n=4) e Eow i - e st
COMTIF(=2). 3.0 24 A 00 NA 00 NAT
CMT2E (n=2) 57 98 504 68 o5 130 s
EGR2 mutation (n=1) 6 47 32 21 ‘ %8 O ONEL “NA

ARHGEF10 mutation (n=1) 47 56 M7

 Data‘are glven as means.

a7 ',40.2, 65 483

"CMT, Charcot-Marie-Tooth disease; DML, distal motor latency; MCV motor conductlon veloqty NE, not evoked NA, riot apphcable SCV, sensory conductton velocity.

(fAigure 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 mys), as well as in previous studies.* *!
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.” ¥ #***° 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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Introduction

Abstract

Background: There are two formulations of levodopa in Japan and a few other
countries, levodopa/benserazide 100/25 mg and levodopa/carbidopa 100/10 mg,
which have been generally regarded as interchangeable in Parkinson’s disease
treatment.

Aim: We investigated the pharmacokinetics of levodopa in the two kinds of levo-
dopa/decarboxylase inhibitor (benserazide or carbidopa) formulations to study
their equivalence.

Methods: Population pharmacokinetic analysis was carried out using levodopa
data from the healthy subject study and, additionally, for 70 plasma concentration
data points from Parkinson’s disease patients receiving either levodopa/decarboxyl-
ase inhibitor combination in clinical practice.

Results: In healthy subjects, the mean =+ standard deviation plasma levodopa
maximum observed plasma concentration and area under the plasma concentra-
tion time curve from time 0 to 3 h (512 £ 139 vs 392 + 49 umolsh/L, P < 0.05)
were significantly higher after levodopa/benserazide compared with levodopa/car-
bidopa. Levodopa time to maximum observed plasma concentration and plasma
elimination half-life were not significantly different when comparing the respective
formations. Levodopa pharmacokinetic parameters were the same between the
Parkinson’s disease patients and healthy subjects, except for levodopa apparent
clearance, which was approximately two-thirds lower in Parkinson’s disease
patients compared with healthy subjects for both levodopa/decarboxylase inhibitor
combinations, which might result in higher levodopa area under the curve in
patients with Parkinson’s disease than in healthy volunteers.

Conclusion: Levodopa pharmacokinetics differ after administration of levodopa/
benserazide and levodopa/carbidopa. This information cold be useful for adjust-
ment of medication in Parkinson’s disease patients, especially with motor compli-
cations.

are generally regarded as equally effective.>® The clinical
effectiveness was measured, however, in limited clinical set-

Parkinson’s disease (PD) is a neurodegenerative disease
characterized by progressive loss of dopamine neurons in
the substantia nigra and striatum. The shortage of dopami-
nergic input results in motor symptoms, such as rigidity,
akinesia, tremor and postural instability, which is termed
PD.

The cardinal treatment for patients with PD is oral
administration of levodopa with peripheral decarboxylase
inhibitor (DCI).! There are two DCI in clinical use: bense-
razide and carbidopa. In combination with levodopa, they
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tings, and there is little known about their pharmacokinetic
differences.

Levodopa treatment is sufficient for patients with early-
stage disease, but is associated with motor complications in
late-stage disease, when substantial degeneration of nigro-
striatal dopaminergic neurons has occurred. As the presyn-
aptic handling and storage of levodopa-derived dopamine is
reduced, the strength of dopaminergic stimulation becomes
strictly dependent on the plasma levodopa concentration
associated with motor complications, such as “wearing off”
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and dyskinesia.* Drug dose adjustment should be considered
carefully to maintain the serum levodopa concentration in
the therapeutic window for patients with late-stage PD.

The aim of the present study was to determine whether
there is any difference between the two levodopa/DCI com-
binations in terms of plasma levodopa concentrations. This
information will be of clinical utility in achieving more effec-
tive treatment for PD.

Methods

Both studies were reviewed and approved by the institu-
tional review board of Ehime University Hospital, and fol-
lowed the ethical principles of the Declaration of Helsinki.
Informed consent was obtained from each participant.

Pharmacokinetic study in healthy volunteers. A
single-dose, cross-over study was undertaken in 10 young
(age range 23-41 years) male volunteers to determine the
pharmacokinetics of levodopa and DCI after the administra-
tion of a fixed-dose combination tablet of levodopa/bense-
razide or levodopa/carbidopa. All participants received a
single tablet of levodopa 100 mg plus benserazide 25 mg
and, after a 14-day washout period, a single tablet of levo-
dopa 100 mg plus carbidopa 10 mg. The drugs were admin-
istered after overnight fasting, and the participants remained
fasting throughout blood sampling.

Venous blood samples (5-mL aliquots into ethylenedi-
aminetetraacetic acid-2Na tubes) were taken immediately
before drug administration and every 30 min until 3 h.
Blood samples were centrifuged for 10 min at 1000 g, and
plasma was collected and stored at —80°C until measure-
ment. Plasma concentrations of levodopa were measured
using high-performance liquid chromatography (HPLC)
with electrochemical detection. Plasma aliquots (100 pL)
were mixed with 500 pL of ice-cold 0.2 mol/L perchloric
acid containing 0.1 mmol/L ethylenediaminetetraacetic acid
and 5 pL of 15 pg/mL 3,4-dihydroxybenzamine. Samples
were centrifuged at 20 000 g for 15 min at 4°C (Himac CF
16RX; Hitachi, Tokyo, Japan). The supernatant was filtered
through a 0.45-um membrane filter (Chromatodisc 4A; GL
Science, Tokyo, Japan), and a 10-pL aliquot of filtered solu-
tion was injected into the HPLC system with an electro-
chemical detector. The HPLC system included a delivery
pump, a degasser and an electrochemical detector (HTEC-
500; Eicom, Kyoto, Japan) with a Gilson 234 autoinjector
(Eicom). Analytical separation was carried out on a reverse-
phase column (C18 phase; 150 x 2.1 mm; EICOMPAK
SSC-5-ODS, Eicom) at 30°C. The mobile phase consisted of
12% (v/v) methanol containing 0.1 mol/L phosphate buffer
(pH 2.7) and 232 mg/L sodium octyl sulfate. The flow rate
was maintained at 0.25 mL/min. Plasma concentrations of
benserazide and carbidopa were measured with the same
preparation with the mobile phase consisting of 12% of (v/
v) methanol containing 0.1 mol/L phosphate buffer (pH 2.7)
and 100 mg/L sodium octyl sulfate.

Pharmacokinetic parameters such as maximum observed
plasma concentration (Cpay), time to Ciax (Tmax) and plasma
elimination half-life (¢,,), and area under the plasma concen-
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tration-time curve from time 0 to 3 h (AUC,_; ,,) were deter-
mined for levodopa and benserazide or carbidopa in each
participant (Phoenix WinNonLin version 6.1, Certara, L.P.,
St. Louis, MO, USA). C.x and Ty, Were obtained directly
from experimental data, and #,, was calculated from the
slope of the plasma concentration-time curve during the
elimination phase. AUC was calculated using the linear trap-
ezoidal rule. Data are presented as mean values & SD.
Paired data were compared using the Wilcoxon signed-rank
test, and P-values <0.05 were considered significant.

Population pharmacokinetic study. A population
pharmacokinetic study of levodopa was carried out among
PD patients after the administration of a levodopa/DCI for
comparison with results in healthy participants. The study
population included PD patients attending our outpatient
clinic who had been taking the previously described formu-
lations of levodopa/benserazide or levodopa/carbidopa at
therapeutic doses. Any patient receiving a catechol-O-methyl
transferase inhibitor (COMT-I) was excluded, as such drugs
potentially affect the metabolism of levodopa. A total of 47
blood samples were collected from 32 patients (14 men and
18 women; age 69 + 12 years) taking levodopa/benserazide,
and 23 blood samples were collected from 16 patients
(8 men and 8 women; age 64 4 10 years) taking levodopa/
carbidopa. All blood samples were taken in the morning in
a non-fasted state, and the duration between drug adminis-
tration and taking of blood samples was recorded, as well as
the drug dose they were receiving. Blood sampling, plasma
collection and storage, and determination of levodopa con-
centrations were as described previously for healthy sub-
jects.

Non-linear, mixed-effect modeling was used for pharma-
cokinetics analysis using NONMEM software (version 7.2.2;
ICON Development Solutions, Ellicott City, MD, USA).
Different structural models were tested and pharmacokinetic
parameters, such as the absorption rate constant (K,),
apparent total body clearance (CL/F) and apparent volume
of distribution (Vd/F), were estimated for each combination
(levodopa/benserazide and levodopa/carbidopa) in each
group (healthy subjects and patients) using first-order condi-
tional estimation method with interaction (FOCE-INTER).

Results

Pharmacokinetic study in healthy
volunteers. Plasma levodopa concentration versus time
curves after administration of levodopa/benserazide 100/
25 mg and levodopa/carbidopa 100/10 mg are shown in
Figure la. Mean levodopa Cp,x was significantly higher
after the administration of levodopa/benserazide 100/25 mg
than after levodopa/carbidopa 100/10 mg (8.37 £ 3.19 vs
4.95 £ 1.65 pmol/L, P <0.001). Mean Tpa.x (33.0 £ 9.5 vs
51.0 & 31.8 min) and #5 (72.0 £ 15.3 vs 82.7 £ 24.0 min)
for levodopa were not significantly different when compar-
ing levodopa/benserazide 100/25 mg and levodopa/carbidop-
a 100/10 mg, respectively. Mean levodopa AUCy; was
significantly higher after the administration of levodopa/
benserazide 100/25 mg than after levodopa/carbidopa 100/
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Figure 1 Levodopa pharmacokinetics in healthy subjects after
administration of levodopa/benserazide 100/25 mg (LD/BSZ) or
levodopa/carbidopa 100/10 mg {LD/CD). (a) Plasma concentration
versus time curve. (b) Area under the plasma concentration-time
curve from time 0 to 3 h (AUCq_3 1). Values are mean + SD.

10 mg (511 £ 139 ws 391 £ 49 pmol*h/L, P <0.05;
Fig. 1b).

Plasma concentration versus time curves for benserazide
and carbidopa after administration of levodopa/benserazide
100/25 mg and levodopa/carbidopa 100/10 mg are shown in
Figure 2a,b, respectively. The following pharmacokinetic
parameters were found for benserazide after the administra-
tion of levodopa/benserazide 100/25 mg: mean Cpax
0.287 & 0.174 pmol/L, Tpac 36.0 £ 12.6 min  and ¢y,
48.6 + 12.1 min. The following pharmacokinetic parameters
were found for carbidopa after the administration of levo-
dopa/carbidopa 100/10 mg: mean Cpax 0.292 4+ 0.078 pmol/
L and Tyax 147 £ 39 min. The #,, was not determined,
because four of the 10 participants did not reach the elimi-
nation phase within the observation period (up to 4 h after

the administration).

Population pharmacokinetics. Figure 3a,b shows the
plasma levodopa concentration for individual patients at
various time-points after administration of levodopa in com-
bination with benserazide or carbidopa, respectively. Con-
centrations of levodopa were generally higher after
administration of levodopa/benserazide compared with levo-
dopa/carbidopa. Population pharmacokinetics of levodopa
were best described by a one-compartment model.
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in healthy subjects after administration of levodopa/benserazide 100/
25 mg or levodopa/carbidopa 100/10 mg, respectively. Values are
mean =+ SD.

Estimated pharmacokinetic parameters are summarized in
Table 1. As all the blood samples were taken at least 1 h
after medication, it was not possible to estimate the absorp-
tion rate constant (X,). K, was therefore fixed at 10/min.
Levodopa CL/F was lower after the administration of levo-
dopa/benserazide as compared with levodopa/carbidopa in
both healthy participants (0.734 vs 0.889 L/min) and
patients (0.493 vs 0.555 L/min), although the differences
were small. CL/F was consistently lower in patients as com-
pared with healthy participants. Levodopa Vd/F was smaller
after the administration of levodopa/benserazide as com-
pared with levodopa/carbidopa in both healthy participants
(44.7 vs 80.0 L) and patients (55.0 vs 81.4 L).

Discussion

Our cross-over study in healthy subjects showed that the
pharmacokinetics of levodopa were different after oral
administration of levodopa/benserazide 100/25 mg and levo-
dopa/carbidopa 100/10 mg, even though these formulations
are generally regarded as providing identical levodopa expo-
sure in practice in Japan and a few other countries. In the
non-compartmental analysis among the healthy sub-
jects, mean Ci,x of levodopa was 1.7-fold higher and
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Figure 3 Plasma levodopa concentrations for individual patients with
Parkinson's disease after administration of (a) levodopa/benserazide or
(b) levodopa/carbidopa. Plasma levodopa concentration equivalent to a
100 mg dose plotted versus the time from dosing to sampling.

AUCy 3 , was 1.3-fold larger with levodopa/benserazide as
compared with levodopa/carbidopa. As levodopa dosing
was the same (100 mg) for both formulations, it is assumed
that benserazide 25 mg has a more significant inhibitory
effect towards AADC than carbidopa 10 mg. Levodopa ¢,
in the levodopa/benserazide group was shorter, but not sig-
nificantly, compared with the levodopa/carbidopa group. It
is interesting to note the different pharmacokinetics of the
two DCI; that is, benserazide showed a rapid increase and
rapid decrease in its plasma concentration, whereas carbid-
opa showed a slow increase and slow decrease in its plasma
concentration. One possible explanation for the similarity of
levodopa ¢, with both levodopa/DCI combinations might
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be that the DCI pivotally provided their inhibitory effects of
AADC in the gut where extensive presystemic levodopa
metabolism takes place, and systemic DCI only have limited
efficacy for maintaining plasma levodopa levels.” Another
levodopa metabolizer, COMT, could play an important role
in this phenomenon. COMT is regarded as a predominant
metabolizer when the AADC pathway is blocked.® Thus, it
might compensate for the effect of systemic DCI against
levodopa metabolism. We did not examine downstream
products of levodopa metabolism in the present study, and
this needs to be further investigated to clarify the mechanis-
tic differences between levodopa ¢;;, and DCI pharmacoki-
netics. Additionally, we cannot exclude the possibility of
ordering effect because of the non-randomized cross-over
design of the study; however, we consider the effect to be
negligible for the following three reasons. First, the 14-day
washout period was long enough to eliminate the possibility
of any carry-over effect. Second, the washout period was
not so long that the conditions of the study participants and
the surrounding co-factors were likely to have changed sig-
nificantly during the period. Finally, drug concentration is
an objective marker, so it was not affected by participants’
subjective reactions.

The present population pharmacokinetic study showed
that levodopa CL/F and Vd/F were lower after administra-
tion of levodopa/benserazide compared with levodopa/car-
bidopa in both healthy subjects and patients. The difference
in levodopa CL/F and Vd/F after administration of levo-
dopa/benserazide and levodopa/carbidopa might reflect the
higher bioavailability (F) of levodopa with the levodopa/
benserazide combination, which was shown in the previous
analysis. Intergroup difference of levodopa Vd/F was rela-
tively small between healthy subjects and patients. In con-
trast, levodopa CL/F was approximately two-thirds lower
among the patients than in healthy subjects with both levo-
dopa/DCI formulations. There are many factors that have
been reported to affect levodopa pharmacokinetics in PD
patients, such as sex, duration of the disease, meal content,
time between medication and meal, renal function, and gas-
tric pH.”® Age also seems to have a considerable impact on
levodopa pharmacokinetics, because it globally affects
organs and functions associated with levodopa absorption,
distribution, metabolism and clearance, although reports
measuring the impact of age are sparse. In the present study,

Table 1 Levodopa population pharmacokinetics following administration of levodopa/benserazide or levodopa/carbidopa in healthy subjects or

patients with Parkinson's disease

Healthy subjects

Parkinson’s disease patients

Levodopa/benserazide Levodopa/carbidopa Levodopa/benserazide Levodopa/carbidopa
Population mean
Ky (1/min) 10 (fixed) 10 (fixed) 10 (fixed) 10 (fixed)
CL/F {L/min) 0.734 0.889 0.493 0.555
Vd/F (L) 447 80.0 55.0 81.4
CL/F inter-individual variability (CV%) 12.2 22.4 NE 48.2
CL/F residual variability (CV%) 27.6 32.7 45.8 18.9

CL/F, apparent clearance; CV%, percent coefficient of variation; K, absorption rate constant; Vd/F, apparent volume of distribution.
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the PD group was older, included women and might have
had poorer kidney function compared with the healthy sub-
ject group. All those factors would contribute to the lower
CL/F in the patient group. Finally, the interindividual vari-
ability and residual variability were larger in the PD group,
presumably because the study conditions for the patient
group were not as rigorously controlled compared with the
study in healthy subjects. Nevertheless, the parameters
derived from the patient data were similar to those from the
healthy subject data.

In clinical settings, both levodopa/DCI combinations have
been used for PD patients for decades, and have been gener-
ally considered as similarly reliable, although some studies
in smaller populations have emphasized differences between
DCIL. For example, Admani et al.'® reported that levodopa/
benserazide showed more improvement in all parkinsonian
signs and symptoms compared with levodopa/carbidopa in a
double-blind study in 60 PD patients, although the differ-
ences did not reach statistically significance. Rinne and
Molsé concluded that levodopa/benserazide 200/50 mg had
the same clinically efficacy as levodopa/carbidopa 250/
25 mg in a randomized, double-blind, cross-over trial in 49
PD patients, although levodopa/carbidopa induced signifi-
cantly more nausea and vomiting.?> Diamond et al.'" carried
out a double-blind comparison of levodopa/benserazide and
levodopa/carbidopa in 20 PD patients, and reported that the
majority of patients fared distinctly better on either levo-
dopa/benserazide or levodopa/carbidopa. In a cross-over
study in 19 PD patients, Greenacre er al.'? also found that
most patients preferred either levodopa/benserazide or levo-
dopa/carbidopa. These reported differences between levo-
dopa/benserazide and levodopa/carbidopa might be partly
explained by our current findings. Levodopa/benserazide
would possibly be a better candidate for patients requiring
immediate treatment because of its higher Cy,,, and stronger
DCI efficacy. In contrast, levodopa/carbidopa might be use-
ful for patients with motor complications, such as trouble-
some dyskinesia, because its levodopa pharmacokinetics is
relatively stable.!>!°

Regarding the dosage of combined carbidopa, not only
a tablet of levodopa/carbidopa 100/10 mg, but also a 100/
25-mg tablet is available outside Japan. We only used
100/10-mg tablets, so the results of the present study
should be carefully translated. A larger proportion of car-
bidopa is reportedly associated with better therapeutic
outcomes and fewer adverse events in some reports,
whereas the Japanese approval document concluded that
the significant increase of levodopa was not observed with
higher carbidopa combinations.'®!” Although detailed
pharmacokinetic features remain unknown, one study
showed an approximately 20% increase of levodopa AUC
when 450 mg/day carbidopa was orally administered with
levodopa infusion, compared with 75 mg/day.'® The higher
carbidopa proportion is possibly associated with a higher
Ciax and AUC, but the impact might be limited. Another
limitation of the study is that all the study participants
were ethnically identical; that is, they were all Asians.
Most previous reports were from the USA and Europe,
but there have not been any ethnic factors associated with
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levodopa pharmacokinetics reported, and the present
results are in accord with other reports.

In conclusion, administration of levodopa/benserazide
100/25 mg provided higher levodopa C..x and larger
AUCy 31, as compared with levodopa/carbidopa 100/
10 mg. Benserazide had a stronger AADC inhibitory
effect, although differences in the pharmacokinetics of sys-
temic benserazide and carbidopa did not seem to contrib-
ute to the elimination of levodopa. The population study
showed that the pharmacokinetics of levodopa after the
administration of levodopa/benserazide and levodopa/car-
bidopa were similar in PD patients and healthy subjects
apart from the lower levodopa CL/F in patients, which
could result in the higher AUC of levodopa in patients
with Parkinson’s disease than healthy volunteers. Levo-
dopa/benserazide might be a better choice for patients
with more severe adverse effects or inadequate levodopa
efficacy, and levodopa/carbidopa might be more useful for
patients with motor complications.
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HTLV-1induces a Th1-like state in CD4*CCR4"* T cells
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“Human T- Iymphotroplc virus type 1 (HTLV 1)is Ilnked to mu!tlple dlseases, lncludmg the neuronnﬂammatory disease
8 ‘HTLV 1- associated myelopathy/troplcal spastic paraparesis (HAM/TSP) and adult T cell leukemia/lymphoma. Evidence ;
: suggests that HTLV- 1, via the viral protein Tax, explorts CD4: T cell plastrcrty and induces transcriptional changes in infected
T cells that cause suppresswe CIJ4*CDZS*[IR4+ Tregs to lose expression of the transcription factor FOXP3 and produce :
' IFN-y, thus promotlng mflammatlon We hypothesued that transformation of HTLV-1 infected CCR4* T cells into Thi-like
cells plays a key role in the pathogenesis of HAM/TSP Here, using patient cells and cell lines, we demonstrated that Tax, in

‘ cooperatlon with specificity protem 1(Sp1), boosts expressmn of the Th1 master regulator T box transcrlptlon factor (T-bet)
and consequently promotes productlon of IFN-y Evaluatlon of CSF and spmal cord lesions of HAM/TSP patrents revealed
the presence of abundant CD4*CCR4+ T cells that coexpressed the Thi marker CXCR3 and produced T-bet and IFN-y. Fmally,
treatment of isolated PBMCs and CNS cells from HAM/TSP patients with an antlbody that targets CCR4'T cells and mduces

: cytotoxrcrty in these cells reduced both V|ral load and IFN-y productlon which suggests that targetmg CCR4* T cells may be a
vrable treatment optlon for HAM/ TSP

Introduction
The flexibility of the CD4* T cell differentiation program that un-
derlies the success of the adaptive immune response has recently
been implicated in the pathogeneses of numerous inflammatory
diseases (1-3). The majority of CD4* T lymphocytes belong to a
class of cells known as Th cells, so called because they provide
help on the metaphorical immune battlefield by stimulating the
other soldiers —namely, B cells and cytotoxic T lymphocytes —via
secretion of various cytokines. Interestingly, there is also a minor-
ity group of CD4* T cells with quite the opposite function: Tregs
actively block immune responses by suppressing the activities
of CD4* Th cells as well as many other leukocytes (4). Tregs are
credited with maintaining immune tolerance and preventing in-
flammatory diseases that could otherwise occur as a result of unin-
hibited immune reactions (5). Thus, the up- or downregulation of
certain CD4* T cell lineages could disrupt the carefully balanced
immune system, threatening bodily homeostasis.

The plasticity of CD4* T cells, particularly Tregs, makes CD4*
T cell lineages less clean-cut than they may originally appear. CD4*
T cells are subdivided according to various lineage-specific chemo-
kine receptors and transcription factors they express, as well as the
cytokines they produce (6). Thl cells, for example, can be identi-
fied by expression of CXC motif receptor.3 (CXCR3) and T box
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transcription factor (T-bet; encoded by TBX21) and are known to
secrete the proinflammatory cytokine IFN-y (6). While both have
been known to express CC chemokine receptor 4 (CCR4) and
CD25, Th2 cells and Tregs can usually be distinguished from each
other by their expression of GATA-binding protein 3 (GATA3)
and forkhead box p3 (FOXP3), respectively (6, 7). CCR4 is coex-
pressed in the majority of CD4*FOXP3* cells and in virtually all
CD4*CD25*FOXP3* cells, making it a useful — albeit not fully spe-
cific — marker for Tregs (8, 9). FOXP3 is a particularly noteworthy
marker because its expression is said to be required for Treg iden-
tity and function (10). In fact, Foxp3 point mutations are reported to
cause fatal multiorgan autoimmune diseases (11). Even partial loss
of FOXP3 expression can disrupt the suppressive nature of Tregs,
representing one of several pathways by which even fully differ-
entiated Tregs can reprogram into inflammatory cells (12). There
have been several reports of Tregs reprogramming in response to
proinflammatory cytokines such as IL-1, IL-6, IL-12, and IFN-y (12,
13); it is thought that this reprogramming may have evolved as an
adaptive mechanism for dampening immune suppression when
protective inflammation is necessary (12). However, this same plas-
ticity can lead to pathologically chronic inflammation, and several
autoimmune diseases have been associated with reduced FOXP3
expression and/or Treg function, including multiple sclerosis, my-
asthenia gravis, and type 1 diabetes (14, 15).

Of the roughly 10-20 million people worldwide infected
with human T-lymphotropic virus type 1 (HTLV-1), up to 2%-3%
are affected by the neurodegenerative chronic inflammatory dis-

jei.org  Volume124 Number8  August 2014 3431




RESEARCH ARTICLE

The Journal of Clinical Investigation

A =% B z 18000 NS CD4*CD25*CCR4" T cells and inducing their
s |
3 1 p£=00020 g 16000 i transformation into Thi-like, IFN-y-produc-
S g 14000 — ing proinflammatory cells via intracellular Tax
5 & B 12000 _L expression and subsequent transcriptional al-
2 50 g terations including but not limited to loss of
g = 10000 .
o 1250 § endogenous FOXP3 expression.
§ 40 o 200 In this study, we first sought to discover
= < o . . .
< 30 5 6000 the detailed mechanism by which Tax influ-
% _g.. 4000 ences the function of CD4*CD25‘CCR4*
T %] 1708 e I o0 T cells. We used DNA microarray analysis of
E 10 A N . CD4*CD25'CCR4" T cells from HAM/TSP
~ N P patients to identify TBX21, known as a master
0 CD4*GATA3 CD4*FOXP3* T cells ’ ’ ’ N transcription factor for Th1 differentiation, as a
gg‘gﬁgi‘i‘" GFP GFp-Tax  key intermediary between Tax expression and
co2., IFN-y production. We demonstrated that Tax,
+ + + . . . . .
oD in concert with specificity protein 1 (Sp1), am-

Figure 1. HTLV-1 mainly infects Tregs and inhibits their regulatory function. (A) Higher HTLV-1
proviral DNA load in CD4*FOXP3* cells (Tregs) compared with CD4*GATA3* cells (P = 0.0020,
Wilcoxon test) from asymptomatic carriers (AC; n = 6) and HAM/TSP patients (n = 4). PBMCs were
FACS sorted, and proviral load was measured using guantitative PCR. Horizontal bars represent
the mean value for each set. (B) Loss of regulatory function in Tax-expressing CD4*CD25*CCR4*
cells (Tregs). CD4*CD25™ T cells from an HD were stimulated with CD2, CD3, and CD28 antibodies
and cultured alone or in the presence of equal numbers of CD4*CD25*CCR4* T cells, GFP lentivirus-
infected HD CD4*CD25*CCR4* T cells, or GFP-Tax lentivirus-infected HD CD4+*CD25*CCR4* T cells. As
a control, CD4*CD25" T cells alone were cultured without any stimulus. Proliferation of T cells was
determined using *H-thymidine incorporation by adding *H-thymidine for 16 hours after 4 days

of culture. All tests were performed in triplicate. Data are mean + SD. **P < 0.01, ***P < 0.001,

ANOVA followed by Tukey test for multiple comparisons.

ease HTLV-1-associated myelopathy/tropical spastic paraparesis
(HAM/TSP). The main other condition associated with the retrovi-
rus is adult T cell leukemia/lymphoma (ATLL), a rare and aggres-
sive cancer of the T cells. HAM/TSP represents a useful starting
point from which to investigate the origins of chronic inflamma-
tion, because the primary cause of the disease — viral infection —
is so unusually well defined. HAM/TSP patients share many im-
munological characteristics with FOXP3 mutant mice, including
multiorgan lymphocytic infiltrates, overproduction of inflamma-
tory cytokines, and spontaneous lymphoproliferation of cultured
CD4* T cells (16-18). We and others have proposed that HTLV-1
preferentially infects CD4*CD25*CCR4"* T cells, a group that in-
cludes Tregs (7,19). Samples of CD4*CD25*CCR4* T cells isolated
from HAM/TSP patients exhibited low FOXP3 expression as well
as reduced production of suppressive cytokines and low overall
suppressive ability — in fact, these CD4*CD25*CCR4*FOXP3-
T cells were shown to produce IFN-y and express Ki67, a marker
of cell proliferation (19). The frequency of these IFN-y-produc-
ing CD4*CD25*CCR4* T cells in HAM/TSP patients was corre-
lated with disease severity (19). Finally, evidence suggests that the
HTLV-1 protein product Tax may play a role in this alleged trans-
formation of Tregs into proinflammatory cells in HAM/TSP pa-
tients: transfecting Tax into CD4*CD25* cells from healthy donors
(HDs) reduced FOXP3 mRNA expression, and Tax expression in
CD4*CD25*CCR4* cells was higher in HAM/TSP versus ATLL
patients despite similar proviral loads (19, 20). Therefore, we hy-
pothesized that HTLV-1 causes chronic inflammation by infecting
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plified TBX21 transcription and subsequently
IFN-y production. Next, we established the
presence of Thl-like CD4*CCR4* T cells in
the CSF and spinal cord lesions of HAM/TSP
patients. The majority of these CD4*CCR4*
T cells coexpressed CXCR3 as well as T-bet
and IFN-y. Finally, we investigated the thera-
peutic potential of an anti-CCR4 monoclonal
antibody with antibody-dependent cellular cy-
totoxicity (ADCC) (21). Applying this antibody
in vitro diminished the proliferative capacity
of cultured PBMCs and reduced both proviral
DNA load and IFN-y production in cultured
CSF cells as well as PBMCs. In conclusion, we
were able to elucidate a more detailed mechanism for the patho-
genesis of HAM/TSP and use our findings to suggest a possible
therapeutic strategy.

Results

HTLV-1 preferentially infects Tregs and alters their behavior via
Tax. Experiments were conducted to determine which among
CD4*CD25*CCR4* T cells were infected by HTLV-1, and how the
infection influenced their functionality. Analysis of fluorescence-
activated cell sorting (FACS)-sorted PBMCs obtained from asymp-
tomatic carriers (n = 6) as well as HAM/TSP patients (n = 4) revealed
that Tregs (CD4*FOXP3*) carried much higher proviral loads than
Th2 cells (CD4*GATA3*) (P = 0.0020; Figure 1A). As it is well estab-
lished that each infected cell contains only 1 copy of the HTLV-1provi-
rus (22, 23), these results indicate that a larger proportion of FOXP3*
than GATA3* CD4* T cells are infected. As expected, proliferation of
CD4*CD25" cells after stimulation, as measured by *H-thymidine in-
corporation, was suppressed upon coculture with CD4*CD25*CCR4*
cells, including Tregs (n = 3, P < 0.01; Figure 1B). However, after
being transduced with lentiviral vector expressing GFP-Tax, the
CD4*CD25"CCR4" cells no longer suppressed cell proliferation; con-
versely, cells transduced with the control vector expressing only GFP
retained full suppressive function (P < 0.001; Figure 1B).

The HTLV-1 protein product Tax induces IFN-y production via
T-bet. Experiments were conducted to determine if and how Tax af-
fects IFN-y production in infected T cells. First, the existence of a
functional link between Tax and IFNG was established by using the



