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age of 55.2 (7.8) years, disease duration 14.4(4.6) years,
and Hohen and Yahr stage 3 in the on phase and 4 in the
off phase were examined. All patients experienced severe
motor fluctuation, which was an indication of surgical
treatment with DBS. Severe FOG had been observed,
mainly during the off phase and also during the on
phase. The patients exhibited no mental deterioration
and no hallucination prior to the operation. The unified
Parkinson’s disease rating scale (UPDRS) was applied
for scoring the parkinsonian symptoms before and after
the operation.

2.2. Examination of electromyograms ( EMGs) during
DBS on and off

EMGs of the lower extremities during stepping were
examined in DBS on and DBS off states in one patient
treated with subthalamic DBS. EMG was recorded on
four muscles of the legs. EMGs were examined, firstly in
the DBS on state, and then in the DBS off state.

2.3. Disturbance of rhythm formation

The finger tapping test was performed on five normal
subjects (mean age 59.8 years) and one parkinsonian
patient with severe FOG. Subjects listened to sounds of
I, 2, 3, 4 and 5Hz and were requested to follow the
sound by tapping on the table with the index finger.
During the examination, surface EMGs were recorded
from the forearms. Normal subjects performed the test
using only their left hand, whereas both hands of the
patient were examined. The frequencies of flexor muscle
activities were measured from the EMGs. The patient
was examined before the DBS operation and during the
DBS on state.

3. Results
3.1. Effects of subthalamic DBS

The average score of UPDRS, during the on phase
and the off phase examined before and after the
operation is shown in Fig. 1. The improvement of
parkinsonian symptoms following subthalamic DBS is
very clear and similar to those in several previous
reports. There is no subscore of UPDRS to estimate
FOG. The two subscores for gait and postural
instability were markedly diminished and all eight
patients exhibited improvements in motor fluctuations
and FOG.

3.2. EMG examination during DBS on and off

The EMG results are shown in Fig. 2. EMGs in the
upper part of the figure were recorded during DBS on

60
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40 F

30 F

20 b on phase/off phase

Before op- 3mo after starting DBS

Fig. 1. Average motor score of UPDRS before and after DBS. The
solid columns represent scores for the on phase and the open columns
represent scores for the off phase.

and those in the lower part, during DBS off. During
DBS on, the patient could step regularly, but the
regularity was lost during DBS off. The regularity of
stepping gradually slowed down and finally disappeared.
However, the patient attempted to continue stepping.

3.3. Disturbance of rhythm formation

The results are shown in Fig. 3. Normal subjects
could tap regularly, following the sounds. The patient
could tap only following 1 Hz. The patient’s tappings,
following sounds of frequency higher than 2Hz, were
unsuccessful and the frequency of EMGs converged to 4
or 5Hz. The patient was unable to maintain a
synchronous response. During DBS on, the patient
exhibited a slight change in the response to sounds.

4. Discussion

FOG is observed in many situations such as,
hesitation at gait initiation upon reaching the destina-
tion, and at doorways or during turning while adjusting
to circumstances [4]. FOG is not a phenomenon
particular to PD, and is observed in other diseases such
as multiple system atrophy, progressive supranuclear
palsy, vascular Parkinsonism and drug-induced Parkin-
sonism.

Even in PD, FOG is observed in both the off and on
phases. The relationship between L-dopa administration
and freezing is considered complex. L-dopa administra-
tion both improves and worsens FOG. Alternatively,
FOG observed in progressive supranuclear palsy has no
response to L-dopa administration. It is conceivable that
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Fig. 2. EMGs during stepping. EMGs in the upper part were recorded during DBS on, and those in the lower part during DBS off.
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Fig. 3. Tapping test. The vertical axis shows the frequency of tapping
performed by the subject and the horizontal axis shows the frequency
of the sounds. The circles represent results for normal subjects, and the
squares represent those for the patient. The open squares represent
before DBS, and the solid squares represent after DBS.

the symptoms and mechanisms of FOG are complex
and difficult problems to solve.

EMG observations have revealed that regularity of
stepping disappeared when DBS was switched off. When
switched on, the active DBS treatment on the sub-
thalamic nucleus improves or maintains the rhythm of
stepping. Disturbance of the rhythm formation could be
one of the factors underlying the mechanism of freezing.
Moreover, results from the finger-tapping test are too
preliminary to discuss the effect of subthalamic DBS. It
is necessary to examine the rhythm of the lower
extremities. It is possible to elucidate some issues
concerning the mechanisms of FOG by studying the

relationship between the function of the subthalamic
nucleus and the rhythm formation disturbed in PD.

Kinesie paradoxale refers to the improvement of FOG
due to external cues. In a reaction time study, an
external cue as a warning signal makes the reaction time
shorter. An explanation for this phenomenon is related
to the change in attention or arousal caused by a
warning signal [5]. The function of an external cue in
FOG is similar to the function of the warning signal in
the reaction time study. FOG is improved by a change in
attention or arousal by an external cue. It is suggested
that FOG is not only a motor phenomenon but also a
phenomenon generated by the attention or arousal
system. It is clear that further studies on the mechanism
of FOG are necessary.
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Abstract

Primary objective: To study whether transcallosal inhibition (T'CI) can evaluate the severity of traumatic brain injury (TBI).

Research design: Case-control study.

Methods and procedures: Twenty patients with a chronic TBI and 20 control subjects were studied. The following transcranial
magnetic stimulation parameters were checked; resting motor threshold, central motor latency times, onset latency of TCI,
duration of TCI, transcallosal conduction times and amount of TCI. The severity of TBI was evaluated using the Glasgow

Coma Scale (GCS).

Main outcome and results; The amount of TCI was significantly lower in the patients than the control subjects (p <0.001).
The amount of TCI was highly correlated with the GCS (r=0.787, p <0.001).
Conclusion: An assessment of TCI was found to be a more sensitive and useful method for an evaluation of the

severity of TBI.

Keywords: Traumatic bramn mjury, transcranial magnetic sumulation, corpus callosum, diffuse axonal injury

Introduction

The functional integrity of the corpus callosum (CC)
that connects homologous motor cortices can be
tested electrophysiologically in humans by transcra-
nial magnetic stimulation (TMS) [1]. When TMS
is performed during an ongoing tonic voluntary
contraction, the activity of the muscles ipsilateral to
the site of the cortical stmulation is temporarily
suppressed. This transcallosal inhibition (TCI) is
not detected in patients with CC lesions [2]; hence,
a transcallosal route is presumed to account for it.
In recent years, TCI has been found to be a useful
diagnostic tool in patients with multiple sclerosis,
corticobasal ganglionic degeneration and progressive
supranuclear palsy [3-5].

CC lesions are commonly detected in patients
with traumatic brain injury (TBI) [6-12].

The diffuse axonal injury (DAI) due to accelera-
tion—deceleration and rotational forces is considered
to be an important factor in the formation of a CC
lesion [6-8, 10, 11]. A majority of the TBI survivors
recover from coma and show remarkable progress
toward regaining their pre-injury functional abilities.
However, patients with TBI often have cognitive
impairments, including attention, memory and
executive function deficits [8, 13]. When attempting
to correctly evaluate the severity of TBI, a method
that requires little cooperation from the patient
is desirable so that any cognitive impairment is
excluded.

The hypothesis was that the TCI method could
detect an abnormality of the CC in patients with
TBI. The TCI method is simple and objective
and requires little cooperation from the patient;
hence, this method has the advantage of excluding
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Table I. Clinical characteristics of patients with traumatic brain injury.

GCS on Durarion since Type

Patient no. Age Sex admission injury (months) of lesions

1 29 M 9 29 Diffuse

2 60 F 10 38 Focal

3 31 M 9 23 Combined

4 40 M 8 25 Diffuse

5 26 M 7 9 Ditfuse

6 31 M 8 45 Diffuse

7 56 M 13 24 Focal

8 52 F 9 31 Combined

9 18 M 6 21 Diffuse
10 23 M 6 27 Combined
11 33 M 6 51 Combined
12 60 M 12 10 Focal
13 28 F 6 32 Diffuse
14 52 M 6 28 Combined
15 25 F 8 15 Combined
16 43 M 7 18 Combined
17 33 F 14 23 Diffuse
18 52 M 9 19 Combined
19 23 M 8 24 Diffuse
20 55 F 13 14 Diffuse

GCS, Glasgow Coma Scale; Diffuse, MRI findings derected the small punctiform parenchymal
haemorrhages in the mesencephalon, corpus callosum, basal ganglia or periventricular; Focal,
MRI findings detected the haemorrhagic brain contusions in the frontal and/or temporoparietal
lobes; Combined, Both of diffuse and focal lesions.

any cognitive impairment when the severity of the
TBI was evaluated. To the authors’ knowledge,
imaging was the only available technique that could
evaluate the severity of DAI while the patient was
alive [9, 12, 14]. Therefore, TCI may be a unique
diagnostic tool for electrophysiologically evaluating
the DAI by monitoring the CC lesions. The present
investigation examined whether TCI could evaluate
the severity of TBI that was indicated by the
Glasgow Coma Scale (GCS) [15].

Methods
Parients and controls

Twenty patients with TBI (14 men and six women;
aged, 18-60 years; mean age, 38.5+13.9 years)
were studied (Table I). The mean period after their
TBI was 25.3 3 10.7 months. The GCS scores thar
were obtained at the time of their first admission
after accident were used to evaluate the severity of
TBI (scale mean, 8.7+2.5; range, 6-14). All the
patients who were enrolled for the study fulfilled
the following criteria: (1) aged from 18-60 years,
(2) drugs that are known to influence the excitability
of the central nervous system (for example,
an anti-epileptic or psychoactive drug) had
not been administered in the past month and
(3) no concomitant cervical or upper limb injury

that could affect conduction along the peripheral
nerves and spinal cord. The exclusion criteria for
patients in this study were as follows: (1) the
subjects, their guardians or legal representatives
were unwilling to give consent for participation in
the study and (2) the patient had a history of
neurological disease.

Twenty normal subjects, who were matched for
age and sex (15 men and five women, aged 20-56
years; mean age, 35.3 £ 11.2 years), participated as
control subjects in the study. They did not have any
history or clinical evidence of any neurological
disease. Informed consent for the study was obtained
from all the patients and control subjects. The
protocol was approved by the local ethical commit-
tee of the Hokkaido University Graduate School of
Medicine.

Magnenc sumulation and recording

Focal TMS to the motor cortex of each hemisphere
was performed using a 70-mm figure-of-eight
coil connected to a Magstim 200 stimulator 2-T
version; Magstim Company, Dyfed, UK). The
stimulation point for eliciting the maximal hand
motor responses for each subject was determined.
The current in the axis of the stimulation coil was
directed anteroposteriorly (the induced current had
the opposite orientation) because this direction is the
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most cffective for eliciting TCI [16]. The electro-
myographic (EMG) responses were recorded bilat-
erally from the first dorsal interosseous muscle (FDI)
using Ag—AgCl surface electrodes. The EMG signal
was amplified, filtered and stored in a personal
computer for off-line analysis (Neuropack; Nihon
Koden, Tokyo, Japan).

The resting motor threshold (rfMT) was defined
as the lowest stimulator output that could produce
motor cvoked potentials (MEPs) with a peak-to-
peak amplitude that was greater than 50V in at
least five of 10 trials [17]. In a TCI session, each
motor cortex was stimulated 20 times, with an
intensity of 150% rMT, during unilateral maximal
tonic contraction of the ipsilateral FDI. During each
stimulation, the subjects maintained a sustained
maximal tonic contraction of the FDI muscle, with
visual and auditory feedback, for ~2 seconds. To
avoid central or peripheral fatigue during maximal
tonic muscle contraction, the subjects rested for
3 minutes after a series of 10 stimuli. The stimuli at
a frequency of 0.1 Hz were applied over the cortex.
The peripheral latencies were obtained by magnetic
stimulation of the cervical nerve roots using a
90-mm circular coil.

Response ndices

The peak-to-peak amplitude of 10 averaged MEPs
of the contralateral EMG obrtained with an intensity
of 120% rMT was determined. The central motor
latency times (CMLTs) were calculated by subtract-
ing the longest peripheral conduction time following
magnetic stimulation of the cervical nerve roots from
the onsct latency of the cortically elicited contral-
ateral EMG response.

The TCI parameters were evaluated by rectify-
ing and averaging 20 EMG signals of the active
FDI ipsilateral to the site of the cortex stimulation.
The TCI was quantified by the period of relative
EMG suppression after the stimulus, i.e. when the
EMG activity dropped below the background
activity. The onset latency of TCI was measured
from the stimulus 1o where the EMG activity
clearly fell below the mean amplitude of the
EMG activity in the 100 ms before the stimulus.
The duration of TCI was measured from its
onset to where the EMG activity again reached
the mean amplitude of the EMG activity before
the stimulus. The transcallosal conduction times
(TCTs) were determined by subtracting the
onset latency of the corticospinally mediated
contralateral responses from the onset latency of
TCI in the same FDI. The area of suppressed
EMG activity below the mean amplitude of the
EMG activity before the stimulus was also
averaged. The amount of TCI was then defined
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as the percentage of this mean suppressed activity
in the mean amplitude of the EMG activity before

* the stmulus [18]. That is to say, the more the

EMG activity was suppressed the greater was the
amount of TCI.

Statistical analysis

Any parameters of the MEPs (tMT, CMLTs,
amplitude) and TCI (amount of TCI, duration of
TCI, TCTs) of the patients that exceeded mean
value +2.5 SD (the pooled data across the left
and right sides) of the control subjects were
considered to be abnormal. The observed data
(MEPs and TCI parameters) from the patients
and the control subjects were compared by using
a Mann-Whitney U-test. Any possible corre-
lation between the amount of TCI and GCS
was determined by wusing the Spearman rank
correlation test.

Results

The data for the MEPs and the TCI parameters
that were obtained for the control subjects and
the partients are listed in Table II.

MEPs parameters

No difference was observed between the mean data
of the control subjects and the patients for the tMT,
CMLTs or amplitude (Table II). In addition, a
significant difference was not observed in laterality
in the MEPs parameters (tfMT, CMLTs, and
amplitude) for the control subjects and patients.
An increased tMT was found in 15% (three of 20), a
decreased amplitude in 15% (three of 20) and
prolonged CMLTs in 20% (four of 20) of the
patients with TBI on either or both sides.

TCI parameters

The amount of TCI was significantly lower in the
patients than in the control subjects (p<0.001).
One patient (patient no. 13) did not display TCI on
either side. Therefore, she was excluded from the
TCI correlation study. In 70% of the patients (14
of 20) the amount of T'CI was abnormal. However,
when compared with the control subjects the latency
onset of TCI, the duration of TCI and the TCTs
of the patients with TBI were not significantly
different. The typical TCI that were observed for
the control subjects and patients are shown in
Figure 1. The amount of TCI was significantly
correlated with the GCS (Figure 2; r=0.787,
p<0.001).
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Table II. MEPs and TCI parameters.

Control subjects, 40 hands

Patients with TBI, 40 hands

Abnormal
Parameter Mean £ SD Normal range® Mean & SD hands/patients
Resting motor threshold (%) 44.14£5.1 31.3-56.9 46.4:+£8.2 4/3
Amplitude of MEPs (mV) 13404 0.3-2.3 1.1£0.7 3/3
Central motor latency times (ms) 6.9+0.6 5.4-8.5 72%1.1 6/4
Onset latency of T'CI (ms) 34.0£2.6 27.5-40.5 35.1+3.1° 4/3
Duration of TCI (ms) 26.2£6.1 10.9-41.4 24.747.6° 3/2
Transcallosal conduction times (ms) 125+£1.9 7.7-17.4 12.64+2.2° 272
Amount of TCI (%) 54.1£5.1 41.4-60.7 39,14 10.3%* 22/14

“ normal range = mean £ 2.5 SD.
b 38 hands (one patient had no TCI on both sides).
* p<0.001 (compared with control subjects).

MEPs = motor evoked potentials; TCI = transcallosal inhibiton; TBI = traumatic brain injury.

stimulus

AT00Z

50ms

-~ mean amplitude

before stimulus

w— Daseline

Figure 1. Examples of the TCI raw data. Each recording represents the average of 20 rectified electromyogram activities. (a) Typical TCY
clicited from the first dorsal interosseous muscle (FDI) of control subject. An oblique line showed the area of T'CI (The amount of
TCl=57.1%). (b) TCI elicited from FDI of patient with severe TBI. Note the amount of TCI was small (The amount of TCI = 24.9%,
GCS =7 points). TCI: transcallosal inhibition; TBI: traumatic brain injury; GCS: Glasgow coma scale.

Discussion

There was a significant difference between the
control subjects and the patients with TBI for the
amount of TCI, but not rMT, CMLTs or ampli-
tude. This result suggested that the TCI method
of evaluating CC was more sensitive for detecting
abnormal findings in patients with TBI than the
method of evaluating the excitability of the cortex
and corticospinal tract function by TMS.

The GCS score has been reported to be strongly
correlated with the severity of the TBI [19-21].
Therefore, the severity of TBI is usually described by
the amount of impaired consciousness as defined
by the GCS. Moreover, the GCS has a significant
correlation with a CC lesion [6, 10]. TCI methods
by TMS can evaluate the function of integrity of the
CC connecting homologous motor cortices [1-5].
In this study, the amount of TCI was significantly
correlated with the GCS. Based on these reports,
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Figure 2. The amount of TCI had a significant correlation with
GCS in 19 patients with TBI (»r=0.787, p<0.001). TBI:
traumatic brain injury; TCI transcallosal inhibition; GCS:
Glasgow coma scale.

it may be considered that the TCI method by TMS
is useful for evaluating the severity of TBI by
monitoring the CC function.

No significant difference in the MEPs parameters
tMT, CMLTs and amplitude) of the control
subjects and patients was observed. The normal
tMT and CMLTs in the patients with TBI may have
indicated that they had only minimal or no loss of
motor cortex excitability and conduction in the
pyramidal tract. These results indicated that the
abnormal findings in patients with TBI could not
be easily detected by the well established method of
determining the corticospinal tract function by using
TMS. In contrast to these results, Chistyakov et al.
[22, 23] have reported that patients with TBI had
a higher rMT than the control subjects. However,
this report had compared the more damaged side
in TBI patients with that in control subjects [23].
In this investigation, the patients with TBI exhibited
normal rMT and did not show significant laterality.
Chistyakov et al,, in a follow-up study, have also
reported some improvement in the observed high
rMT [22]. In fact, in this study, the period after the
TBI was longer than the post-accident period of
Chistyakov et al.’s study that reported the high rMT
of patients with TBI. In addition, a severe brain
injury that might preclude consciousness and volun-
tary movement did not invariably predicate an
abnormal tMT and CMCT [24]. Based on these
reports, the normal tMT observed in this study was
not thought to be specific with regard to the studies
that reported high rMT in patients with TBIL. In
addition, the TCI route is thought to be longer than
rMT, CMLTs and amplitude because, in addition to
the corticospinal tract, the TCI route included the
commissural fibres via the CC. Therefore, the TCI
method might detect the abnormal findings in
patients with TBI more than the well established
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method of evaluating corticospinal tract function by
using TMS.

The patients with TBI often have cognitive
impairments, including attention, memory and
executive function deficits [8, 13]. A recent study
reported that the area of the CC in patients with TBI
correlated with the memory function [11].
Therefore, the TCI that can monitor the CC
function might also be correlated with cognitive
impairment in patients with TBI. In addition, the
TCI as well as imaging is useful for accurately
evaluating the patients with TBI because TCI is a
simple method that requires little cooperation from
the patient. Moreover, the CC lesion is considered to
reflect the DAI [6-8, 10, 11]; therefore, TCI may be
a diagnostic tool for electrophysiologically evaluating
the DAI i vivo by monitoring the CC lesions. It
has been recently considered that the diffusion MR
tensor imaging may be able to detect the DAI
[9, 14]; hence, some in wvivo studies used the
diffusion MR tensor imaging to detect the DAI
[9, 12, 14]. Therefore, one must study the correla-
tion between diffusion MR tensor imaging and the
TCI to suggest the utility of TCI for evaluating the
DAI in patients with TBI.

In conclusion, this study confirmed that the TCI
was positively correlated with the severity of the TBIL.
Moreover, an assessment by TCI was found to be
a more sensitive method for detecting abnormal
findings in patients with TBI than the well-
established method of evaluating corticospinal tract
function by using TMS. This study is the first to
report the evaluation of the severity of TBI by using
a TCI method that tests the functional integrity of
CC by using TMS.
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Summary. In the present research, changes
in motor cortex function were observed in
relation to repetitive, voluntary thumb move-
ment (training) in patients with Parkinson’s
disease (PD) and normal control subjects.
Changes in the direction of thumb movement
due to motor evoked potential (MEP) by trans-
cranial magnetic stimulation (TMS), after
motor training with and without rhythmic
sound, were measured using a strain gauge
for 12 patients with PD and 9 normal control
subjects. PD patients who experienced the
freezing phenomena showed poor change
in direction of TMS-induced movement
after self-paced movement; however, marked
change in direction of TMS-induced move-
ment was observed after training with auditory
cue. PD patients who had not experienced the
freezing phenomena showed positive effects
with the auditory cue, producing similar
results as the normal control subjects. Two
routes for voluntary movement are available
in the nervous system. The decreased func-
tion of basal ganglia due to PD impaired the
route from the basal ganglia to the supple-
mentary motor cortex. These data suggest that
the route from sensory input to cerebellum
to premotor cortex could compensate for the
decreased function of the route via the basal

ganglia to the premotor cortex. Once change
in the motor cortex occurred, such change
persisted even after the interruption of train-
ing. These phenomena suggest that motor
memory can be stored in the motor cortex.

Keywords: Motor learning, auditory cue,
TMS-induced movement direction, Parkin-
son’s disease.

Introduction

Patients with Parkinson’s disease (PD) face
difficulty in initiating and performing complex,
sequential movements. PD patients frequently
complain of slowness and early fatigue during
movements associated with their motor dis-
ability. They show deficits in motor learning
and in the acquisition of new skills, although
the extent of the deficit remains unclear.
Therefore, to elucidate the most effective
motor learning interventions, it is important
to generate basic insights into the learning
capabilities of PD patients.

The involvement of the motor cortex in
learning movements has recently attracted
much attention. Transcranial magnetic stimu-
lation (TMS) has proven to be a valuable
and non-invasive tool for investigation of
the central motor system (Barker et al., 1985;
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Rothwell et al, 1991; Berardelli, 1991).
Imaging studies using positron emission
tomography (PET) have provided evidence
that the motor cortex is more active during
the process of motor learning (Grafton et al.,
1992; Kawashima et al., 1994; Honda et al.,
1998). Brain mapping using functional mag-
netic resonance imaging (fMRI) (Karni et al.,
1995) and transcranial magnetic stimulation
(Pascual-Leone et al., 1995) has also shown
changes in the motor cortex during the acqui-
sition of motor skills. Change in the motor
cortex of healthy individuals during thumb
movement exercise has been observed in stud-
ies similar to the present research. However,
similarities between motor cortex function in
healthy patients and in patients with PD are
unknown. It appears that the same learning-
related changes in the motor cortex of healthy
individuals also occur in patients with PD.
The present study used a metronome as an
external auditory cue to determine whether
external triggers are a factor in skill acquisi-
tion. As human cortical movement represen-
tation can undergo rapid plasticity (Classen
et al.,, 1998), the aim of this study was to
evaluate the differences in motor control
reorganization between PD patients and

T. Chuma et al.

normal controls during thumb exercise with
and without rhythmic sound as assessed by
the directional change of TMS-induced thumb
movements.

Methods
Subjects

Twelve Parkinson’s disease patients aged 52-77 years
(65.1 £ 7.5 years, 8 males and 4 females) and nine
normal age-matched volunteers aged 45-75 years
(64.3 £ 8.5 years, 8 males and one female) with no
history of neurological disorder participated in this
study. The mental condition of Parkinson’s patients
was normal and in Hoehn and Yahr stages II or IIL
The freezing phenomena was assessed by the activities
of daily living (ADL) section of the Unified Parkinson’s
Disease Rating Scale (UPDRS) and was considered to
be present if the score was 1 or >1 on the ‘freezing
when walking’ question. Parkinson’s patients were
divided in two groups according to presence or absence
of the freezing phenomena. Type I patients (n="7;
6 males and 1 female; mean age 68.1+6.3 years)
had experienced the freezing phenomena, while Type
II patients (n=15; 2 males and 3 females; mean age
61.0+7.7 years) had not experienced the freezing
phenomena. All subjects were right handed and pro-
vided informed written consent to participate in this
study. Clinical characteristics and demographic data
of the patients and normal volunteers are shown in
Table 1. None of the patients displayed severe “‘on-off”

Table 1. Clinical and demographic data of Parkinson’s disease patients and normal participants

Cases Age (years) M/F Mentality Frozen Hoehn & Yahr
phenomenon stage
1 717 M N -+ 3
2 75 M N + 3
3 62 F N -+ 3
4 64 M N + 3
5 64 M N + 3
6 72 M N + 3
7 63 M N -+ 2
8 70 F N - 2
9 52 M N - 3
10 54 F N - 2
11 66 F N - 2
12 63 M N - 2
Normal 45-75 8/1 N - -
(n=9)

M male; F female; N normal; + present; — absent
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fluctuations and all were tested while they were in their
“on” -stage.

Subjects were seated comfortably in a chair with
their right forearm flexed at the elbow and positioned
on the board of a strain gauge. In order to perform
unidirectional thumb movement, the thumb was fixed
to the strain gauge by a splint. The training movement
was performed against a one dimensional rubber
expander, which enabled the thumb to return passively
to the starting point of movement. The strain gauge
moved with TMS-evoked thumb movements either in
extension or flexion. The thumb was fixed to the strain
gauge plate during both exercise and TMS trials while
the investigator continuously monitored the correct per-
formance of thumb movement. This particular model
is a modification from Classen et al., who used two
accelerometers fixed to the thumb to record movement
directions; one accelerometer measured abduction or
adduction movements and the other measured flexion
or extension movements. However, in the present study,
a strain gauge was used to record the unidirectional
flexion or extension movements of the thumb.

Stimulation and procedure

TMS was performed using a MagStim 200 (UK) con-
nected to a figure-of-eight coil held with the handle
pointed backwards and laterally at a 45° angle to the
sagittal plane. The optimal coil position was defined as
the scalp position at which small thumb movements in
a constant direction (flexion) could be evoked. After
marking the coil position on the scalp with a pen, a
stimulation intensity of 120% of resting movement
threshold was used. This intensity evoked consistent
isolated thumb movements in all subjects. The move-
ment threshold was defined as a displacement of the
splint on the strain gauge >50 gm in three of five trials.
Motor training, namely thumb movement exercise, was
executed on the strain gauge, which was connected to a
highly sensitive amplifier (WGA-710 A), which in turn
was connected to an evoked-potential, electromyogra-
phy measuring system (Neuropack X). The amplifier
was zeroed while the thumb rested on the strain gauge
to counteract the weight of the thumb. Minimum move-
ment of the thumb, either TMS-evoked or self-induced,
accelerated the amplifier marker +.01 for flexion,
which in turn showed a downward deflection of move-
ment trace, and —.01 for extension, which show an
upward deflection of movement trace on the monitor.
Movement signals were recorded by Neuropack X
using 50Hz and .01 Hz as high and low cut filters,
respectively. A baseline (pre-training) TMS-evoked
thumb movement in a specific direction (flexion) was
established during rest. Subjects were asked to volun-
tarily extend their thumb slowly and continuously for
15 minutes without external sound (self-paced) in the

opposite direction of the baseline movement (flexion)
at a rate of 60 movements per minute. Five-minute
intervals of TMS-evoked movement were recorded to
examine changes in the direction of thumb movement.
After the first 15 minutes of training, subjects were
allowed to rest for another 15 minutes. Every additional
5 minutes, TMS-evoked movement was recorded to
examine whether the change of direction returned to
the baseline (pre-training). During the TMS study, sub-
jects were required to suspend thumb extension exer-
cise for 15 seconds for three stimulation trials. In the
first sitting, TMS-evoked movement of direction was
recorded during the 15-minute thumb extension exer-
cise without cue followed by 15 minutes rest. In the
next session (not in the same day), the technique was
repeated and TMS-evoked movement of direction after
the 15 minutes thumb extension exercise was recorded
with a metronome beat of 1Hz as an auditory cue,
followed by 15 minutes rest.

Change of direction in TMS-induced movement
indicates motor reorganization. In addition, changes
in amplitude from the baseline of TMS-induced move-
ment with sound (metronome-paced) and without
sound (self-paced) were compared across the three
groups of normal participants, freezing PD patients,
and non-freezing PD patients (normal, freezing, non-
freezing groups, respectively) to evaluate the effect of
sensory cues on motor reorganization.

TMS-induced movement

TMS-induced MEP

|1mV

0.2s

Fig. 1. Upper trace of thumb movement on strain

gauge induced by transcranial magnetic stimulation

(TMS) and lower trace of motor evoked potential by

TMS recorded by electrode from thenar eminence of
right thumb
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TMS-induced movement differs from motor evoked
potentials (MEP). MEP is the electrical activity of mus-
cles evoked from cortical motor neuron stimulation and
is recorded by electrodes. In contrast, TMS-induced
movement is recorded by the displacement of a strain
gauge following pressure from contracted muscles
evoked by cortical stimulation (Fig. 1).

Results

Effect of pre- and post-training thumb move-
ment exercise: Data concerning TMS-evoked
change in direction of movement is shown

—\

pre-exercise movement

~

after 5 min exercise

~h
T~

after 10 min exercise

~
.

after 15 min exercise

>

after 5 min rest

NS
after 10 min rest

1kg

0.2s

after 15 min rest

(A)

in Fig. 2. Figure 2A shows the downward
pre-exercise movement direction caused by
flexion of the thumb during TMS at the rep-
resentative cortical motor area defined by
pre-exercise movement. Following thumb ex-
tensions at a rate of 1Hz without external
sound (self-paced), TMS-induced movement
direction changed to the direction of exercise
during TMS at the same representative cortical
motor area and at the same intensity. Before
exercise, the strain faced the downward di-
rection, but after 5 minutes of exercise, the

pre-exercise movement

after 5 min exercise

Q

after 10 min exercise

)

after 15 min exercise

9

after 5 min rest

|

after 10 min rest

after 15 min rest 1kg

0.2s
(B)

Fig. 2. Example of TMS-induced movement during 15 minutes exercise and 15 minutes rest from two normal
representative controls during self-paced exercise. Pre-exercise movement direction derived from TMS-induced
thumb flexion movement. After exercise in the opposite direction (extension) of the thumb, the direction of TMS-
induced thumb movement changed from the pre-exercise direction to the exercised direction (A). The changes
appeared after 5 minutes of exercise (arrow head). After 5 minutes of rest the direction of movement began to
return to its original or pre-exercise position (4th arrow head). TMS trials were given at 5-minute intervals. B
Representative data from one control (two responses are superimposed), indicating a decrease in amplitude rather
than no change in the TMS-induced movement direction after 15 minutes thumb extension exercise
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direction of strain began to move toward the
direction of exercise. At rest, the movement
returned to the original, pre-exercise direction.
This pattern was observed in 5 of 9 controls

-

pre-exercise movement

~a
—

after 5 min exercise

S

AN

after 10 min exercise

~Sa

L N

after 15 min exercise

~Sa
——

after 5 min rest

i W
-~
after 10 min rest

o

0.2s

Fig. 3. Example of TMS-induced movement during
15 minutes exercise without cue and 15 minutes rest
from one representative freezing PD patient. The
change of direction was initiated after 5 minutes of
training (arrow head), note that the change in direction
of TMS-evoked movement after thumb exercise for 15
minutes remained as a memory trace for 5 minutes
after cessation of the exercise and the change occurred
to the pre-exercise direction after 10 minutes of rest
(5th arrow head)

after 15 min rest

and in 9 of 12 PD patients (5 freezing PD
patients and 4 non-freezing PD patients) dur-
ing both self-paced and metronome-paced
thumb exercise. Figure 3 shows that the di-
rectional change of TMS-evoked movement
after 15 minutes of thumb extensions in PD
patients remained as a memory trace 5 mi-
nutes after stopping the exercise. Three con-
trol subjects and one freezing PD patient
who did not produce a directional change in
the TMS-induced movement demonstrated a
slight reduction in amplitude (Fig. 2B).

Following self-paced thumb training, one
freezing PD patient did not show a change in
TMS-induced movement direction; however,
the movement direction did change to the
metronome-paced rhythm after 10 minutes of
exercise (Fig. 4A). One control subject and
one non-freezing PD patient showed a change
to the practice direction after 15 minutes of
thumb exercise (Fig. 4B) and were excluded
from the statistical analyses.

Effect of sensory cue on motor learning:
The influence of auditory cue was examined
by measuring the peak amplitude of strain in
all subjects who demonstrated a change in
the amplitude of TMS-evoked movement
every 5 minutes during 15 minutes of con-
tinuous exercise. These measurements were
compared between the self-paced and metro-
nome-paced training of each group. Mean
difference values between the baseline am-
plitude (pre-exercise) and the amplitude fol-
lowing the three pulses of TMS are plotted in
Table 2.

Mean strain amplitude of the three groups
(normal, non-freezing and freezing) were
compared between the self-paced and metro-
nome-paced rhythms at three time points by
analysis of variance (ANOVA), and post hoc
comparisons with Bonferroni corrections
were applied. The level of significance was
set at p<0.05.

Scores were found to be higher in metro-
nome-paced training than self-paced training
in all three groups (Table 2). Additionally,
the main effect of both self-paced [F (2, 15),

—143—



180 T. Chuma et al.

pre-exercise movement

after 5 min exercise
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SRS N\ SSZEIS

after 10 min exercise

~,
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—
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_]1kg

after 15 min rest 05s

(A)

—\J

pre-exercise movement

v
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W
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_%%Q_____
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s

-~
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N
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W

after 15 min rest

_J1 kg
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(B)

Fig. 4. Change in TMS-induced movement direction initiated after 10 minutes (arrow head) of thumb extension
exercise with auditory cue in a freezing PD patient (A) (the wave in the trace is due to tremor) while the direction
changed after 15 minutes of exercise with auditory cue in a normal participant (B)

p =.000] and metronome-paced [F (2, 15),
p =.006] thythm were seen after 5 minutes
of exercise in each group. Post hoc compar-
ison revealed that non-freezing and freezing
PD patients showed significantly (p=.000
in both non-freezing and freezing groups)
reduced amplitude compared to normal par-
ticipants at self-paced rhythm, and also at
metronome-paced rhythm but at a reduced
level of significance (p = .027 in non-freezing
group, p=_.012 in freezing group). After 10
minutes of exercise, an increase in strain
scores were observed, but no significant main
effect was observed for both cue and non-cue
thythm. After 15 minutes of exercise, a sig-
nificant main effect was observed in non-cue
rhythm [F (2, 15), p=.048]. Post hoc com-

parison revealed that freezing PD patients
showed a near significant (p=.059) effect
compared to normal participants, whereas
during metronome-paced exercise, the effect
was not significant (p =.534) compared to
normal participants.

Kinematical traces during thumb exercise
(Fig. 5) with rhythmic sound and without
rhythmic sound clearly indicate the effect of
auditory cue on motor training. The wave
without sound is irregular and not parallel,
indicating a deficit in the execution of simul-
taneous and sequential movements. Conver-
sely, waves recorded with rhythmic sound are
regular, parallel to the baseline and flat for a
short period. Rhythmic movements resulted
from the external stimuli, which suggest that
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238+ 474

186.2+8.5
209.1 +£36.2

Metronome-
paced

15-minute exercise
220.1 459

1755+ 6.6
160.8 +48.1°

Self-paced

199 +64.1
159+39.5

1725+ 64
012 and p = .048 respectively)

Metronome-
paced

.000, p

10-minute exercise

Self-paced
186 +29.8
144 +46.7
156 +12.2

027, p

Metronome-

197.5 4+ 20
141 +28.2°

141.3 £ 42.44

paced

192 +15.7
125 +4.5%
112.5 £ 10.7°

S-minute exercise

Self-paced

Table 2. Comparison of TMS-induced movement amplitude of strain (gm) at self-paced and metronome-paced rhythms between time intervals in groups
abede Sionificantly different from normal participants (p =.000, p

Non-freezing (n =4)
Freezing (n=6)

Normal (n=8)
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Parkinson’s subjects are able to use sensory
cues to overcome difficulties in initiation or
continuation of movement.

Discussion

Improved motor learning with auditory cue
was observed in the normal participants, freez-
ing PD patients, and non-freezing PD patients.
However, the main finding of the present
research is that after 15 minutes of exercise
with non-cue rhythm, the difference in TMS-
evoked movement amplitude was marked in
freezing patients when compared to normal
participants, whereas after exercise with au-
ditory cue, the TMS-evoked movement am-
plitude increased in freezing PD patients and
showed no significant' difference compared
to normal participants. After 15 minutes of
exercise, the increase in TMS-evoked move-
ments from self-paced to metronome-paced in
normal participants, non-freezing and freezing
PD patients were 10.8%, 10.6% and 13.0%,
respectively. This indicates that the motor
learning of non-freezing PD patients is simi-
lar to that of normal participants.

Observation of change in movement direc-
tion required 5 minutes of thumb extension
exercise for most subjects (14 of 21 subjects).
For 2 subjects, 10 or 15 minutes of continu-
ous training was required to initiate a change
in TMS-evoked movement. Four subjects
(3 normal participants and one PD patient)
did not produce a directional change in TMS-
induced movement but a trend of reduced
amplitude was seen in those subjects, likely
due to the training duration of 15 minutes.
We expect that an increased duration of ex-
ercise would have resulted in a change in
movement direction.

A period of 15 minutes exercise was
chosen to maintain equal time duration and
to avoid considerable fatigue in all subjects.
After beginning the thumb extension exercise,
a slight trend of whole upper limb movement
during extension exercise was observed in
some PD patients. However, in spite of this
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Without auditory cue PDXL
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Fig. 5. Strain gauge recordings during motor training. Kinematically the shape of the wave during exercise with
auditory cue (B) is smooth, regular, rhythmic and flat, in comparison to the wave of exercise without sound (A)

limitation, and in accordance with other
studies (Classen et al., 1998; Karin et al.,
2000), short training of a unidirectional thumb
movement was found to exert a change in
TMS-evoked movement direction, thus sug-
gesting a transient change in the representing
cortical area. This type of change, either
morphological or functional, has been de-
scribed as brain plasticity. Evidence of motor
cortex reorganization has also been observed
in subjects with chronic neurological disor-
ders including cerebral tumor, amyotrophic
lateral sclerosis (Seitz et al., 1995), after
hemispherectomy (Cohen et al., 1991), after
anastomosis of the musculocutaneous nerve
and intercostals nerves following cervical
root avulsion (Mano et al., 1995), and after
limb amputation (Brasil-Neto et al., 1993).
The findings of the present study further sup-
port the notion that the primary motor cortex
can be reorganized by motor practice even in
a single training period (Muellbacher et al.,
2001). As a result of voluntary activation, a
shift in the cortical motor map for the hand
muscles was demonstrated in healthy subjects
under the physiological condition (Wilson

et al., 1993). The results of the present study
of thumb training showed similar abilities of
healthy subjects and Parkinson’s disease pa-
tients to represent encoded kinematic details
of the practiced movement (Classen et al.,
1998). Cortical reorganization, as observed
in the present study, is likely due to func-
tional synaptic mechanisms of corticocortical
connections, which include the removal of
local inhibition and changes in synaptic effi-
cacy (Karin et al., 2000).

Plasticity has been clearly demonstrated
using TMS in humans during motor learning,
and in response to brain injury. To enhance
plasticity so as to recover damaged brain
function, several techniques have been used
for rehabilitation. In addition to neuromuscu-
lar electrical stimulation, sensory stimulation,
robot-enhanced training, and administration
of pharmacological agents such as amphet-
amine, constraint-induced movement therapy
plays a vital role in enhancing plasticity
for skill acquisition even in intact humans
(athletes) and in the rehabilitation of indivi-
duals with brain damage (Butefisch et al.,
1995). Neural plasticity is associated with
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the acquisition of motor skills (Cohen et al.,
2002). These experiments have also shown
that Parkinson’s disease patients are able to
change their performance as a result of prac-
tice, and that performance improves when
supported by external stimuli. Studies of
patients with Parkinson’s disease and even
in patients with normal pressure hydrocepha-
lus indicated that rhythmic auditory stimula-
tion, visual cue on gait velocity, cadence, and
stride length were attributed to improvements
in performance (Macintosh et al.,, 1997;
Stolze et al., 2001). However, the present
study focused on differences in peak ampli-
tude between self-paced and metronome-
paced TMS-induced movements following
simple thumb training.

The freezing phenomena and starting hes-
itation play a vital role in the development of
bradykinesia and gait disorder in Parkinson’s
disease patients. These phenomena may be
improved in some patients by the use of
motor and sensory ‘‘tricks” (Stern et al.,
1980; Wolfson et al., 1995), such as altera-
tion of body weight, taking longer strides,
and walking sideways. Useful auditory and
verbal stimuli include marching like a soldier
to commands, walking to music or listening
to a metronome ticking (David et al., 2002).
Visual stimuli include stepping over objects
such as another person’s foot or the handle
of a walking stick, and imagining colored
lines on the floor to step over. In the present
study we used the rhythmic sound of a
metronome as an auditory stimulus in order
to improve motor performance, which en-
hanced the motor reorganization by acquisi-
tion of skills.

Several mechanisms may explain the im-
proved motor performances from an external
cue. One previous study stated that different
neural mechanisms mediate self-generated
(internally triggered) and reaction-time
(externally triggered) movements (Horak
et al., 1996). As there are two routes in
voluntary movement in the nervous system,
the decreased function of basal ganglia due

to PD impaired the route from the basal
ganglia to the supplementary motor cortex.
It is suggested that the route of the external
circuit (i.e. external sensory stimulus, to
cerebellum, via premotor cortex to primary
motor cortex to voluntary muscle contraction)
could compensate for the decreased function
of the route of the internal circuit (i.e. limbic
system to basal ganglia, via supplementary
motor cortex to primary motor cortex to
voluntary muscle contraction) (Marsden and
Obeso, 1994). In the case of insufficient
substantia nigra function in PD patients, the
external auditory cue was effective in facil-
itating the performance of strain gauge motor
training in the present research. As in
previous studies, once the change in TMS-
evoked movement direction occurred, it per-
sisted even after the cessation of training
(Fig. 3) suggesting that motor memory could
be stored in the primary motor cortex or in
the premotor cortex (Mano et al., 2003).
The kinesiological traces during exercise
with and without rhythmic sound clearly
showed the effect of rhythmic sound in pro-
ducing a smooth motor cue for PD patients.
The set of waves recorded during exercise
without sound are irregular, not parallel to
the baseline, and decline sharply during simul-
taneous and sequential execution of move-
ments. Conversely, with feedback (thythmic
sound) the cue is regular, parallel to the base-
line and flat for a short period. Rhythmic
movements resulted from the external stimuli
that aid in overcoming deficiencies. The
thythmic sound induced rhythmic and force-
ful movements of the thumb and enabled
skilled motor learning that subsequently in-
creased the peak amplitude of TMS-induced
movements. Since neuroanatomical evidence
suggests a direct connection between Broca’s
area and the supplementary motor area, the
present study indicates that for Parkinsonian
patients who have experienced the freezing
phenomena, repetitive and rhythmic sound
activated the motor area and facilitated the
maintenance of the motor set or motor plan
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that aids the acquisition of motor skills
(Albani et al., 2001). We conclude that the
process of motor reorganization in patients
with Parkinson’s disease does not differ from
that of normal subjects. In addition, rhythmic
sounds may be an effective rehabilitation tool
for improving gait disorder (Dibble et al.,
2004) and motor performance in PD patients
who experience the freezing phenomena.

References

Albani G, Kunig G, Martin SC, Mauro A, Priano L,
Martigoni E, Leenders KL (2001) The role of
language areas in motor control dysfunction in
Parkinson’s disease. Neurol Sci 22: 43-44

Barker ART, Jalinous R, Freeston IL (1985) Non-
invasive magnetic stimulation of the human motor
cortex. Lancet i: 1106-1107

Berardelli A (1991) Electrical and magnetic spinal and
cortical stimulation in man. Curr Opin Neurol
Neurosurg 4: 770-776

Brasil-Neto JP, Valls-Sole J, Pascual-Leone A,
Cammarota A, Amassian VE, Cracco R, Maccabee
P, Cracco J, Hallet M, Cohen J (1993) Rapid
modulation of human cortical motor outputs fol-
lowing ischemic nerve block. Brain 116: 501-525

Butefisch C, Hummelsheim H, Denzler P, Mauritz KH
(1995) Repetitive training of isolated movements
improves the outcome of motor rehabilitation
of the centrally paretic hand. J Neurol Sci 130:
59-68

Classen J, Liepert A, Wise SP, Hallet M, Cohen LG
(1998) Rapid plasticity of human cortical move-
ment representation induced by practice. J Neuro-
physiol 79: 1117-1123

Cohen LG, Mano Y (2002) Neuroplasticity and tran-
scranial magnetic stimulation. In: Pascual-Leone A
(ed) Handbook of transcranial magnetic stimula-
tion. Arnold Pub, London, pp 346-357

Cohen LG, Roth BJ, Wassermann EM, Topka H,
Fuhr P, Schultz J, Hallet M (1991) Magnetic
stimulation of the human motor cortex, an indica-
tor of reorganization in motor pathways in certain
pathological conditions. J Clin Neurophysiol 8:
56-65

David J Brooks (2002) Diagnosis and management of
atypical Parkinsonian syndrome. J Neurol Neuro-
surg Psychiatry 72 (Suppl): i10-i16

Dibble LE, Nicholson DE, Shuitz B, Mac Williams
BA, Marcus RL., Moncur C (2004) Sensory cueing
effects on maximal speed gait initiation in persons
with Parkinson’s disease and healthy elders. Gait
Posture 19(3): 215-225

Grafton ST, Mazziota JC, Presty S, Friston KJ,
Frackowiak RS, Phelps ME (1992) Functional
anatomy of human procedural learning determined
with regional cerebral blood flow and PET. J Neu-
rosci 12: 2542-2548

Honda M, Deibar MP, Ibanez V, Pascuel-Leone A,
Zhuang P, Hallet M (1998) Dynamic cortical in-
volvement in implicit and explicit motor sequence
learning. A PET study. Brain 121: 2159-2173

Horak F, Frank J, Nutt J (1996) Effects of dopamine on
postural control in Parkinsonian subjects: scaling,
set and tone. J Neurophysiol 75: 2380-2396

Karin R, Nitsche MA, Tergau F, Paulus W (2000)
Diminution of training-induced transient motor
cortex plasticity by weak transcranial direct current
stimulation in the human. Neurosci Lett 296:
61-63

Karni A, Meyer G, Jezzard P, Adams MM, Turner R,
Ungerleider LG (1995) Functional MRI evidence
for adult motor cortex plasticity during motor skill
learning. Nature 377: 155-158

Kawashima R, Roland PE, O’Sullivan BT (1994)
Fields in human motor areas involved in prepara-
tion for reaching, actual reaching, and visuomotor
motor learning: a positron emission tomography
study. J Neurosci 14: 3462-3474

Macintosh GC, Brown SH, Rice RR, Thaut MH (1997)
Rhythmic auditory-motor facilitation of gait pat-
terns in patients with Parkinson’s disease. J Neurol
Neurosurg Psychiatry 62: 22-26

Mano Y, Chuma T, Watanabe 1 (2003) Cortical reor-
ganization in training. J Electromyogr Kinesiol 13:
57-62

Mano Y, Nakamura T, Tamura R et al. (1995) Central
motor reorganization after anastomosis of the mus-
culocutaneous and intercostals nerves following
cervical root avulsion. Ann Neurol 38(1): 15-19

Marsden CD, Obeso JA (1994) The functions of the
basal ganglia and the paradox of stereotaxic sur-
gery in Parkinson’s disease. Brain 117: 877897

Muellbacher W, Ziemann U, Borrojerdi B, Cohen L,
Hallet M (2001) Role of the human motor cortex
in rapid motor learning. Exp Brain Res 136:
431-438

Pascual-Leone A, Nguyet D, Cohen LG, Brasil-Neto
JP, Cammarota A, Hallet M (1995) Modulation of
muscle responses evoked by transcranial magnetic
stimulation during the acquisition of new motor
skills. J Neurophysiol 74: 1037-1045

Rothwell IC, Thompson PD, Day BL, Boyd S, Marsden
CD (1991) Stimulation of the human motor cortex
through the scalp. Exp Physiol 76: 159-200

Seitz RJ, Huang Y, Knorr U, Tellmann L, Herzog H,
Freund HJ (1995) Large scale plasticity of the
human motor cortex. NeuroReport 6: 742-744

—148—



Motor learning with cues 185

Stern GM, Lander CM, Lees AJ (1980) Akinetic
freezing and trick movements in Parkinson’s disease.
J Neural Transm 16: 137-141

Stolze H, Kuhtz-Buschbeck JP, Drucke H, Johnke K,
Illert M, Deushl G (2001) Comparative analysis of
the gait disorder of normal pressure hydrocephalus
and Parkinson’s disease. J Neurol Neurosurg Psy-
chiatry 70: 289-297

Wilson SA, Thickbroom GW, Mastaglia FL. (1993)
Transcranial magnetic stimulation mapping of the
motor cortex in normal subjects: the representation

of two intrinsic hand muscles. J Neurol Sci 118:
134-144

Wolfson L, Judge J, Whipple R, King M (1995)
Strength is a major factor in balance, gait, and
the occurrence of falls. J Gerontol 50: 64-67

Authors’ address: K. Ikoma, MD, PhD, Department
of Rehabilitation and Physical Medicine, Hokkaido
University Graduate School of Medicine, N15 W7,
Sapporo  060-8638, Japan, e-mail: ikoma@med.
hokudai.ac.jp

—149—



	200632050A-0001.tif
	200632050A-0002.tif
	200632050A-0003.tif
	200632050A-0004.tif
	200632050A-0005.jpg
	200632050A-0006.jpg
	200632050A-0007.jpg
	200632050A-0008.tif
	200632050A-0009.tif
	200632050A-0010.tif
	200632050A-0011.jpg
	200632050A-0012.jpg
	200632050A-0013.tif
	200632050A-0014.tif
	200632050A-0015.tif
	200632050A-0016.jpg
	200632050A-0017.jpg
	200632050A-0018.tif
	200632050A-0019.tif
	200632050A-0020.tif
	200632050A-0021.tif
	200632050A-0022.tif
	200632050A-0023.tif
	200632050A-0024.tif
	200632050A-0025.tif
	200632050A-0026.tif
	200632050A-0027.tif
	200632050A-0028.tif
	200632050A-0029.tif
	200632050A-0030.tif
	200632050A-0031.tif
	200632050A-0032.tif
	200632050A-0033.tif
	200632050A-0034.tif
	200632050A-0035.jpg
	200632050A-0036.tif
	200632050A-0037.jpg
	200632050A-0038.jpg
	200632050A-0039.tif
	200632050A-0040.tif
	200632050A-0041.tif
	200632050A-0042.tif
	200632050A-0043.jpg
	200632050A-0044.jpg
	200632050A-0045.tif
	200632050A-0046.tif
	200632050A-0047.jpg
	200632050A-0048.jpg
	200632050A-0049.tif
	200632050A-0050.tif
	200632050A-0051.jpg
	200632050A-0052.jpg
	200632050A-0053.tif
	200632050A-0054.tif
	200632050A-0055.tif
	200632050A-0056.tif
	200632050A-0057.jpg
	200632050A-0058.jpg
	200632050A-0059.tif
	200632050A-0060.tif
	200632050A-0061.jpg
	200632050A-0062.jpg
	200632050A-0063.tif
	200632050A-0064.tif
	200632050A-0065.tif
	200632050A-0066.tif
	200632050A-0067.tif
	200632050A-0068.tif
	200632050A-0069.tif
	200632050A-0070.tif
	200632050A-0071.tif
	200632050A-0072.tif
	200632050A-0073.tif
	200632050A-0074.tif
	200632050A-0075.tif
	200632050A-0076.tif
	200632050A-0077.tif
	200632050A-0078.tif
	200632050A-0079.tif
	200632050A-0080.tif
	200632050A-0081.tif
	200632050A-0082.tif
	200632050A-0083.tif
	200632050A-0084.tif
	200632050A-0085.tif
	200632050A-0086.tif
	200632050A-0087.tif
	200632050A-0088.jpg
	200632050A-0089.tif
	200632050A-0090.tif
	200632050A-0091.tif
	200632050A-0092.tif
	200632050A-0093.tif
	200632050A-0094.jpg
	200632050A-0095.tif
	200632050A-0096.tif
	200632050A-0097.tif
	200632050A-0098.tif
	200632050A-0099.tif
	200632050A-0100.tif
	200632050A-0101.tif
	200632050A-0102.tif
	200632050A-0103.tif
	200632050A-0104.tif
	200632050A-0105.tif
	200632050A-0106.tif
	200632050A-0107.tif
	200632050A-0108.tif
	200632050A-0109.tif
	200632050A-0110.tif
	200632050A-0111.tif
	200632050A-0112.tif
	200632050A-0113.tif
	200632050A-0114.tif
	200632050A-0115.tif
	200632050A-0116.tif
	200632050A-0117.tif
	200632050A-0118.tif
	200632050A-0119.tif
	200632050A-0120.tif
	200632050A-0121.tif
	200632050A-0122.tif
	200632050A-0123.tif
	200632050A-0124.tif
	200632050A-0125.tif
	200632050A-0126.tif
	200632050A-0127.tif
	200632050A-0128.tif
	200632050A-0129.tif
	200632050A-0130.tif
	200632050A-0131.tif
	200632050A-0132.tif
	200632050A-0133.tif
	200632050A-0134.tif
	200632050A-0135.tif
	200632050A-0136.tif
	200632050A-0137.tif
	200632050A-0138.tif
	200632050A-0139.tif
	200632050A-0140.tif
	200632050A-0141.tif
	200632050A-0142.tif
	200632050A-0143.tif
	200632050A-0144.tif
	200632050A-0145.tif
	200632050A-0146.tif
	200632050A-0147.tif
	200632050A-0148.tif
	200632050A-0149.tif
	200632050A-0150.tif
	200632050A-0151.tif
	200632050A-0152.tif
	200632050A-0153.tif
	200632050A-0154.tif



