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Abstract

T FE BB 1E R E P D /N i~ D % B 25 16 KR (Transcranial magnetic
stimulation:TMS) T#H¥E S 5 RIEHHHEENZB) O HBUER 1T, REMERIZHE
ZEET DA O/ TMS T SN AR EBI AT HBMEE L FRICEN
o7z (Hiraoka et al. 2010), FARAEALBIEGRECTIXH & FOWMMBLETH D
MBI NS TR SN D RIBFRFEEISOUSIE, B & FORMICEET S
INTEEY & S L T B ATREE S R S e, B & FOmIEICIL, BIEF L FH
IO/ NFER NS S- L T D (Vercher et al. 1998), /MM TMS TR IND
RIBRREEN OSS B & FORMICBES o2/ NMIEEI 2 KB L T2 722 51X, #il
TAERIBHERRE T OBAET L RO/ MK~ TMS THREEAIZ R RFES) G2
FRINDEEBEZOND, FBRTIXIZORMERIE LT, WBREZ 40
A aA—T OFNZE G, AR EE LR RS, ZRICilns 7 L—
MFREE Y CEE, MERMETLE L —FOEMEN LT, A rAa
—T EOTA VN ETICEIK KOIC LTz, TOTA VEREMT A LIRS,
7 CH =12, 0. 2Hz CTIEGKEE Y A E T D45 T 4 28R L, f8 807 1~
TIEME STz, £/, a6 WP B O it ZEMER, Th 2 %6 —FHE [ (First
dorsal interosseous:FDI) 75 5 E[X (electromyography:EMG) #ftdk L 7=, =
OHREAERBIERE T, £, e, HD/MKE Pz IZ TMS, 3 Z N sham TMS %
TV, FEEBV BB R Z I L7z, /MM TMS SRAIFOIREIEBZB)D onset
REIIAD 100ms, EMG S onset WEREIIHK) 60ms T o7z, /8, Hk, D/ MK
TMS SefFOFEEEN A B HEMERIL, Pz S, sham TMS SF XV FEIZE -T2
3. NI TMS SMERICHE BRI o T, bEX Y | HRIERNBREGREF O
RIS IE R Z B3/ TMS CHREERAICHER S D aTREMED RIS STz,

/NI TMS TREFE S D RIGREETISUS A, R EEA BRI BE 9~ 5 /MK
WENZ L T D7 BIiE, I L > TEOHBIRIIRE D EEXHND,
Lo T, EIAFFETIL, /MM TMS TEE% SN 5 RIGRSEE) USSR R B HE
MECRRMICERSINADERGE LT, £, DIMA~OKE TMS 12X 5 RE
TRE TR BUEPE DL bIE, FHER~D RAERA A (magnetic stimulation:MS)
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THAU D (Gerschlager et al. 2002), /MM TMS & ZE#E MS Tl [RIBRIC 30 E
ENEL DD, ZOREFR RSB IFHMER IR L TV
LHAREMELZ B ETE R, DF D, /MK TMS TiE¥ SN L RIBFHEBISUS 51
EEENCHSR L CW D AR B D, 5B IR TIX. /NI TMS THE SN L&
VR I YRR ) S5 S BB L S SR 2 M DWW T b MREE L 7=, 0. 2Hz TIESXIZ Y il
BT DR T A > 2B Lt i (continuous tracking:CT) . FEEGEHY
21 SRR SNDERNT A V&2 BRET 28, T AV EIREMNT A v
i TICHRE M 2 —RI7Z0T O MUE, fEA B ST FDI OIHE AT O iR
BZATOYE I, AP, K TMS, ZHER NS, 36 X UF sham TMS 24TV, F55EH)
R, EMG SO D B R 2 beige U 7z, FREE 28 B MERIT, W o@Elc
BT H/IMM TMS e, ZEEE MS 254728 sham TMS S:fF L 0 BEIZE D> 7223,
NI TMS 2 & ZEFMS SRS B 221372 03 o 7o, RWERE EMG SO H B 2R 1
CT (ZFUNT, /I TMS Zefth 25 2830 MS St sham TMS Sk LW A EICm -T2
P, FHER MS Z&ff: & sham TMS SefFRICH B R ZEZT R D> 1o, MOFBREIZIHBNT
X, WTHORBMERIC b B RERZEIE o7, BLEXD | /K TMS 12X~
THRE SN L RIBRREBZET, SRR/ NMTEE) 4 R L 720 ATREE
PRSIz, £, RIEBRHEESZBNIEIEBNCH K LT D AR A
TETE QMo T, 7, RIBKE EMG BOCH BLRERIL, CT TII/Mid TMS 23 B4 MS,
sham TMS X W HEIZE D27y, MO EEFRE CIIMS R A B 213 e h
o7z, CT TIX Y XA I BIVIRIREHEENZ1T 5 1o ORFRIHIE AL E L 72 D, OF
D, BWRE EMG SURIE Y XX B V2R FEIEEN 3 1 2 RERET A AN L2 B33~ 2 /NI
[HE) 2 S LT D ATRB DS R STz,

LLEE D /N TMS TEEF SN2 RIBIHEESZEN L, RETH, iR ey
PR/ NITE BN A R L2223, Ry EMG B AR e B ) 7 /NI ) 2 k9
LHAREMED N B D L i T Do

F—U— R /MM, RREHERKOI, RIERLOS, 1BRERE

Key words: Cerebellum, Transcranial magnetic stimulation, Long latency

response, Tracking task



Overview

I. Transcranial magnetic stimulation over the cerebellum

Transcranial magnetic stimulation (TMS) over the cerebellum 5-8 ms
before TMS over the contralateral motor cortex reduces the amplitude of
motor evoked potential (MEP) in the first dorsal interosseous (FDI)
muscle"®®. Furthermore, cerebellar TMS (C-TMS) immediately modulates short
interval intracortical inhibition in the motor cortex'. The inhibitory
effect was absent in patient with a lesion in the cerebellum’ or in the
thalamus®. These findings indicate that C-TMS induce the short latency
inhibitory effect on the corticospinal excitability via the
cerebello—thalamo—cortical pathway.

C-TMS not only induces the short latency inhibitory effect but also
induces a long latency motor response. C-TMS induced electromyographic
(EMG) response at the latency of approximately 100 ms in bilateral soleus
in standing human’ and the latency was shorted by optokinetic stimulation
to activate vestibulospinal tract®. These findings indicate that C-TMS
induce long latency motor response in the soleus muscle via vestibulospinal
tract. Long latency motor response is induced by C-TMS not only in the soleus
muscle but also in the hand. TMS over the right cerebellum induces
fluctuation of right index finger movement with the latency of
approximately 100 ms and the EMG response in the FDI muscle with the latency
of approximately 65 ms during tracking a target moving up and down
rhythmically with the right index finger movement’. The probability of
fluctuation induced by C-TMS during the visually guided manual tracking
task was significantly higher than that induced by C-TMS during keeping
a line moved by the index finger on the stationary target line. Thus, the

difference in the probability of fluctuation may reflect the difference



in the cerebellar activity associated with visually guided manual tracking
task. Visual feedback control, eye—hand coordination and temporal control
could be required during visually guided manual tracking task. Therefore,
long latency motor response induced by C-TMS may be associated with the
cerebellar activity of visual feedback control, eye—-hand coordination or

temporal control.

II. Role of the cerebellum during visually guided manual tracking

The cerebellar hemisphere plays an important role of visual feedback
control, eye—hand coordination and temporal control during visually guided
manual tracking. Cerebellar activity increases during the pointing task
in which visual feedback control is indispensable' and during visually
guided manual tracking task in which eye—hand coordination is

11-13

indispensable Eye—hand coordination was impaired in the patient with

W1 Lesion of a dentate nucleus in the cerebellum

cerebellar lesion
impaired the performance of visually guided manual tracking in baboon'.
Purkinje cells in the lateral cerebellum were activated during visually
guided reaching task in cats'. Furthermore, the movement time in the
eye—hand coordination task was increased by repetitive TMS (rTMS) over the
cerebellum’. These findings indicate that the cerebellum plays a role in
visual feedback control and eye—hand coordination during visually guided
manual tracking task.

The cerebellum plays an important role not only in visual feedback
control or eye—hand coordination but also in temporal control. Cerebellar
activity increased when subjects performed finger tapping according with
rhythmic metronome tones'. rTMS over the cerebellum increased variability
of the intertap interval of finger tapping according with externally paced
rhythmic auditory cues®. These findings suggest that the cerebellum plays

an important role on temporal control of rhythmic finger movement. Based

on these findings, 1 established a hypothesis that long latency motor
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response induced by C-TMS preferentially appears when visual feedback
control, eye—hand coordination or temporal control is required, if long
latency motor response induced by C-TMS reflects the local cerebellar

activity of these motor control.

Il. The first experiment

Visually guided manual tracking is impaired after ipsilateral dentate
nucleus lesions in baboons'®, indicating that the cerebellum ipsilateral
to the tested hand contributes to visually guided manual tracking. If long
latency motor response induced by TMS over the cerebellum is related to
the local cerebellar activity of visually guided manual tracking, long
latency motor response must be preferentially induced by TMS over the right
cerebellum during visually guided manual tracking. In the first experiment,
I investigated whether long latency fluctuation of finger movement is
preferentially induced by TMS over the right cerebellum during visually
guided manual tracking. TMS was delivered to the left, middle or right
cerebellum or Pz when the subjects tracked the moving target with right
index finger movement. The probability of fluctuation of finger movement
induced by TMS over the cerebellum was significantly higher than that
induced by TMS over the Pz or sham TMS, but there was no significant
difference in the probability of fluctuation among the stimulation
conditions. The latency of fluctuation of index finger movement and EMG
response induced by TMS over the cerebellum were approximately 100 ms and
65 ms respectively. These findings indicate that long latency fluctuation
during visually guided manual tracking task is induced by TMS specifically
over the cerebellum, but is not preferentially induced by a specific site

of the cerebellum.



IV. The second experiment

I investigated whether the appearance of long latency motor response
depend on the task in the second experiment. If long latency motor response
associates with the cerebellar activity of visual feedback control,
eye—hand coordination or temporal control of finger movement, long latency
motor response induced by C-TMS preferentially appear during continuous
visually guided manual tracking that is the task in previous study reported
by Hiraoka et al.”.

On the other hand, there is a methodological concern about C-TMS.
Single pulse® or repetitive TMS* over the cerebellum or over the dorsal
neck similarly affect the corticospinal excitability. One possible
explanation is that the effect is caused by neck twitch induced by
contraction of dorsal neck muscle by TMS over the cerebellum or by over
the dorsal neck. Thus, long latency motor response may be originated from
neck twitch concomitantly induced by C-TMS.

In the second experiment, TMS was delivered over the right cerebellum
(C-TMS) or magnetic stimulation was delivered over the right dorsal neck
(N-MS) to evoke neck twitch and sham TMS (S—-TMS) was delivered during the
four tasks, which were continuous or discrete visually guided manual
tracking, and phasic or tonic contraction of the FDI muscle. The probability
of fluctuation of index finger movement induced by C-TMS or N-MS was
significantly higher than that induced by S-TMS, but there was no
significant difference between the probability of EMG response induced by
N-MS and that induced by S-TMS during each task. The probability of EMG
response induced by C-TMS was significantly higher than that induced by
N-MS or S-TMS during continuous tracking (CT) but there was no significant
difference of the probability of EMG response between the stimulation
conditions during the other tasks. Thus, I can not rule out the possible
that the origination of fluctuation of finger movement is concomitantly

neck twitch induced by C-TMS, and long latency EMG response can not be
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explained by neck twitch. Externally paced rhythmic finger movement based
on temporal control was required only during CT, so the cerebellar activity
of temporal control of rhythmic finger movement are the possible neural
mechanism underlying that long latency EMG response was preferentially

induced by C-TMS during CT.

V. Summary

Fluctuation of finger movement induced by C-TMS must not reflect the
local cerebellar activity and must not represent task—specific response.
Further, I can not rule out a possibility that fluctuation is originated
from neck twitch evoked by C-TMS. On the other hand, long latency EMG
response induced by C-TMS must reflect the cerebellar activity of temporal
control of rhythmic finger movement and long latency EMG response must not

be originated from neck twitch.



Chapter 1: Long latency fluctuation of finger movement preferentially

induced by cerebellar TMS during visually guided manual tracking

I. Introduction

Transcranial magnetic stimulation (TMS) over the cerebellum affects
the motor system. Conditioning TMS or electrical stimulation over the
cerebellum 5-8 ms before TMS over the motor cortex reduces the amplitude
of motor evoked potential (MEP) in the first dorsal interosseous (FDI)

b2 Conditioning electrical stimulation over the cerebellum 3 ms

muscle
before TMS over the motor cortex increases the size of MEP in the FDI muscle®.
Cerebellar TMS immediately modulates short interval intracortical
inhibition in the motor cortex’. Cerebellar TMS during ballistic movement
modulates the triphasic electromyographic (EMG) pattern® *.

TMS over the cerebellum induces an EMG response in the soleus muscle
with a latency of approximately 100 ms in standing”®. More recently, it has
been reported that cerebellar TMS induces a fluctuation of index finger
movement during visually guided manual tracking task’. In this study, the
subjects tracked an oscillatory moving target with their index finger. The
trajectory of the finger movement fluctuated 92 ms after cerebellar TMS,
and fluctuation was accompanied by an EMG burst in the FDI muscle with an
onset of 65 ms after cerebellar TMS. However, several questions remain to
be answered about this finding.

First, it remains unclear whether fluctuation is preferentially
activated by TMS over any specific site of the cerebellum. Cerebellar TMS
did not induce a long latency fluctuation of finger movement during a
stationary task, but it did during visually guided manual tracking task’.

This finding implies that fluctuation may be related to visually guided

manual tracking. Performance of visually guided manual tracking is impaired
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after ipsilateral dentate lesions in baboons'. Purkinje cells in the
lateral cerebellum are activated during visually guided reaching task in
cats'. Based on these findings, I hypothesized that a long latency
fluctuation of finger movement during visually guided manual tracking is
preferentially induced by TMS over the cerebellum ipsilateral to the
operating hand.

Secondary, it remains unclear whether long latency fluctuation of
finger movement is induced by TMS preferentially over the cerebellum.
Simple reaction times are shortened similarly after TMS delivered over the

different sites, such as M1, Cz, or Pz*"?®

, indicating a general TMS effect
on the motor system no matter which point is stimulated. Accordingly, the
TMS—induced long latency fluctuation of finger movement observed in the
previous study may be induced by TMS not only over the cerebellum but also
over the other stimulus sites. Thus, it must be confirmed whether long
latency fluctuation of finger movement induced by cerebellar TMS during
visually guided manual tracking appears only when TMS is delivered over

the cerebellum. Therefore, 1 investigated cerebellar TMS—induced long

latency fluctuation of finger movement to answer these questions.



II. Methods

1. Subjects and apparatus

Ten healthy humans aged between 24 and 36 years were recruited. The
subjects did not have orthopedic or neurological histories. The subjects
were seated on a height—adjustable chair. The right forearm was placed on
a table in a neutral position between pronation and supination. The right
forearm and right palm were fixed by metal frames to prevent unwanted motion
(Fig. 1.1). The right index finger was extended comfortably, and the
fingertip was placed on a flexible plate. The flexible plate was warped
with flexion of the metacarpophalangeal joint of the index finger. The
degree of warp, expressed as fingertip displacement, was measured via
strain gauges attached to the flexible plate. The signals from the strain
gauges were amplified via strain amplifier (DPM-712B, Kyowa Dengyo). The
fingertip displacement indirectly represented index finger movement
Ag/AgCl surface electrodes were placed on the right FDI muscle 1 cm apart
to record EMG signals. The EMG signals were amplified with a pass—band
filter of 50 Hz to 3 kHz using an amplifier (MEG-2100, Nihon Kohden). The
signals from the strain gauges and EMG signals were converted to digital

signals at a sampling rate of 10 kHz and stored in a personal computer.

2. Tracking a moving target

A sinusoidal curve with cycle duration of 5 s was generated using a
function generator (FG-273, Kenwood). The y—axis of the sinusoidal curve
was displayed on an oscilloscope as a horizontal line (target line). The
amplitude of the y-axis of the sinusoidal curve corresponded to
approximately 20 mm of the fingertip displacement. On the same oscilloscope,
the fingertip displacement was displayed as another horizontal line. The

line was at the bottom when the fingertip displacement was 0 (neutral
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position), and the line went up with flexion of the index finger (flexion

position).

3. TUS

TMS was delivered by a double—cone coil (YM-133B, Nihon Kohden)
connected to a magnetic stimulator (SMN-1200, Nihon Kohden). The maximum
intensity of the coil was 0.96 T. The center of the junction region of the
coil was placed at three sites over the cerebellum; 1 cm below and 3 cm
to the right of the inion to stimulate the right cerebellum, 1 cm below
and 3 cm to the left of the inion to stimulate the left cerebellum, and
1 cm below the inion to stimulate the middle cerebellum® (Fig. 1.2). In
addition, Pz was stimulated by TMS as a point other than the sites over
the cerebellum®. The coil was placed to produce downward current in the
coil, evoking an upward current in the brain. When delivering sham TMS,
the coil was held at a 90—degree angle from the scalp over the back of the
head.

The active motor threshold of short latency motor response induced
by TMS over the left, middle, and right cerebellum in the FDI muscle were
estimated during visually guided manual tracking task. The active motor
threshold was defined as the lowest stimulus intensity producing a liminal
short latency motor response in five out of ten consecutive stimuli. The
intensity of test TMS was 90% of the lowest threshold among the three TMS
sites over the cerebellum. If the short latency motor response was not
induced by TMS with maximum stimulator output, the TMS intensity was set

as 90 % of the maximum stimulator output.

4. Procedure
The subjects gazed at a target line on the oscilloscope and tracked
the target line with the index finger. TMS was delivered when the fingertip

displacement reached approximately 15 mm during flexion of the index finger
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for visually guided manual tracking task. A trigger producing TMS was
generated using a trigger generator system (EC-601], Nihon Kohden). Sites
of coil placement were randomly changed between the trials. Thirty trials
were conducted for each TMS condition. The interval between the trials was

about 10 s.

5. Data analysis

To determine the presence or absence of fluctuation of finger movement,
the acceleration of the fingertip displacement was estimated. If the
peak—to—peak amplitude of acceleration in the time window between O and
300 ms after TMS exceeded 1.5 times that in the time window between 0 and
200 ms before TMS, fluctuation of finger movement was judged to be present.
The probability of fluctuation of finger movement was expressed as the
number of positive trials divided by the number of whole trials (30 trials).
The average EMG amplitude in the time window between 0 and 1000 ms before
TMS was defined as the background EMG amplitude.

The onset latency and peak latency of EMG response induced by
cerebellar TMS was visually estimated from the average rectified EMG trace
from all the trials of all the subjects. The root mean square of tracking
error (RMS error) in time window between 0 and 1000 ms before TMS was
calculated to quantify the performance level of the tracking task.

One—way ANOVA was conducted to test the different in means among the
TMS conditions. Fisher’s PLSD test was conducted if the ANOVA revealed
statistical significance. Unpaired t—tests were conducted to test the
difference in background EMG amplitude between the trials with a
fluctuation of finger movement and the trials without fluctuation. The
alpha level was 0.05. Data are presented as the mean values and standard

error of the mean.
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Flexion

Finger tip displacemen Neutral

Fig. 1. 1 An illustration of experimental setup.

Inion

1em
cm cm

Right cerebellum
Middle cerebellum

Left cerebellum

Fig. 1. 2 An illustration of coil position. Filled circle indicate
position of center of double cone coil and open circle indicate

reference point for the coil position.

_13_



II. Results

1. Active motor threshold of cerebellar TUS

The short latency motor response did not appear even at the maximum
TMS intensity in 8 subjects in the left cerebellum condition, in 6 subjects
in the middle cerebellum condition, and in 7 subjects in the left cerebellum
condition. In the subjects who showed the short latency motor response,
the active motor threshold of the short latency motor response ranged from
88 to 99 % of the maximum output in the left cerebellum condition, ranged
from 83 to 99 % of the maximum output in the middle cerebellum condition,
and ranged from 88 to 99 % of the maximum output in the left cerebellum
condition. TMS intensity used in the experiment was 87.1 £ 5.2 % of the
maximum output. TMS over the cerebellum with this intensity induced neck
twitch in all trials, but TMS over the Pz or sham TMS did not induce that

in all trials.

2. Long latency fluctuation of finger movement

Specimen record of fingertip displacement and FDI-EMG during visually
guided manual tracking task is illustrated in Fig. 1. 3. The amplitude of
the fingertip displacement was 20.7 = 0.6 mm. TMS was delivered when the
fingertip displacement reached 13.2 £ 0.1 mm. Specimen records of the
averaged trajectory of the fingertip displacement are shown in Fig. 1. 4.
The probability of fluctuation of finger movement was 19.0 % in the left
cerebellum condition, 19.3 % in the middle cerebellum condition, and 18.3 %
in the right cerebellum condition (Fig. 1. 5). The probability of
fluctuation of finger movement was much less in the non—cerebellar TMS
conditions (i.e. 6.7 % in the Pz condition; 7.6 % in the sham condition)
as compared to the cerebellar TMS conditions. One—-way ANOVA revealed a

significant difference in the probability of fluctuation of finger movement
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among the TMS conditions (F(4, 45)=3.03; P<0.05). A post—hoc test revealed
that the probability of fluctuation of finger movement in the cerebellar
TMS conditions was significantly higher than that in the non—cerebellar
TMS conditions (P<0.05). There was no significant difference in the
probability of fluctuation of finger movement among the cerebellar TMS
conditions and between the Pz and sham conditions (P>0.05). The latencies
of fluctuation of finger movement induced by cerebellar TMS were 112 =+
23 ms in the left cerebellum condition, 106 &= 15 ms in the middle cerebellum

condition, and 105 &= 11 ms in the right cerebellum condition, respectively

(Fig. 1. 6).

3. Long latency EMG response after TUS

Averaged EMG traces are shown in Fig. 1. 7. An EMG response after TMS
was clearly observed in the cerebellar TMS conditions, but not in the Pz
and sham conditions. The onset latency of the EMG response ranged from 62
to 68 ms in the cerebellar TMS conditions. The peak latency of the EMG

response ranged from 87 to 94 ms in the cerebellar TMS conditions.

4. Background EMG amplitudes

Background EMG amplitudes were 17 = 1 uV in the right cerebellum
condition, 16 = 1 pV in the middle cerebellum condition, 16 = 1 pV in
the left cerebellum, 16 = 1 pV in the Pz condition, and 17 = 1 uV in
the sham condition. One—-way ANOVA revealed no significant difference in
background EMG amplitude among the TMS conditions (F (4, 45)=0.01; P=1.00).
Background EMG amplitudes averaged for trials with fluctuation ranged from
13 to 15 uV, and that for trials without fluctuation ranged from 16 to
18 uV for the TMS conditions. There was no significant difference in
average background EMG amplitudes between the trials with fluctuation and

those without fluctuation (P>0.05).
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5. KMS errors

RMS errors were 2.0 &= 0.1 mm in the left cerebellum condition, 2.1
+ 0.1 mm in the middle cerebellum condition, 2.1 = 0.1 mm in the right
cerebellum condition, 2.1 = 0.1 mm in the Pz condition, and 2.2 = 0.1
mm in the sham condition. One—-way ANOVA revealed no significant difference
in RMS error among the TMS conditions (F (4, 45)=0.23; P=0.92). RMS errors
averaged for trials with fluctuation ranged from 1.5 to 2.2 mm, and that
for trials without fluctuation ranged from 1.9 to 2.2 mm. There was no
significant difference in average RMS errors between the trials with

fluctuation and those without fluctuation (P>0.05).
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Target and finger
tip displacement

Tracking error W

|5mm

FDI-EMG

- 50 pVv
TMS artifact —
500 ms

Fig. 1. 3 Specimen record of target, fingertip displacement, tracking
error and FDI-EMG during visually guided manual tracking task. At the
top of the figure, smooth curves are the target and jaggy curves are
the fingertip displacement. Tracking errors indicate the difference

between the target and the tracking trajectory.
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Fig. 1. 4 Specimen record of the averaged trajectory of the fingertip

displacement. A dashed vertical line indicates TMS onset.
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Fig. 1. 5 Probability of fluctuation of finger movement averaged
for all the subjects. Bars indicate means and error bars indicate

standard error. An asterisk indicates statistical significance.
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Fig. 1. 7 Averaged rectified EMG traces for each condition. On set
latency (filled triangles) and peak latencies (open triangles) are

shown for the cerebellar TMS conditions.
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IV. Discussion

The aim of this study was to investigate whether the finger movement
during visually guided manual tracking task is fluctuated by TMS
specifically over the cerebellum and is differently fluctuated by TMS over
different sites of the cerebellum. Our data showed the high probabilities
of fluctuation of finger movement evoked by cerebellar TMS as comparing
to the probability of that induced by TMS over the site other than the
cerebellum. However, the probabilities are not significantly different

between the TMS sites over the cerebellum.

1. Methodological considerations

An inhibitory conditioning effect of electrical or magnetic
stimulation over sites around the inion on MEP in the FDI muscle is present
in healthy subjects', but absent in patients with cerebellar lesions” %!,
These previous findings indicate that TMS over sites around the inion
activate neural pathways in the cerebellum. Cerebellar TMS was delivered
in the present study in a similar way as that in these previous studies.
Accordingly, cerebellar TMS could have stimulated certain cerebellar
structures in this study.

There is a concern as to whether cerebellar TMS induced a motor
response by direct stimulation of the brainstem. TMS over the inion or sites
around the inion evokes a short latency motor response in the FDI muscle
by direct stimulation of the brainstem®*. In the present study, TMS below
the active motor threshold of a short latency motor response was delivered.
Furthermore, no motor responses were found on the averaged EMG trace between
0 and 60 ms after cerebellar TMS. These findings indicate that a short
latency motor response was not induced by TMS, and that the motor response

induced by cerebellar TMS was not originated from direct stimulation of
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the brainstem.

Another concern was that background EMG activity levels may have
affected the probability of fluctuation of finger movement. A previous
study found no significant difference in the background EMG amplitude
between the trials with fluctuation and those without fluctuation during
visually guided manual tracking task’ In the present study, the background
EMG amplitude was not significantly different between the trials with
fluctuation and trials without fluctuation as consistent with the previous
finding and was not significantly different among all the TMS conditions.
These findings indicate that background muscle activity level is not a
determinant of the probability of fluctuation of finger movement induced
by TMS.

The other concern was that cerebellar TMS—-induced contraction of the
neck muscles may have produced movement artifact affecting finger movement.
However, this possibility is not likely, because the right forearm and right
palm were fixed by metal frames to prevent unwanted motion. Furthermore,
if TMS-induced movement artifact is a cause of fluctuation of finger
movement, fluctuation must occur during any of the motor tasks. However,
it has been confirmed that fluctuation of finger movement is rarely induced
by cerebellar TMS during stationary task’. Fluctuation of finger movement
was preceded by an EMG response in the FDI muscle, indicating that muscle
response in the FDI muscle is likely to be the cause of fluctuation of finger
movement. Accordingly, fluctuation of finger movement can not be derived

from movement artifact induced by cerebellar TMS.

2. Fluctuation of finger movement

The probability of fluctuation of finger movement induced by
cerebellar TMS was higher than that induced by the TMS over the Pz or sham
TMS. These findings suggest that fluctuation of finger movement during

visually guided manual tracking task is not a general effect of TMS but
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that is induced by TMS specifically over the cerebellum. The latency of
long latency motor response in soleus muscle recorded by Sakihara et al.
(100 ms) resembles the latency of long latency motor response observed in
the present study. The authors observed that the latency of the motor
response was dependent upon optokinetic stimulation, indicating that the
vestibulospinal pathway is the neural pathway mediating long latency motor
response®. Accordingly, the vestibulospinal tract is a possible pathway

mediating long latency motor response.

3. Tracking error and finger fluctuation

A previous study hypothesized that the cerebellar activity for
correcting error of movement may be related to fluctuation of finger
movement induced by cerebellar TMS’. This hypothesis is derived from a
previous finding of an inverse correlation between cerebellar activation
and motor performance®. In the present study, we tested the hypothesis by
investigating the relationship between the size of the tracking error and
the probability of fluctuation of finger movement. There was no significant
difference in the size of the tracking error between the trails with
fluctuation and without fluctuation under all the TMS conditions,
indicating that fluctuation of finger movement induced by cerebellar TMS

is not related to the cerebellar activity for correcting error of movement.

4. Site specificity of cerebellar TMS

The probability of fluctuation of finger movement was not
significantly different among the cerebellar TMS conditions. This finding
was consistent with previous findings on cerebellar TMS—induced motor
responses. TMS over the 7 sites of the back and left of the head except
the inion similarly induced long latency motor response in the soleus muscle
in standing’, and the response was induced by TMS over both the left and

the right cerebellum®. Furthermore, the change in performance during the
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eye—hand coordination task induced by repetitive TMS (rTMS) over the
cerebellum was not significantly different between rTMS over the cerebel lum
ipsilateral to the hand tested and that over the cerebellum contralateral
to the hand tested'.

Different sites of the cerebellum take different functional roles™.
Therefore, if long latency fluctuation of finger movement induced by
cerebellar TMS had reflected the direct activation of the cerebellum,
fluctuation would be dependent on TMS sites over the cerebellum. This
contradiction raises a doubt that long latency fluctuation of finger
movement may not be derived from direct activation of the cerebellum. Long
latency fluctuation of finger movement induced by non—site specific
cerebellar TMS is logically explained by a view that long latency
fluctuation of finger movement is induced by activity of neural pathways
activated by TMS over any site of the cerebellum. Cervical spinal cord can
not have been directly activated by cerebellar TMS, because TMS intensity
was below the motor threshold of the short latency motor response induced
by direct stimulation of the spinal cord. The afferents of the neck muscles
can have been activated by cerebellar TMS, because neck twitch was similarly
observed in all the cerebellar TMS conditions. A previous study reported
that rTMS over the cerebellum and that over the neck similarly facilitated
MEP in the hand muscle®, indicating that the some neural pathways are
commonly activated by magnetic stimulation over the cerebellum or the
dorsal neck. Accordingly, it is possible that TMS over any site of the
cerebellum may have activated neck muscle afferents and this activation
may have mediated activation of the neural pathways inducing long latency

fluctuation of finger movement.
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V. Summary

Long latency fluctuation of finger movement during visually guided
manual tracking task is induced by TMS specifically over the cerebellum,
but is not preferentially induced by a specific site of the cerebellum.
Long latency fluctuation of finger movement can be mediated by the neural
pathways which are activated by TMS over any site of the cerebellum.
Cerebellar TMS induced long latency motor response during visually guided
manual tracking task may be useful to investigate the neural pathways

activated by TMS over the cerebellum.
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Chapter 2: Long latency electromyographic response is preferentially
induced by transcranial magnetic stimulation over the cerebellar during

continuous visually guided manual tracking

I. Introduction

Transcranial magnetic stimulation (TMS) over the cerebellum evokes
electromyographic (EMG) response with the latency of approximately 100 ms
in the soleus muscle in standing human”®. Furthermore, cerebellar TMS
(C-TMS) induces EMG response in the first dorsal interosseous (FDI) muscle
with the latency of approximately 60 ms and induces fluctuation of index
finger movement with the latency of approximately 100 ms during visually
guided manual tracking task®®. The probability of fluctuation of the index
finger induced by C-TMS during visually guided manual tracking task was
higher than that induced by C-TMS during stationary task to keep the line
moved by index finger at the stationary target line’. The subjects tracked
a target moving up and down rhythmically with the index finger during
visually guided manual tracking task, so visual feedback control, eye—hand
coordination and temporal control for rhythmic finger movement must be
processed during the task. In contrast, eye—hand coordination, temporal
control could be hardly required during stationary task. Thus, eye—hand
coordination and temporal control are the possible neural mechanism
underlying that long latency motor response is preferentially induced by
C—TMS during visually guided manual tracking task. In this study, to confirm
what kind of factors of motor control is necessary for preferential
appearance of long latency motor response induced by C-TMS, I inspect the
probability of long latency motor response induced by C-TMS during several
tasks including some of these motor controls.

There are concerns about the effect of C-TMS. The inhibitory effect

of conditioning C-TMS on motor evoked potential (MEP) in the FDI muscle

_27-



is available by magnetic stimulation (MS) over the dorsal neck (N-MS)?*.
Furthermore, repetitive C-TMS and repetitive N-MS similarly increase MEP
amplitude in the FDI muscle®. Neck twitch via contraction of the dorsal
neck muscle is observed in either of the stimulation conditions. The
contraction of the neck dorsal muscle can induce afferent feedback and
motion artifact on hand, so there is a possible that the afferent feedback
and motion artifact induced by C-TMS affected corticospinal excitability
in these previous studies. Long latency fluctuation of finger movement and
EMG response induced by C-TMS can be associated with concomitantly neck
twitch induced by C-TMS because neck twitch must be evoked when C-TMS was
delivered during visually guided manual tracking task. In this study, to
confirm whether the neck twitch associate with long latency fluctuation
of finger movement and EMG response, the probability of long latency
fluctuation of finger movement and EMG response induced by C-TMS is compared
with that induced by N-MS which evokes neck twitch to be same amplitude
of the neck twitch evoked by C-TMS.

_28_



II. Methods

1. Subjects

Eleven healthy humans aged between 22 and 37 years were recruited.
The subjects did not have orthopedic or neurological histories. The
experimental protocol was explained, and the subjects gave their written
informed consent to subject in this experiment. The ethics committee of
Osaka Prefecture University approved the experimental procedures, and the

study was conducted according to the Declaration of Helsinki.

2. Apparatus

The subjects were seated on a height—-adjustable chair ahead of
oscilloscope and the electrogoniometer was attached to a jaw and precordia
to record the neck motion of flexion and extension (Fig. 2. 1A). Earplugs
were inserted to both ears to prevent the effect of concomitantly auditory
stimulation of TMS. The right forearm was placed on a table in a neutral
position between pronation and supination. The right forearm and palm were
fixed by metal frames to prevent unwanted motion. The right index finger
was extended comfortably and the fingertip was placed on a flexible plate
(Fig. 2. 1C). The flexible plate was warped with flexion of the
metacarpophalangeal joint of the index finger. The degree of warp,
expressed as fingertip displacement, was measured via strain gauges
attached on the flexible plate. The signals from the strain gauges were
amplified via strain amplifier (DPM-712B, Kyowa Dengyo). The fingertip
displacement indirectly represented index finger movement. Ag/AgCl surface
electrodes were placed on the right FDI muscle 1 cm apart to record EMG
signals. The EMG signals were amplified with a pass—band filter of 5 Hz
to 3 kHz using an amplifier (MEG-2100, Nihon Kohden). The signals from the

strain gauges and EMG signals were converted to digital signals at a
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sampling rate of 10 kHz (PowerLab, ADInstruments) and stored in a personal

computer.

3. Motor task
1) Continuous tracking (CT)

A sinusoidal curve with cycle duration of 5 s was generated using a
function generator (FG-273, Kenwood) and the y—axis of the sinusoidal curve
was displayed on an oscilloscope as a horizontal line defined as target
line (Fig. 2. 2A). The amplitude of sinusoidal curve was corresponded to
approximately 20 mm of the fingertip displacement. On the same oscilloscope,
the fingertip displacement was displayed as another horizontal line defined
as fingertip displacement line. The line was at the bottom when the
fingertip displacement was 0 (neutral position), and the line went up with
flexion of the index finger (flexion position). The subjects track the
continuously and rhythmically moving target by flexion and extension of

index finger.

2) Discrete tracking (DT)

Subject gazed at oscilloscope which nothing was displayed on and the
finger was fixed at neutral position, and the moving target and fingertip
displacement line was displayed at random timing (Fig. 2. 2B). The subject
started tracking moving target as soon as the target comes to the bottom
that is point of neutral position of fingertip displacement. Subject
continues tracking till the lines disappear at the middle point of extension

phase. The intervals of trials were 10 sec or more and at random.

3) Phasic contraction (PC)
The target and fingertip displacement line was not displayed throughout
the trial (Fig. 2. 2C). The subject was asked the index finger flexed at

the same degree of speed and range of motion during DT at self-generated
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timing.

4) Tonic contraction (TC)

EMG amplitude of the FDI muscle on lined was displayed on monitor put
ahead of subject but not displayed the target and fingertip displacement
line. The subject was asked the index finger continuously fixed at
approximately 15 mm flexion position and the amplitude of EMG with
contraction matching with that in the tracking at approximately 15 mm

flexion position of index finger (Fig. 2. 2D).

4. Magnetic stimulation

MS was delivered by a double—cone coil (YM-133B, Nihon Kohden)
connected to a magnetic stimulator (SMN-1200, Nihon Kohden). The maximum
intensity of the coil was 0.96 tesla. The center of junction region of the
coil was placed at the point 1 cm below and 3 cm to right of the inion to
stimulate the right cerebellum hemisphere”® # % (Fig. 2. 1B). The coil
was placed to evoke upward current in the brain. The active motor threshold,
which of short latency motor response is induced by C-TMS in the FDI muscle,
was estimated during tracking the moving target. The active motor threshold
was defined as the lowest stimulus intensity producing a short latency motor
response in five out of ten consecutive stimuli. The intensity of test TMS
was 90% of the lowest threshold. If the short latency motor response was
not induced by TMS with maximum stimulator output, the TMS intensity was
set as 90 % of the maximum stimulator output. This stimulation condition
was defined as C-TMS condition.

Another stimulus position is a point in 2 cm to right and below
two—third of the distance of inion and C7 from inion to stimulate peripheral
structures around back of the head except cerebellum (Fig. 2. 1B). The coil
was placed to produce downward current in the coil. The intensity was

estimated to be same the range of neck motion induced by magnetic
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stimulation (MS) over the neck and that by C-TMS during tracking task. It
is not possible that the certain cerebellar structure is not stimulate
directly if the coil is put these site on neck, but peripheral structure,
which associate with neck twitch at least, is stimulated by degree same
as the C-TMS condition if the amplitude of neck twitch is same as C-TMS
condition. This stimulation setting was defined as neck MS (N-MS) condition.
When delivering sham TMS (S-TMS), the coil was held at a 90-degree angle
from the scalp over inion. The intensity was set at degree of C-TMS.
TMS was delivered when the fingertip displacement reached
approximately 15 mm during the task with flexion of the index finger. A
trigger producing TMS was generated using a trigger generator system
(EC-601J, Nihon Kohden). In TC without finger flexion, TMS was delivered
by manual operation at random timing. Twenty times of TMS was performed

during the task at the interval 5 sec or more in either task.

5. Data analysis

Peak to peak of trajectory of neck motion was measured after TMS in
each trials and it was defined as amplitude of neck motion. The onset latency
was visually estimated in each trial. The acceleration of the fingertip
displacement was estimated to determine the presence or absence of
fluctuation of finger movement. If the peak-to—peak amplitude of
acceleration in the time window between 0 and 300 ms after TMS exceeded
1.5 times that in the time window between 0 and 200 ms before TMS,
fluctuation of finger movement was judged to be present. The probability
of the positive was expressed as the number of positive trials divided by
the number of whole trials. The onset latency of fluctuation of finger
movement was visually estimated on an averaged trace of fingertip
displacement from trials with fluctuation of each subject.

Baseline of the EMG trace was adjusted to be 0, and the adjusted EMG

trace was rectified. A regression equation and residuals were calculated
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from the averaged EMG trace in all trials in the time window between O and
300 ms before TMS (Fig. 2. 1D). A line was calculated in the way to add
7 times of the residuals to the regression line, which was defined as
threshold line. Then, if the EMG amplitude was beyond the calculated
threshold line in the time window between 30 and 100 ms after TMS, it was
judged that the EMG response present in the condition. The onset latency
of EMG response induced by C-TMS was from 62 to 68 ms and the peak latency
of that was from 87 to 94 ms®, so the time window suit to judge the appearance
of EMG response. Therefore, the condition, which EMG response present in,
was defined as positive condition, and the condition, which EMG response
was absent in, was defined as negative condition. The probability of the
positive was expressed as the number of positive trials divided by the
number of all conditions. The onset latency and peak latency of EMG response
were visually estimated in averaged EMG trace in positive trial.
One—way ANOVA was conducted to test the different in means between
TMS conditions and paired t—tests were conducted to test the difference
between the stimulation conditions. Chi square test was conducted to
compare ratio of positive between the TMS conditions in fluctuation of
finger movement and EMG response. Thus, z—tests for the equality of two
proportions were conducted to test the difference between the stimulation
conditions in fluctuation of finger movement and EMG response. The alpha
level was set at 0.05 for t—test, ANOVA and Chi-square test. Bonferroni
correction was conducted in multiple comparisons. Data are presented as

the mean values and standard error of the mean.
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Fig. 2. 1 (A) An illustration of the experimental setup. The subject was
seated ahead of the oscilloscope or the monitor and the electrogoniometer
was attached a jaw and precordia. (B) An illustration of the points to
place a double cone coil. Filled circles indicate the point at which center
of junction region of the coil is placed. Open circles indicate reference
points to determine the position of the coil. (C) An illustration of
setting to measure of right index finger movement. (D) An illustration
explaining a way of analysis of EMG response. Gray solid line is FDI-EMG.
Bottom diagonal solid line is regression line. Upper diagonal solid line

is threshold line.
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A. Continuous tracking(CT) B. Discrete tracking(DT)

Start to move

C. Phasic contraction(PC) D. Tonic contraction(TC)

22.3

4 Background EMG level

TS MS
—Target (visible) ----Target (invisible)
—Fingertip displacement (visible) ----Fingertip displacement (invisible)

Fig. 2. 2 An illustration of experimental tasks, which are (A) continuous
tracking, (B) discrete tracking, (C) phasic contraction and (D) tonic
contraction. Squares indicate oscilloscope, and gray line is moving target
and black line is fingertip displacement line. In lower berth in each figure,
gray solid trace is a trajectory of target and black solid trace is a
trajectory of fingertip displacement, and both are displayed on oscilloscope.
Dotted trace is not displayed on oscilloscope. Open triangle indicate TMS

timing and filled triangle indicate timing of start to move.
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II. Results

1. MS condition

MS was delivered when the fingertip displacement was 14.3 = 0.4 mm
during CT, DT, or PC, and 14.0 = 1.2 mm during TC (Fig. 2. 3A). There was
no significant difference in the fingertip displacement when MS was
delivered among the stimulation conditions during CT [F(3, 32)=0.14;
P=0.87], DT[F(3, 32)=0.33; p=0.72], PC[F(3, 32)=2.60; P=0.10], or TC[F(3,
32)=0.72; p=0.50]. The short latency motor response did not induced by C-TMS
even at the maximum TMS intensity in all subjects during tracking. Then
TMS intensity used in the C-TMS condition and S—TMS condition was 90 % of
maximum output in all subjects. Intensity of TMS in N-MS condition was 81

+ 5 % of maximum output and the short latency response was absent.

2. Neck twitch

Neck twitch was evoked by C-TMS or N-MS but that was not evoked by S-TMS
as shown in specimen record that was averaged in all trials (Fig. 2. 3B).
Thus the amplitude induced by C-TMS or N-MS could be measured. The amplitude
of neck twitch induced by C-TMS was 4.4 £ 0.6° and that induced by N-MS
was 4.6 £ 0.7° . There was no significant difference between the amplitude
of neck twitch induced by C-TMS and that induced by N-MS during each task
(P>0.05) (Fig. 2. 3C). The latency of neck twitch induced by C-TMS was 17
+ 1 ms and that induced by N-MS was 24 = 1 ms. The latency of neck twitch
induced by C-TMS was significantly shorter than that induced by N-MS during
each task (P<0.05) (Fig. 2. 3D).

3. Response during CT
Specimen record of averaged trajectory of fingertip displacement was

illustrated in Fig. 2. 4. The probability of fluctuation of finger movement
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induced by C-TMS was 24. 5 %, that induced by N-MS was 29. 5 % and that induced
by S-TMS was 6.8 % (Fig. 2. b5A). Chi-square test revealed that the
probability of fluctuation of finger movement was difference between the
stimulation conditions (P<0.05). z-test revealed the probability of
fluctuation induced by C-TMS and that induced by N-MS were significantly
higher than that induced by S-TMS (P<0.017), but there was no significant
difference between the probability of fluctuation induced by C-TMS and that
induced by N-MS (P>0.017). The onset latency of fluctuation of finger
movement induced by C-TMS was 109 &= 17 ms, that induced by N-MS was 53
4 12 ms and that induced by S-TMS was 136 = 17 ms (Fig. 2. 5B).

Background EMG amplitude was not difference between the stimulation
conditions, that was revealed by one-way ANOVA (P>0.05) (Fig. 2. 4).
Averaged EMG trace is illustrated in Fig. 2. 7. The probability of EMG
response in C-TMS was 72.7 %, that in N-MS was 9.1 % and that in S-TMS was
9.1 % (Fig. 2. 8A). Chi-square test revealed that the probability of EMG
response was significant difference between the stimulation conditions.
z—test revealed that the probability of EMG response induced by C-TMS was
significant higher than that induced by N-MS and S—TMS (P<0.017), but there
was no significant difference between that induced by N-MS and that induced
by S-TMS (p=1). The onset and peak latency of EMG response induced by C-TMS
were 69 =4 and 85 = 3 ms, that induced by N-MS were 59 = 7 and 73 *
14 ms, and that induced by S-TMS were 67 and 86 ms (Fig. 2. 8B).

4. Response during DT

The probability of fluctuation of finger movement induced by C-TMS
was 25.0 %, that induced by N-MS was 31.8 % and that induced by S—-TMS was
9.0 % (Fig. 2. 6A). Chi-square test revealed that the probability of
fluctuation of finger movement was difference between the stimulation
conditions (P<0.05). z-test revealed the probability of fluctuation

induced by C-TMS and that induced by N-MS were significantly higher than
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that induced by S-TMS (P<0.017), but there was no significant difference
between that induced by C-TMS and that induced by N-MS (P>0. 017). The onset
latency of fluctuation of finger movement in C-TMS condition was 109.0 =+
18 ms, that in N-MS condition was 63.8 £ 17 ms and that in S-TMS was 78.3
+ 25 ms (Fig. 2. 6B).

Background EMG amplitude was not difference between the stimulation
conditions, that was revealed by one-way ANOVA (P>0.05) (Fig. 2. 4). The
probability of EMG response induced by C-TMS was 36.4 %, that induced by
N-MS was 27.3 % and that induced by S-TMS was 9.1 % (Fig. 2. 8A). Chi-square
test revealed that the probability of EMG response was not significant
difference between the stimulation conditions. The onset and peak latency
of EMG response induced by C-TMS were 72 =4 and 90 £ 3 ms, that induced
by N-MS were 73 = 6 and 90 = 3 ms and that induced by S-TMS were 83 and
91 ms (Fig. 2. 8B).

5. Response during PC

The probability of fluctuation of finger movement induced by C-TMS
was 20.5 %, that induced by N-MS was 29.5 % and that induced by S-TMS was
7.3 % (Fig. 2. 6A). Chi-square test revealed that the probability of
fluctuation of finger movement was difference between the stimulation
conditions (P<0.05). z—test revealed the probability of fluctuation
induced by C-TMS and that induced by N-MS were significantly higher than
that induced by S-TMS (P<0.017), but there was no significant difference
between that induced by C-TMS and that induced by N-MS (p>0.017). The onset
latency of fluctuation induced by C-TMS was 93.5 £ 13 ms, that induced
by N-MS was 53 = 11 ms and that induced by S-TMS was 130 £ 31 ms (Fig.
2. 6B).

Background EMG amplitude was not difference between the stimulation
conditions, that was revealed by one—way ANOVA (P>0.05) (Fig. 2. 4). The

probability of EMG response induced by C-TMS was 63.6 %, that induced by
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N-MS was 54.5 % and that induced by S-TMS was 18.2 % (Fig. 2. 8A). Chi—-square
test revealed that the probability of EMG response was not significant
difference between the stimulation conditions. The onset and peak latency
of EMG response induced by C-TMS were 63 = 2 and 85 £ 4 ms, that induced
by N-MS were 68 £ 8 and 88 = 5 ms and that induced by S-TMS were 68 =
9 and 81 *= 13 ms (Fig. 2. 8B).

6. Kesponse during TC

The probability of fluctuation of finger movement induced by C-TMS
was 21.4 %, that induced by N-MS was 31.4 % and that induced by S-TMS was
3.2 % (Fig. 2. 6A). Chi-square test revealed that the probability of
fluctuation of finger movement was difference between the stimulation
conditions (P<0.05). z-test revealed the probability of fluctuation
induced by C-TMS and that induced by N-MS were significantly higher than
that induced by S-TMS (P<0.017), but there was no significant difference
between that induced by C-TMS and that induced by N-MS (P>0.017). The
latency of fluctuation of finger movement induced by C-TMS was 65 =+ 17
ms, that in N-MS condition was 55 = 15 ms and that in S-TMS was 117 =+
36 ms (Fig. 2. 6B).

Background EMG amplitude was not difference between the stimulation
conditions, that was revealed by one—way ANOVA (P>0.05) (Fig. 2. 4). The
probability of EMG response induced by C-TMS was 18.2 %, that induced by
N-MS was 27.3 % and that induced by S-TMS was 0 % (Fig. 2. 8A). Chi-square
test revealed that the probability of EMG response was not significant
difference between the stimulation conditions. The onset and peak latency
of EMG response induced by C-TMS were 75 = 6 and 94 * 3 ms, that induced
by N-MS were 67 £ 5 and 85 &= 6 ms and that induced by S-TMS were 68 =+
23 and 71 *= 22 ms (Fig. 2. 8B).
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Fig. 2. 3 (A) Averaged fingertip displacement when TMS was delivered in
all conditions in continuous tracking (CT), discrete tracking (DT),
phasic contraction (CT) and tonic contraction (TC). (B) Averaged trace
of neck motion in all trials. (C) Averaged amplitude of neck twitch. (D)
Averaged latency of neck motion. Each bar indicates means and each error

bar indicates standard errors of the mean.
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Fig. 2. 4 Background EMG amplitude. Bar indicate mean and error bar
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Fig. 2. 5 Specimen record of averaged trajectory of fingertip

displacement. Dashed vertical lines indicate the MS onset.
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trial.

_42_



C-TMS N-MS S-TMS

CT MMM A s e astaon ot

PC MWWJMM porh e NG it vt by

TC MW"M ORI | DYV Y I} TP N

TS Vs TS |10 pv

100 ms

Fig. 2. 7 An averaged EMG trace during continuous tracking (CT), discrete

tracking (DT), phasic contraction (PC) and tonic contraction (TC).
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IV. Discussion

The probability of fluctuation of index finger movement induced by
C-TMS and that induced by N-MS were higher than that induced by S-TMS but
there was no significant difference between the probability of fluctuation
of finger movement induced by C-TMS and that induced by N-MS during all
the tasks. Therefore, I can not rule out a possibility that fluctuation
is induced by neck twitch concomitantly evoked by MS. On the other hand,
the probability of EMG response by C-TMS was higher than that induced by
N-MS and S-TMS but that induced by N-MS was not higher than that induced
by S-TMS during CT, and there was no significant difference in the
probability of EMG response between the stimulation conditions during DT,
PC and TC. These findings indicate that EMG response induced by C-TMS
preferentially appears during CT and the neck twitch can not be origin of

the EMG response.

1. Methodological consideration
TMS over around the inion induces EMG response with the latency of
approximately 20 ms in the FDI muscle through direct stimulation of the

d*3. In the present study, the intensity of

brainstem or the spinal cor
TMS below the active motor threshold of a short latency motor response was
delivered and there was not short latency response that of latency is
approximately 20 ms in all trials. Therefore, motor response induced by
C-TMS in the present study is not a short latency motor response due to
direct stimulation of the brainstem or the spinal cord.

Conditioning C-TMS reduces MEP amplitude in the ipsilateral FDI
muscle®®*"*  but the inhibitory effect is absent in the patients with
cerebellar infarction"®. These findings indicate that the reduction of MEP

amplitude induced by C-TMS is certainly originated from changes in activity
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of the cerebellar structures. Furthermore, coil position of TMS for
stimulating the cerebellar hemisphere is a site 1 cm below and 2 to 4 cm
lateral to the inion according to a previous study using functional
resonance imaging (fMRI) guided frameless stereotaxy™. Thus, C-TMS applied
in the present study should have stimulated the certain cerebellar
structures.

There is another possibility that auditory startle response is induced
by auditory stimulation of TMS. In the previous study, auditory startle
response was evoked in FDI-EMG and the latency approximately 100 ms®. If
long latency motor response induced by TMS is startle response induced by
loud noise produced by TMS, the probability of EMG response induced by C-TMS
and that induced by S-TMS should not had been significantly different.
However, indeed, the probability of EMG response was significantly higher
than that induced by S-TMS. Therefore, auditory startle response must not

be cause of long latency EMG response induced by C-TMS.

2. Fluctuation of index finger movement

The amplitude of neck twitch evoked by C-TMS was not significantly
different from that evoked by N-MS in all the tasks. The probability of
fluctuation of finger movement induced by C-TMS or that induced by N-MS
was significantly higher than that induced by S-TMS. In contrast, the
probability of fluctuation of finger movement induced by C-TMS was not
significantly difference from that induced by N-MS in all the tasks. These
findings indicate that the fluctuation of finger movement occurred when
the neck twitch was evoked by MS in all the tasks. N-MS site was away from
the appropriate site for stimulation of the cerebellum so N-MS can evoke
neck twitch but can not precisely stimulate the cerebellum. Therefore, we
can not rule out the possible that the neck twitch is cause of fluctuation

of index finger movement.
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3. Possible pathway of long latency EMG response

The probability of long latency EMG response induced by C-TMS was
higher than that induced by N-MS or S-TMS, and there was no significant
difference between the probability of EMG response induced by N-MS and that
induced by S-TMS during CT. There was no significant difference between
the amplitude of neck twitch evoked by C-TMS and that induced by N-MS during
CT. These findings indicate that the neck twitch is not necessary for
inducing long latency EMG response during CT. Therefore, the neck twitch
must not be origin of long latency EMG response.

C-TMS 5-8 ms before TMS over the contralateral motor cortex reduces
MEP amplitude in the FDI muscle'™ and the inhibitory effect was absent in
patient with cerebellar lesion’ or with lesion in the thalamus® These
findings indicate that C-TMS affect the corticospinal excitability via the
cerebello—thalamo—cortical pathway in short period. In contrast, the onset
latency of EMG response induced by C-TMS was approximately 60 ms. Thus,
long latency EMG response must not be mediated by
cerebello—thalamo—cortical pathway.

C-TMS induces long latency EMG response in the bilateral soleus muscle
in standing human and the latency is approximately 100 ms’. The latency was
shorted by optokinetic stimulation to activate vestibulospinal tract?,
indicating that long latency EMG response induced by C-TMS is mediated by
vestibulospinal tract. In this study, coil position was around inion and
the peak latency of EMG response in the FDI muscle induced by C-TMS was
approximately 90 ms. Therefore, TMS condition and the latency in this study
is consistent with previous study by Sakihara et al.”® Thus, long latency
EMG response in the FDI muscle induced by C-TMS can be mediated by

vestibulospinal tract.
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4. Task dependency of long latency EMG response

The probability of EMG response induced by C-TMS was significantly
higher than that induced by N-MS or S-TMS during CT but there was no
significant difference among the stimulation condition during DT, PC and
TC. These findings 1indicate that long latency EMG response is
preferentially induced by C-TMS only during CT.

Cerebellar blood oxygenation signal increased as eye—hand
coordination increased during visually guided manual tracking task'’. Eye
hand coordination is impaired in patients with cerebellar lesion'’. Lesion
of a dentate nucleus in the cerebellar hemisphere impaired the performance
of visually guided manual tracking requiring eye—hand coordination in
baboon'. These findings indicate that the cerebellum plays important role
on eye—hand coordination during visually guided manual tracking. In this
study, eye—hand coordination was necessary during CT and DT. Thus, the
cerebellum must have activated during CT and DT. However, the statistically
significant effect of C-TMS on the probability of long latency EMG response
was present only during CT. Therefore, eye—hand coordination can not be
crucial mechanism that long latency EMG response is preferentially induced
by C-TMS during CT.

The cerebellum plays an important role not only on eye—hand
coordination but also on temporal control of finger movement. The lateral
cerebellum was active during a motor task requiring temporal control in
the previous study using functional MRI*, indicating the cerebellum
contributes to temporal control in motor aspect. The cerebellar activity
increased when subjects tapped with finger to rhythmic metronome tones in
the previous study using positron emission tomography'. rTMS over the
cerebellum increases variability of the intertap interval to the finger
movement with externally paced rhythmic cue®. These findings suggest that
the cerebellum plays an important role on temporal control of rhythmic

finger movement. In this study, the target was moving up and down
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rhythmically only during CT, so externally paced rhythmic finger movement
based on temporal control was required only during CT. Therefore,
cerebellar activity for temporal control of rhythmic finger movement is
likely related to long latency EMG response preferentially appearing during
CT.
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V. Summary

The appearance of long latency fluctuation of finger movement induced
by C-TMS can not reflect task—specifically cerebellar activity and I can
not rule out the possibility that fluctuation of finger movement comes from
neck twitch. Long latency EMG response can be preferentially induced by
C-TMS during continuous visually guided manual tracking task. Long latency
EMG response induced by C-TMS must reflect the cerebellar activity for
temporal control of rhythmic finger movement and neck twitch is not origin

of long latency EMG response.
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