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ABSTRACT

Objective: To measure the conduction time from the motor cortex to the conus medullaris (cortico-conus
motor conduction time, CCCT) for leg muscles using magnetic stimulation.

Methods: Motor evoked potentials (MEPs) were recorded from tibialis anterior muscles in 51 healthy vol-
unteers. To activate spinal nerves at the most proximal cauda equina level or at the conus medullaris
level, magnetic stimulation was performed using a MATS coil. Transcranial magnetic stimulation of the
motor cortex was also conducted to measure the cortical latency for the target muscle. To obtain the
CCCT, the latency of MEPs to conus stimulation (conus latency) was subtracted from the cortical latency.
Results: MATS coil stimulation evoked reproducible MEPs in all subjects, yielding CCCT data for all stud-
ied tibialis anterior muscles.

Conclusions: MATS coil stimulation provides CCCT data for healthy subjects.

Significance: This novel method is useful for evaluation of corticospinal tract function for leg muscles
because no peripheral component affects the CCCT.

© 2010 International Federation of Clinical Neurophysiology. Published by Elsevier Ireland Ltd. All rights

reserved.

1. Introduction

Magnetic stimulation enables us to evaluate the corticospinal
tract function non-invasively by measuring the central motor con-
duction time (CMCT) (Rossini et al., 1994; Chen et al., 2008). The
CMCT is usually obtained by subtracting the motor evoked potential
(MEP) latency to magnetic stimulation over the spinal enlargement
(spinal latency) from that to magnetic stimulation over the primary
motor cortex (cortical latency). Magnetic stimulation over the spinal
enlargement activates the spinal nerve at the neuro-foramina level
(Ugawaetal., 1989b). Therefore, the CMCT described above includes
the conduction time through the spinal nerves running in the spinal
canal (Rossini et al., 1994; Chen et al., 2008).

Maccabee et al. reported that an 8-shaped coil can activate the
most proximal cauda equina at around the conus medullaris (Mac-
cabee et al., 1996). They proposed the possibility that this stimula-
tion method might enable us to measure the conduction time from
the motor cortex to the conus medullaris [cortico-conus motor
conduction time (CCCT)]. The CCCT necessarily reflects the cortico-
spinal tract function more correctly than the conventional CMCT
because peripheral components (some conduction time within

* Corresponding author. Address: Department of Neurology, Division of Neuro-
science, Graduate School of Medicine, The University of Tokyo, 7-3-1 Hongo,
Bunkyo-ku, Tokyo 113-8655, Japan. Tel.: +81 3 5800 8672; fax: +81 3 5800 6548.

E-mail address: hideyukimatsumoto@mail.goo.ne.jp (H. Matsumoto).

the cauda equina) do not contribute to CCCT, especially in patients
with peripheral neuropathy. The CCCT, however, has not been
widely used yet.

A few alternative methods can be used to measure the proximal
spinal nerve conduction time, such as F-wave measurement and
high-voltage electrical stimulation (Ugawa et al., 1988a,b, 1989a,
1995; Claus, 1990; Eisen and Shtybel, 1990). However, F-wave
measurement provides no information about the lesion sites, and
high-voltage electrical stimulation is often associated with severe
pain. Especially, high-voltage electrical stimulation is not tolerated
by patients with skin problems (Matsumoto et al., 2005, in press).

We have developed a new method to activate the most proxi-
mal cauda equina at around the conus medullaris level using a spe-
cially devised coil [magnetic augmented translumbosacral
stimulation (MATS) coil] (Matsumoto et al., 2009a,b).

The aim of this paper is to apply the MATS coil to CCCT mea-
surement. The relation between MEP latency and body height
was also studied.

2. Materials and methods
2.1. Subjects
Subjects were 51 healthy volunteers (25 men and 26 women).

Their mean age and body height were 42.1 + 15.5 (mean + standard
deviation (SD); range 24-78) years and 163.9 +9.3 (144-185) cm.

1388-2457/$36.00 © 2010 International Federation of Clinical Neurophysiology. Published by Elsevier Ireland Ltd. All rights reserved.

doi:10.1016/j.clinph.2010.04.014
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Fig. 1. Histogram of body height. There is no extremely skewed distribution of body
height in our study.

The histogram of body height is shown in Fig. 1. No extremely
skewed distribution of body height was observed.

Informed consent to participate in this study was obtained from
all subjects. The protocol was approved by the Ethics Committee of
the University of Tokyo. The experiments were conducted in accor-
dance with the ethical standards of the Declaration of Helsinki.

2.2. Stimulation, recording and analysis

During the examination, MEPs were recorded from the tibialis
anterior muscle (TA) as subjects sat comfortably on a bed. The TA
muscle was selected because this muscle could be easily con-
tracted and recorded compared to other leg muscles. Disposable
silver-silver chloride disc electrodes of 9 mm diameter were
placed in a belly tendon montage over TA. Signals were amplified
with filters set at 20 Hz and 3 kHz and recorded using a computer
(Neuropack MEB-9100; Nihon Kohden Corp., Japan).

Magnetic stimulation was conducted using a monophasic stim-
ulator (Magstim 200; The Magstim Co. Ltd., UK). For cortical mag-
netic stimulation, a double-cone coil (The Magstim Co. Ltd., UK)
was placed over the Cz (international 10-20 system), with induced
currents flowing mediolaterally over the contralateral leg motor

Lt

[
n

Fig. 2. MATS coil stimulation method. This figure shows positions of MATS coil
when MEPs are recorded from right TA. For the most proximal cauda equina
stimulation, the edge of MATS coil is positioned over the first lumbar spinous
process for inducing currents to flow upward. For neuro-foramina level stimulation,
the edge of the MATS coil is positioned over the fifth lumbar spinous process for
inducing currents to flow 45° downward from a horizontal direction.

area (Terao et al., 1994, 2000). The MEP onset latency was mea-
sured in the active condition (cortical latency).

Fig. 2 portrays the placement of MATS coil (diameter 20 cm,
0.98 T; The Magstim Co. Ltd., UK) when recording MEPs from the
right TA. The MATS coil was always placed from the midline to
the contralateral side of the body (the opposite side from the re-
corded muscle) to prevent some non-target parts of the coil from
activating distal peripheral nerves for the target TA. The most prox-
imal cauda equina at around the conus medullaris was activated
using the MATS coil, whose edge was positioned over the first lum-
bar (L1) spinous process for inducing currents to flow upward in
the body (Matsumoto et al., 2009b). For the neuro-foramina level
stimulation, the edge of MATS coil was positioned over the fifth
lumbar (L5) spinous process for inducing currents to flow 45°
downward from horizontal direction (Matsumoto et al., 2009a).
This direction of induced currents (45°) was optimal to elicit MEPs
because the induced currents should flow along the anatomical
course of spinal nerves (Ugawa et al., 1989b; Epstein et al., 1991;
Mills et al., 1993; Maccabee et al., 1996; Ruohonen et al., 1996;
Matsumoto et al., 2009a). In L1 and L5 level stimulation, the onset
latencies of MEPs were measured in the relaxed condition (L1 and
L5 level latencies).

To obtain the minimal and reproducible MEP latency, the stim-
ulus intensity was increased gradually and several MEPs evoked by
stimulation at several different intensities were superimposed. The
CCCT, conventional CMCT, and cauda equina conduction time
(CECT) were obtained (92 sides). The CCCT was obtained by sub-
tracting the L1 level latency from the cortical latency, the conven-
tional CMCT by subtracting the L5 level latency from the cortical
latency, and the CECT by subtracting L5 level latency from L1 level
latency. Linear regression analysis was conducted to investigate
the relation between each conduction time and body height.

The MEP sizes were compared between the simulation posi-
tions (60 sides). The base-to-peak amplitude of MEP was mea-

26.3ms
Corte;
x A
15.5ms
L1 A
(MATS coil)
12.3ms
LS
(MATS coil)] A
2mV
10ms

Fig. 3. Representative MEPs in a normal subject. The conventional CMCT is
obtained by calculating the latency difference between MEPs to cortical and L5
level stimulation. Similarly, the CCCT is obtained by calculating the latency
difference between MEPs to cortical and L1 level stimulation.
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sured. At L1 and L5 levels, the intensity was increased gradually to
the maximal stimulator output (100%). The amplitudes of maximal
MEPs were compared between two level stimulation positions
(maximal MEP means an MEP to supramaximal stimulation or
MEP to submaximal stimulation with maximal stimulator output).
The MEP amplitudes of the two level stimulation positions were
compared using Wilcoxon’s signed rank test; p values less than
0.05 were considered statistically significant.

3. Results

No subjects experienced any intolerable discomfort during
MATS coil stimulation. No side effect was noted. Fig. 3 shows rep-
resentative MEPs in a normal subject. The conventional CMCT was
obtained using the MEPs to cortical and L5 level stimulation
(14.0 ms). Moreover, L1 level stimulation evoked discernible MEPs.
The CCCT was 10.8 ms, and the CECT 3.2 ms.

In all subjects, L1 level MATS coil stimulation evoked reproduc-
ible MEPs. The L1 level latency was longer than L5 level latency.
The mean latencies and conduction times are presented in Table 1.

The correlations between each conduction time and body
height are depicted in Fig. 4. Significant and positive linear rela-
tions were found between the conventional CMCT and body height
(p<0.001; conventional CMCT =0.045 x body height +7.166,
R=0.366), and between CECT and body height (p = 0.001; laten-

Table 1
Normal values of latencies (51 subjects, 92 sides).

Mean + SD (ms)

Cortical latency 26.1+1.6
L1 level latency 140+ 1.4
L5 level latency 11.5+0.9
CCCT 123+1.2
Conventional CMCT 146+1.2
CECT 26+09

CCCT, cortico-conus motor conduction time; CMCT, central motor conduction time;
CECT, cauda equina conduction time; SD, standard deviation.
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cy =0.032 x body height — 2.602, R =0.331). No significant corre-
lation was found between CCCT and body height (p = 0.298).

The MEPs to L1 level stimulation (median: 1.0 mV, 25-75 per-
centiles: 0.5-1.8 mV) were significantly smaller than MEPs to L5
level stimulation were (1.3 mV, 1.0-3.5) (p < 0.001).

4. Discussion

In all subjects, L1 level MATS coil stimulation elicited discern-
ible MEPs to measure onset latency. It enabled us to obtain CCCTs.
The CCCT is more suitable for evaluating the corticospinal function
for leg muscles than the conventional CMCT because no cauda equ-
ina conduction component contributes to CCCT. Another superior
point of this stimulation method is the evaluation of conduction
through the cauda equina using CECT. The authors have earlier re-
ported some utility of this stimulation method for evaluating cau-
da equina conduction in patients with peripheral neuropathy
(Matsumoto et al., 2010).

In this study, the CECT was found to be 2.6 £ 0.9 ms, which is
similar to previously reported values obtained using an 8-shaped
coil (2.3 or 2.6 ms) (Maccabee et al., 1996; Maegaki et al., 1997).
Therefore, L1 level MATS coil stimulation does activate the cauda
equina at the root exit site from the conus medullaris, as described
in previous reports (Maccabee et al., 1996; Maegaki et al., 1997;
Matsumoto et al., 2009b), namely at the conus medullaris level.
Therefore, the latency difference between cortical and L1 level
stimulation was designated as the cortico-conus motor conduction
time (CCCT).

Regarding the relation between each conduction time and body
height, the conventional CMCT and CECT had significant correla-
tion with body height, but the CCCT did not. These results are
not completely consistent with those of previous reports (Chu,
1989; Ugawa et al., 1989a; Claus, 1990; Furby et al., 1992). Previ-
ous reports have described that the conventional CMCT for lower
extremities is significantly affected by the body height (Chu,
1989; Furby et al., 1992), according with our results. On the other
hand, the correlation between the CCCT and body height is contro-
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Fig. 4. Relation between each conduction time and body height. The CCCT is not significantly correlated with body height (p = 0.298). A significant and positive linear relation
was found between the conventional CMCT and body height (p < 0.001; conventional CMCT = 0.045 x body height + 7.166, R = 0.366). Similarly, a significant correlation was
found for CECT (p = 0.001; latency = 0.032 x body height — 2.602, R = 0.331). PI, prediction interval; CI, confidence interval.
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versial. Ugawa et al. reported that the cortical-L1 conduction time
measured using high-voltage electrical stimulation was not signif-
icantly correlated with body height (Ugawa et al., 1989b). In con-
trast, Claus reported that the cortical-L1 conduction time
measured using transcranial magnetic stimulation and high-volt-
age electrical stimulation had a significant correlation with body
height (Claus, 1990). The results in this study were similar to that
in the former report. One plausible explanation of this discrepancy
might be the difference in the body height of subjects. The average
(range) of body height in the paper of Ugawa et al. was about 163
(151-178) cm and that in Claus was about 173 (156-191) cm. The
body height in this study was almost same (164 cm) as that in the
paper of Ugawa et al. The difference in body height seems to be due
to the difference between Japanese and European peoples. What-
ever the difference, this study demonstrates that the CCCT is rela-
tively independent of body height compared to the conventional
CMCT and CECT.

The relative independence of the CCCT from the body height
might be mainly explained by the disproportion between growths
in length of the spinal cord and the vertebral column (Kunitomo,
1918; Vettivel, 1991). The spinal cord length does not elongate
proportionally to body height, although the cauda equina elongates
concomitantly with the spine growth proportionally to body
height. Large variability of the conduction velocity of the cortico-
spinal tracts between subjects might also explain the lack of signif-
icant relation between CCCT and body height. Indeed, the
conduction velocity in awake human estimated by Ugawa et al.
(1995) ranged from 62.0 to 79.0 m/s, and that in anesthetized hu-
man by Fujiki et al.,, (1996) ranged from 50.5 to 72.7 m/s (Ugawa
et al., 1995; Fujiki et al., 1996).

One point of caution related to this method is the MEP ampli-
tude. The MEPs evoked by L1 level stimulation were often smaller
than those by L5 level stimulation in normal subjects, which sug-
gests that an amplitude comparison between L1 and L5 level stim-
ulation is not useful for evaluation of the conduction block within
the cauda equina even though the latencies are good parameters
for evaluation of motor conduction. Another point of caution is
the difference of CCCT between target muscles. If another muscle
is selected, the normal value of CCCT should be made for each tar-
get muscle.

In conclusion, we propose that the MATS coil is useful for the
accurate evaluation of corticospinal tract function for leg muscles.
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Abstract: Progressive supranuclear palsy (PSP) rarely
shows cerebellar signs and symptoms even though the cere-
bellar dentate nuclei are involved pathologically. This study
evaluates cerebellar function using transcranial magnetic
stimulation (TMS) to determine whether subclinical cerebel-
lar involvement is present in PSP patients. We studied 11
patients with PSP, 11 patients with Parkinson’s disease
(PD), and 10 age-matched controls. Patients were examined
with their usual medications and in their relative on state.
Motor evoked potentials (MEPs) were recorded from the
hand muscle. Cerebellar function was evaluated using sup-
pressive effects of TMS over the cerebellum on MEPs eli-
cited by TMS over the contralateral motor cortex, which we

call cerebellar inhibition (CBI). Interstimulus intervals
(ISIs) of 4 to 8 ms were used, and the time course of CBI
was analyzed. The CBI was reduced in PSP patients. By
contrast, the CBI was normal in PD patients in their on
state. Although the CBI in their off state should be exam-
ined in future studies, the results described herein suggest
that Purkinje cells or the dentato—thalamo—cortical pathway
assessed by CBI is involved in PSP. Our results are compat-
ible with the pathological findings showing severe dentate
nucleus degeneration in PSP patients. © 2010 Movement
Disorder Society

Key words: progressive supranuclear palsy; cerebellum;
transcranial magnetic stimulation

INTRODUCTION

Progressive supranuclear palsy (PSP) is a syndrome
that is typically characterized by postural instability
and supranuclear gaze palsy.! Although a recent study
reported pathologically confirmed PSP patients devel-
oping cerebellar ataxia as the initial and principal
symptom,” clinical signs of cerebellar dysfunction are
usually considered rare. In contrast, involvement of the
cerebellar dentate nucleus has been well documented
to be the cardinal neuropathological findings in PSP.!
With this background, neurophysiological evaluation of
cerebellar functions in PSP would be an interesting
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approach to clarify the presence of subclinical cerebel-
lar dysfunctions, but such investigations have not been
well documented.

Transcranial magnetic stimulation (TMS) is a nonin-
vasive technique to stimulate the human brain. Cere-
bellar function can be studied using the paired-pulse
paradigm; a preceding TMS over the cerebellum
decreased the size of motor evoked potentials (MEPs)
elicited by TMS over the contralateral primary motor
cortex (M1) at interstimulus intervals (ISIs) of 5 to 7
ms.” The suppressive effect is likely to be derived
from activation of Purkinje cells that inhibit or disfaci-
litate the dentato—thalamo—cortical pathway. For de-
scriptive purposes only, in this article, we refer to this
inhibition as cerebellar inhibition (CBI).4

This study evaluated cerebellar function using this
technique in PSP patients. For comparison, we also
studied patients with Parkinson’s disease (PD), in
which some brain structures common to PSP are
involved.
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METHODS

Participants

We studied 11 patients with probable PSP according
to the National Institute of Neurological Disorders and
Stroke and the Society for PSP, (NINDS-SPSP) crite-
ria,”> 11 patients with PD according to the United King-
dom Parkinson’s Disease Society Brain Bank clinical
diagnostic criteria,® and 10 healthy right-handed
healthy volunteers (Table 1). No participants had any
contraindication to TMS.” No patients showed pyrami-
dal signs or cerebellar ataxia. All participants gave
their written informed consent. This study was
approved by the Institutional Review Board. Severity
of the disease was assessed using the Hoehn and Yahr
staging and the Unified Parkinson’s Disease Rating
Scale (UPDRS) Part III (Table 1). Dopaminergic medi-
cations were expressed as levodopa (L-dopa) equivalent
daily dose (LEDD) as reported elsewhere®: 1 mg of
pergolide = 1 mg of pramipexole = 5 mg of ropinir-
ole = 10 mg of bromocriptine = 100 mg of L-dopa.

Recording

A surface electromyogram (EMG) was recorded
from the first dorsal interosseous (FDI) muscle using a
belly tendon montage on the more affected side with
larger summed score of items 23 to 25 of the UPDRS
Part III in PD and PSP patients, and on the right side
in healthy subjects. Responses input to an amplifier
(Biotop; GE Marquette Medical Systems, Japan)
through filters set at 100 Hz and 3 kHz were digitized

TABLE 1. Clinical features and basic electrophysiological

values
PSP PD Control P value
Female: male (n) 4.7 4: 7 9:1
Age at exam® (yr) 727 =78 684 £87 640x64 006
Disease 45 27 159 *+97 0.001
duration® (yr)
Hoehn and 0.06
Yahr stage (n)
2 0 5
3 6 3
4 4 3
5 1 0
UPDRS III° 27 (9-75) 22 (13-51) 0.77
Test MEP 052 £ 0.15 0.62 + 022 0.50 =016 0.27
size” (mV)
CMCT? (ms) 63 *038 65072 67064 045

*Values are shown as mean * SD.

®Values are shown as median (range).
PSP, progressive supranuclear palsy; PD, Parkinson’s disease;
UPDRS, unified Parkinson’s disease rating scale; MEP, motor evoked
potential; CMCT, central motor conduction time.

Movement Disorders, Vol. 25, No. 14, 2010

and stored in a computer for later offline analyses
(TMS bistim tester; Medical Try System, Japan).

Transcranial Magnetic Stimulation

For TMS over the cerebellum (conditioning stimu-
lus, CS), a double-cone coil (110 mm mean diameter)
was centered over the midpoint between the inion and
the mastoid process ipsilateral to the recording side.
Current in the coil was directed downward (that is,
upward current was induced in the cerebellum).® The
M1 was stimulated using a round coil (90 mm mean
diameter) centered over the vertex (test stimulus, TS).
Current in the coil was directed anteroposteriorly over
the target M1 (posteroanterior current in the target M1).
Monophasic TMS pulses were delivered using two mag-
netic stimulators (Magstim 200; The Magstim).

EXPERIMENTAL DESIGN

The CBI was examined as described previously.’
We first determined the active motor threshold (AMT)
for pyramidal tract activation at the brainstem with the
double-cone coil centered over the inion.” CS was
fixed at an intensity of 95% AMT and given at 4, 5, 6,
7, and 8 ms before the test stimulus. The intensity of
the TS was adjusted to elicit MEPs of 0.5 mV on aver-
age when given alone. The experiment was performed
with the target muscle relaxed, as confirmed by an os-
cilloscope monitor. Seven trials recorded for each ISI
(i.e., conditioned trials) were randomly intermixed with
10 trials in which TS was delivered alone (i.e., uncon-
ditioned trials) with an intertrial interval of 10 s. When
recording was contaminated by voluntary EMG, such
trials were discarded from the analyses. When neces-
sary, we briefly stopped the session to maintain the
resting state of the target muscle. We also evaluated
the central motor conduction time (CMCT), as
described previously.'® The patients on medications
were studied when they were in the relative on state;
that is, they took their medications as usual, and the
experiments were performed ~2 hours after their
morning or noon dose.

Data analyses

We used one-way analysis of variance (ANOVA)
for comparisons of the following parameters among
the groups (i.e., PSP, PD, and controls): the age at ex-
amination, test MEP size, and CMCT. Student’s ¢ test
was used to compare the disease duration, and Mann-
Whitney U test was used to compare the Hoehn and
Yahr stages and UPDRS Part III scores between the
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TABLE 2. Clinical featwres of cach patient

Case \ge Discase UPDRS UPDRS item 20 UPDRS item 21 LEDD
No. (v duration (yr) H & Y stage part 11 (rest tremor) (postural tremor) (mg)
PSP | 61 R} 3 19 0 0 0
pPSp 2 76 7 4 40 0 | 300
PSP 3 57 i 3 29 0 0 0
PSP 4 78 4 3 9 0 0 0
PSP 5 84 4 3 9 0 0 0
PSP 6 73 3 3 14 () 0 0
PSP 7 71 7 4 45 0 0 100
PSP R 75 2 4 45 0 0 0
PSP 9 78 2 3 20 0 0 0
PSP 10 77 5 4 27 0 0 0
PSP 11 70 10 5 75 0 0 300
PD | 72 19 3 25 3 0 405
PD 2 s2 9 2 20 0 0 750
PD 3 75 3 2 15 0 0 0
PD 4 81 10 4 36 5 2 500
PD 5 64 23 3 22 0 0 700
PD 6 70 21 4 51 7 2 515
PD 7 72 3 2 19 | | 200
PD 8 60 as 2 15 0 0 975
PD Y 66 12 2 13 0 0 425
PD 10 79 24 4 36 0 0 350
PD 1 61 16 3 28 5 0 625

H & Y stage. Hoehn and Yahr stage: LEDD. levodopa equivadent daily dose: PD. Parkinson™s discase. PSP. progressive supranuclear palsy:

UPDRS. unified Parkinson’s discase rating scale.

two discase groups. To evaluate the time course of
CBI among groups. the ratio of the mean peak-to-peak
amplitude of the conditioned MEPs to that of uncondi-
tioned MEPs was calculated for each ISI in each sub-
jeet. These individual mean ratios from all subjects in
cach group were then averaged to produce a grand
mean ratio for that group. We analyzed the CBls in
different groups using two-way repeated measures
ANOVA with GROUP (PSP, PD. or control) as the
between-subject factor and with IST as the within-sub-
jeet factor. Bonferroni's post hoc tests were used for
additional analyses.

To further investigate the relations between CBI and
other demographic or clinical features. average size ra-
tio (ASR) was calculated for each participant by averag-
ing the MEP ratio across ISIs of 5 to 7 ms."" The corre-

lation of age with the ASR was tested for each group of

the subjects using lincar regression analyses. Possible
relations between the CBI and disease severity in the
paticnt groups were analyzed in two manners. First,
onc-way ANOVA was conducted for each patient group
to analyze effect of Hoehn and Yahr stage. Sceond, the
correlation between ASR and UPDRS part II1 score was
investigated using linear regression analyses. Difference
in the ASR between PD patients with and without
tremor was studied using the Student’s ¢ test. Influence
of the dopaminergic medication in PSP patients was
assessed by comparing the mean ASR of the PSP

patients with medications to that of the PSP patients
without medications, using the Student’s ¢ test. We did
not conduct such analyses for PD patients, because all
but one paticnt was taking dopaminergic medication,

A P-value < 0.05 was considered significant. Data
were analyzed using a commercial software (SPSS for
Windows ver. 13: SPSS. Chicago. IL., USA).

RESULTS
No significant age difference was found among
groups. but it tended to be higher in the PSP group.
Disease duration differed signiticantly between PD and
PSP (Table 1). Neither the amplitude of test MEP size
nor CMCT ditfered significantly among groups (Table
1). Test stimulus intensity expressed as  %maximal
stimulator output (%MSO) was 55.6% = 11.9% (mean
= standard deviation: range 38-72%) in the PSP
egroup. 51.6% = 17.1% (range 28-80%) in the PD
group, and 354% * 16.6% (range 39-90%) in the
healthy controls. AMT for pyramidal tract activation at
the brainstem was 54.3% = [1.6% MSO (range 38—
70%) in the PSP group. 63.2% = 19.1% (range 38—
100%) in the PD group. and 45.49% = 13.5% (range
27-70%) in the healthy controls.
Table 2 shows clinical details of the PSP and PD
patients. Three PSP patients were on dopaminergic
medication.

Movement Disorders, Vol 25, No. 14, 2010
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FIG. 1. Representative responses from a single subject of each
group. Traces show averaged motor evoked potentials (MEPs) from
one PSP patient, one PD patient, and one healthy volunteer. The top
row shows unconditioned responses (averaged over 10 trials). The
lower rows demonstrate conditioned responses for each ISI (averaged
over seven trials). In a PSP patient, the suppression was reduced at
ISIs of 6 and 7 ms. No suppression was present at ISIs of 5 and 8
ms. In contrast, MEPs were inhibited at ISIs of 5 to 8 ms in a PD
patient and a healthy volunteer.

Figure 1 presents representative responses in a single
participant from each group. In a healthy volunteer, the
conditioned response at an ISI of 4 ms was similar in
size to the unconditioned response. In contrast, the
conditioned MEPs were smaller than the unconditioned
MEP at ISIs of 5 to 8 ms. Similar results were
obtained in a PD patient, indicating normal CBI In a
PSP patient, in contrast, the inhibition at ISIs of 5 to 8
ms was reduced. The mean time courses of CBI are
depicted in Figure 2. They also demonstrated reduced
CBI in PSP patients. The statistical comparisons dis-
closed an effect of GROUP (F (2,29) = 7.703, P =
0.002) and an effect of ISI (F (4,116) = 7.206, P <
0.001). Post hoc analysis revealed that PSP showed
reduced CBI than PD (P = 0.005) or controls (P =
0.008), but no significant difference between PD and
controls. Furthermore, a significant difference between
PSP and PD was found at ISIs of 5, 6, and 7 ms (P =

Movement Disorders, Vol. 25, No. 14, 2010

0.011, 0.029, and 0.005, respectively). No significant
difference was found between PD and controls at any
1SIs.

We found no significant correlation between the CBI
assessed by ASR and age in any of the groups (R* =
0.034, P = 0.61 in the control group, R> = 0.012, P
= (.75 in the PSP group, and R* = 0.001, P = 0.90
in the PD group). One-way ANOVA with regard to the
Hoehn and Yahr stages revealed significant main effect
of disease severity on CBI in the PSP group (P =
0.007, Fig. 3A), but not in the PD group (P = 0.70,
Fig. 3B). Furthermore, we found a significant correla-
tion between the ASR and UPDRS part III score in the
PSP group (R? = 0.76, P < 0.001, Fig. 3C), but not in
the PD group (R*> = 0.006, P = 0.81, Fig. 3D). We
found normal CBI in PD patients, irrespective of the
presence or absence of tremor. ASR was 0.66 *+ 0.08
in PD patients with tremor; and 0.60 = 0.16 in those
without (P = 0.49). CBI was abnormally reduced
(ASR 0.90) in one PSP patient showing tremor (patient
No. PSP 2 in Table 2). The ASR of PSP patients with
medication was 1.14 = 0.29, and that of PSP without

—=—PSP

Conditioned/unconditioned MEP

——PD

—&= Control
0 v v v v '

4 5 6 7 8
Interstimulus interval (ms)

FIG. 2. Mean time courses of CBI in each group. The averaged
time courses of CBI showed decreased CBI in a PSP group (rectan-
gles) and normal CBI at ISIs of 5 to 8 ms in a PD group (triangles).
A control group is shown by diamonds. The abscissa denotes ISL
The ordinate shows the MEP size ratio. Error bars represent SE.
* indicates statistical significance between PSP and PD (P < 0.05
with Bonferroni’s correction).
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FIG. 3. Correlations between the degree of CBI and disease severity. (A,B) The degree of CBI expressed as average size ratio (ASR) was plotted
against Hoehn and Yahr stage (H & Y stage) for each patient for each disease group. In the PD group (B), ASR is similar among the H & Y
stages of 2 to 4. In contrast, PSP patients with higher H & Y stage showed more decreased CBI, that is, larger ASR (A). (C,D) For each patient,
ASR was plotted against UPDRS part III total score. In PSP patients (C), there is a significant correlation between ASR and UPDRS part III total
score (R? = 0.76, P < 0.001). PD patients (D) did not show any significant correlation (R? = 0.006, P = 0.81).

medication was 0.89 = 0.19. They did not significantly
differ from each other (P = 0.14).

DISCUSSION

The results showed that CBl was significantly
reduced in PSP patients, although it was normal in PD
patients. TMS over the cerebellum has been proposed
to activate Purkinje cells that inhibit the dentate nu-
cleus, which in turn engenders suppression of contra-
lateral M1°, Consequently, the present results suggest
that Purkinje cells or the dentato~thalamo—cortical
pathway is involved in PSP patients, although no clini-
cal cerebellar sign was observed.

Our results are consistent with previous pathological
and radiological findings of PSP. Pathologically, the
cerebellar dentate nucleus and superior cerebellar
peduncle (SCP), which connects the cerebellar dentate
nucleus with the thalamus, are severely involved in
PSP."*'*> A study using magnetic resonance imaging
also demonstrated atrophy of the SCP quantitatively.'?

It is also consistent with a recent report that 3 of 22
pathologically confirmed PSP patients showed cerebel-
lar ataxia as an initial and cardinal symptom.>

Our present results also agree with the following
issues. It has been proposed recently that PSP should
be divided into several subtypes'*: Richardson’s syn-
drome (RS) is the classical type, as reported in the
original article. PSP-parkinsonism (PSP-P) resembles
idiopathic PD in some respects such as asymmetric
symptoms at onset, presence of tremor, lack of supra-
nuclear gaze palsy at an early stage, and moderate
responsiveness to L-dopa. Dentate nucleus degeneration
was severer in RS than in PSP-P."> Because our
patients were all classified as RS based on the clinical
criteria, the significant reduction in CBI revealed in
this study is compatible with such pathological find-
ings. Whether the CBI of PSP-P is different from that
of RS warrants further investigation.

Can dysfunction of neural systems other than the
cerebellum or some other confounding factors account
for the present findings? Four possibilities might be
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discussed. First, given that PSP patients sometimes
show severe corticospinal tract degeneration and fron-
tal lobe degeneration,'® dysfunction of the corticospinal
tract or M1 might be responsible for our findings.
However, the lack of pyramidal sign in the PSP
patients suggested that this possibility is less likely.
Second, some other changes in the motor cortex excit-
ability, which might be revealed by investigations of
motor threshold, short-interval intracortical inhibition,
or intracortical facilitation, could possibly have an
influence on the present results. Third, dopaminergic
medications which may affect motor cortex excitabil-
ity'” might be responsible for the present findings.
However, the PSP patients showed reduced CBI irre-
spective of medication. Thus, this leads us to conjec-
ture that dopaminergic drugs had no significant influ-
ence on the degree of CBI in PSP. Considering the
fact that PD patients took more dopaminergic medica-
tions, however, we cannot exclude a possibility that
PD patients without medication or in their off state
may have abnormal CBI. Finally, there was a trend for
difference in age among groups. But, this factor is
again unlikely to explain the reduced CBI in PSP
patients because we did not find any significant corre-
lation between CBI and age. These issues raised above
should be addressed in more detail in future studies
because our sample size may be too small to draw any
firm conclusions.

CBI was reduced in PSP, but none of our patients
showed cerebellar symptoms and signs. Why do PSP
patients rarely show limb ataxia even though cerebellar
structures are involved? A plausible explanation is that
other symptoms of PSP such as akinesia or rigidity
would mask clinical cerebellar signs. Indeed, cerebellar
dysfunction is sometimes masked by parkinsonian
symptoms."’

In the present study, PSP patients tended to be clini-
cally severer than PD patients. Can disease severity
affect the results? First, in PD patients, we did not find
any relation between CBI and disease severity; patients
with different Hoehn and Yahr stages showed similar
ASR (Fig. 3B), and UPDRS part III did not correlate
with ASR (Fig. 3D). In contrast, more advanced PSP
patients showed larger ASR, that is, more abnormal
CBI (Fig. 3A,C). These results suggest that neural struc-
ture which is affected in PSP but not in PD can explain
the reduced CBI shown here. One of the candidates for
such neural structures may be the cerebellum. Further
studies, however, are needed to confirm the possible
relation between CBI and disease severity in PSP.

A shortcoming of our study is that the diagnosis was
based solely on clinical findings and was not confirmed

Movement Disorders, Vol. 25, No. 14, 2010

pathologically. The clinical criteria we used, however,
can diagnose PSP or PD with a high positive predictive
value.” Another issue relates to the technical proce-
dure. Although we have monitored participant’s volun-
tary EMG activity using oscilloscope and discarded the
trials contaminated by voluntary EMG, we did not re-
cord the degree of EMG activity quantitatively. Then,
some small difference in the muscle state may explain
the present results. In future studies, this point may
need to be controlled more quantitatively.

In conclusion, although the PSP patients showed no
clinical cerebellar signs, the results described herein sug-
gest that Purkinje cells or the dentato—thalamo—cortical
pathway assessed by CBI is involved in PSP. Our results
are compatible with the pathological findings showing
severe dentate nucleus degeneration in PSP patients.

Financial Disclosures: This work was supported by
Research Project Grants-in-aid for Scientific Research from
the Ministry of Education, Culture, Sports, Science and Tech-
nology of Japan; grant from the Support Center for Advanced
Telecommunications Technology Research; the Research
Committee on rTMS Treatment of Parkinson disease from
the Ministry of Health, Labour and Welfare of Japan (H20-
023); the Research Committee on Dystonia, the Ministry of
Health, Labour and Welfare of Japan; the Committee of the
Study of Human Exposure to Electromagnetic Fields, Minis-
try of Internal Affairs and Communications; the Life Science
Foundation of Japan; the Magnetic Health Science Founda-
tion; and the Global COE Program (Comprehensive Center
of Education and Research for Chemical Biology of Dis-
eases) from the Ministry of Education, Culture, Sports, Sci-
ence and Technology of Japan.

Author Roles: Shirota—Research Project: Conception,
Organization, Execution; Statistical Analysis: Design, Execu-
tion; Manuscript: Writing of the first draft, Review and Cri-
tique. Hamada—Research Project: Conception, Organization,
Execution; Statistical Analysis: Design, Review and Critique;
Manuscript: Review and Critique. Hanajima—Research Pro-
ject: Conception, Organization, Execution; Manuscript:
Review and Critique. Terao—Research Project: Organization,
Execution; Statistical Analysis: Review and Critique; Manu-
script: Review and Critique. Matsumoto—Research Project:
Execution; Manuscript: Review and Critique. Ohminami—
Research Project: Execution; Manuscript: Review and Cri-
tique. Tsuji—Research Project: Conception, Organization;
Statistical Analysis: Review and Critique; Manuscript:
Review and Critique. Ugawa—Research Project: Conception,
Organization, Execution; Statistical Analysis: Review and
Critique; Manuscript: Review and Critique.

REFERENCES

1. Steele JC, Richardson JC, Olszewski J. Progressive supranuclear
palsy. Arch Neurol 1964;10:337-343.

2. Kanazawa M, Shimohata T, Toyoshima Y, et al. Cerebellar
involvement in progressive supranuclear palsy: a clinicopatholog-
ical study. Mov Disord 2009;24:1312-1318.

— 125 —



CEREBELLAR DYSFUNCTION IN PSP REVEALED BY TMS

. Ugawa Y, Uesaka Y, Terao Y, Hanajima R, Kanazawa I. Mag-
netic stimulation over the cerebellum in humans. Ann Neurol
1995;37:703-713.

. Daskalakis ZJ, Paradiso GO, Christensen BK, Fitzgerald PB,
Gunraj C, Chen R. Exploring the connectivity between the
cerebeilum and motor cortex in humans. J Physiol 2004;557:
689-700.

. Litvan I, Agid Y, Calne D, et al. Clinical research criteria for the
diagnosis of progressive supranuclear palsy (Steele-Richardson-
Olszewski syndrome): report of the NINDS-SPSP International
Workshop. Neurology 1996;47:1-9.

. Hughes AJ, Daniel SE, Kilford L, Lees AJ. Accuracy of
clinical diagnosis of idiopathic Parkinson’s disease: a clinic-path-
ological study of 100 cases. ] Neurol Neurosurg Psychiatry 1992;
55:181-184.

. Wassermann EM. Risk and safety of repetitive transcranial mag-
netic stimulation: report and suggested guidelines from the Inter-
national Workshop on the Safety of Repetitive Transcranial Mag-
netic  Stimulation.  Electroencephalogr Clin  Neurophysiol
1998;108:1-16.

. Herzog I, Volkmann J, Krack P, et al. Two-year follow-up of
subthalamic deep brain stimulation in Parkinson’s disease. Mov
Disord 2003;18:1332-1337.

. Ugawa Y, Uesaka Y, Terao Y, Hanajima R, Kanazawa I. Mag-
netic stimulation of corticospinal pathways at the foramen mag-
num level in humans, Ann Neurol 1994;36:618-624.

10.

LI

— 126 —

2419

Chen R, Cros D, Curra A, et al. The clinical diagnostic utility of
transcranial magnetic stimulation: report of a IFCN committee.
Clin Neurophysiol 2008;119:504-532.
Ugawa Y, Terao Y, Hanajima R, et al. Magnetic stimulation
over the cerebellum in patients with ataxia. Electroencephalogr
Clin Neurophysiol 1997;104:453-458.

. Tsuboi Y, Slowinski J, Josephs KA, Honer WG, Wszolek ZK,

Dickson DW. Atrophy of superior cerebellar peduncle in progres-
sive supranuclear palsy. Neurology 2003;60:1766-1769.

. Paviour DC, Price SL, Stevens JM, Lees AJ, Fox NC. Quantita-

tive MRI measurement of superior cerebellar peduncle in pro-
gressive supranuclear palsy. Neurology 2005;64:675~679.

. Williams DR, Lees AJ. Progressive supranuclear palsy: clinico-

pathological concepts and diagnostic challenges. Lancet Neurol
2009;8:270-279.

. Williams DR, Holton JL, Strand C, et al. Pathological tau burden

and distribution distinguishes progressive supranuclear palsy-par-
kinsonism from Richardson’s syndrome. Brain 2007;130:1566—
1576.

. Josephs KA, Katsuse O, Beccano-Kelly DA, et al. Atypical pro-

gressive supranuclear palsy with corticospinal tract degeneration.
J Neuropath Exp Neurol 2006;65:396—405.

. Strafella AP, Valzania F, Nassetti SA, et al. Effects of chronic

levodopa and pergolide treatment on cortical excitability in
patients with Parkinson’s disease: a transcranial magnetic stimu-
lation study. Clin Neurophysiol 2000;111:1198-1202.

Movement Disorders, Vol. 25, No. 14, 2010



Yuichiro Shirota, Masashi Hamada, Yasuo Terao, Hideyuki Matsumoto, Shinya
Ohminami, Toshiaki Furubayashi, Setsu Nakatani-Enomoto, Yoshikazu Ugawa
and Ritsuko Hanajima

J Neurophysiol 104:1382-1391, 2010. First published May 26, 2010; doi:10.1152/jn.00164.2010

You might find this additional information useful...

This article cites 32 articles, 15 of which you can access free at:
http://jn.physiology.org/cgi/content/full/104/3/1382#BIBL

Updated information and services including high-resolution figures, can be found at:
http://jn.physiology.org/cgi/content/full/104/3/1382

Additional material and information about Journal of Neurophysiology can be found at:
http://www.the-aps.org/publications/jn

This information is current as of September 16, 2010 .

Journal of Neurophysiology publishes original articles on the function of the nervous system. It is published 12 times a year
(monthly) by the American Physiological Society, 9650 Rockville Pike, Bethesda MD 20814-3991. Copyright © 2010 by the
American Physiological Society. ISSN: 0022-3077, ESSN: 1522-1598. Visit our website at http://www.the-aps.org/.

— 127 —

0102 ‘91 Jequeaides uo Bio ABojoisAyd-ul woiy pepeojumoq




J Neurophysiol 104: 1382-1391, 2010.
First published May 26, 2010; doi:10.1152/jn.00164.2010.

Influence of Short-Interval Intracortical Inhibition on Short-Interval

Intracortical Facilitation in Human Primary Motor Cortex

Yuichiro Shirota," Masashi Hamada,' Yasuo Terao,' Hideyuki Matsumoto," Shinya Ohminami,’

Toshiaki Furubayashi,” Setsu Nakatani-Enomoto,” Yoshikazu Ugawa,” and Ritsuko Hanajima’

'Department of Neurology, Division of Neuroscience, Graduate School of Medicine, University of Tokyo, Tokyo; and *Department of
Neurology, School of Medicine, Fukushima Medical University, Fukushima, Japan

Submitted 9 February 2010; accepted in final form 22 May 2010

Shirota Y, Hamada M, Terrao Y, Matsumoto H, Ohminami S,
Furubayashi T, Nakatani-Enomoto S, Ugawa Y, Hanajima R,
Influence of short-interval intracortical inhibition on short-interval
intracortical facilitation in human primary motor cortex. J Neuro-
physiol 104: 1382-1391, 2010. First published May 26, 2010;
doi:10.1152/jn.00164.2010. Using the paired-pulse paradigm, trans-
cranial magnetic stimulation (TMS) has revealed much about the
human primary motor cortex (M1). A preceding subthreshold condi-
tioning stimulus (CS) inhibits the excitability of the motor cortex,
which is named short-interval intracortical inhibition (SICI). In con-
trast, facilitation is observed when the first pulse (S1) is followed by
a second one at threshold (S2), named short-interval intracortical
facilitation (SICF). SICI and SICF have been considered to be
mediated by different neural circuits within M1, but more recent
studies reported relations between them. In this study, we performed
triple-pulse stimulation consisting of CS-81-S2 to further explore
putative interactions between these two effects. Three intensities of
CS (80—-120% of active motor threshold: AMT) and two intensities of
S2 (120 and 140% AMT) were combined. The SICF in the paired-
pulse paradigm exhibited clear facilitatory peaks at ISIs of 1.5 and 3
ms. The second peak at 3 ms was significantly suppressed by triple-
pulse stimulation using 120% AMT CS, although the first peak was
almost unaffected. Our present results obtained using triple-pulse
stimulation suggest that each peak of SICF is differently modulated by
different intensities of CS. The suppression of the second peak might
be ascribed to the findings in the paired-pulse paradigm that CS
mediates SICI by inhibiting later I waves such as I3 waves and that the
second peak of SICF is most probably related to I3 waves. We
propose that CS might inhibit the second peak of SICF at the
interneurons responsible for I3 waves.

INTRODUCTION

Transcranial magnetic stimulation (TMS) is a useful tool to
stimulate the human brain noninvasively (Day et al. 1989). A
single electrical stimulation of the primary motor cortex (M1)
elicits periodic, multiple discharges or multiple descending
volleys in the corticospinal tract in animals (Patton and Amas-
sian 1954). Similarly, TMS over M1 elicits multiple descend-
ing volleys in humans (Day et al. 1989; Di Lazzaro et al.
1998a). The first response is called a D (direct) wave; the later
waves are designated as I (indirect) waves. The I waves follow
the D wave periodically at intervals of ~1.5 ms and are named
I1-13 waves in the order of their latency. The D wave is
probably evoked by direct activation of the pyramidal tract
neurons or their axon, and I waves are considered to be

Address for reprint requests and other correspondence: Y. Shirota, Dept. of
Neurology, Div. of Neuroscience, Graduate School of Medicine, University of
Tokyo, 7-3-1 Hongo, Bunkyo-Ku, Tokyo 113-8655, Japan (E-mail: yshirota-tky
@umin.ac.jp).
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produced by activation of interneurons within M1, which in
turn activate pyramidal tract neurons (Patton and Amassian
1954). A single pulse TMS evokes I waves preferentially (Day
et al. 1989; Nakamura et al. 1997).

Furthermore, the paired-pulse paradigm enables us to inves-
tigate inhibitory and facilitatory circuits within M1 (Kujirai et
al. 1993; Tokimura et al. 1996; Ziemann et al. 1998) probably
by modulating different components of I waves. Short-interval
intracortical inhibition (SICI) can be elicited by a conditioning
stimulus (CS) followed by a test stimulus (S1) (Di Lazzaro et
al. 1998b; Hanajima et al. 1998; Kujirai et al. 1993; Ziemann
et al. 1996b). At interstimulus intervals (ISIs) of 1-5 ms, the
motor evoked potential (MEP) produced by S1 is inhibited by
CS. Furthermore, at ISIs of 2—4 ms, SICI is evident for the I3
wave, and to a lesser extent, the 12 wave but not for the I1 wave
(Di Lazzaro et al. 1998b; Hanajima et al. 1998). The SICI at
these ISIs are considered to reflect synaptic inhibition within
M1 (Fisher et al. 2002; Hanajima et al. 2003; Roshan et al.
2003), which is mediated by gamma-aminobutyric acid
(GABA) (Kujirai et al. 1993; Ziemann et al. 1996a). Interest-
ingly, variation in the CS intensity results in the U-shaped SICI
curve with the most enhanced SICI occurring at CS intensity of
90-110% active motor threshold (AMT) (Orth et al. 2003;
Peurala et al. 2008; Ziemann et al. 1996b).

By contrast, short-interval intracortical facilitation (SICF) is
elicited by a test stimulus (S1) followed by a second pulse (S2)
set at around the resting motor threshold (RMT) (Tokimura et
al. 1996). Three peaks of facilitation were observed: ISIs of
1.1-1.5, 2.3-2.9, and 4.1-4.4 ms (Ziemann et al. 1998). Be-
cause the intervals between the successive peaks are ~1.5 ms,
SICF is considered to represent an interaction between I waves;
in fact, we previously showed that additional 12 waves were
elicited at the first peak of SICF (Hanajima et al. 2002).
Another study showed that the S1 and S2 pulses interacted
along the later I wave pathway (Ilic et al. 2002). According to
the notion that the later I wave pathway consists of chains of
interneurons (Amassian et al. 1987), both authors propose that
the second pulse excites the interneurons that are hyperexcit-
able or subliminally depolarized in the presence of S1. Al-
though the information available is insufficient, the second or
the third peak of SICF might represent additional production of
later I waves; e.g., I3 or 14 waves are elicited additionally at the
second or the third peak of SICF. These two peaks become
greater when the intensity of the S2 increases (Chen and Garg
2000).

The SICI and SICF are commonly considered to be mediated
by different neural circuits (Chen and Garg 2000; Ortu et al.
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2008), but their effects converge on the pyramidal tract neu-
rons or some interneurons to elicit MEP. Thus we can specu-
late that there is some interaction between these effects. In fact,
some studies reported some relations between SICI and SICF
using the paired-pulse paradigm. Peurala et al. (2008) demon-
strated that measurement of SICI was contaminated by SICF
when CS of higher intensity was used. Similarly, Ortu and
colleagues (2008) showed that they can only assess net inhi-
bition or facilitation by the paired-pulse paradigm because
SICI and SICF were mixed when stimulus intensity became
higher.

More recently, to further elucidate the putative interaction
between SICI and SICF, Wagle-Shukla et al. (2009) used the
triple-pulse stimulation of CS, S1, and S2. They showed that
CS facilitated the peaks of SICF (Wagle-Shukla et al. 2009).
Although they studied the third peak of SICF intensively, only
one stimulus intensity was used for S2 and the other peaks
were tested using one stimulus intensity for CS and for S2.
Because the stimulus intensity and ISIs are crucial for the
paired-pulse paradigm, the same might hold true in the triple-
pulse paradigm. Therefore we studied a wider range of time
course of SICF using several stimulus intensities for CS and S2
to clarify stimulus intensity dependency of the effect of CS on
SICF under the triple-pulse paradigm. Our original hypothesis
is that each peak of SICF would be modulated differently by a
preceding CS and CS intensity would affect this modulation.

METHODS
Farticipants

Participants were 10 right-handed healthy volunteers [1 woman, 9
men; 27-46 yr old, 36.2 = 6.6 (SD) yr old], who gave their written
informed consent to participate in the experiments. No participant had
neurological, psychiatric, or other medical problem, or had any
contra-indication to TMS (Rossi et al. 2009; Wassermann 1998). The
protocol was approved by the Ethics Committee of the University of
Tokyo Hospital and was conducted in accordance with the ethical
standards of the Declaration of Helsinki.

Recordings

Participants were seated on a comfortable chair. MEPs were re-
corded from the right first dorsal interosseous muscle (FDI). Pairs of
Ag/AgCl surface cup electrodes (9 mm diam) were placed over the
muscle belly (active) and the metacarpophalangeal joint of the index
finger (reference). Responses were input to an amplifier (Biotop; GE
Marquette Medical Systems) through filters set at 100 Hz and 3 kHz;
they were then digitized and stored in a computer for later off-line
analyses (TMS Bistim Tester; Medical Try System).

™S

TMS was given over the hand area of the motor cortex using a
hand-held figure-eight coil (9 cm external diameter at each wing;
Magstim, Whitland, Dyfed, UK) placed tangentially over the scalp
with the handle pointing backward at ~45° laterally, which is per-
pendicular to the central sulcus. Monophasic TMS pulses were deliv-
ered using a magnetic stimulator (Magstim 200% Magstim). The
optimal site for eliciting MEPs in the right FDI muscle (i.e., hot spot}
was determined before each experiment. The hot spot was defined as
the site at which the largest responses were elicited. This position was
marked using a blue pen on the scalp for repositioning the coil.
Placing the coil over this position, the RMT was determined as the
lowest intensity that evoked a response of =50 uV in the relaxed FDI

in =5 of 10 consecutive trials (Rossini et al. 1994). The AMT was
defined as the lowest intensity that evoked a small response (>100
V) when the participant maintained a slight contraction of the right
FDI (5-10% of the maximum voluntary contraction) observing an
oscilloscope monitor, in >>5 of 10 consecutive trials. The experiments
were performed separately on several days, and RMT and AMT were
determined every experimental day.

Paired- and triple-pulse stimulation procedures

Paired- or triple-pulse stimuli were delivered using two or three
magnetic stimulators (Magstim 200% Magstim) connected with a
specially designed combining module (Magstim). This device com-
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FIG. 1. Experimental procedures. The experimental design is exhibited
schematically. In the 1st 2 experiments using paired-pulse stimulation (i.e.,
experiments 1 and 2), conditioned responses are compared with unconditioned
ones. In experiment 1, conditioning stimulus (CS) is followed by the 1st pulse
(S1) to examine short-interval intracortical inhibition (SICI). Experiment 2
used S1 followed by the 2nd pulse (52) to study short-interval intracortical
facilitation (SICF). The other 2 experiments (experiments 3 and 4) constitute
triple-pulse stimulations of CS-S1-S2 compared with paired-pulse stimulations
of CS-S1 (SICI paradigm). Interstimulus intervals (ISIs) between CS and S1
take negative values such as —3 and —5 ms because they precede S1.
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bines the outputs from four magnetic stimulators to enable delivery of
a train of four monophasic magnetic pulses at maximum through a
single coil (Hamada et al. 2007, 2008). Each experiment was con-
ducted with the target muscle (FDI1) relaxed.

Experimental protocol

This study included four experiments. and the experimental design
is portrayed in Fig. 1 schematically. In the first two experiments, we
confirmed the stimulus intensity dependency of SICI and SICF using
the paired-pulse paradigm. Briefly. in experiment 1, we studied the
degree of SICI at an IST of =3 ms with three different intensities of
CS. In experiment 2, we examined the time course of SICF using two
intensitics of S2. Two stimulus intensities were used for the S1 to
clarify the test size dependency of SICF. In the other two experiments.
we used the triple-pulse paradigm. In experiment 3, which is mainly
emphasized in this report. triple-pulse stimulation was performed to
determine the effect of CS on SICF when both CS and S2 were given
in the same trial. The order of the pulses was CS at an IS] of —3 ms,
S1, and S2. We referred to the results of experiments I and 2 to adjust
the MEP size. Finally. in experiment 4, we conducted triple-pulse
stimulation of CS at —5 ms. S1. and S2. [SIs between CS and ST were
expressed in negative values, and those between ST and S2 were in
positive.

Experiments using the paired-pulse paradigm

EXPERIMENT [: CONDITIONING STIMULUS INTENSITY DEPENDENCY
OF SICI. We studied SICT at an ST of —3 ms using three different CS
intensities: 80, 100, and 120% of AMT. The SI intensity was adjusted
to evoke MEPs of 0.5 mV (S15,,,v) when given alone. In all, 15
responses for CS-STand 15 responses for ST alone were obtained with
an intertrial iterval (ITH of 6 = 0.5 s using the conditioning-test
design: measurements were performed for each CS intensity sepa-
rately. The order of the sessions for three intensities was randomized
among the participants. The peak-to-peak MEP amplitudes of the
conditioned responses were averaged and expressed as a ratio to the
mean amplitude of MEP to S1 alone (unconditioned response).

EXPERIMENT 2: CONDITIONING AND TEST STIMULUS INTENSITY DE-
PENDENCY OF SICF. The SICF was investigated at ISIs of 1.5-5.0
ms, in 0.5 ms steps. We used two S1 intensities; one of which was
adjusted to evoke MEPs of 0.5 mV (S1; 5,.v). The other was adjusted to
evoke MEPs of 0.2 mV (S1;5,,v). Two S2 intensities were studied:
120 and 140% of AMT. Every combination of SI and S2 was studied
separately. Thereby four experimental sessions were performed:
120% AMT S2 with Sl 5,v. 120% AMT S2 with Sl ,,,y, 140%
AMT S2 with S1 <,y and 140% AMT S2 with S1,,,,,,v. The order
of the sessions was randomized among the participants. Each exper-
imental session consisted of 10 responses for each ISE (1.5, 2.0, 2.5,
3.0, 3.5.4.0, 4.5, and 5.0 ms) and 15 responses to ST alone at one S|
and S2 intensity. constituting 95 trials. The ITT was 6 + 0.5 s. The

TABLE |,

peak-to-peak MEP amplitudes of the conditioned responses were
averaged for cach ISL They were expressed as its ratio to the mean
amplitude of MEP elicited by S1 alone (unconditioned responses).

Experiments using the triple-pulse paradigm
8 g

EXPERIMENT 30 INFLUENCE OF CS AT -3 MS ON SICF. A Sil’lglc
session included 10 trials of triple-pulse stimulation for SICF in the
presence of CS (CS-S1-82). 15 trals of SICI alone (CS-S1), and 15
trials of ST alone. The ISI between CS and S1 was set at —3 ms, and
ISTs between ST and S2 were the same as those in experiment 2 (i.c..
I1.5-5 ms in 0.5 ms steps). Therefore a single session contains 110
trials. the order ot which was randomized. and ITI was 6 = 0.5 s. The
S1 intensity was set at Sl s,.v. Three CS intensities (80, 100, and
120% AMT) and two S2 intensities (120 and 140% AMT) were tested
separately. Consequently. six experimental sessions were performed.
The order of the sessions was randomized among the participants.

The MEP sizes were averaged for each ISI and were expressed as
its ratio to the mean MEP size of SICI alone (CS-S1). Then they were
compared with the time course of SICF alone. In this experiment,
sessions using 80% AMT CS were compared with SICF alone using
Sl smy- the sessions using 100% AMT CS with SICF alone using
ST sy and 120% AMT CS with SICE alone using Sl 5,,,v o adjust
the test sizes considering the test size dependency of SICIL, which is
consistently shown in reports of previous studies (Hanajima et al.
2007: MacKinnon et al. 2005: Ziemann et al. 1996b) and our exper-
iment | (sec resurtTs and Table 4). SICE alone using ST, 4,y was
newly performed to obtain the control data for experiment 3, and we
referred to the results of SICE alone using Sl s, and Sl in
experiment 2. We considered that this adjustment is necessary because
the degree of SICF was signiticantly different between the two test
MEP sizes studied in experiment 2 (ie.. 0.2 and 0.5 mV) and because
SICI decreased the MEP size to such a degree in experiment | (see
resurts and Table 3).

EXPERIMENT 4 INFLUENCE OF CS AT —5 MS ON SICE. We performed
the same experiments as those of experiment 3 using CS at —5 ms. Of
the 10 participants who were studied in experiments 1-3, 8 (all men,
27-46 yr. 35.1 £ 7.0 yr) were enrolled in this experiment. The CS
intensities of 100 and 120% AMT combined with S2 intensity of
140% AMT were used because the CS intensity of 120% AMT with
S2 intensity of 140% AMT showed the most marked effect in
experiment 3 (see resULTS). The MEP sizes were averaged for each IS]
and expressed as its ratio to the mean MEP size of SICI alone. then
compared with the time course of SICF alone using S1, 5\ For this
experiment, neither S1;, 5,y nor S1 5, was used because no signif-
icant SICI was evoked at an IST of —35 ms (see RESULTS).

Statistical analvsis

In experiment 1, one-way repeated measures ANOVA was used to
evaluate the effects of CS intensity on SICL Then post hoc analyses

Motor thresholds and stimuldus intensities in the paived-pulse experiments (1 and 2)

Motor Thresholds

Stimulus Intensities

S Sl S2 RMT
Experiment | 80% AMT Slysavy = 557
100% AMT SToamy — 55.4
1209% AMT STy amy 56.7
Experiment 2 - Sty smy 1209 AMT 56.6
— Stosm 140% AMT 549
— Sty v 120% AMT 534
— Stiomy 140% AMT 554

AMT s St S2
79 37.0 = 1.73 735 £ 484
57 37.2 = 1.80 745 £ 5.08
.09 37.3 = 2.09 744 = 5.00 —
67 3722232 — 741 = 4.62 445+ 2.73
52 37.1 =240 — 732528 519 = 3.26
74 36.1 = 1.90 — 66.3 = 5.30 434 +229
77 37.0 = 231 — 67.6 = 5.50 519 £3.13

Values are shown as means = SE. Motor thresholds and stimulus intensities are expressed as percentage maximal stimulator output (%MSO). CS, conditioning

Stimulus: St and S2, first and second pulse: RMT and AMT, resting and active motor threshold. respectively
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TABLE 2. Motor thresholds and stimulus intensities in the triple-pulse experiments (3 and 4)
Motor Thresholds Stimulus Intensities
CS S1 S2 RMT AMT CS S1 S2
Experiment 3 — Slgamy 120% AMT 544 + 3.56 36.5 £ 1.83 — 70.7 = 4.33 440+ 2.16
— losmy 140% AMT 558 £3.12 383 +2.02 — 72.6 £ 4.67 53.5+2.77
80% AMT Slgsmy 120% AMT 55.9 +3.94 374 +2.15 30.0 + 1.68 74.7 * 5.35 45.1 *2.49
100% AMT S1g.smv 120% AMT 549 =345 36.5 = 141 365+ 1.41 75.0 = 5.02 43.9 + 1.66
120% AMT Slgsmv 120% AMT 56.0 = 3.65 36.9 £ 2.06 442 248 73.8 £ 5.11 44,2 + 248
80% AMT Losmv 140% AMT 554 =357 37.1 2233 297+ 1.87 76.1 £ 5.44 51.8 =3.17
100% AMT 1o 5mv 140% AMT 554 =337 37.1+247 37.1 =247 774 =513 51.8 £341
120% AMT 1o smv 140% AMT 56.5 + 4.06 37.4+1.70 449 +204 74.9 = 5.08 52.1 = 2.44
Experiment 4 100% AMT 1o.smv 140% AMT 51.5=3.02 35.1 +1.20 351=*1.20 67.8 =431 493 = 1.68
120% AMT losmy 140% AMT 52.0 = 3.05 334+ 1.64 40.0 = 1.88 68.0 = 4.28 46.9 = 2.34

Motor thresholds and stimulus intensities are expressed as percentage maximal stimulator output (%MSQO).

with Bonferroni correction for multiple comparisons were applied.
The mean unconditioned MEP amplitude was compared with the
mean conditioned MEP amplitude for each condition using a paired
t-test. In experiment 2, a three-way repeated measures ANOVA was
used to elucidate effects of ISI and S2 intensities on SICF. Namely,
within-subject factors were S1 (S1gs5,v and S1;,.,¢), S2 intensity
(120% AMT and 140% AMT) and ISI (1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5,
and 5.0 ms). Second, two-way repeated measures ANOVA was
applied for each S2 intensity (120% AMT and 140% AMT) to
determine the test size dependency of SICF; within-subject factors
were S1 (S1g sy and Sl ,,v) and ISI (1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5,
and 5.0 ms). Finally, the time course of SICF for each condition was
explored using Dunnett’s test. In experiment 3, two-way repeated
measures ANOVA was applied for each experimental session using
within-subject factors of condition (triple-pulse and SICF alone) and
ISI. In experiment 4, two-way repeated measures ANOVA was
applied for each experimental session using within-subject factors of
condition and ISI. In experiments 2—4, post hoc analyses with Bon-
ferroni’s correction for multiple comparison were applied for each
S1-82 ISI (i.e., 1.5-5 ms) if interaction was significant.

Analyses were performed using software (Dr. SPSS II for Windows
version 11.0; SPSS, Chicago, IL). Greenhouse—Geisser correction was
used if necessary to correct for nonsphericity, and a P value <0.05 was
considered significant. All the values are expressed as means = SE.

RESULTS

Motor thresholds and stimulus intensities are shown in
Tables 1 and 2. Mean MEP amplitudes for S1 alone and CS-S1 in
each of the experimental session are shown in Tables 3 and 4.

Experiments using the paired-pulse paradigm

EXPERIMENT I: CONDITIONING STIMULUS INTENSITY DEPENDENCY
oF sicl.  Figure 2 shows the CS intensity dependency of SICL.
A U-shaped SICI curve was observed (Fig. 2). One-way

repeated measures ANOVA revealed a significant effect of CS
intensity [F(2,18) = 6.293, P = 0.007]. Post hoc analyses
revealed that CS intensity of 100% AMT showed more inhi-
bition than that of 80% AMT (P = 0.006). Table 3 shows mean
MERP sizes for the unconditioned responses and the conditioned
responses and showed that each CS induced significant inhi-
bition (P = 0.020 for 80% AMT, P < 0.001 for 100% AMT
and 120% AMT).

EXPERIMENT 2: CONDITIONING AND TEST STIMULUS INTENSITY DE-
PENDENCY OF SICE. The mean time courses of SICF are pre-
sented in Fig. 3. When S1;,,,v was used, SICF (especially at
1.5 and 3.0 ms) were more enhanced than those with S14 5.
Furthermore, we noted S2 intensity dependency of SICF;
140% AMT S2 produced more facilitation than 120% AMT.
Three-way repeated measures ANOVA revealed the main effect of
S1[F(1,9) = 10.54, P = 0.009], S2 intensity [F(1,9) = 24.02, P =
0.001], and ISI [F(1.63,14.67) = 8.70, P = 0.005]. Significant
interaction was also found between S1 and ISI [F(2.46,22.11) =
6.10, P = 0.005], but no interaction between other combina-
tions of factors was found to be statistically significant. Two-
way repeated measures ANOVA applied for each S2 intensity
disclosed the main effect of S1 [F(1,9) = 5.84, P = 0.039 for
120% AMT and F(1,9) = 6.58, P = 0.030 for 140% AMT] and
ISI [£(1.53,13.78) = 742, P = 0.010 for 120% AMT and
F(1.94,17.44) = 7.03, P = 0.006 for 140% AMT], and signif-
icant interaction between S1 and ISI [F(7,63) = 3.55, P =
0.003 for 120% AMT and F(2.00,17.97) = 4.97, P = 0.019 for
140% AMT]. Post hoc analyses showed significant difference
between S1; s,y and S1; v at ISIs of 1.5 ms (P < 0.001 for
120% AMT and 0.027 for 140% AMT) and 3.0 ms (P = 0.034
for 120% AMT and 0.007 for 140% AMT), corresponding to
the first and the second peaks of the SICF. Finally, the time

TABLE 3. Test and CS-SI MEP sizes in the paired-pulse experiments (1 and 2)

Cs$ S1 S2 Test MEP Size, mV CS-S1 MEP Size, mV
Experiment 1 80% AMT Slgsmy — 0.50 = 0.04 0.37 £ 0.04
100% AMT Slgsmy — 0.52 + 0.03 0.21 % 0.04
120% AMT Lo smy — 0.52 * 0.0 0.32 * 0.05
Experiment 2 — Slgsmy 120% AMT 0.52 + 0.03 —
— Lo.smv 140% AMT 0.47 * 0.04 —
— Slg oy 120% AMT 0.23 = 0.03 —
— 140% AMT 0.20 * 0.03 —

0.2mV

MEP, motor evoked potential.

J Neurophysiol « VOL 104 « SEPTEMBER 2010 « WWW.jn.0rg

— 131 —

010z ‘91 Jequeidag uo Bio ABojoisAyd-ul wouy papeojumoq




1386

SHIROTA ET AL.

TABLE 4. Test and CS-SI MEP sizes in the triple-pulse experiments (3 and 4)
CS S1 S2 Test MEP Size. mV CS-S1 MEP Size, mV
Experiment 3 — Sty vy 120% AMT 0.31 +0.05
— STy v 140% AMT 0.29 + 0.04 —
80% AMT S1hsmv 1209% AMT 0.49 = 0.02 0.38 + 0.03
100% AMT Sty smy 120% AMT 0.48 = 0.04 0.25 > 0.05
120% AMT Sty sy 120% AMT 0.51 = 0.04 0.29 = 0.04
80% AMT Sty smy 140% AMT 0.50 = 0.03 0.38 = 0.04
100% AMT Sl s 140% AMT 0.53 = 0.04 0.22 + 0.04
120% AMT Sty sy 140% AMT 0.47 + 0.05 0.28 + 0.04
Experiment 4 100% AMT Sl sy 140% AMT 0.48 = 0.05 0.42 + 0.04
120% AMT ST e 140% AMT 0.47 = 0.06 0.43 = 0.11

course of SICF in each condition was explored. Significant
facilitation was found at several ISIs including 1.5 and 3.0 ms
(Fig. 3).

Experiments using the triple-pulse paradigm

EXPERIMENT 3. INFLUENCE OF CS AT -3 MS ON SIcF.  Figure 4
shows that the mean time courses of SICF depict a complex
relation between SICI and SICF.

In the sessions using S2 of 120% AMT (Fig. 4. A-C). the
first and the second peaks were facilitated in the presence of
80% AMT or 100% AMT CS (Fig. 4. A and B). By contrast,
the second peak was inhibited in the presence of 120% AMT
CS (Fig. 4C). In sessions using S2 of 140% AMT (Fig. 4,
D-F), 80% AMT CS produced almost no changes in SICF (D).
It is particularly interesting that 100% AMT CS and 120%
AMT CS suppressed the second peak of SICF (Fig. 4, £ and
F). The first peak was also suppressed to a lesser extent (Fig.
4, F and F). Representative responses from one participant are
portrayed in Fig. 5. In the left traces, which show SICF alone
using S,y and 140% AMT 52, at both the first (ISI = 1.5
ms) and the second (ISI = 3 ms) peaks, the MEP sizes are
much larger than that elicited by S1 alone (Sl ;,,v). In con-
trast, the right traces from the triple-pulse stimulation using
120% AMT CS, Sl s,y and 140% AMT S2, demonstrate that
the second peak is suppressed; the MEP at the second peak
(ISI = 3 ms) is only slightly larger than that of SICT alone (CS
and S1). Because of the SICI (compare CS and ST with S1 5,y

MEP ratio

80%AMT 100%AMT 120%AMT

FiG. 2. Conditioning stimulus intensity dependency of SICL Means and
SEs of SICI in different CS intensities: 80% active motor threshold (AMT),
100% AMT. and 120% AMT. SICI was normalized as a ratio of conditioned
motor evoked potential (MEP) to test MEP. SICTusing 100% AMT CS showed
the most profound inhibition. *, statistical significance (£ < 0.05).

in Fig. 5), the sessions using 100% AMT CS and 120% AMT
CS were not compared with SICF alone using S1) 5,y but with
SICF alone using Slys,y OF Slgamy. In fact, using 100%
AMT and 120% AMT for CS, CS-S1 MEP sizes were around
0.2 and 0.3 mV, respectively (Table 4). A two-way repeated
measures ANOVA revealed a significant interaction between
condition and ISI in the session using 120% AMT CS and
1409% AMT S2 [F(7,63) = 2.96, P = 0.010; Fig. 4F]. In other
sessions, no significant interaction was found. Post hoc analy-
ses revealed a significant difference at 1SIs of 2.5 ms (P =
0.021) and 3.0 ms (P = 0.031), corresponding to the second
peak of SICF.

EXPERIMENT 4: INFLUENCE OF CS AT -5 MS ON SICE. ~ At CS-S11S]
of =5 ms, CS did not induce significant inhibition (Table 4).
The time course is presented in Fig. 6, and the second peak of
SICF was suppressed. Statistical analysis revealed significant
interaction between condition and ISI in the session using CS
intensity of 120% AMT and S2 intensity of 140% AMT
[F(2.2,15.7) = 4.15, P = 0.032; Fig. 6B]. Post hoc analysis
showed a significant difference at the ISI of 3.0 ms (P =
0.047), similar to experiment 3.

DISCUSSION

In this study, we demonstrated that different peaks of SICF
were modulated by the preceding CS differently and that this
modulation was stimulus intensity dependent. When CS inten-
sity was below or around AMT and S2 was relatively low (i.e.,
80 or 1009% AMT CS and 120% AMT S2 in experiment 3), the
first and the second peak were facilitated. This facilitation,
however, did not reach statistical significance at variance with
the previous report (Wagle-Shukla et al. 2009). In contrast, it is
particularly interesting that the second peak of SICF was
suppressed in the condition using a higher CS intensity (120%
AMT). When 82 became stronger (i.e., 140% AMT), 100%
AMT CS also suppressed the second peak (Fig. 4E). Espe-
cially. the suppression of the second peak of SICF was statis-
tically significant in the condition which used 120% AMT CS
and 140% AMT S2 (Fig. 4F).

Facilitation of SICF by CS below or around AMT

We noted a facilitatory effect of CS on the first and second
peaks of SICF in conditions using 80 or 100% AMT CS and
120% AMT S2, although this facilitation was not statistically
significant. The finding is, at least in part, in line with the
preceding study (Wagle-Shukla et al. 2009). They found that
the CS preceding the SICF paradigm “disinhibits” neural
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FIG. 3. Mean time courses of SICF in different S1 or S2
intensities. The degree of SICF (the ordinate) is shown as the
ratio of the mean conditioned MEP size to the unconditioned
MERP size for each ISI (the abscissa). The time courses using S2
of 120% AMT (A) are less facilitatory than those using S2 of
140% AMT (B). The SICF using Slg .,y (O) is more facilita-
tory than that using S1gs,,v (@). Error bars represent SE. *,
statistical significance between Sl and Sly v (P <
0.05). #, significant facilitation (P < 0.05) of the conditioned
responses compared with the unconditioned ones.

A o Sl 120%AMTS2 B == S1ggm, 140% AMT S2
=O= ST, ,ms 120% AMT S2 ~O= S1,, ., 140% AMT 52
5 1 5
4 4
o
o3 3
— |
o
LUl 2 1% # 2
1 1
0 —— 0 — ———

156 2 25 3 35 4 45 5

ISI (ms)

circuits responsible for late I-waves resulting in an overall
facilitation and proposed that the disinhibition is mediated by
another group of inhibitory interneurons. Likewise, we con-
sider that the facilitation seen at the lower CS intensity might
be an observation similar to that by Wagle-Shukla et al. (2009)
possibly caused by a “disinhibition” mechanism. We do not
have a clear explanation for the lack of statistical significance
though. The number of subjects might be too small to reveal
significance, or some methodological difference such as stim-
ulation parameters might explain the difference.

16 2 25 3 35 4 45 5

Suppression of the second peak of SICF by CS above AMT

The main and novel point in this report lies in the significant
suppression of the second peak of SICF in the presence of CS
above AMT (i.e., 120% AMT) while there was no significant
modulation of the first peak of SICF with this stimulus inten-
sity. Although the first peak tended to be modulated by CS, the
fact that significant difference was found only in the second
peak suggests that the first peak was less susceptible to CS in
comparison to the second peak. Thus we consider that the

80% AMT CS 100% AMT CS 120% AMT CS
A B C
5 m
4
| 120%
, AMT
S2
1 4
1 0 — 7T
D 152253354455 E 152 253 354455 F 152253354455
5 4 5 A 1 5
o 47 414 3 4. .
B LA A LA 140%
[ 1 E \ , A
o R AMT
o 2 2 |
= S2
1 1 4
0 T T L T Ll T T 1 o T L} T T T T 1 0 T T T T T T T 1
152 253 354455 1562253354455 1562253354455
I1SI (ms) —- 11iple | SICF alone ___ SICFalone __ SICF alone
pulse S1osmy S102mv Stoamv

FIG. 4. Mean time courses of triple-pulse stimulation at CS-S1 ISI of —3 ms. A — & , the time course of the triple-pulse stimulation in experiment 3. A—C:
the results with S2 of 120% AMT; CS intensities are 80% AMT (A), 100% AMT (B), and 120% AMT (C). D-F: results with S2 of 140% AMT; CS intensities
are 80% AMT (D), 100% AMT (E), and 120% AMT (F). @- - -@, SICF alone using S1,5,, with 82 of 120% AMT (A) or 140% AMT (D). O- - -O, SICF
alone using S1g,,,y With $2 of 120% AMT (B) or 140% AMT (E). [J- - -[], SICF alone using Slg 5,y With S2 of 120% AMT (C) or 140% AMT (F). The
abscissa denotes ISI. The ordinate shows the MEP size ratio. Error bars represent SE. *, statistical significance (P < 0.05).
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