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» Relationships between short intracortical inhibition (SICI) and lesion site, time from onset, and motor
function were studied in chronic stroke patients with severe to moderate upper extremity paresis.

o Affected-side SICI had inverse correlations with paretic finger motor function and time from onset.

o The state of intracortical inhibitory neuron activity depends on the state of motor function and lesion
site even in chronic stroke patients with severe hemiparesis.

Keywords:

Intracortical inhibition

Motor cortex

Transcranial magnetic stimulation
Cerebrovascular disease

ABSTRACT

Objectives: Few studies have assessed short intracortical inhibition (SICI) in the affected hemisphere (AH)
in a large number of patients with chronic stroke. In this study, SICI was assessed in chronic stroke
patients with severe hemiparesis, and its relationship to clinical parameters was examined.
Methods: The participants were 72 patients with chronic hemiparetic stroke. SICI of both the AH and the
unaffected hemisphere (UH) was assessed. The relationships between SICI and the location of lesion, time
from onset, and finger function were studied. Motor function of the paretic finger was assessed with the
Stroke Impairment Assessment Set (SIAS) and the Fugl-Meyer test upper extremity motor score. To com-
pare the results with those of healthy subjects, SICI was assessed in seven age-matched control subjects.
Results: MEPs of the UH were evoked in all 72 subjects, and MEPs of the AH were evoked in 24 subjects.
SICI of the AH was inversely correlated with paretic finger motor function and time from stroke onset.
SICI of the UH was not correlated with either one. SICI of the UH was higher in the cortical lesion group
than in the control group.
Conclusions: The state of intracortical inhibitory neuron activity depends on the state of motor function
and lesion site even in chronic stroke patients with severe hemiparesis.
Significance: The inhibitory system of the AH is involved in functional recovery of the paretic hand even
in the chronic stage of stroke.
© 2012 International Federation of Clinical Neurophysiology. Published by Elsevier Ireland Ltd. All rights
reserved.

1. Introduction

As neurophysiological and functional imaging techniques have
progressed, it has been suggested that the brain is capable of
extensive functional plasticity after stroke (Cramer et al., 2011).
Biitefisch et al. (2000) showed that training-induced changes were
related to decreased GABAergic inhibition within intracortical cir-
cuits. In humans, this GABAergic inhibitory systemn can be assessed
with a paired-pulse transcranial magnetic stimulation (TMS) tech-
nique, in which a conditioning TMS pulse below the threshold for
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eliciting a motor evoked potential (MEP) inhibits a suprathreshold
test stimulus at short intervals (1-5 ms) (Kujirai et al., 1993). This
inhibition was called short intracortical inhibition (SICI) (Sanger
et al., 2001). Several studies support the notion that modulation
of intracortical inhibition contributes to plasticity in the primary
motor cortex. It seems that the inhibitory circuit in the primary
motor cortex plays an important role in functional reorganization
in stroke patients (Shimizu et al., 2002; Manganotti et al., 2002;
Liepert et al., 2000).

Some studies have shown that the intracortical inhibitory sys-
tems of the affected hemisphere (AH) and the unaffected hemi-
sphere (UH) were disturbed in patients with acute stroke, and
this disturbed SICI changed with time from the acute phase to
the subacute phase (Shimizu et al., 2002; Liepert et al.,, 2000).
Swayne et al. (2008) showed that SICI correlated with clinical func-
tion at 3 months after stroke onset, but not in the acute period, and
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these correlations were no longer present at 6 months. There is,
however, little information about SICI in the chronic phase, over
6 months from stroke onset. Few researchers have studied SICI in
the AH of patients with chronic, severe, hemiparetic stroke.

Recently, constrained induced movement therapy (CIMT) (Wolf
et al.,, 1989), active-passive bilateral therapy (APBT) (Stinear et al,,
2008), and hybrid assistive neuromuscular dynamic stimulation
therapy (HANDS) (Fujiwara et al, 2009) were developed for
improvement of upper extremity function in patients with chronic
stroke. These newly developed therapeutic approaches improved
upper extremity function and induced cortical plastic change, con-
firmed with TMS. Liepert (2006) showed that CIMT induced
enlargement of the paretic hand mapping area in the affected-side
motor cortex. Stinear et al. (2008) showed that APBT increased af-
fected-side motor cortex excitability. Fujiwara et al. (2009) showed
that HANDS therapy induced reduction of intracortical inhibition
in the AH. These studies supported the idea that rehabilitation-in-
duced cortical plastic changes can occur even in the chronic phase
of stroke. The mechanism of this cortical reorganization could be
explained by reduction of local inhibitory interneurons (i.e. SICI),
thus unmasking pre-existing excitatory connections (Jacobs and
Donoghue, 1991).

The aims of this study were to examine SICI in chronic stroke
patients with severe to moderate hemiparesis and to study its rela-
tionship to lesion site, time from onset, and motor function.

2. Methods
2.1. Participants

Seventy-two patients (50 males and 22 females) with chronic
stroke were recruited for the study from the outpatient clinic. Their
mean age was 57.0+ 14.1 years (range 27-77 years), and their
mean time from stroke onset was 28.2+22.6 months (6-
104 months). Inclusion criteria consisted of: (1) first-ever stroke;
(2) age over 20 years; (3) time from onset more than 6 months;
and (4) moderate to severe upper extremity paresis (patients could
not move their paretic fingers individually well). Exclusion criteria
were: (1) history of major psychiatric or previous neurological dis-
eases, including seizures; (2) cognitive impairment precluding in-
formed consent or the patients Mini Mental Examination Scale
score was below 25; and (3) use of central nervous system active
drugs. All patients underwent a standardized protocol of inpatient
rehabilitation based on physical therapy and occupational therapy
in their acute and subacute phases (1-6 months after stroke onset).
No patient was still participating in rehabilitation at the time of the
study. All patients achieved independence in self-care items and
locomotion items of activities of daily living.

Seven age-matched healthy volunteers (5 male, 2 female; mean
age 55.9 + 11.3 years; range 41-66 years) were assessed as a con-
trol group.

The purpose and procedures of the study were explained, and
informed consent was obtained from all subjects. The study was
approved by the institutional ethics review board and performed
in accordance with the Declaration of Helsinki.

2.2. Clinical assessment

The brain lesion was localized with computed tomography (CT)
or magnetic resonance imaging (MRI). Based on the CT or MRI find-
ings, the patients were divided into two subgroups (cortical and
subcortical). Cortical stroke was defined as a lesion located in
any cortical area, whether the area was motor cortex or not, and
other strokes were defined as subcortical strokes. The subcortical
group had lesions located caudal to the corpus callosum, indicating

that the corpus callosum was intact. These diagnoses were made
by a radiologist.

Motor function of the affected upper extremity was assessed
with motor items of the Stroke Impairment Assessment Set (SIAS)
(Chino et al., 1995) and the Fugl-Meyer test upper extremity motor
score (FM-U) (Fugl-Meyer et al., 1975). The SIAS is a standardized
measure of stroke impairment consisting of 22 subcategories,
and its reliability and validity have been well demonstrated (Tsuji
et al.,, 2000; Liu et al., 2002). The paretic side motor functions of the
upper extremity were tested with the knee-mouth test and the fin-
ger-function test. They were rated from 0 (complete paralysis) to 5
(no paresis). The score 1 for the finger test was divided into three
subscales: 1a (mass flexion), 1b (mass extension), and 1¢ (minimal
individual movement). The score 3 for finger function means that
individual movement of each finger is possible with adequate flex-
ion and extension of the digits; however, the patient carries out the
task with severe or moderate clumsiness. The FM-U consists of
three categories (A: shoulder/elbow/forearm, B: wrist, C: hand).

2.3. EMG recording

Participants were seated in a reclining chair with the elbow
flexed at 70°. Surface electrodes were placed bilaterally on the skin
overlying the extensor digitorum communis (EDC) muscles in a
bipolar montage (interelectrode distance, 2 cm). Before attaching
the electrodes, the skin areas were rubbed with alcohol, and the
skin resistance was kept below 5 kQ. A Neuropack™ electromyog-
raphy machine (Nihon Kohden Co. Tokyo, Japan) was used to re-
cord and analyze the EMG data. The bandpass filter was set at
30 Hz-2 kHz, and the sampling frequency was set to 5 kHz.

2.4. Transcranial magnetic stimulation (TMS)

TMS was delivered with a Magstim 200 magnetic stimulator
(The Magstim Company, Whitland, Dyfed, UK). Magnetic stimula-
tion was applied over the motor cortex through a figure-of-eight
coil having an external wing diameter of 9 cm and a peak magnetic
field of 2.2 T. TMS was delivered to the optimal scalp position for
activation of the EDC muscles overlying the left- and right-hand
primary motor cortices. The stimulating coil was placed over the
optimal site for eliciting responses in the EDC and oriented so that
the current in the brain flowed in a posterior to anterior direction
through this optimal stimulating site.

Before the examination, the active motor threshold (AMT) and
resting motor threshold (RMT) were measured in all participants.
Motor threshold was measured with a single pulse from a Magstim
200 connected via a Bistim to a second Magstim 200. RMT was
determined according to the recommendation of the International
Federation of Clinical Neurophysiology (IFCN) Committee (Rossini
et al., 1994). It was defined as the intensity needed to evoke a min-
imal EMG response (>50 pV) in at least 5 of 10 trials in a relaxed
EDC. AMT was defined as the minimum stimulus intensity that
produced a motor evoked response (about 200 pV in 5 of 10 trials)
during isometric steady EDC contraction of 5-10% maximum, with
the help of audiovisual feedback from the EMG.

2.5. Short intracortical inhibition (SICI)

To assess SICI, subthreshold conditioning paired-pulse TMS
(Kujirai et al., 1993) was applied. The conditioning and test stimuli
were given using the same figure-of-eight coil connected to two
magnetic stimulators. The conditioning stimulus was set at 80%
of the AMT. The test stimulus was set at 120% of the RMT. The test
MEP amplitude was evaluated using a stimulus intensity of 120%
RMT with the muscle at rest. Interstimulus intervals (ISIs) were
set at 2 and 3 ms, because short ISIs (2-5 ms) inhibit the test
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MEP (SICI). Five trials were recorded for each ISI and single-pulse
stimulation in pseudorandom order controlled by a laboratory
computer. Stimuli were applied every 5 s.

The conditioned MEP peak-to-peak amplitudes were expressed
as a ratio to the mean MEP amplitude with test stimulation given
alone. The SICI was defined as the mean of these values for the
2- and 3-msec intervals. The SICI was determined in both the AH
and the UH. SICI was assessed in the bilateral hemispheres of seven
healthy volunteers.

2.6. Statistical analysis

Normality of distribution was examined using the Kolmogorov-
Smirnov test. If the data were not normally distributed or ordinal
data, non-parametric statistical tests were used. The Mann-Whit-
ney U-test was used to compare non-parametric values between
two groups. Unpaired and paired t-tests were used to compare
parametric values between two groups. Mean values were com-
pared among healthy participants, patients with cortical lesions,
and patients with subcortical lesions and analyzed with one-way
analysis of variance (ANOVA). If the difference between subjects
was significant, post hoc analysis was performed with an unpaired
t-test. The SIAS and Fugl-Meyer test scores were ordinal data. Time
from onset was not normally distributed. Spearman’s rank correla-
tion test was used to study possible correlations between SICI and
time from onset, the SIAS finger function test, and the FM-U. Cor-
relations of parametric data were tested with Pearson’s correlation
test. A p value of 0.05 was considered significant for all tests. All
statistical analyses were performed with SPSS version 19.0 .

3. Results
3.1. Clinical details and MEPs of patients with stroke

The clinical details and lesions of the subjects are shown in Ta-
bles 1 and 2. The mean F-M score was 28.6 = 10.9. The median SIAS
finger score was 1b.

In all patients with stroke, MEPs were obtained from the UH.
MEPs could be elicited from both the AH (0.34 +0.48 mV) and
the UH (0.56 £0.39 mV) in 24 patients (group A). The differences
between the AH and the UH in AMT (p < 0.001), RMT (p < 0.001),
and the amplitude of the test MEP (p = 0.035) were significant in
group A. There was no significant difference in SICI between the
AH and the UH in group A (p = 0.143). Seven of them had cortical
lesions (all of them were infarctions containing the M1 area), and
17 had subcortical lesions (3 corona radiata lacunar infarctions, 5
basal ganglia infarctions, 7 basal ganglia hemorrhages, 2 brainstem
infarctions).

In 48 participants, MEPs could only be elicited from the unaf-
fected side (0.45 *0.28 mV) (group B). Ten of them had cortical
(9 infarction, 1 hemorrhage, all of them contained the M1 area)
and 38 had subcortical lesions (10 corona radiata lacunar infarc-
tions, 1 corona radiata hemorrhage, 14 basal ganglia infarctions,
21 basal ganglia hemorrhages, 2 brainstem infarctions).

Table 1
The lesion of stroke.
Infarction Hemorrhage Total
Cortical 16 1 17
Subcortical
Corona radiata 10 1 11
Putamen 8 19 27
Thalamus 5 8 13
Brain stem 4 0 4
Total 43 29 72

There were significant differences in age (p = 0.02), SIAS finger
function scores (p <0.001), and FM-U scores (p=0.03) between
groups A and B (Table 2). The differences in AMT, RMT, test MEP
amplitude, and SICI of the UH were not significant between groups
A and B.

3.2. Comparison of subcortical, cortical, and control groups

Fifty-five patients had subcortical lesions and seventeen had
cortical lesions, including the primary motor cortex. The mean
time from onset was 28.5 *22.8 months in the subcortical group
and 27.2 £ 22.5 months in the cortical group. The mean FM-U score
was 28.3 £ 11.5 in the subcortical group and 29.8 + 8.8 in the cor-
tical group. The median SIAS finger function score was 1b in both
the subcortical and cortical groups. There were no significant dif-
ferences in time from onset (p = 0.35), SIAS finger function score
(p = 0.49), and FM-U (p = 0.33) between the subcortical and cortical
groups.

Table 3 shows the TMS parameters of each hemisphere in the
subcortical, cortical, and healthy control group. MEPs of the EDC
were evoked in both sides in all seven healthy controls. MEPs of
the AH were evoked in 17 subjects in the subcortical group and se-
ven subjects in the cortical group. There was a significant main ef-
fect of lesion (subcortical, cortical, and control) in AMT of the AH
(F=12.8, p<0.001), RMT of the AH (F=10.69, p<0.001), test
MEP amplitude of the AH (F=10.31, p < 0.001), test MEP amplitude
of the UH (F=11.86, p<0.001), and SICI of the UH (F=3.35,
p=0.04). AMT and RMT of the AH in the subcortical (p <0.001,
p=0.001) and cortical groups (p = 0.004, p =0.003) were signifi-
cantly higher than in the control group, but the difference between
the subcortical and cortical groups was not significant. The ampli-
tudes of test MEPs of the AH and UH were significantly smaller in
both the subcortical (p=0.002, p<0.001) and cortical groups
(p=0.002, p=0.002) than in the control group. The value of SICI
of the UH in the cortical group was significantly higher than in
the control group (p = 0.04). The difference in the SICI of the UH be-
tween the subcortical group and the control group was not signif-
icant on the post hoc unpaired t-test (p = 0.307).

Within subcortical strokes, one might suggest that those involv-
ing the corona radiata would be likely to affect transcallosal fibers
projecting to and from the unaffected hemisphere, whereas clearly
those in the putamen, thalamus, or brainstem would not. Therefore,
the UH SICI was compared between the 28 patients in whom the
cortex and corona radiata were involved (cortical + corona radiata)
and the 44 patients in whom the putamen, thalamus, and brain stem
(subcortical) were involved. The UH SICIs of the cortical + corona
radiata and subcortical were 0.89 £0.42 and 0.82 + 0.37, respec-
tively. There was no significant main effect of lesion (corti-
cal + corona radiata, subcortical, and control) (F=2.265,p=0.11).

3.3. SICI and motor function

As shown in Figs. 1 and 2, SICI of the AH had a significant in-
verse correlation with time from onset (rs=0.55, p = 0.006), the
SIAS finger function test score (rs = 0.61, p = 0.001), and the FM-U
(rs =0.37, p=0.037). The SIAS finger function score and FM-U did
not correlate with time from onset (rs=0.091, p=0.447;
rs = —0.019, p = 0.877). The values of AMT and RMT of both hemi-
spheres did not correlate with time from onset (Figs. 3A and 3B).

There was no significant correlation between SICI of the UH and
motor function. SICI of the AH was not correlated with SICI of the
UH (p = 0.08). The value of SICI was not correlated with the ampli-
tude of test MEP in both the AH (p = 0.166) and the UH (p = 0.267),
suggesting that the observed changes in SICI reflect altered inhib-
itory activity rather than simply reduced excitability of the cortico-
spinal output.
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Table 2
Characteristics and TMS measurements of Group A and B.
Total
(n=72) Group A (n=24) Group B (n=48) p
Age (years) 57 (14.0) 62.9 (14.4) 54.0 (13.1) 0.007
TFO (months) 28.2 (22.5) 29.7 (22.9) 27.5(22.6) 0.38"
SIAS finger 1b (1a-3) 1c (1a-3) 1b (1a-3) <0.001"
FM-U 28.6 (10.9) 32.5(10.5) 26.8 (10.7) 0.03"
AMT UH 40.2 (7.2) 38.2 (7.5) 414 (6.8) 0.089
AH 49.3(6.9)
RMT UH 54.4 (9.8) 53.1(10.4) 55.3 (9.6) 0.262
AH 65.9(11.8)
Test MEP UH (mV) 0.48 (0.32) 0.56 (0.39) 0.45 (0.28) 0.131
AH 0.34(0.48)
SICI UH 0.84 (0.38) 0.85 (0.30) 0.84 (0.43) 0.45
AH 0.77(0.30)

Abbreviations: TFO, time from stroke onset; TMS, transcranial magnetic stimulation; SIAS finger, Stroke Impairment Assessment Set finger function test; FM-U, Fugl-Meyer
test upper extremity motor score; AMT, active motor threshold; RMT, rest motor threshold; UH, unaffected hemisphere; AH, affected hemisphere; MEP, motor evoked
potential; SICI, short intracortical inhibition; Values are mean values (SD), the value of SIAS finger is median score (range). p values were calculated with the unpaired ¢ test.

* p values were calculated with Mann-Whitney U-test.

Table 3
TMS parameters of subcortical, cortical and control group.
Subcortical group (UH n=55, AH n=17) Cortical group (UHn=17, AHn=7) Control (n=14) F p
Age (years) 57.1(13.9) 56.8 (15.2) 55.9(11.3) 0.003 0.953
AMT (%) AH 49.4 (7.0) 49.0 (6.1) 38.2 (5.9) 12.804 <0.001
UH 40.7 (6.8) 38.6 (7.1) 38.2(5.9) 1.125 033
RMT (%) AH 65.0 (9.2) 67.8 (15.4) 50.8 (6.3) 10.692 <0.001
UH 55.2 (9.0) 51.7 (10.3) 50.8 (6.3) 1.885 0.158
Test MEP (mV) AH 0.38 (0.52) 0.20 (0.08) 0.95 (0.34) 10.314 <0.001
UH 0.47 (0.32) 0.52 (0.34) 0.95(034) 11.868 <0.001
SICl AH 0.83 (0.33) 0.91 (0.32) 0.63 (0.19) 2724 0.075
UH 0.80 (0.38) 0.96 (0.34) 0.63(0.19) 3.357 0.04

Abbreviations: TMS, transcranial magnetic stimulation; AH, affected hemisphere; UH, unaffected hemisphere; AMT, active motor threshold; RMT, rest motor threshold; MEP,
motor evoked potential; SICI, short ontracortical inhibition; Values are mean values (SD); F value and p value were calculated with one factor ANOVA.
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Fig. 1. The relationship between short intracortical inhibition (SICI) in the affected-
hemisphere (AH) and the time course from onset (months). The SICI in the AH has a
significant inverse correlation with time from onset (rs = 0.55, p = 0.006. Spearman
rank correlation test).

4. Discussion

This study assessed SICI in the AH of 24 patients and the UH of
72 patients with moderate to severe hemiparetic chronic stroke
(mean time from onset 28.2 months) and identified the relation-
ships of SICI with lesion site and motor function. Few studies have

assessed SICI in the AH in a large number of patients with chronic
stroke. The reason for this has been the difficulty eliciting MEPs
from the AH (Shimizu et al,, 2002; Manganotti et al., 2008). Liepert
et al. (2000) studied affected-side SICI in 11 patients in the acute
phase of stroke, and Manganotti et al. (2008) studied 13 patients
with moderate to severe hemiparesis from 7 to 90 days after stroke
onset. Takeuchi et al. (2010) studied affected-side SICI in patients
with chronic stroke, but the number of subjects was limited, and
their hemiparesis was mild to moderate.

In the present study, the mean FM-U score was 28.6. Their mo-
tor function was severely impaired. In patients with severe hemi-
paresis, the capability of the paretic hand depends on finger
extensor activity, which enables pinching and releasing of objects.
In rehabilitation, it is important to restore finger extensor function
(Fujiwara et al., 2009; Smania et al., 2007). Therefore, finger exten-
sor (EDC) MEP was assessed, while previous studies assessed the
first dorsal interosseous muscle or abductor pollicis brevis (Liepert
et al.,, 2000; Takeuchi et al,, 2010).

The present study showed that patients in whom MEPs were
obtained from their AH had better motor function in their paretic
fingers than those in whom MEPs were not obtained from the
AH. The SICI of AH had inverse correlations with paretic finger mo-
tor function and time from onset.

A recent study suggested that motor function in the chronic
phase is more dependent on the reorganization of alternative
cortical networks than on the recovery of function of the original
corticospinal pathways spared by the ischemic lesions (Swayne
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Fig. 2. (A) The relationship between the SICI in the affected-hemisphere (AH) and the Stroke Impairment Assessment Set (SIAS) finger function test score. The SICI in the AH
has a significant inverse correlation with the SIAS finger function test score (Spearman rank correlation test rs = 0.61, p = 0.001). (B) The relationship between the SICI in the
affected-hemisphere (AH) and the Fugl-Meyer test upper extremity motor score (FM-U). The SICI in the AH has a significant inverse correlation with the FM-U score
(Spearman rank correlation test rs =0.37, p = 0.037).
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Fig. 3A. The relationships between motor threshold of unaffected hemisphere (UH) and time from stroke onset (month). Active motor threshold (AMT) of UH did not
correlated with the time from stroke onset (Spearman rank correlation test rs = 0.089, p = 0.46). Resting motor threshold (RMT) of UH did not correlated with the time from
stroke onset (Spearman rank correlation test rs = 0.035, p = 0.78).
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Fig. 3B. The relationships between motor threshold of affected hemisphere (AH) and time from stroke onset (month). Active motor threshold (AMT) of AH did not correlated
with the time from stroke onset (Spearman rank correlation test rs = 0.124, p = 0.56). Resting motor threshold (RMT) of AH did not correlated with the time from stroke onset
(Spearman rank correlation test rs = —~0.103, p = 0.63).



