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Fig. 1. Diagrams of the fiber tracking procedure. (A) The seed region of interest (RO1) is set at the cerebral peduncle, from which fiber tracking
starts. (B) The target ROT is set al the precentral sulcus for the corticospinal tract (CST) and at the postcentral sulcus for the thalamocortical tract
(TCT), at which fiber tracking ends. (C) Fiber tracking of the bilateral TCT on a non-diffusion-weight (b)) image. (D) Two-dimensional fiber
trucking transformed to normalized space on a T1-weighted image, The number of voxels in this cross section was counted, and the ratio of the
number of voxels on the affected side to the number of voxels on the unafiected side was calculated and defined as the delineation ratio

3.3 Efficacy of rTMS and fiber tracking

The effect of rTMS of the primary motor cortex and
its duration varied among the patients. For eight of the
17 patients, the VAS score after rTMS decreased by
more than 30% from that before stimulation. They
judged the stimulation to be effective. Eight patients
indicated less than 30% reduction in the VAS score after
stimulation, and only one patient reported that rTMS
made the pain worse. These nine patients judged the
stimulation to be ineffective,

The symptoms (level of paresis, kind of sensory
abnormality, and intensity of pain) before rTMS did
not affect efficacy of the stimulation. There was no sig-
nificant difference in MMT scores between the rTMS-
effective group and the rTMS-ineffective group,
although the motor weakness tended to be mild in the
rITMS-effective group (Fig. 4A). Neither was there a sig-
nificant difference between groups in VAS scores before
rTMS (Fig. 4B).

The rTMS-effective group had higher delineation
ratio of the CST (p=0.02) and the TCT (p = 0.005)
than the rTMS-ineffective group (Fig. 4C and D). In
four of the eight patients in the rTMS-ineffective group,
fiber tracking of the TCT was completely impossible
owing to the post-stroke lesions.

4. Discussion

The present study investigated relations between the
characteristics of CPSP and the results of fiber track-
ing, which is the only noninvasive method of evaluat-
ing the anatomical connectivity of white matter
pathways. Stroke lesions often affect the CST, the
TCT, or both, causing motor weakness or sensory dis-
turbance. Although the mechanisms of both intracta-
ble pain generation and pain reduction through
rTMS remain unclear, previous studies have suggested
that the mechanisms are associated with the CST and
the TCT.
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Fig. 2. Fiber tracks of the corticospinal tract (CST, red) and the thalamocortical tract (TCT, blue). b0 images are shown at the Jevel where the CST
and the TCT were impaired by post-stroke lesions (A-D). Post-stroke lesions are shown by high-intensity area (A and C) and low-intensity area (B
and D) on b0 images (arrow). (A) Patient 11, The TCT is only partially delineated because of the adjacent thalamic lesion. This patient reported
trunk and lower extremity pain. (B) Patient 16. The TCT terminates completely at the lesion. This patient reported pain of the entire half of the body,
including the face. (C) Patient 13. The TCT is only partially delineated because of the adjacent putaminal lesion limited laterally. This patient
reported lower extremity pain. (D) Patient 10. The TCT and the CST terminate completely al the lesion. This patient reported pain of the entire half

of the body, including the face
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Fig. 3. Correlation between symptoms and the fiber tracking delineation ratio, (A) The manual muscle test score correlates with the delineation rate

of the CST (r=0.63, p < 0.05). (B) No correlation exists between the TCT delineation ratio und the VAS score
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Fig. 4. Efficacy of repetitive transcranial magnetic stimulation (rTMS), pretreatment symptoms, and the fiber tracking delineation ratio. (A) No
association exists between the efficacy of rTMS and the MMT score. (B) No association exists between the efficacy of rTMS and the VAS score. (C)
Association between the CST delineation ratio and the efficacy of rTMS (p = 0,02, Mann-Whitney U test). (D) Association between the TCT
delineation ratio and the efficacy of rTMS (p = 0.005, Mann-Whitney U test),

All our patients had a lesion impinging on the TCT.
The location and size of such lesions affect the fiber
tracking delineation ratio. The patients who responded
to rTMS of the primary motor cortex had significantly
higher CST and TCT delineation ratios than the patients
who did not respond to rTMS. The TCT delineation
ratio was more significantly different between rTMS-
effective group and rTMS-ineffective group than the
CST delineation ratio. Our results suggest that the
TCT plays an important role in the mechanism of pain
relief through rTMS, whereas previous studies suggested
that pain control depends on an intact CST, and the
relation between the efficacy of rTMS and the TCT
was not emphasized.

Cerebral lesions that cause pain involve primarily the
nociceptive and temperature pathways [4,5]. Microsti-
mulation of the ventral posterior (VP) thalamus pro-
vokes pain and thermal sensations [25,29]. Craig et al.

[10] suggested a different region, outside the VP, as a
specific relay for pain and temperature, called the pos-
terior portion of the ventral medial nucleus (VMpo).
Anatomical and electrophysiological considerations
indicate that the VP or the VMpo is the spinothalamic
relay for pain and thermal sensations and that the path-
way through these nuclei projects to the postcentral
gyrus [3,9]. That is, & lesion of the spinothalamocortical
tract is a necessary condition for CPSP [34], and in all
our patients, lesions to the TCT were confirmed on
three-dimensional fiber tracking images. It is proposed
that spontaneous pain is linked to hyperexcitability or
spontaneous discharge of thalamic or cortical neurons
that have lost some of their normal input [39].

In the present study, thermal and tactile abnormali-
ties were not quantitatively measured, and the fibers
could not be delineated separately in accordance with
the thalamic nuclei by the fiber tracking algorithm we
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used. Therefore, comparison between the sensory distur-
bance and tracked fibers was not adequate. Apparently,
it was difficult to evaluate the difference between AS
fiber mediated cold and pinprick (sharpness) and C fiber
mediated warmth in the periphery [13] as far as these
tracked fibers were assessed.

MCS, electrical stimulation of the brain surface
with grid electrodes, has been reported to relieve pain
[1.14,16,24]. In positron emission tomography and
functional MR imaging studies, MCS changes the
activity not only of the thalamus but also of the ante-
rior cingulate cortex and the anterior insula, which are
related to emotional function [11,12). MCS for treat-
ment of chronic deafferentation pain modulates pain
pathways related to emotion and mood, resulting in
pain relief. Although the mechanism of rTMS is not
necessarily the same as that of MCS, it may be that
rTMS also affects the emotional pain pathways.
Chronic neuropathic pain, however, is associated with
motor cortex disinhibition, suggesting that impaired
GABAergic neurotransmission is related to some
aspects of pain or to the underlying sensory or motor
disturbances caused by an impaired TCT. The analge-
sic effects produced by MCS could result, at least
partly, from restoration of defective intracortical
inhibitory processes [22]. In the present study, ineffec-
tiveness of rTMS was significantly associated with
poor delineation of the TCT. We suggest that the
effectiveness of pain relief is less when delineation of
the TCT is poor because modulation of signals in
the pain pathway or cortex weakens, or because
hyperexcitability or spontaneous discharges in tha-
lamic or cortical neurons enlarge so as to prevent
modulation as the degree of TCT impairment
increases. In previous studies of MCS, the success rate
tended to be lower in cases of CPSP than in cases of
pain of spinal cord or peripheral origin [33]. These
findings also support the idea that the existence of a
lesion of the thalamocortical pathway leads to the
inefficacy of rTMS.

Patients with poor delineation of the CST were likely
to be unsatisfactory candidates for rTMS. Katayama
et al. [17] reported that pain control following MCS
tended to be unsatisfactory in patients who displayed
moderate or severe motor weakness, and that the pain
control afforded by MCS requires intact CST neurons
originating from the motor cortex. In the present study,
patients with poor delineation of the CST tended not to
respond to rTMS, even though our patients did not dis-
play severe motor weakness. This result is consistent
with the suggestion that intact CST neurons are required
for effective pain treatment. Some correlation was also
shown between the MMT score and the volume of the
CST delineated by fiber tracking, which indicates that
poor delineation of the CST reflects the degree of paresis
as well as damage to the CST.

Yamada et al. [41] reported somatotopic organiza-
tion of the TCT using a different fiber tracking algo-
rithm. In our study, conventional MR imaging and
color-coded DTI showed patients with putaminal
lesions limited laterally to where the lower extremity
fiber is in the fiber tracking data of Yamada et al.
[41], have pain in the lower extremity, and that patients
with lesions that extend to the medial portion, where
the upper extremity and face fibers are, have upper
extremity and facial pain. This finding shows that pain
occurs in accordance with the somatotopic organization
of the impaired TCT. As for the CST, although an
association has been found between the position of
lacunar infarctions and clinical symptoms by fiber
tracking [21], we did not find a relation between the
location of the lesion and the region of paresis, proba-
bly because our patients did not have severe paresis but
mainly an impaired TCT.

Reproducibility of fiber tracking in normal subjects is
high and asymmetry is not shown, whereas the standard
deviation on a quantity of tracked fibers between sub-
jects is relatively large [40]. The absolute volume of
tracked fibers could not be compared between patients
because of individual differences originating from age,
sex, and other factors [35,36]. In our study, the ratio
of the cross section of the affected side to that of the
unaflected side, the delineation ratio, was calculated
for the CST and the TCT, but we could not exclude
the possibility that the stroke lesion affected the contra-
lateral fibers.

Our study was limited by several factors. Fiber track-
ing is a relatively new and still developing method.
Methodological issues remain, and results must be inter-
preted carefully. For example, it is difficult to discern
white matter pathways in regions where fibers cross
and branch. In such areas, the diffusion anisotropy is
low, owing to the partial volume effect. Solutions to
these problems can be found by applying such tech-
niques as multiple tensor field regularization [19,37],
mutual information image registration procedures
[15.32), guided tensor restored anatomical connectivity
tractography [7], and probabilistic fiber tracking [2]. In
popular streamline tract tracing algorithms, such as
the one used in this study, tracking can only progress
when there is a high certainty of the fiber direction. This
means it is difficult to accurately trace the pathway from
a nucleus such as the thalamus, and the streamline rep-
resented may be a complex of parts of the various tracts.
In addition, because fiber delineation is attenuated by
the low FA value of edema, transformation by pressure
from the lesion, and artifacts due to hemosiderin depo-
sitions, fiber tracking data do not always represent an
actual nerve bundle [18]. Therefore, we excluded sub-
jects with two or more stroke lesions, and the effects
from the lesion were decreased because more than 6
months had passed from the onset of stroke.



In conclusion, the present study relates the character-
istics of CPSP and the efficacy of rTMS to the results of
fiber tracking. Previous studies suggested that pain con-
trol requires an intact CST, but the relation between the
efficacy of rTMS and the TCT was not emphasized. In
our study, the efficacy of rTMS was more strongly asso-
ciated with lesions of the TCT than with lesions of the
CST. The efficacy of rTMS for CPSP can be predicted
by means of fiber tracking, and severe impairment of
thalamic nuclei and the TCT may affect hyperexcitabil-
ity in the thalamus and cortex or the rTMS pain relief
pathway.
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Ipsilateral Motor-Related Hyperactivity in Patients With
Cerebral Occlusive Vascular Disease

Satoru Oshino, MD, PhD; Amami Kato, MD, PhD; Masayuki Hirata, MD, PhD;
Haruhiko Kishima, MD, PhD; Youichi Saitoh, MD, PhD;
Toshiyuki Fujinaka, MD, PhD; Toshiki Yoshimine, MD, PhD

Background and Purpose—Cerebral occlusive vascular disease is an established risk factor for ischemic stroke; however,
little is known about its effects on brain function in patients without stroke. To detect possible functional alterations, we
used magnetoencephalography and evaluated cerebral cortical activity during hand motor tasks in a group of such

patients.

Method—Event-related desynchronization (ERD) during hand-grasping and self-paced finger-tapping tasks was examined
in 38 right-hand-dominant patients with occlusive disease of the internal carotid or middle cerebral artery caused by
diverse pathologies (atherosclerosis, 28; others, 10) and in 8 control subjects. All patients had no apparent motor
impairments. The spatial distribution and the intensity (r value) of ERD in the beta band were analyzed with synthetic
aperture magnetometry. According to the laterality index calculated from the ratios of peak r values on ipsilateral vs
contralateral (with respect to the hand movement) hemispheres, the distribution of ERD was classified into 3 patterns:

contralateral, bilateral, and ipsilateral.

Results—Abnormal ipsilateral dominant distribution of beta ERD was observed significantly more often during
contralesional hand grasping in patients with atherosclerotic vascular lesion. It was accompanied by significantly higher
1 values on the ipsilateral hemisphere, without a decrease in those on the contralateral side. The age, the rating scores
of periventricular hyperintensity, and ventricular size were all significantly higher in patients who showed the

ipsilateral-dominant pattern.

Conclusion—Abnormal ipsilateral hyperactivity may indicate the presence of subclinical functional alterations related to
atherosclerotic occlusive vascular disease. (Stroke. 2008;39:2769-2775.)

Key Words: carotid stenosis ® functional imaging ® ischemia ® neurophysiology

evere stenosis, or occlusion, of the internal carotid artery

(ICA) or middle cerebral artery (MCA) is an established
risk factor for stroke and a target for neurosurgical procedures
aimed at its prevention.!? Although cerebral blood flow
(CBF), metabolism, and morphological changes in this pa-
thology have been evaluated in some detail using modemn
neuroimaging techniques, little is known if brain function
itself is altered under such ischemic conditions, particularly
when infarction is absent, It is a common observation that
patients with cerebral occlusive vascular disease show no
apparent neurological symptoms, even in a state of severe
hypoperfusion called “misery perfusion.” Nevertheless, some
decline in cognition has been detected in asymptomatic as
well as symptomatic patients with carotid artery stenosis,”
which indicates that brain function can be altered even
without any history of stroke. Because cognitive function
reflects activity of the whole brain, it is not easy o distinguish
the contributions from left and right hemispheres in cognitive

tests. Hence, development of a more objective and quantita-
tive measure could greatly help in early diagnosis and
treatment of functional alteration accompanying ischemic
cerebrovascular disease. The objective of this study was to
evaluate subclinical alterations in motor-related brain func-
tion in patients with cerebral occlusive vascular disease who
showed no apparent motor impairments.

Attenuation of the electroencephalographic power in the
central brain region during hand movement or sensory stimula-
tion was quantitatively defined as event-related desynchroniza-
tion (ERD)** and thought to reflect a correlation between an
activated cortical area and an increased level of neuronal
excitability.® Because of its consistent relation to the movement,
ERD in the beta band (BERD) has been considered a physio-
logical phenomenon caused by activation of the sensorimotor
cortex.” Moreover, it has been shown that BERD represents
execution as well as programming or control of the movement ¥
In this study, we have chosen PERD as a parameter of brain
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function and analyzed it using magnetoencephalography (MEG)
with synthetic aperture magnetometry (SAM). In particular, we
were interested in the behavior of BERD during movement of
the hand contralateral to the occlusive vascular lesion (contrale-
sional hand), because such movements could activate the hemi-
sphere of the lesion. The superior spatial resolution of MEG
allows identification of the anatomic location of cortical activity
with enhanced accuracy.” The spatial filtering technique using
an adaptive beam-forming method (SAM) is a unique modality
for estimating the tomographic distributien of the power or its
change within a selected band frequency from MEG data.'01!
Using SAM, the regions with significant oscillatory change are
displayed on individual MR images; recently, that imaging has
been clinically applied as functional neuroimaging.-'3

Methods

Patients
From April 2005 to June 2007, 62 adult patients with ICA/MCA
stenosis, or occlusion, without ischemic stroke during the past 3
months, were admitted to the Department of Neurosurgery of Osaka
University Hospital for a surgical procedure or clinical evaluation.
Occlusive disease was defined as obstruction >60% according to the
criteria of the North American symptomatic carotid endarterectomy
trial for cervical ICA' and narrowing of >50% on angiography for
intracranial ICA or MCA. For the current MEG study, we excluded
the following gories of pati those who showed motor
:ymnmswwbh:dln!muwndlh:mlﬂmdm@m
and those in whom large magnetic artifacts were detected in MEG
recordings. Afier selection, 38 patients were enrolled in this study
prospectively. All of them were right-hand-dominant, as determined
with the Edinburgh handedness inventory,"* and presented with no
apparent motor symptoms in a routine neurological examination. In
11 patients, MRI revealed previous infarctions located in the frontal
lobe (anterior to premotor cortex), occipital lobe, and in the basal
ganglia, but no infarction was detected around the sensorimotor or
premotor cortices, internal capsule, or corona radiata. Twenty-eight
i had atherosclerotic lesions (cervical ICA stenosis in 16,
cervical ICA occlusion in 4, intracranial ICA stenosis in 2, and MCA
occlusion/stenosis in 6), and the other 10 had lesions not related to
atherosclerosis (intracranial ICA occlusion/stenosis attributable to
moyamoya disease in 4, intracranial ICA stenosis attributable
to encasement by meningioma in |, cervical ICA occlusion attribut-
able to Takayasu disease [occlusion from common carotid artery) in
1, occluded ICA for the treatment of tumor, giant aneurysm, and
traumatic arterial dissection, respectively, in 3, and an incidental
finding in 1).

Control Subjects
Eight right-hand-dominant control subjects (5 men and 3 woman),
with a median age of 66 (range 55 to 79), were used as controls.

MEG Study

Motor-related magnetic field was recorded using a helmet-shaped
64-channel SQUID system (NeuroSQUID Model 100; CTF Systems
Inc) in a magnetically shielded room. The patients/subjects were
seated in a comfonable chair with their eyes open and were asked to
stare blankly at a point in front of the chair. The MEG data were
acquired with a 625-Hz sampling rate and filtered with a 200-Hz
on-line low-pass filter.

After a brief the patients/subjects were asked to
perform 2 kinds of hand motor tests: a hand-grasping task and a
self-paced finger-tapping task. Because the latter is relatively more

andrequimamrmnlnlion.lh:mhmpﬂ-
formed in the following order: (1) right finger tapping; (2) left finger
tapping; (3) right hand grasping; and (4) left hand grasping. During
performance of these tasks, subjects/patients were monitored contin-
wously on a video camera and checked for the absence of an apparent

Rest Start Grasping Stop
| |
L i
10 -9 40 +1 +9 +108ec
Control Activa
BT
SAM
. Rest Key tap
— L2 -
=30 -27 0.3 o +1.0sec
— —
1 |
SAM

mirror movement in the other (resting) hand. The ongoing waveform
(MEG) results were displayed on a monitor and stored in the
workstation memory. Each examination session was begun and
terminated by measuring the head position of the patient. Before the
acquisition of the actual results, 1 or 2 preliminary trials were
performed to ensure that the patient performed the task correctly.

Task 1, the hand-grasping task (not a tonic sustained grasp),
involved grasping with | hand weakly at a constant rate while the
other hand was resting.!!-'2 The working hand was supinated while
the resting hand was pronated and placed on an arm rest. The data for
each trial were collected relative to the trigger (sound cue or time
“0") for 20 seconds and consisted of 2 periods: the “control™ state in
the time window — 10 to 0 seconds, in which the patient remained
still, and the “active™ state in the time window 0 to +10 seconds,
which involved grasp and release movements (Figure 1A). Six such
trials, with 5-second intervals between them, were collected as an
“examination,” first for the right hand. Then, the positions of the
hands were changed and an identical examination was performed for
the left hand.

Task 2 was a self-paced index-finger-tapping test using a nonmag-
netic fiber optical response keypad (LUMItouch; Photon Control
Inc), which was placed on either side of the arm rest. The patients
were instructed to press the keypad with their index finger, with
intervals of ~5 seconds (but without counting the time) between the
taps. The data from 3 seconds before to 1 second after the key input
were collected as a trial, and 60 trials were collected for each
examination (Figure 1B).

Individual anatomic MR images were acquired using o 1.5-T
imaging systems (Magnetom Impact; Siemens). For all measure-
ments, fiducial skin markers were placed on the patient’s nasion and
at bilateral preauricular points to establish common coordinate
systems for MR images and MEG.%'*-"? This MEG protocol was
approved by the ethics committee of the Osaka University Hospital.
Informed consent for MEG recording was obtained from all patients
and control subjects.

SAM Analysis of Motor-Related Field

Details of SAM algorithm have been described previously. 1! In the
present study, a volumetric image of root mean squared source
activity in the beta band with 5-mm voxel resolution was generated
for each “control™ and “active™ time window: =9 to ~1 and 1 10 9
seconds for task 1, and —3.0 to —2.7 and —0.3 to 0 seconds for task
2, relative to the trigger onset, respectively (Figure 1). The statistical
imaging was computed subsequently by comparing the powers of the
beta band (13 to 30 Hz) in both time windows on a single voxel basis
over all trials using the Student £ test with Jackknife statistics. The ¢
value of each voxel was displayed in a color scale on individual MR
images using the MRIViewer (CTF Systems Inc).? The decrease of
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power that indicates ERD was displayed in blue, whereas the power
increase that indicates event-related synchronization (ERS) was
shown in red. SAM statistical images were created for grasping and
tapping tests with each hand giving 4 (2 for each task) images for
each patient. Before SAM analysis, all trials were inspected visually.
Data with sensors localed in the most anterior or lower part of the
helmet were excluded from analysis if they were accompanied by
large artifacts caused by the presence of metal in the oral cavity
(dental problems) or movements of eyeballs,

Patterns of Distribution of Beta

Band Desynchronization

The laterality index (LI) was calculated using the peak 1 values
around the sensorimotor area on contralateral and ipsilateral hemi-
spheres with respect 1o the examined hand as follows: L1=(Tc~Ti)/
(Te+Ti)." where Tc is the highest peak ¢ value on the contralateral
hemisphere and Ti is that on the ipsilateral hemisphere. Based on the
behavior of LI, we classified the spatial distribution of BERD into 3
lypes: contralateral-dominant (L1>0), bilaterally spread
(—0.1=LI=0), and ipsilateral-dominant (L1<-0.1).

Evaluation of Sulcal Atrophy, Ventricular Size,
and Periventricular White Matter Hyperintensity
The morphological changes in MR images of sulcal atrophy, ven-
tricular size, and periventricular hyperintensity (PVH) of the hemi-
sphere with the vascular lesion were assessed using a semiguantita-
tive 10-point visual scale introduced by Manolio et al.' Three
scorers, without any clinical information for patients, evaluated these
3 parameters. Sulcal atrophy and ventricular size were scored on
T1-weighted images, and PVH was evaluated on FLAIR images (and
not the proton images as in the original method of Manolio et al).
Before analyzing the actual results, the 3 scorers performed a trial
rating using MR images from a nonstudy patient and unified the
scoring procedure, The variance in the visual scales among the 3
scorers was within | point for all par 5; hence, lian values
were calculated.

CBF Study With SPECT

Depending on their clinical conditions, the patients underwent [*[]
N-isopropyl-p-iodoamphetamine single-photon emission computed 1o-
mography ("“'I-IMP SPECT) with or without an acetazolamide challenge
test.'s The details of SPECT procedure were reported previously,'
Based on the neuroradiological reports, the degree of CBF impairment
in the affected ICA or MCA region was categorized into 3 classes: no
significant CBF reduction at rest (class A), CBF reduction ai rest but
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Figure 2. Voxels exhibiting statistically signifi-
cant decrease in the power of g band (t value)
are displayed in a biue scale, The images from
a control subject (66-year-old woman) are
shown as (A) (right hand grasping: Tc, 17.8; Tj,
11.3; LI, 0.22) and (B) (right finger-tapping; Tc,
7.3; T, 6.3; LI, 0.07). Both are classified as
contralateral dominant pattem. C, The angio-
gram showing left carotid artery stenosis (80%)
in patient 2 (85-year-old man). D, During right
hand grasping in the same patient, the distribu-
tion pattem was classified as “ipsilateral-
dominant” (Tc, 16.8; Ti, 24.8; LI. —0.18). E, In
the same patient, a contralateral-dominant pat-
tem (Tc, 7.5; Ti, 7.1; L), 0.04) was seen during
a right self-paced finger-tapping task.

with preserved vasoreactivity to acetazolamide (class B), and reduction
at rest with impaired vasoreactivity (<23% increase) to acelazolamide
as determined by a split-dose method (class C).'*

Statistical Analysis
The resulis for age, Te, Ti, and LI were analyzed with nonparametric
Mann-Whitney U test. To compare the 2 groups of patients with respect
to the presence or absence of ipsilateral dominant pattern, we used x°
with Fisher exact probability test. P<<0.05 was considered as significant.

Results

Motor-Related Magnetic Fields in

Control Subjects

In all control subjects, statistically determined regions of
BERD with the highest ¢ value were detected either on
contralateral or ipsilateral sensorimotor, or premotor, cortex
with respect to the examined hand (Figure 2A, B). The
distribution patterns of BERD, peak ¢ values (Tc and Ti), and
LI during the 2 tasks are presented in Table 1. There was no
evidence for the ipsilateral dominant distribution pattern of
BERD, with the definition of LI <=0.1, in any individual in
either of the tasks. Comparing the 2 tasks, the LI in hand
grasping was larger than that in self-paced tapping, with an
almost significant difference (P=0.07, Mann-Whitney U
test). With respect to the side (right or left) of the examined
hand, there were no significant differences in Ti, Tc, and LI

Table 1. Motor Magnetic Field Properties and BERD
Distribution Patterns in Control Subjects

Hand Grasping Finger Tapping
Median Te, range 13.6,6.8-24.9 9.2,6.0-14.2
Median Ti, range 75,38-14.7 73,32-11.0
Median LI, range 0.22,* -0.05-0.50 0.06, —0.05-0.38
Contralateral-dominant 15 1
Bilaterally spread 1 2
Ipsilateral-dominant 0 0

*P=0.07 with Mann-Whitney U test.
Resuls of 16 examinations (2> number of patients) am presented.
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Table 2. Distribution Patterns of BERD in Patients With
Vascular Occlusive Disease

Table 3. Incidence of Ipsilateral-Dominant Pattern in Patients
With Vascular Disease

Distribution Patterns Hand Grasping Finger Tapping
Median Tc, range 14.3,2.8-323 7.6,27-146
Median Ti , range 124,52-253 6.3,3.2-135
Median LI, range 0.10, —0.57-0.85 0.07, —0.18-0.37
Contralateral-dominant 53 49
Bilaterally spread 3 13
Ipsilateral-dominant 20 5

Median values (ranges) of Tc, Ti, LI, and the numbers in each distribution
pattems are shown for 76 hand-grasping and 67 finger-tapping examinations.

in either tasks, although there was a slight tendency (P=0.11,
Mann-Whitney U test) for the higher median Ti during left
hand-grasping (9.7; range 6.7 to 14.3) as compared to right
hand-grasping (7.4; range, 3.8 to 11.3).

Motor-Related Magnetic Fields in Patients With
Occlusive Vascular Disease

In the group with atherosclerotic lesions (AS group), there were
21 men and 7 women, with an overall median age of 69 (range,
55 1o 78) years; in that with nonatherosclerotic lesions (NAS
group), median age was 48.5 (range, 21 to 73) and there were 4
men and 6 women. The age of the AS group was significantly
higher than that of NAS (P<0.05, Mann-Whitney U test).
According to the criteria for an “occlusive disease,” 9 patients in
the AS group and 4 (all with moyamoya disease) in the NAS
group had bilateral lesions. The symptomatic side and, if
asymptomatic, the side of the more severe stenosis or CBF
reduction are listed as “the site” in supplemental Table |
(available online at htp//stroke.ahajournals.org). The location
of a previous infarction and the presenting ischemic symptom
are also given in the same Table.

All 76 hand-grasping examinations in 38 patients (ie, 1 per
hand) were performed successfully. In finger-tapping, trials
that contained occasional large noise or inadequate signals
(eg, double taps in a trial) were eliminated. The number of
excluded trials was =5%, with a maximum of 8 eliminated
tapping trials in a single patient. However, 9 examinations of
finger tapping were not available because of unforeseen
problems with the measuring device in 2, injury of the
relevant finger in 1, and inadequate performance attributable
to sleepiness, or too-fast pacing in 6 (supplemental Table IT)
attributable to an unavailable cause. Therefore, 67 tapping
and 76 hand-grasping examinations were analyzed.

As in control subjects, regions with the highest ¢ values were
detected around the contralateral or ipsilateral sensorimotor, or
premotor, cortex (Figure 2D, E). The distribution pattem of
BERD and values of Ti, Tc, and LI for 38 patients are shown in
Table 2. It can be seen that 20 of 76 examinations during hand
grasping and 5 of 67 examinations during tapping exhibited an
ipsilateral-dominant BERD pattern. Results from either tasks
were then analyzed separately for each hand (supplemental
Table II). In 38 grasping examinations with the contralesional
hand (or the more severe side for bilateral lesions), an ipsilateral-
dominant pattemn was observed in 16 of 28 examinations in the
AS group, and in | of 10 in the NAS group. In grasping with the
“other” hand, 25 of 38 examinations were in patients who

Ipsilateral-Dominant Pattern

Hand Grasping Finger Tapping
Condition Present Absent Present Absent
Contralesional hand 19t 32 3 42
Other side hand 1 24 2 20
AS group 19" an 5 44
NAS group 1 19 0 18

*P<0.05 with x* test with Yate comection.

1P<0.01 with »* test with Yate correction.

AS group includes patients with atherosclerotic occlusive vascular lesion
(n=28); NAS group, patients with nonatherosclerotic occlusive vascular lesion
n=10),

Values represent numbers of examinations. Nine of AS group and 4 of NAS
had bilateral lesions, hence the number of examinations with contralesional
hand In hand-grasping was 51 (38+13).

showed no detectable lesions on the contralateral side, whereas
the remaining 13 were with the contralesional hand in patients
with bilateral lesions. In this latter set, the ipsilateral pattern was
seen in 3 examinations, all of which were in the AS group.
Summing up these results, during grasping task, the ipsilateral-
dominant BERD pattern was seen in 20 examinations, 19 of
which were in patients from the AS group and 1 was in a patient
from the NAS group.

In the tapping task, the ipsilateral dominant BERD pattern
was observed only in 5 examinations; all were from patients
of the AS group (3 were with the “contralesional” and 2 were
with the “other” hand).

Table 3 recalculates the results described by taking into
consideration the fact that only 25 of 38 patients had no
detectable lesion on the side contralateral to the “other” hand,
whereas 13 had bilateral lesions. This increased the number
of “contralesional hands” to 51. The new calculation shows
that in the case of grasping, 19 of 51 examinations with the
“contralesional” hand (18 in the AS group and | in the NAS
group) showed the ipsilateral dominant BERD pattern,
whereas the figure was only 1 (a patient in the AS group) of
25 for the other hand. When calculated for each group of
patients, 19 of 56 examinations in the AS group (18 with the
contralesional and 1 with the “other” hand) and 1 (with the
contralesional hand) of 20 examinations in the NAS group
exhibited this same pattern. In relation to the self-paced
tapping task, the occurrence of an ipsilateral-dominant BERD
pattern bore no significant relation to either the hand (con-
tralesional or other) or etiology (AS or NAS group). A
representative case that exhibited an ipsilateral-dominant
pattern in hand-grasping but not in tapping with contrale-
sional hand is shown (Figure 2).

Factors Related to an Ipsilateral-Dominant BERD
Pattern in the Grasping Task With the Hand
Contralateral to the Atherosclerotic Occlusive
Vascular Lesions

Because the ipsilateral-dominant BERD pattern was observed
significantly more frequently in grasping with the contrale-
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Table 4. Relationship Between Clinical Factors and the Ipsilateral-Dominant
Pattern in 37 Grasping Examinations With the Hand Contralateral to the Site of
the Atherosclerotic Occlusive Vascular Lesions

Ipsitateral-Dominant Pattem in Contralesional Hand Grasping

Factor Present Absent Significance
Age 70,5 (60-74) 60.5 (55-78) P<0.05*
T 138(5.2-259) 143 (7.0-25.1) NS
T 23.7 (10.4-32.3) 99(3.3-226) P<0.001*
Score of sulcal atrophy 42-n 3(2-6) NS
Score of ventricular size 4(1-7) 3(1-6) P<0.05*
Score of PVH 55@2-7) 40-0 P<0.01*
Class C in CBF study (+/—) 7 & NS
ischemic event (+/—) m mna NS
Previous Infarction (+/—) 15 ans NS
Side of the hand (eftright) 71 m2 NS
Vascular lesion (MCAACA) 7m 8 P<0.05¢
“With Mann-Whitney U test.

1With »* test with Fisher exact probability method.

Number for age was 16 in “present” and 12 in “abseni” (28 patients in total). In all other
comparisons number was 18 for the former and 19 for the latter, giving a total of 37 examinations.
Relevant median values (ranges) are presented: Ti and Tc and peak f values on the ipsilateral and
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contralateral hemisphere, respectively.

sional hand in the AS group, we investigated the effect of
several other “factors” on the frequency of this pattern (Table
4) in this same group. In 28 patients, 9 had bilateral lesions,
resulting in 37 examinations of contralesional hand-grasping:
18 of these showed the ipsilateral BERD pattern, whereas 19
did not. Statistical analysis shows that the ipsilateral-
dominant BERD pattern was seen more often in older patients
and was accompanied by a higher Ti, but without a signifi-
cantly different Te. Scores for PVH and ventricular size on
the side of the vascular lesion had higher values in cases that
exhibited the dominant ipsilateral pattern. No significant
relation was detected with respect to the incidence of “class C
in CBF study,” “history of ischemic event,” “previous infarc-
tion" on the side of the vascular lesion, and the use of “left
(nondominant) hand.” However, “MCA lesion” as compared
with “ICA lesion" showed a significant correlation with the
appearance of the ipsilateral-dominant BERD pattern. Indi-
vidual data of morphological changes in MR images, CBF
state, and other “factors” on the vascular lesion side can be
found in supplemental Table 1.

Discussion

A significant asymmetry in motor-related cortical activity was
detected with MEG during grasping with the hand contralateral
to the side of an atherosclerotic occlusive vascular disease. The
ipsilateral-dominant distribution of BERD was present signifi-
cantly more frequently in older patients and in those with more
severe morphological changes. We feel that this phenomenon,
which occurs without any identifiable motor symptoms, is
abnormal and reflects subclinical alterations in brain function
that accompany atherosclerotic occlusive vascular disease.

Enhanced ipsilateral motor activity has been seen previ-
ously during paralytic hand movement in patients with
destructive lesions, such as occurring with brain tumor or

after stroke, and was initially considered compensatory.'>'7 It
has been proposed recently that this activity has a hyperactive
component attributable, in some cases, to interhemispheric
disinhibition.'®!* Our results that show characteristic ipsilat-
eral distribution of BERD during grasping with the contrale-
sional hand, a significantly increased activity in the ipsilateral
hemisphere without a decrease on the side of the vascular
lesion, and a “normal™ behavior in the tapping task indicate
that hyperactivity on the ipsilateral hemisphere seen in
patients with vascular lesions but without motor impairment
is not compensatory. These same findings would argue
against the possibility that the abnormal ipsilateral motor
activity represents an involvement of symmetrical brain areas
during the motor task and suggest that the phenomenon
originates from other mechanisms.

Similarly to our results, Krakauer et al*® using functional MRI
observed abnormally increased ipsilateral activity during a con-
tralesional hand movement in 6 patients with a unilateral ICA
occlusion. The motor tasks they used had observation time
windows of 20 seconds for the “active” and “control” states,
comparable to those in the hand grasping of our study. However,
when we analyzed with MEG during the self-paced tapping task
(much shorter, 300-ms periods), we could not detect abnormal
ipsilateral activity. This suggests that the different observation
time windows record different brain activities.

During a voluntary hand motion, BERD is observed before
and during movement execution and is followed by post-
movement ERS.72! These frequency changes distribute on
the sensorimotor area bilaterally but primarily on the hemi-
sphere contralateral to the examined hand.” The postmove-
ment ERS is thought to reflect an inactive, “idling™ state and
shows an asymmetrical feature considered to be caused by a
difference in handedness-related interhemispheric inhibition,
“which is more prominent from the dominant than from the
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nondominant hemisphere,”2!2 [n our study, the “active” time
window for hand-grasping was wide enough to encompass
the whole of pre-, during-, and postmovement periods;
however, that for the tapping task included premovement and
motor execution, but less of the postmovement activity. If the
postmovement ERS on the ipsilateral hemisphere, which is
affected by the inhibition from the contralateral side, is
decreased, then it would result in an increase of r value of
ERD. Therefore, we propose that when 1 hemisphere acti-
vates, the impairment of its inhibitory function induces
oscillatory change at the opposite side. For example, when
during right hand-grasping in a patient with left ICA stenosis
an impairment of the inhibitory function on the left hemi-
sphere fails to deactivate the right hemisphere, this leads to a
decrease of ERS on the right hemisphere, and we detect it as
the ipsilateral dominant distribution of BERD. A statistically
significant relation between the latter and the PVH in the AS
group (Table 4) may indicate the contribution of the white
matter damage to this phenomenon.

In the present work, we did not measure directly the
postmovement ERS because of the difficulty in defining
adequately the variation in time periods of post-tap finger
movement and the influence of sensory input after the tap.
Further studies using different tasks or other methods, such as
transcranial magnetic stimulation, to measure cortical inhib-
itory function are required to confirm or refute our specula-
tion. It should also be mentioned that measurements of motor
activity that include pre- and postmovement time periods
yield results for “activated areas” that might be strongly
influenced by the inhibitory function of the primary activated
hemisphere. It would be a great step forward if MEG could be
used to evaluate brain activity of duration short enough to be
less influenced by inhibitory functions.

Although the abnormal ipsilateral-dominant pattern was
seen significantly more often in older patients and in those
with higher scores for PVH and ventricular size, it is
interesting that the clinically important indications for surgi-
cal intervention or stroke prevention, such as “impairment of
vasoreactivity,” “presence of symptoms,” and “presence of an
asymptomatic infarction,” showed no significant relation. It
can be suggested that in addition to CBF impairment caused
by occlusive lesions in large vessels, some other factors
related to aging and systemic atherosclerosis, which accom-
pany morphological changes such as PVH, may induce
subclinical alteration in motor-related cortical activity. A
significantly higher incidence of abnormal ipsilateral pattern
in patients with MCA lesions might indicate that it reflects
functional alterations in particular in this vessel’s territory.

In addition to stroke, atherosclerotic occlusive vascular
diseases include slow but progressive pathological compo-
nents that may induce atrophy or white matter change and
result in functional impairments, such as vascular dementia.
Detection with MEG of ipsilateral hyperactivity, an objective
and quantitative measurement independent of CBF or metab-
olism, could greatly help in early diagnosis and treatment of
functional alteration accompanying ischemic cerebrovascular
disease.

Downloaded from stroke.ahajournals.org at Osaka University on December 2, 2008

Summary

We detected abnormal ipsilateral hyperactivity during a
contralesional hand-grasping task in patients with atheroscle-
rotic occlusive vascular disease. This phenomenon may
represent an impairment of cortical inhibitory function caused
by a vascular lesion. Evaluation with MEG could contribute
to diagnosis and prevention of functional deteriorations that
accompany this class of diseases.
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