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Abstract: Enhanced activation in the non-lesion hemisphere in stroke
patients was widely observed during movement of the affected upper
limb, but its functional role related to motor planning and execution is
still unknown.

This study was to characterize the activation in the non-lesion
hemisphere during movement planning and execution by localizing
sources of high-density electroencephalography (EEG) signal and esti-
mating the source strength (current density [A/m?]).

Ten individuals with chronic stroke and shoulder/elbow coordina-
tion deficits and 5 healthy controls participated in the study.

EEG (64 channels) was recorded from scalp electrodes while the
subjects performed a reach task involving shoulder flexion and elbow
extension of the affected (patients) or dominant (controls) upper extre-
mity. Sources of the EEG were obtained and analyzed at 17 time points
across movement preparation and execution phases. A 3-layer boundary
element model was overlaid and used to identify the brain activation
sources. A distributed current density model, low-resolution electro-
magnetic tomography (LORETA) L1 norm method, was applied to the
data pre-processed by independent component analysis.

Subjects with stroke had stronger source strength in the sensori-
motor cortices during the movement compared with the controls. Their
contralesional/lesional activation ratio (CTLR) for the primary motor
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cortices was significantly higher than that of the controls during the
movement-planning phase, but not during the execution phase. The CTLR
was higher in planning than in the execution phase in the stroke group.

Excessive contralesional motor cortical activation appears to be more
related to movement preparation rather than execution in chronic stroke.

(Medicine 94(3):¢307)

Abbreviations: BEM = boundary element model, CDR = current
density reconstruction source model, CTLR = contralesional/
lesional activation ratio, CWS = center of the workspace, ECD =
equivalent current dipole model, EEG = electroencephalography,
fMRI = functional magnetic resonance imaging, ICA =
independent component analysis, M1 = the primary motor cortex,
MEPs = ipsilateral motor evoked potentials, MMT = Manual
Muscle Test, TMS = transcranial magnetic stimulation.

INTRODUCTION

M otor recovery after stroke is at least partly attributed to

cortical plasticity and reorganization, during which the
normal locus for impaired motor function can be assumed by the
perilesional cortical regions or homologous areas on the con-
tralesional hemisphere.' A functional magnetic resonance
imaging (MRI) (fMRI) study suggested that after stroke, there
are changes in the hemispheric lateralization of cortical activation
during movements of paretic extremities. In the acute stage, there
is greater activation in the lesioned hemisphere. In the sub-acute
and early chronic stages, there is greater activation in the con-
tralesional hemisphere. Finally, in the chronic staige, there is
greater activation in the lesioned hemisphere again.” This chan-
ging pattern of hemispheric lateralization suggests a temporary
role of the contralesional hemisphere activation in movement
control during the subacute/early chronic stroke stage.

Many studies have suggested that enhanced contralesional
activation may compensate for the impaired function by acti-
vating the uncrossed pathway.>® However, more recent studies
have indicated that functional corticomuscular coupling
measured by brain—muscle signal coherence originates mainly
from the lesioned hemisphere,7 and contralesional transcranial
magnetic stimulation (TMS) failed to elicit responses in the
paretic hand in well recovered subjects.® The authors® hypoth-
esized that instead of being involved into direct corticospinal
recruitment, enhanced contralesional activities observed in
well-recovered stroke patients might be related to higher level
cortical processing of movement preparation, such as selection
of movement trajectory and programming of multi-joint activi-
ties, in order to facilitate the relatively difficult motor control
process for stroke patients, in a manner similar to that of the
extended cortical activation observed in controlling complex
movements in healthy individuals.”'® Nevertheless, there is no
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direct evidence to support this hypothesis. Primate studies
suggested that a distinct population of neurons only fire pha-
sically before muscle contraction, whereas other neuron popu-
lations fire tonically during the contraction, indicating different
neural populations may be involved in motor planning and
execution.'"'> Moreover, motor planning influences the sub-
sequent motor execution, for example, excitability of the corti-
cospinal pathway, which is an important predictor of the outcome
of motor recovery post stroke.'* 7 To understand the exact role
of the enhanced contralesional cortical activation related to motor
planning and execution in stroke is thus warranted.

The source localization method based on high-density
scalp EEG data has showed validity in locating focal cortical
activities during upper-limb movements post stroke.'®!? The
EEG source reconstruction method has the advantage of higher
temporal resolution compared with some other imaging
methods such as fMRI; the source localization approach allows
investigators to examine brain activities in various sources at
different temporal phases of motor control. The current study
estimated sources of scalp EEG recorded from stroke patients
and healthy controls during an upper extremity-reaching task.
Reaching is a fundamental upper extremity function and more
than 70% of stroke patients admitted to rehabilitation services are
unable to reach successfully while sitting.?® Because of high
temporal resolution of the EEG signals, brain activities before
and after the movement onset can be localized in order to
distinguish cortical activities related to both motor planning
(movement preparation) and motor execution (corticospinal path-
way activation). The purpose of this study was to investigate the
functional role of abnormally elevated contralesional hemisphere
activation, based on the high-resolution EEG sources in motor
planning and execution of the reach movement.

METHODS
Subjects

Participants in the study were 10 stroke patients with
persistent (>12 months, 37.10£29.59 months, range 12—-94

months) dyscoordination of the upper limb (Table 1; mean
age, 63.50+ 12.44 years; range, 39-78 years; 8 male) and 5
healthy controls (mean age, 62.40 £ 8.91 years; range, 52—71
years; 4 male; all right-hand dominant). The controls were
screened for neurological and musculoskeletal conditions to
ensure their sensorimotor function was not affected. The lesion
sites of the stroke patients are listed in Table 1. This study was
performed under the oversight of the Institutional Review Board
of Cleveland VA Medical Center. All subjects gave informed
consent prior to their participation. Exclusion criteria included
more than one stroke, presence of other intracranial pathology,
normal performance of the reach task, medications that might
interfere with the neuromuscular system and motor function
recovery, muscle tone (spasticity) of finger, wrist and elbow
flexors >3 (Ashworth Scale), and other neuromuscular
lesions/diseases that impair motor function. To assess motor
function, the Fugl-Meyer score (upper limb) and Manual Muscle
Test were evaluated (Table 1).

Data Recording

Motor Task Apparatus

A de-activated shoulder/elbow robot (no assistance or
resistance to movement was provided; InMotion2; Interactive
Motion Technologies, Inc., Cambridge, MA) was used to sup-
port the subject’s forearm and hand, standardize the shoulder/
elbow reach task on a horizontal plane, and acquire kinematic
data (Figure 1). The apparatus supported the fingers and wrist,
allowing movements only at the elbow and shoulder joints.
Prior to performing each reach movement, the subject’s hand
was placed at the center of the workspace (CWS) and a target
was displayed on a PC monitor; hitting the target with the cursor
on the screen required an accurate 14-cm linear movement of
the manipulandum away from the subject, in a horizontal plane,
as the result of shoulder flexion and elbow extension. At the end
of the reach movement, an experimenter assisted in returning
the patient’s hand to the original CWS. Visual feedback was
provided for each trial, via the monitor showing the progress of

TABLE 1. Demographic Information of Stroke Patients

Lesion Location

Months Manual
Post Lesion Dominance  Dominant Stroke Fugl Muscle Lateral
Subject Age Sex Stroke Site Hemisphere Hand Type Meyer Test Deviation
S1 76 M 24 R basal ganglia No R Ischemia 32 1.7 0.9489
S2 77 M 12 L post limb internal Yes R Ischemia 49 33 0.1271
capsule
S3 71 M 58 L corona radiata Yes R Ischemia 32 4.5 1.08
S4 39 F 94 R cerebral aneurysm*  No R Hemorrhage 44 4.5 0.91
S5 60 F 24 L lower pons Yes R Ischemia 27 0 0.76
S6 61 M 35 L basal ganglia Yes R Ischemia 14 2.7 0.48
S7 61 M 16 R frontal parietal No R Ischemia 27 0 0.754
internal capsule
S8 78 M 79 L mid-pons Yes R Ischemia 39 3.7 0.36
S9 61 M 16 R basal ganglia Yes L Ischemia 31 2.7 0.5
S10 51 M 13 L internal capsule Yes R Ischemia 36 3.7 0.46

Fugl Meyer indicates the upper extremity FM scores; elbow extension strength was tested by the Manual Muscle Test, data is in the unit of kg; the
unit of lateral deviation is cm, which indicating the deviation of subject’s trajectory from the direct connection between start and end points. *Cerebral
aneurysm at the anterior division of the M-2 segment of the right MCA, detailed lesion location is unclear as MRI data was not available, most likely
this subject had infarcts in M1 and S1; no infarct in or near M1 or S1 was found through examining MRI images for other subjects.
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FIGURE 1. Experimental setup. Subjects were seated in a chair
with only the unilateral (affected side in stroke and dominant side
in controls) shoulder and arm moveable. The elbow, forearm, and
hand were cradled and supported. A target and the start position
were displayed on a screen, and subjects needed to move the
manipulandum forward to reach the target point, by flexing the
shoulder and extending the elbow. No assistance or resistance was
provided by the robot.

the cursor movement toward the target. Five sets of 10 repeti-
tions were performed with a 2-minute rest between sets (each
inter-trial interval was about 20s) to avoid fatigue. A custo-
mized goniometer was attached to the upper and lower robot
arms to acquire elbow joint angle information during the
reach movement.

EEG Recording

A 64-channel NeuroScan EEG system (NeuroScan Labs,
El Paso, TX) was used to acquire surface EEG signals. A Quik-
Cap elastic cap that holds 64 surface electrodes was placed on
the scalp for EEG data recording. The configuration of the
electrode arrangement on the cap was based on the International
10—20 System.”' All the 64-channel EEG signals were refer-
enced to the common-linked earlobes. Impedance for all the
electrodes was monitored at a level below 10,000 ) prior to the
initiation of data collection. All channels of the EEG signals
were amplified (x75,000), filtered (0.3—50 Hz), and digitized
(1000 sample/s) using the NeuroScan Labs software.

The elbow angle signal sensed by the potentiometer in the
goniometer was also acquired (1000 samples/s) by the NeuroS-
can (EEG) systems. A trigger signal was generated at each
movement onset in each trial when a 2° change in elbow angle
was detected by the potentiometer for the subsequent trigger
averaging of the EEG.

Motor Performance Data
The robot acquired position data of the manipulandum at
200 Hz during the movement, as the subject attempted to move

Copyright © 2015 Wolters Kluwer Health, Inc. All rights reserved.

the manipulandum (represented by the cursor on the monitor)
from the start position (CWS) to the target. The position data
were used to calculate a measure of the ability to maintain the
desired movement trajectory to the target (lateral deviation).
Detailed calculation method can be found in our previous
work.*? In this study, the stroke patients exhibited greater lateral
deviation (poorer motor performance) than controls during the
reach movements (Figure 6).

Data Processing and Analysis

Estimation of Current Densities Using LORETA

LORETA uses the so-called inverse solution to estimate
electrical sources in the brain that produce the EEG signals
measured by the electrodes on the scalp. With the inverse
approach, there is an unlimited number of sources or combi-
nations of sources per signal. These sources are modeled as
current density reconstructions (CDRs) on a volume conductor
model, which can be a head model based on the MRI data.
Current density is defined as dipole moment per volume
(wAmm/mm?) and is modeled as a 3D grid of dipoles. The
goal is to find the dipole moments for the grid nodes. CDRs
assume simultaneous activity across sources and LORETA
assumes these sources to be of similar strength to each other.
LORETA uses a goodness-of-fit of about 1/signal-to-noise ratio
(SNR) to help estimate the sources from the -current
density model.

The raw EEG data were visually inspected and trials with
artifacts due to eye blinks or head movements were excluded.
Both EEG data preprocessing and LORETA current density
estimation were performed using the Curry software package
(version 4.5, Neuro Scan Labs, VA, USA). The individual trials
of EEG data were segmented and then all the segments were
aligned with the movement onset (detected by the potentio-
menter/goniometer) before they were averaged. The averaged
EEG data were baseline corrected using baseline data from
—2891 to —2391 ms (prior to movement onset). Subsequently,
an independent component analysis (ICA) was applied to the
data. Only the main components (SNR > 1) were chosen for the
source reconstruction. To overlay the sources, we used a 3-layer
(conductivities of the scalp and brain: 0.033 S/m, and the skull:
0.0042 S/m) triangle-node, boundary element model.**** Based
on the Montréal Neurological Institute (MNI) brain MRI,
distributed current density model (LORETA), with L1 norm
method, was applied to the ICA-preprocessed data. In addition,
the sources were constrained to the reconstructed layer of the
folded cortex with 6926 nodes using a rotating model (Curry
user guide, 1999).2%26

Current Density Data Analysis — Post Processing
Source localization was analyzed at 17 different time
points (planning phase: —2000, —1900, —1800,—750, —600,
—450, —300, —150; 0 ms [movement onset]; execution phase:
150, 300, 450, 600, 750, 1800, 1900, 2000 ms) throughout the
planning and execution phases of the reaching movement for
each subject. Since each source needed to be identified at its
anatomical location under Talairach coordinate for further
analysis, several steps were taken to transform CurryV4.5
coordinate to Talairach coordinate. First, transformation of
the SPM99/MNI (X, Y, Z) coordinates from the Curry coordi-
nates (x, y, z) was obtained as follows (the MNI image dataset
has a 1.8-mm voxel size in Curry V4.5, while the MNI brain
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originally had a voxel size of 2 mm):

X =(120 mm —x) x 2/1.8
Y =(102 mm —y) x 2/1.8
Z=(z—100 mm) x 2/1.8

Second, transformation of the SPM99/MNI coordinates (X,
Y, Z) to the Talairach coordinates (X', Y, Z') was performed:
(http://www.mrc-cbu.cam.ac.uk/Imaging/Common/mnispa-
ce.shtml)

Above the anterior commissure (AC) (Z> 0):

X' =0.9900X
Y =0.9688Y + 0.0460Z
7' = —0.0485Y +0.9189Z

Below the AC (Z<0):

X' =0.9900X
Y =0.9688Y + 0.0420Z
7' = —0.0485Y + 0.8390Z

Third, after establishing the position of each source on the
Talairach coordinate, the anatomical label was obtained through
the Talairach Daemon search for each source location. Thus, all
the current densities in the Brodmann area 4 (primary motor
cortex), and areas 3, 1 and 2 (primary sensory cortex) were
identified and vector-averaged (we chose these Brodmann areas
based on their well-known role in modulating muscle activi-
ties). The overall averaged current densities of these areas in
lesioned and contralesional hemispheres were used to calculate
a contralesional/lesional activation ratio (CTLR) in stroke
patients. For controls, the ipsilateral/contralateral (ipsilateral
hemisphere is on the same side of movement hand) ratio was
calculated. The CTLR was calculated and displayed in both
planning and execution phases, respectively, to compare the
activation ratio of the two hemispheres during each of the two
motor control phases.

Statistical Analysis

The Mann—Whitney test was performed to compare con-
trol and stroke patients, according to the overall current density
averaged across each of the 17 time points covering movement
preparation and execution (Figure 4). Similarly, control and
stroke patients were compared according to the CTLR during
planning and execution phases (Figure 5A); and CTLR of the
control and stroke subjects was compared for planning versus
execution phases (Figure 5B). A 2-way ANOVA was also
applied to CTLR results with the two factors of subject group
(stroke or control) and movement phase (planning or execu-
tion). Significance level was P <0.05.

RESULTS

Figure 2 shows the EEG source signals of a stroke subject
overlaid on the MNI brain from 1000 ms before to 900 ms after
the movement onset. Each image represents average source
activities over 100 ms. The time 0 (movement onset) occurred
within the time window represented by the 11th image (3rd
image from left on 3rd row from top). The left hemisphere (left
side of each brain image) was the lesioned side and right
hemisphere the nonlesioned side. Abnormally elevated con-
tralesional (right hemisphere) activation was observed before
and at movement onset. After movement onset began, the
activation in the non-lesion hemisphere diminished.

4 | www.md-journal.com

The average source (current density) data at 17 time points
during the motor task are presented for both stroke and control
groups (Figure 3, time 0 indicates movement onset). The control
group showed almost no activation in the right hemisphere
(ipsilateral to the moving limb) while the patients exhibited
substantial contralesional hemisphere activation especially
before movement onset (Figure 3C, D). Although the results
for the lesioned hemisphere (left [contralateral] for controls)
were mixed, there was a tendency for the stroke patients to have
a higher level of activation than controls (Figure 3A, B).

Figure 4 shows the results of the quantitative comparisons
of stroke versus control, according to the source strength
averaged throughout the task (from 2000ms before to
2000 ms after the movement onset). The results show clear
differences in signal strength between the stroke and control
groups in the right or non-lesioned hemispheres (Figure 4, data
bars C and D; P=0.03; P=0.03, respectively). In the left or
lesioned hemisphere, the P values for stroke versus controls
suggested a trend toward abnormally elevated values for source
strength (P =0.12 and 0.24, respectively) (Figure 4, data bars A
and B).

The CTLR was calculated and comparisons are showed in
Figure 5 between stroke and control groups (Figure 5A) and
between planning and execution phases (Figure 5B). CTLR is
the ratio of activation in the right or non-lesion hemisphere
versus left or lesioned hemisphere. The controls had a CTLR
ratio below 1 (greater activity in the left hemisphere, contral-
ateral to the moving arm, which is as expected [Figure SA, blue
bars]); in contrast, stroke patients exhibited a >1 non-lesioned
to lesioned hemisphere ratio, especially in the planning phase
(Figure 5A, red bars). The CTLR for stroke was significantly
higher than the controls in the planning phases in area 4 and
areas 3, 1, 2 (P=0.03 and 0.04, respectively). However, in the
execution phase, the difference was not significant (P =0.34
and 0.24, respectively; Figure 5SA). Within the stroke group
(Figure 5B, first data bar group), the CTLR was significantly
higher in the planning than execution phase for the Brodmann
area 4 (P = 0.04); and in the areas 3, 1, and 2 the comparison did
not reach significance (P =0.27). For the control group, the
CTRL values for the planning versus execution phases were
similar (Figure 5B).

Previous literature indicated that hemispheric dominance
might influence the cortical activation pattern in that dominant
hand movement is associated with more contralateral hemi-
sphere activation than non-dominant hand. To evaluate the
possible influence of handedness on the results, a sub-sample
of stroke subjects was studied. CTLR was compared between 5
right-handed controls and 7 stroke subjects (S2, 3, 5, 6, 8, 9, 10)
with lesion in the dominant hemisphere (Figure 5C, D). The
results of comparison between hemispheric dominance matched
sub-groups are similar to Figure SA and B. The CTLR for stroke
was significantly higher than that for the controls in the plan-
ning phases in area 4 and areas 3, 1, 2 (P=0.02 and 0.04,
respectively). However, in the execution phase, the difference
was not significant (P = 0.39 and 0.32, respectively; Figure 5C).
In addition, for the stroke group, there was a significant
difference between planning and execution phases in area 4
(P =0.04, Figure 5D), which is consistent with the observation
for the whole stroke group (Figure 5B).

The two-way ANOVA analysis of CTLR with the two
factors of group (stroke and control) and movement phase
(planning and execution) indicated that subject group had a
significant effect on the CTLR (P =0.02) whereas movement
phase did not (P = 0.30). And there was a tendency the difference

Copyright © 2015 Wolters Kluwer Health, Inc. All rights reserved.
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FIGURE 2. Sources localized using Curry in a stroke subject during the reach movement with the paretic right arm, with brain maps
beginning from 1000 ms before the movement onset, and continuing to 900 ms during the movement. Each image represents 100-ms
data. The time 0 was movement onset (indicated by the red color), and occurred within the time window represented by the 11th image.
Lesional area is on the left hemisphere. The patient had abnormally elevated right or contralesional activation during the motor planning

phase and it diminished soon after the movement onset.

in the CTLR between stroke and control groups was influenced by
the movement phase (planning or execution) as the interaction
between subject group and movement phase had a P value of 0.17.

DISCUSSION

Cortical Activation

Our results suggest that the overall cortical activation of
stroke subjects, as measured by EEG source strength, especially
in the contralesional hemisphere, was abnormally higher than
healthy controls (Figures 3 and 4). This finding is consistent
with our previous investigations that quantified movement-

related cortical potential in the two hemispheres22’27; and

Copyright © 2015 Wolters Kluwer Health, Inc. All rights reserved.

current finding is also consistent with previous neuroimaging
studies by others in that greater activation was observed in the
contralesional hemisphere in stroke.>> With damage in the
cortical network caused by stroke, it is expected that greater
voluntary effort was needed for the stroke patients to perform
the motor task,** which may have been reflected by an overall
higher brain activation level in stroke compared with
control subjects.

The CTLR of the stroke patients was higher than the
controls in the planning phase; however, this significant differ-
ence between stroke and controls was not seen in the execution
phase (Figure 5A). A higher CTLR in the planning phase means
more contralesional motor cortex participation in pre-move-
ment preparation for the stroke patients. This CTLR result is
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tendency, although not significant, was seen on the lesional side
(P=0.12 [A] and P=0.24 [B]). Red: Stroke group; Blue: Control

group.
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consistent with previous laterality index studies.”®*° Many
previous studies investigated activation patterns of ipsilesional
and contralesional hemispheres and the results have been
mixed. None of these studies, however, separated the activation
patterns into the two distinct phases of planning and execution.
Based on the high time resolution that the EEG source signals
afford, our study contributes to the literature by demonstrating a
greater CTLR in the planning phase but not the execution phase.

Previous studies suggested that the ipsilateral hemisphere
could be activated during both the planning and execution
phases, under certain conditions such as strong stimulation
and increased task difficulties. About 8% to 10% of pyramidal
axons do not decussate,*° offering the possibility for ipsilateral
activation of the uncrossed pathway, together with corticoreti-
culospinal or corticopropriospinal pathways.>' Ziemann et al’'
found that ipsilateral motor evoked potentials could be elicited
from healthy people with high intensity TMS with active target
muscle; and bilateral activation of prefrontal areas was observed
with additional demands in a working memory task.*> Thus it
appears a reasonable possibility that compensatory activation of
the neural network in the contralesional hemisphere could assist
stroke patients regain movement ability.>3

Recent studies of corticomuscular coherence measure-
ment’ and of contralesional TMS stimulation,8 however,
suggest that the corticospinal connection mainly originates from

Copyright © 2015 Wolters Kluwer Health, Inc. All rights reserved.
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(area 4, P=0.03) and sensory (areas 3,1,2, P=0.04) cortices. The CTLR was not significantly different between the two groups for the
execution phase, although a trend of higher CTLR in stroke was seen. Red: Stroke; Blue: Control. B: the CTLR was significantly greater
during the planning versus execution phase for area 4 in stroke group only (P=0.04). Red: Planning; Blue: Execution. C: seven stroke
subjects with lesion on the dominant hemisphere were compared with control groups for the CTLR. The results are similar to A. D: The
CTLR of controls and 7 seven-stroke subjects with lesion on the dominant hemisphere was also compared between planning and

execution phases. The results are similar to B.

ipsilesional hemisphere in well-recovered stroke subjects. And
although there is no significant corticospinal connection
originating from the contralesional hemisphere to the paretic
extremities, activation from contralesional hemisphere was still
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FIGURE 6. Comparison of lateral deviation during reaching
between stroke patients and controls. The lateral deviation was
significantly greater in the patient group.

Copyright © 2015 Wolters Kluwer Health, Inc. All rights reserved.

observed during motor tasks."® Further, it is suggested that such
observed contralesional activation is not related to mirror
movements, since in both studies, EMG activities of the unaf-
fected extremities were well monitored. Gerloff et al® suggest
that instead of being directly involved in corticospinal com-
mands, elevated contralesional hemisphere activities might be
related to higher level cortical processing, such as movement
direction selection and movement preparation, to facilitate the
motor control of stroke patients in a manner similar to that of the
extended networks involved in controlling a complex move-
ment in healthy controls. For voluntary movement in healthy
adults, prominent activation of ipsilateral primary motor area
was observed during challenging and difficult unimanual motor
tasks, or a simple task performed by the nondominant hand.’~'°
The underlying mechanisms might be similar for ipsilateral
activation of the intact (contralesional) hemisphere in stroke
patients, since motor difficulty is a common phenomenon for
stroke patients, suggested bg/ their prolonged motor planning time
and increased effort level.>**’ Consistent with this speculation is
the observation that contralesional activation is enhanced in
response to motor skill challenge in chronic strokes.

The current study specifically separated the movement
control process into planning and execution phases to determine

www.md-journal.com | 7
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whether the abnormally elevated contralesional hemisphere
activation in stroke was motor phase dependent. Our results
indicated that the CTLR was higher in planning than execution
phase in the Brodmann area 4, the primary motor cortex (M1)
(Figure 5). The M1 region is generally regarded as necessary for
controlling voluntary movement execution; however, it is also
involved in higher-order function such as movement planning
for direction selection or programming multi-joint activi-
ties.**>* It has been suggested that both the contralateral and
ipsilateral M1 regions participate in coding sequences of com-
plex motor tasks.**> A large population of trajectory-specific
cells was found in M1.*%37 Because the current study observed
greater contralesional M1 activation only in the planning phase,
it is reasonable to speculate that the contralesional M1 in stroke
could be involved in high-order level processing related to
movement preparation and scheduling before movement onset,
as suggested by Gerloff et al.® Schaechter and Perdue® found
that activation in the contralesional hemisphere increased even
in well-recovered stroke patients, in response to greater chal-
lenge in motor task skill, and that ‘‘increased cortical processing
related to the planning and somatosensory guidance of coordi-
nated movement.”” Wisneski et al*® observed that affected hand
movements of stroke patients were associated with contrale-
sional hemispheric electrophysiological changes (measured by
intracranial ECoG) that occurred earlier than the changes that
were associated with contralateral hand movements, in which
“‘the timing of signal alteration supports the role of ipsilateral
cortex in planning of movements.”” Our results, with higher
activation level in the contralesional M1 during planning phase,
are supportive of the hypotheses of these previous studies.®>®

Source Localization Method

To the best of our knowledge, only a few studies have
employed the CDR source model to analyze motor-related
source signal.'** Most previous motor control research invol-
ving this topic used the equivalent current dipole model
(ECD).***! The general strategy of ECD model is to place
dipoles in the known motor cortical areas and then fit ampli-
tudes, positions and orientations within certain limits. Usually,
principle components analysis or functional MRI activation
map was used to determine the number of dipoles. However,
it has been reported that the ECD methods cannot determine
accurate locations of all the sources even if the number of
dipoles were correct.”® No prior information of source locations
is needed for the CDR method. Nevertheless, several methodo-
logical limitations associated with the CDR should be men-
tioned. All steps in the process of solving the inverse problem
should be taken carefully to avoid or reduce biased results.

First, a consistent SNR is necessary for a reliable recon-
struction result. A SNR value above 8 is preferable in source
location studies.*> When the SNR is below 8, the quality of the
reconstruction results declines. However, SNR of scalp EEG
associated with motor tasks is usually below 8. Also, choosing a
correct regulation parameter, \, to account for the noise is very
important. Higher levels of noise usually need a bigger regular-
ization value (\), which can be determined using x* and L-curve
methods.*® Unfortunately, the CURRY program (version 4.5)
does not provide this function for LORETA L1-norm. There-
fore, a fixed value (A = 1) was used in this study. For this reason
over-fitting or underestimating the data might happen for the
extremely small or extremely high SNR data. Although the
values of SNR for the data of each subject were within a
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reasonably small range, it may still be one of the reasons that
the results had relatively large inter-subject variation.

For the head model used in this study, it is desirable to co-
register each subject’s anatomical MRI with the individual’s
EEG electrode location. But using MNI averaged MRI brain
image is also a choice that does not lose substantial resol-
ution®**, while at the same time this method can decrease the
computation load.>** The conductivity value of the head
(especially the skull conductivity) is also one of the factors
that can influence the performance of the inverse solutions.** 46
Unfortunately, the real value of skull conductivity is still
unknown and the direct measurement results have shown large
variation across different studies.***’*® We used the default
values in CURRY for the MNI brain.

The study only had 10 stroke patients and 5 control
participants. The relatively small sample size for each group
is an apparent limitation for drawing more definite conclusions.
However, the small sample size of the participants was com-
pensated by a large number (sample size) of performance trials
(50) by each participant. The number (5) of control subjects was
smaller than the number (10) of patients and this may have also
contributed to variation of the data. Finally, the EEG data in this
study reflect only the cortical activities but muscle activation
producing the reaching movement could be, to some extent
contributed by subcortical control centers such as basal ganglia,
cerebellum, and brain stem nuclei.

In summary, our results showed that stroke patients exhib-
ited overall abnormally elevated cortical activation, specifically
in the contralesional hemisphere. We examined the motor
planning and execution phases separately, and found that the
CTLR in stroke was significantly higher than controls for the
planning phase only. Furthermore, within the stroke group, the
CTLR was higher in the planning than execution phase. Exces-
sive contralesional motor cortical activation seems to be more
related to movement preparation rather than execution in
chronic stroke. Many methods (eg, rTMS, tDCS, BCI, mental
practice, etc.) have recently been employed as supplementary
treatments to influence cortical plasticity in patients with stroke
to facilitate motor recovery. These treatments aiming at facil-
itating cortical plasticity for functional recovery require a better
understanding of the roles of altered cortical activation patterns
(such as abnormally high level contralesional hemisphere acti-
vation) post stroke. Our results indicate that greater contrale-
sional activation occurs only during planning rather than
execution phase during upper extremity reaching in stroke.
This finding is potentially useful for guiding development of
more targeted therapies.

REFERENCES

1. Butefisch CM, Kleiser R, Korber B, et al. Recruitment of contrale-
sional motor cortex in stroke patients with recovery of hand
function. Neurology. 2005;64:1067—1069.

2. Cramer SC, Moore CI, Finklestein SP, Rosen BR. A pilot study of
somatotopic mapping after cortical infarct. Stroke. 2000;31:668—671.

3. Schaechter JD, Perdue KL. Enhanced cortical activation in the
contralesional hemisphere of chronic stroke patients in response to
motor skill challenge. Cereb Cortex. 2008;18:638—647.

4. Binkofski F, Seitz RJ. Modulation of the BOLD-response in early
recovery from sensorimotor stroke. Neurology. 2004;63:1223-1229.

5. Cao Y, D’Olhaberriague L, Vikingstad EM, et al. Pilot study of
functional MRI to assess cerebral activation of motor function after
poststroke hemiparesis. Stroke. 1998;29:112-122.

Copyright © 2015 Wolters Kluwer Health, Inc. All rights reserved.



Medicine ¢ Volume 94, Number 3, January 2015

Hemispheric Activation during Planning and Execution Phases

6.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Chen R, Gerloff C, Hallett M, Cohen LG. Involvement of the
ipsilateral motor cortex in finger movements of different complex-
ities. Ann Neurol. 1997;41:247-254.

. Mima T, Toma K, Koshy B, Hallett M. Coherence between cortical

and muscular activities after subcortical stroke. Stroke.
2001;32:2597-2601.

. Gerloff C, Bushara K, Sailer A, et al. Multimodal imaging of brain

reorganization in motor areas of the contralesional hemisphere of
well recovered patients after capsular stroke. Brain. 2006;129:
791-808.

. Roland PE, Skinhoj E, Lassen NA, Larsen B. Different cortical areas

in man in organization of voluntary movements in extrapersonal
space. J Neurophysiol. 1980;43:137-150.

Kim SG, Ashe J, Hendrich K, et al. Functional magnetic resonance
imaging of motor cortex: hemispheric asymmetry and handedness.
Science. 1993;261:615-617.

Cadoret G, Smith AM. Comparison of the neuronal activity in the
SMA and the ventral cingulate cortex during prehension in the
monkey. J Neurophysiol. 1997;77:153-166.

Wannier TM, Maier MA, Hepp-Reymond MC. Contrasting proper-
ties of monkey somatosensory and motor cortex neurons activated
during the control of force in precision grip. J Neurophysiol.
1991;65:572-589.

Marinovic W, Reid CS, Plooy AM, et al. Corticospinal excitability
during preparation for an anticipatory action is modulated by the
availability of visual information. J Neurophysiol. 2010[Epub ahead
of print].

Hanakawa T, Dimyan MA, Hallett M. Motor planning, imagery, and
execution in the distributed motor network: a time-course study with
functional MRI. Cereb Cortex. 2008;18:2775-2788.

Kaufman MT, Churchland MM, Santhanam G, et al. Roles of
monkey premotor neuron classes in movement preparation and
execution. J Neurophysiol. 2010;104:799-810.

Thickbroom GW, Byrnes ML, Archer SA, Mastaglia FL. Motor
outcome after subcortical stroke: MEPs correlate with hand strength
but not dexterity. Clin Neurophysiol. 2002;113:2025-2029.

Trompetto C, Assini A, Buccolieri A, et al. Motor recovery
following stroke: a transcranial magnetic stimulation study. Clin
Neurophysiol. 2000;111:1860—1867.

Green JB, Bialy Y, Sora E, Ricamato A. High-resolution EEG in
poststroke hemiparesis can identify ipsilateral generators during
motor tasks. Stroke. 1999;30:2659-2665.

Yao J, Chen A, Carmona C, Dewald JP. Cortical overlap of joint
representations contributes to the loss of independent joint control
following stroke. Neuroimage. 2009;45:490-499.

Dean C, Mackey F. Motor Assessment Scale scores as a measure of
rehabilitation outcome following stroke. Aust J Physiother.
1992;38:31-35.

Jasper HH. The ten-twenty electrode system of the international
federation. Electroencephalogr Clin Neurophysiol. 1958;10:371-375.

Daly JJ, Fang Y, Perepezko EM, et al. Prolonged cognitive planning
time, elevated cognitive effort, and relationship to coordination and
motor control following stroke. IEEE Trans Neural Syst Rehabil
Eng. 2006;14:168-171.

Fuchs M, Drenckhahn R, Wischmann HA, Wagner M. An improved
boundary element method for realistic volume-conductor modeling.
IEEE Trans Biomed Eng. 1998;45:980-997.

Fuchs M, Kastner J, Wagner M, et al. A standardized boundary
element method volume conductor model. Clin Neurophysiol.
2002;113:702-712.

Copyright © 2015 Wolters Kluwer Health, Inc. All rights reserved.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Basile LF, Yacubian J, Castro CC, Grattaz WF. Widespread
electrical cortical dysfunction in schizophrenia. Schizophr Res.
2004;69:255-266.

Yao J, Dewald JP. Evaluation of different cortical source localization
methods using simulated and experimental EEG data. Neuroimage.
2005;25:369-382.

Fang Y, Yue GH, Hrovat K, et al. Abnormal cognitive planning and
movement smoothness control for a complex shoulder/elbow motor
task in stroke survivors. J Neurol Sci. 2007;256:21-29.

Cramer SC, Nelles G, Benson RR, et al. A functional MRI study of
subjects recovered from hemiparetic stroke. Stroke. 1997;28:
2518-2527.

Carey JR, Kimberley TJ, Lewis SM, et al. Analysis of fMRI and
finger tracking training in subjects with chronic stroke. Brain.
2002;125:773-788.

Yakovlev PI, Rakic P. Patterns of decussation of bulbar pyramids
and distribution of pyramidal tracts on two sides of the spinal cord.
Trans Am Neurol Assoc. 1966;91:366-367.

Ziemann U, Ishii K, Borgheresi A, et al. Dissociation of the
pathways mediating ipsilateral and contralateral motor-evoked poten-
tials in human hand and arm muscles. J Physiol. 1999;518:895-906.

Klingberg T, O’Sullivan BT, Roland PE. Bilateral activation of
fronto-parietal networks by incrementing demand in a working
memory task. Cereb Cortex. 1997;7:465-471.

Ghez C, Hening W, Gordon J. Organization of voluntary movement.
Curr Opin Neurobiol. 1991;1:664—671.

Martin JH, Ghez C. Differential impairments in reaching in reaching
and grasping produced by local inactivation within the forelimb
representation of the motor cortex in the cat. Exp Brain Res.
1993;94:429-443.

Gerloff C, Richard J, Hadley J, et al. Functional coupling and
regional activation of human cortical motor areas during simple,
internally paced and externally paced finger movements. Brain.
1998;121:1513-1531.

Hocherman S, Wise SP. Trajectory-selective neuronal activity in the
motor cortex of rhesus monkeys (Macaca mulatta). Behav Neurosci.
1990;104:495-499.

Hocherman S, Wise SP. Effects of hand movement path on motor
cortical activity in awake, behaving rhesus monkeys. Exp Brain Res.
1991;83:285-302.

Wisneski KJ, Anderson N, Schalk G, et al. Unique cortical
physiology associated with ipsilateral hand movements and neuro-
prosthetic implications. Stroke. 2008;39:3351-3359.

Waberski TD, Buchner H, Perkuhn M, et al. N30 and the effect of
explorative finger movements: a model of the contribution of the
motor cortex to early somatosensory potentials. Clin Neurophysiol.
1999;110:1589-1600.

Mayer M, Schulze S, Danek A, Botzel K. Dipole source analysis in
persistent mirror movements. Brain Topogr. 1999;12:49-60.

Yamazaki T, Kamijo K, Kenmochi A, et al. Multiple equivalent
current dipole source localization of visual event-related potentials
during oddball paradigm with motor response. Brain Topogr.
2000;12:159-175.

Huppertz HJ, Hoegg S, Sick C, et al. Cortical current density
reconstruction of interictal epileptiform activity in temporal lobe
epilepsy. Clin Neurophysiol. 2001;112:1761-1772.

Buchner H, Waberski TD, Fuchs M, et al. Comparison of
realistically shaped boundary-element and spherical head models in
source localization of early somatosensory evoked potentials. Brain
Topogr. 1995;8:137-143.

www.md-journal.com |9



Fang et al Medicine * Volume 94, Number 3, January 2015

44. Ferree TC, Eriksen KJ, Tucker DM. Regional head tissue conductiv- 46. Gencer NG, Acar CE. Sensitivity of EEG and MEG measurements
ity estimation for improved EEG analysis. IEEE Trans Biomed Eng. to tissue conductivity. Phys Med Biol. 2004;49:701-717.
2000;47:1584-1592. 47. Akhtari M, Bryant HC, Mamelak AN, et al. Conductivities of three-

layer live human skull. Brain Topogr. 2002;14:151-167.

45. Benar CG, Gotman J. Modeling of post-surgical brain and skull 48. Hoekema R, Wieneke GH, Leijten FS, et al. Measurement of the
defects in the EEG inverse problem with the boundary element conductivity of skull, temporarily removed during epilepsy surgery.
method. Clin Neurophysiol. 2002;113:48-56. Brain Topogr. 2003;16:29-38.

10 | www.md-journal.com Copyright © 2015 Wolters Kluwer Health, Inc. All rights reserved.



	Hemispheric Activation during Planning and Execution Phases in Reaching post™Stroke
	INTRODUCTION
	METHODS
	Subjects
	Data Recording
	Motor Task Apparatus
	EEG Recording
	Motor Performance Data

	Data Processing and Analysis
	Estimation of Current Densities Using LORETA
	Current Density Data Analysis - Post Processing

	Statistical Analysis

	RESULTS
	DISCUSSION
	Cortical Activation
	Source Localization Method



