View metadata, citation and similar papers at core.ac.uk

Pes
brought to you by .{ CORE

provided by PolyU Institutional Repository

234 IEEE TRANSACTIONS ON NEURAL SYSTEMS AND REHABILITATION ENGINEERING, VOL. 17, NO. 3, JUNE 2009
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Abstract—The latency estimation of cortico-muscular coherence
(CMCoh) could provide valuable information, especially for the
pathological study. However, the conduction time from the central
cortical rhythm to peripheral oscillations has not been explored for
stroke patients. In this study one recently proposed method, max-
imizing coherence, was applied into the coherence analysis to esti-
mate the latency by which the extensor carpi radialis electromyo-
graphic signals lagged behind the electroencephalographic time se-
ries with seven subcortical stroke subjects. Significantly prolonged
conduction time was found in affected sides compared with the un-
affected sides. The interhemispheric spatial displacement was also
calculated using electrodes projection optimization and spherical
surface laplacian. The results showed that the CMCoh could help
investigate the cerebral reorganization after stroke.

Index Terms—Cerebral plasticity, cortico-muscular coherence,
stroke.

I. INTRODUCTION

LTHOUGH stroke often results in some degree of long-
A term motor impairment, most patients experience some
functional recovery in the acute stage and chronic stage. It is
believed that the plasticity of the central nervous system (CNS)
might be one of the key factors for the recovery after stroke.
The cerebral plasticity is a lifelong ability of the brain to reorga-
nize its neural networks and pathways to adapt to changes in the
environment or new tasks. Recent neuroimaging and transcra-
nial magnetic stimulation (TMS) studies with stroke patients
have showed the displacement of brain activation in the primary
motor cortex (M1) on the affected side [1]—-[5]. The enhanced
activation in the contralesional hemisphere was also reported
during the execution of motor tasks in the affected side [1],
[2]. Meanwhile TMS studies also found the prolonged conduc-
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tion time along the ipsilesional corticospinal pathways [6]—[8].
These functional and neurological changes were thought to be
associated with the cerebral reorganization after stroke.

The coherence between the cortical rhythm and electromyo-
graphic (EMG) signals was observed during the execution of
steady-state isometric contraction and phasic movement [8].
With the coherence analysis technique, the localization of the
related central rhythm could be identified. The results from the
studies of Gerloff et al. and Salenlus et al. suggested that the
neural assembly in the M1 was the primary generator for the
cortico-muscular coherence (CMCoh) [9], [10]. The S band
(around 13-35 Hz) CMCoh would be related to the descending
control from M1 to the motoneurons in the spinal cord [8]-[10].
The electrocorticographic (ECoG) studies showed that the most
significant coherence was always found in the representation
area of muscles in the precentral gyrus [11], [12]; hence the
“hot-spot” location with maximum coherence could provide lo-
calization information about the central generator. Meanwhile
latency from the motor cortex to the muscles, which reflected
the conduction velocity of the corticospinal tract, could also be
calculated through CMCoh analysis [13], [14]. Furthermore,
the CMCoh has good reproducibility [15]. Therefore, the
CMCoh was an alternative way to investigate the properties of
the motor system in normal as well as pathological conditions
[16]-[18].

The first CMCoh study with stroke patients was conducted
by Mima et al. [16]. They observed a significant difference in
the coherence value between unaffected and affected sides. The
shifted locations of the coherence peak in the affected side were
also reported. However, the localization of the most significant
coherence could not be shown in their study, which might pos-
sibly be due to the low density electroencephalographic (EEG)
recording using 56 channels. In the current study we adopted a
high resolution EEG recording (128 channels) to help provide
more information toward a better understanding of the plasticity
after stroke. Electrode projection optimization (EPO) and spher-
ical surface laplacian transformation were used to identify the
location of the “hot spot” that corresponded to the peak coher-
ence. In addition, the conduction time from the motor cortex
to the muscles was calculated using the maximizing coherence
technique in order to provide additional information for com-
prehension about the brain reorganization [13].

II. METHODS

A. Subjects

Persons with chronic stroke (more than 12 months after onset
of stroke) were invited to join this study. Subjects were selected
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TABLE 1
CHARACTERISTIC OF THE STROKE PATIENTS
Case Age Gender Af:;:géed Location of lesion Time(:r;i(:\:;:;roke ];:gg;z/rl:g::
1 23 M R Region of left basal ganglia and inferior temporal lobe 34 26
2 61 M R Region of left basal ganglia 38 25
3 48 F L Region of right basal ganglia 60 30
4 56 M L Region of right Basal ganglia 39 35
5 62 M R Region of left basal ganglia 132 25
6 50 M L Region of right basal ganglia 24 19
7 55 M R Region of left basal ganglia 72 37

F = female; M = male; R = right side paresis; L = left side paresis.

based on the following criteria: 1) the presence of unilateral
hemiparesis after a single stroke event; 2) subcortical lesions
with intact sensorimotor cortex; 3) modified Ashworth scale
(MAS) < 2 for affected wrist; 4) age between 20 and 65. The
upper limitation of age was intended to minimize the chance of
the subject having difficulty concentrating during the whole ex-
periment. Each subject’s experiment lasted about 3 h. The exclu-
sion criteria included uncontrolled medical problems, history of
epilepsy and serious cognitive deficits that would limit the sub-
ject’s ability to give informed consent and perform the tasks.

Seven subjects were recruited (six males and one female) and
they were right handed according to the Edinburgh inventory
[19]. They suffered from first ever stroke resulting in a unilateral
hemiparesis. The T2-weighted MRI imaging was conducted to
identify the locations of lesion with a 1.5-T scanner (Magnetom
Vision, Siemens). All the subjects had lesion at the left or right
region of the basal ganglia. In addition, subject 1 had extra im-
pairment at the left inferior temporal lobe. The upper extremity
portions of the Fugl-Meyer assessment (FMA) [20] were con-
ducted and the basic characteristics of these subjects are listed
in Table I. They gave informed consent and this study was ap-
proved by the ethics committees of the Hong Kong Polytechnic
University and the Queen Elizabeth Hospital.

B. Experimental Paradigm

A plastic orthosis was designed to support both the unaffected
and affected arms to standardize the experimental condition.
The subject was seated in a chair and the forearms were placed
horizontally in the orthosis with elbow angle at 120° for both
sides (180° is full extension). In the orthosis, the forearms could
be positioned with straps to fix their location and also the two
handles for the hands. The distance between the handles was
280 mm [Fig. 1(b)].

The EMG signals were recorded with surface electrodes from
extensor carpi radialis (ECR) muscles on both the unaffected
and affected side. First, the subject was instructed to execute a
wrist extension of the unaffected side with maximum voluntary
contraction for 5 s. The average of the absolute EMG ampli-
tude in this duration was adopted as the maximum EMG am-
plitude, denoted by EMG .. As a percentage more than 50%
of EMG,,.x could quickly lead to muscle fatigue in sustaining
contraction tasks in our preliminary study, the 40% of EMG ,,ax
was selected as the control target. After the measurement of
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Fig. 1. Orthosis design and the EMG amplitude online control with feedback.
(a) User interface for EMG amplitude online feedback control. Two gray indica-
tors marked the acceptable £10% level. (b) Demonstration of the experimental
setup. (c) Top view of the 128-channel quick-cap. Subset of the electrodes was
shown to indicate the electrode locations in the frontal and parietal areas.

EMG ax, Six repetitive trials were conducted with 1 min inter-
mittent break. The task of the subject in each trial was to con-
tract the wrist extensor with the proper force level with real-time
feedback on a 14-in computer screen, and the error between
the target and measured EMG signals was calculated online ac-
cording to the following equation:

EMGavg — 0.4 X EMGppay
0.4 X EMGpnay

where EMG,,, was the average of absolute EMG amplitude in
the previous 2-s window and Err% was fedback to the subject
through a 14-in computer screen which was placed 1 m in front
of the subject (Fig. 1). The ideal control corresponded to the
zero value of the feedback error, and the fluctuation of the error

Err% =

x 100% (1)
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was instructed to be better kept within +10%. Totally, six trials
with feedback control were conducted for the unaffected side
and each trial lasted for 40 s. Then the subject experienced the
measurement of EMG .« and another six 40-s feedback trials
for the affected side.

It has been documented that the cortico-muscular coherence
increases after muscle fatigue [21]. Therefore, the mean power
frequency (MPF) of EMG signal was calculated offline and any
data with reduction of MPF above 10% will be recognized as fa-
tigue. Meanwhile, the intermittent break was 2 min for affected
trials to minimize the effect of fatigue, and no fatigue was de-
tected from any of the subjects during the trials.

EEG and EMG activities were acquired using a Neuroscan
SynAmp? and Scan version 4.3 (Neuroscan, Neuroscan Inc.)
in an electrically shielded experimental room. High-resolution
EEG signals were recorded using a Quick-Cap (Neuroscan,
Neuroscan Inc.) equipped with 128 channels with linked ref-
erence electrodes on the left and right mastoid. The electrodes
in the frontal and parietal area were displayed in Fig. 1(c)
to indicate the location of the channels in the sensorimotor
area. Surface EMG was recorded from the left and right ECR
muscles simultaneously. The EEG and EMG signals were
digitalized at a sampling rate of 1000 Hz. The recording band-
width was set from dc to 200 Hz for EEG and 1Hz for EMG,
respectively. All the electrode impedances were kept below
5 k€. After the experiment, the positions of EEG electrodes
and three anatomic landmarkers: nasion, left preauricular point
(PAL), and right preauricular point (PAR) were digitalized
using a digitization device (Polhemus Fastrak and 3DspaceDX
software, Neuroscan Inc.).

C. Coherence Analysis

The data at the beginning and end of the contraction was dis-
carded for extracting the data with better stability for both EEG
and EMG signals. A subset of the 128 EEG electrodes located
around bilateral ears and at the posterior edge of the electrical
cap was also rejected due to possible instable contact, and 96
electrodes were left for further processing. The spherical spline
laplacian was employed to enhance the underlying cortical
rhythm related to cortico-muscular coherence. The digitization
device adopted the midpoint of the line segment PAL-PAR as
the origin of the coordinate system. We denoted this origin by
O, and the Cartesian coordinates were (x,, Yo, 2,). Moreover,
(Zny Yn, 2n) represented the coordinates of the EEG electrodes
in the same coordinate system (n = 1,2,...,96). The fol-
lowing coordinate transformation was applied to calculate
radius 7’ and the optimized coordinate system with new origin
O’ to minimize the error of spherical assumption of the head
geometry (Fig. 2).

Step 1) (x axis Direction Identification): The x axis direc-
tion of the Cartesian coordinate system after trans-
formation paralleled the line passing through the
PAL and PAR.

Step 2) (y-z Plane Recognition): As the electrical cap was
worn in a way that the central electrode (index 10,
corresponded to the C, electrode in the 64-channel
system) was located at the midpoint of the nasion-
inion and PAL-PAR line along the scalp, the y-z
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Fig. 2. Optimization of EEG electrodes projection. (a) Projection demonstra-
tion in the original coordinate system and sphere. (b) Projection onto the opti-
mized sphere after coordinates transformation.

plane of the transformed coordinate system was per-
pendicular to the z axis direction and passed through
the electrode index 10.

Step 3) (O’ and 7’ Identification): We supposed that the co-
ordinates of transformed origin O were (27, v/, z)
in the original coordinate system. And (z/,,y.,, z,)
denoted the projection point coordinates of the EEG
electrodes on the sphere centered at O’ with radius
r(n = 1,2,...,96). The optimal O’ and ' could
be identified by solving the following optimization

problem:
96
min {Z (zn — :17:1)2 + (yn — y;)2 + (zn — Z;)Z}
n=1
s.t. J}/ = T10. (2)

The z/,, y,,, and 2/, could be expressed as the func-
tions of z/,y’, 2/, and r’. These parameters could
be optimized using the Nelder—Mead algorithm with
initial conditions thaty/, = 0, 2/, = 0, and 7’ = r (r
denoted the distance from O to PAL or PAR).

Step 4) (x, y, and z axis Identification): The z axis was de-
fined as the line through O’ and electrode 10. The x
axis was perpendicular to the y-z plane and passed
through O’. The ¥ axis was specified as the line per-
pendicular to the z-z plane. The origin of the coor-
dinate system was moved to O’.

The optimal projection sphere S could be identified as the
sphere centered at O’ with radius 7’ after the transformation
and optimization process. The algorithm above was named elec-
trodes projection optimization (EPO). The projection points of
the EEG electrodes on the sphere were used for the spherical
Laplacian to deblur the low spatial frequency noise like back-
ground brain waves and possible contaminated EMG activities
[22], [23]. The laplacian transformation could also sharpen the
underlying cortical rhythm related to the task. Afterwards the
spatial filtered brain signal and rectified EMG signal were seg-
mented into nonoverlapping 1024-ms epochs. The coherence
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spectrum was calculated with a fast Fourier transform algo-
rithm, according to the following equation:

@)
fix (W) - fyy (W)

where fux(w), fyy(w), and fyy(w) represented the auto-spec-
trum and cross spectrum of selected EEG signal and EMG
signal. The estimated auto-spectrum and cross spectrum on
data segments were used to calculate the coherence spectrum
in our analysis. The coherence calculated with (3) was the
function of frequency w. The frequency band of interest in the
current study ranged from 5 to 45 Hz, which covered most of
the scalp EEG spectrum. The significance of such coherence
was determined with the following equation [24]:

C(w) 3)

1

a w1
CLiygp =1 - (1 - ﬁ)‘ ) @)
where o was the significance level (o was 95 in our study
and corresponded to p value 0.05), N was the number of data
segments, and CL represented the coherence confidential limit
above which we had a significant coherence. The term “peak
coherence” was utilized in this paper to describe the highest
significant coherence across all EEG projection points in the
frequency band of interest. The peak coherences of the unaf-
fected and affected side for each subject were analyzed in this
study. The routines within EEGLab toolbox have been applied
to generate the topographical distribution of coherence on the
scalp [25].

D. Interhemisphere Asymmetries of the Maximum Coherence

The highest significant coherence was only found at the elec-
trode in the representation area of M1 corresponding to the con-
tracted muscle in the ECoG based cortico-muscular coherence
studies [11], [12]. The M1 related displacement after stroke
has been documented in studies with fMRI, PET, and TMS
[1]-[5], therefore the highest significant coherence localization
possibly provided a rough estimation of the representation area
shift after brain reorganization. The previous studies demon-
strated that spherical laplacian could improve the spatial res-
olution of EEG potential distributions [22], [23]. The surface
laplacian estimator reflected the continuous distribution of the
current sources on the scalp. In this study, the “maximum coher-
ence” was defined as the highest significant coherence across the
scalp and the following method was used to identify the loca-
tion of maximum coherence.

After projecting the EEG electrodes onto the optimized
sphere S, the peak coherence between the scalp current and the
rectified EMG signal was firstly identified across all the projec-
tion points. Then a 15 x 15 grid with 1 mm x 1 mm intermittent
distance (z and y direction) centered at the projection point
with peak coherence was specified on the sphere S. The scalp
current at each node of the grid was computed with spherical
Laplacian. The localization of the maximum coherence was
identified as the coordinates of the node with highest signif-
icant coherence. The medial-lateral and anterior—posterior
interhemisphere differences of the peak coherence localization

were calculated for each subject. The positive direction of the
interhemisphere differences was defined as the medial and
posterior shift of the affected side compared to the unaffected
side.

E. EEG-EMG Latency Analysis

Part of the EEG data and corresponding EMG time series
were discarded before the latency estimation according to the
following method: the autocorrelation function of each segment
was calculated and the de-correlation time at which autocorre-
lation function falls to e~1 was identified [26]. Higher decor-
relation time would be obtained on the nonstationary data seg-
ments due to muscle activity or other factors. Therefore, 50%
of segments with higher decorrelation time were discarded em-
pirically according to [13] and all the latency estimations were
based on the data segments left.

There were several methods to estimate the delay between
cortical rhythm and muscle activity [13], [14]. The maximizing
coherence method was proven to be effective for latency estima-
tion in narrow band [13]. As the delay 6 between two coherent
time series caused a reduction in the estimated coherence, the
maximum coherence could be expected by artificially shifting
the lagged signal backward with § time points.

Let C(w/T = 0) denote the coherence spectrum between
original EEG and EMG time series without time shifting.
We supposed that wy was the corresponding frequency of the
highest significant coherence between two time series, there-
fore, we had C(wo/7T = 0) as the peak coherence value. We
shifted the EMG signal backward with lag 7 by keeping the
EEG time series as the reference and considered coherence at
wo as a function of 7 : C(wy/7). The coherence will reach a
maximum value C(wy/7 = ) at the lag 7 = 6.

Surrogate analysis was used to estimate the significance level
of the latency estimation [13]. The surrogate of unshifted EEG
time series was generated by shuffling the original segments
sequence. The delayed coherence C(wo/T = §)°"** was com-
puted on surrogate EEG and shifting EMG time series. The null
hypothesis was that C(wo /7 = §) obtained was due to spurious
correlations. We calculated the significance of difference CL (1)
between the C'(wo/7)*""" and C(wq/T) where

|C(wo/7) = {Clwo/T)™™)]

R Y

(&)

in which () indicated the average over realizations of surrogate
and o() ndicated the standard deviation. Any value of CL (1) >
2 indicated that the coherence obtained was not due to spurious
correlations and gave the significance level P < 0.05 [27].
Practically the latency 6 was identified by searching for
the maximum of coherence on C'(wo/7) = C(wo/7) —
(C(wo /7)) instead of the original C'(wy/T) as we wanted
to exclude the possible contribution of occasional correlation
between two time series to the latency estimation. We generated
different numbers of surrogates from N = 10-500 with data
from both the affected and unaffected side for each subject. The
process of synthesis was repeated 1000 times for each surrogate
number N and we obtained the estimated latencies array § in
each condition, where 6 had the dimension of 1000 x 1. The
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Fig. 3. Coherence and latency analysis of the unaffected task of subject 6. (a) Power spectra of channel 37 of EEG signals (gray line) and EMG signal from right
ECR muscle (black line). Peak coherence was observed between these two time series among all EEG channels. Note that the power spectra were shifted for clarity.
(b) Coherence between channel 37 and the EMG signal from the right ECR muscle. Maximum coherence was found at frequency 27.34 Hz. Dotted line represents
the confidence level (P < 0.05). (c) Coherence curve observed when one of the time series was shifted while keeping another constant. The half of curve with
negative latency was calculated by shifting the EEG signal backward while keeping the EMG signal constant. (d) Mean and standard derivation of é y while NV

denotes the number of surrogates for calculating the ((wo7)s"'™).

RESULTS OF THE PEAK COHERENCE, ITS CORRESPONDING FREQUI;FI?CE:(LENg THE ESTIMATED LATENCY FROM EEG TO EMG OF ALL SUBJECTS
Unaffected side Affected side
Case Peak Corresponding Latency (EEG-EMG) Peak Corresponding Latency (EEG-EMG)
Coherence Frequency (Hz) millisecond Coherence Frequency (Hz) millisecond

1 0.1008 28.32 17.82 0.0538 24.41 20.30
2 0.1834 22.46 21.85 0.0387 31.25 27.31
3 0.0921 31.25 20.06 0.0607 16.60 18.29
4 0.0638 17.58 17.18 0.0311 35.16 24.75
5 0.0557 32.23 20.08 0.0321 20.51 24.42
6 0.0688 27.34 15.42 0.0378 27.34 20.90
7 0.1222 11.72 20.30 0.0404 28.32 26.13

mean 0.0981 24.41 18.96 0.0421 26.23 23.16

SD 0.0442 7.56 222 0.0111 6.32 3.35

fluctuation of the single estimation of latency § was obvious
even when N was large [Fig. 3(d)]. Although the standard
deviation of latency estimation was sensitive to the number of
surrogates to use, the mean latencies (§) from different N
were rather stable. This simulation indicated that the latency
6 calculated from one realization of surrogates synthesis pos-
sibly led to the improper estimation with large deviation and
encouraged us to adopt (6v) as the result of latency estimation.
Therefore, we repeated the surrogate synthesis 1000 times
with N = 300 for each subject and the results of (§309) were
reported as the latency estimation.

III. RESULTS

For each subject 150 artifact-free segments from unaffected
and affected tasks were selected for data analysis. The peak co-
herence and the corresponding frequency of each subject have
been identified for both the affected and unaffected tasks. The
latency between the EEG and EMG time series was calculated

with the maximizing coherence method. The significance of
such latency estimation: CL(7) was computed for all the latency
estimation at delay ¢ based on (5). As the surrogate synthesis
was repeated 1000 times for constructing the latency estimation
array (6300), we calculated the significance CL(7) for each syn-
thesis and constructed the significance array CL(7). The confi-
dence level of the latency estimation was identified by the mean
of the significance array. All the latencies reported here were
significant ((CL(7)) > 2) and the results have been summa-
rized in Table II.

After identifying the electrode with the highest significant co-
herence for both sides, the interhemisphere localization differ-
ence of the peak coherence was calculated using spherical spline
Laplacian. The interside asymmetries were showed in Table III.

The mean peak coherence was 0.0981+0.0442 and 0.0421 +
0.0111 for the unaffected and affected sides, respectively (mean
£ SD). The peak coherence value was statistically different
between the unaffected and affected sides using paired #-test
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TABLE III
INTERHEMISPHERE DIFFERENCE OF THE MAXIMUM COHERENCE LOCALIZATION

ML (millimeter) AP (millimeter)

Description of

Case Affected vs Affected vs the shift
unaffected side unaffected side

1 +25 +3 medial;

2 +9 +3 medial;

3 +18 +18 medial; anterior;
4 +12 +12 medial; anterior;
5 -3 -15 posterior;

6 +18 34 ?;fé?}or

7 +22 +3 medial;

ML, AP: Medial-lateral and anterior-posterior interhemisphere difference
in the maximum coherence localization. The medial-lateral shift was defined
as positive if the maximum location of the affected side was more medial than
the one of the unaffected side, and a more posterior shift in the affected side
was defined as positive in the anterior-posterior direction.

(P = 0.0146). The topographic map of coherence showed the
highest significant coherence in the frontocentral area of the
contralateral side to the task for all the subjects, corresponding
to the anatomical primary motor/sensory cortex (M1/S1). The
peak coherence in the affected side task had medial shift for
all subjects than their unaffected side except subject 5 (Fig. 4).
Anterior shift of peak coherence of affected task could be ob-
served in subject 3 and 4, and posterior shift was found in subject
5 and 6 (see Table III). As equivalent experimental conditions
were applied to both the affected and unaffected tasks, the lesion
by stroke and the following reorganization possibly resulted in
the significant changes in latency.

The process of latency estimation was showed in Fig. 3. After
identifying the frequency corresponding to the peak coherence
[Fig. 3(b)], the time lag was computed with maximizing co-
herence on stationary parts of the relative electromyographic
oscillation and central cortical rthythm [Fig. 3(c)]. The mean
latency by which EMG signal lagged behind EEG time series
was 18.96 £2.22 ms and 23.16 £ 3.35 ms for the unaffected and
affected sides, respectively (mean + SD). Paired #-test showed
that the latencies of the unaffected group were significantly
shorter than the latencies of the affected group (P = 0.0108).

IV. DISCUSSION

A. Prolonged Conduction Time in the Affected Side

Phase coupling is both necessary and sufficient to yield
nonzero coherence between two time series; therefore, CMCoh
reflects the phase synchronization between central rhythm
and electromyographic activities. As the CMCoh possibly
represents the descending control via the corticospinal tract,
the conduction time from the motor cortex to the muscles
could be calculated using phase spectra analysis [28], [29].
And results comparable to the ones from TMS studies are
expected. However, previous CMCoh studies showed divergent
conduction time between the cortical rthythm and peripheral
oscillations. Brown et al. reported a very short conduction time
(~4 ms) between the motor cortex and wrist extensor muscles
[28], and Mima et al. showed a shorter latency (14.3 and
15.9 ms separately) for abductor pollicis brevis (APB) muscles

[29], [30], while Gerloff et al. found a rather fast conduction
time (~9 ms) for M. extensor digitorum [9]. It remains under
debate what factors contributed to such latency controversy.
The computation of the coherence and latency were both based
on the stationary assumption of the recorded EEG or MEG and
EMG time series. However, the hypothesis of stationarity could
be easily rejected due to contaminated artifacts like the offset
drift, blinking, and muscle contraction, etc., which results in
a low signal noise ratio of the brain signals. Consequently,
the accuracy of the latency estimation might be improved by
neglecting the segments of EEG or MEG time series with less
stationarity. In the light of such conjecture, Govindan et al.
successfully applied a method of maximizing coherence to the
calculation of lag between motor cortex and muscles [13]. Part
of the EEG and EMG signals with higher decorrelation time
were excluded from the computation of conduction time, and
the latencies for wrist extensor muscles were in keeping with
a direct transmission through fast pyramidal pathways. In the
MEG study by Gross et al., the delays were estimated in the
time window with the strongest synchronization, and compa-
rable conduction times with TMS studies were reported for four
muscle groups from upper limbs as well as lower limbs [14].
These two studies showed evidences that the partly satisfied
assumption of stationarity could be an important factor for the
controversy about latency estimation. Hence, the method of
maximizing coherence was adopted in the current study.

The major finding of this work was the significantly pro-
longed conduction time between the motor cortex and ECR
muscles in the affected side (see Table II). The delays were
18.96 ms for the unaffected side and 23.16 ms for the affected
side, and the difference of mean latencies was about 4 ms. In
the CMCoh study by Salenius e al., the delays from the central
rhythm to four muscle groups (biceps brachii, extensor indicis
proprius, first dorsal interosseus, and flexor hallucis brevis) was
investigated with right-handed normal subjects [10]. The results
showed that the specific muscles from the left and right side had
similar latencies, which implied that the latency differences in
the current study were independent of the handiness. The mean
conduction time for ECR muscles in the unaffected side was
similar to ones measured with TMS (~17 ms) [31]. Therefore,
the prolonged conduction time from the lesional hemisphere to
the affected muscle possibly resulted from the factor of cerebral
damage and succeeding brain reorganization. Indeed, Byrnes
et al. reported as much as 5 ms difference of latency for motor
evoked potential (MEP) between the affected and healthy side
for well recovered stroke patients [4], and Pennisi et al. found
significantly increased central motor conduction time (CMCT)
for the lesional hemisphere [7]. Furthermore, Stinear et al.
reported latencies of MEP for ECR muscles with 18.7 £ 1.6 ms
from the unaffected side and 20.9 & 3.1 ms from the affected
side for chronic patients [6].

Several factors were possibly associated with the prolonged
conduction time from the lesional hemisphere, although the
exact mechanism is still under debate. The phase synchro-
nization between EEG and EMG activities depends on the
availability of corticospinal pathways for the transmission of
descending potentials. However, the lesion around the region
of basal ganglia possibly resulted in discontinuity of partial
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Fig. 4. Coherences and latencies analysis for subject 3. (a) Power spectra of EMG signals and EEG time series with highest significant coherence—channel 37
of the unaffected task (thin black line); channel 77 of the affected task (thin gray line); signal from the right ECR muscle of the unaffected task (black bold dotted
line); signal from the left ECR muscle of the affected task (gray bold dotted line). The spectra were shifted vertically for clarity. (b) Highest significant coherence
was found in EEG channel 37 at 31.25 Hz from the unaffected task (black line) and in channel 77 at 16.60 Hz from the affected task (gray line). (c) Topographic
map of coherence at 31.25 Hz in the unaffected task. (d) Topographic map of coherence at 16.60 Hz in the affected task.

fast corticospinal tracts. The subsequent recruitment of slower
conducting fibers could reduce the conduction velocity of the
descending pathway [7]. Another factor to be considered was
the temporal summation mechanism at the spinal level [32].
Since the discharge of motoneurons in the spinal cord relies on
the summation of multiple descending volleys from the motor
cortex, the reduction of available corticospinal tracts could
result in the insufficient drive ability. The displacement of cor-
tical representation area of muscles possibly reflected the local
network reorganization and the unmasking or strengthening
of survival corticospinal pathways. However, the increased
threshold and depressed amplitude of MEP in the damaged
hemisphere indicated the decreased excitatory ability of re-
organized neural network in the ipsilesional M1 after recovery
[3]-[7]. Consequently the compensation of descending drive
ability by the reallocation in local neural network was limited.
Hence, the prolonged conduction time observed in the current
study possibly reflected the temporal compensation with suc-
cessive potentials to recruit the motoneurons in the spinal cord.

TMS was a reliable method to measure the delay from the
motor cortex to the muscles. However, MEP was absent for
part of the stroke subjects and resulted in the unavailability of
latency estimation [5], [6]. Therefore, the CMCoh provided an
alternative way to measure the conduction time between the
central thythm and the electromyographic time series. Since
these two technologies were based on distinct principles, the
interpretations of the latencies were different. The result of
TMS showed the conduction velocity of descending potentials
using passive transcranial stimulation, while CMCoh relied on
the steady and continuous synchronization between the cortical
rhythm and electromyographic activities in an active mode.
The latency measured by TMS reflected the basic property of

the motor pathway while CMCoh showed a higher functional
characteristic of the motor system, that is, the ability to promote
the synchronization between upper and lower motoneurons to
achieve optimal motor control [31].

B. Displacement of the Peak Coherence

Mima et al. first reported the topographical shift of CMCoh in
the affected side for chronic stroke patients [16]. However, the
localization of the maximum coherence could not be shown,
which was possibly due to the low density EEG recording
(56 channels). In the current study one 128-channel recording
system was adopted to improve the spatial resolution of EEG
signals. The electrodes projection optimization algorithm based
on individual anatomical landmarkers, spherical surface lapla-
cian and a mapping technique similar to the other TMS studies
[3], [4] were applied to calculate the spatial coordinates of
maximum coherence. Since the most significant CMCoh was
always found in the precentral gyrus, the localization could be
treated as a rough estimation of the muscles representation area
after the cerebral reorganization.

Neuroimaging studies with fMRI, PET, and TMS have
reported the displacement related to the brain plasticity after
stroke [1]-[5]. The mechanisms that result in such shift may
include the reallocation of the local network around the lesion
in M1 and the recruitment of adjacent nonprimary motor
cortex with direct cortical spinal tract (CST) projection, like
the premotor cortex (PMC) and postcentral gyrus. Using a
mapping technique, Byrnes er al. showed that the interhemi-
spheric difference for MEP “hot spot” of APB muscles was
within 2 mm for both medial-lateral and anterior—posterior
directions with normal subjects [4]. And the upper limits for
the difference were 3 mm in the medial-lateral axis and 9 mm
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in the anterior—posterior axis. In the current study the mean
displacement of interhemispheric maximum coherence was
14 mm in the interaural direction. The shifts showed consistent
displacement towards the vertex except one subject (subject 5).
Hence the cerebral reorganization of subjects in the current
study possibly benefit from the recruitment of adjacent brain
areas within the primary motor cortex except one subject (sub-
ject 6). The medial shift could denote a cortical reorganization
towards the corticospinal tracts which innervate the proximal
muscles. Most subjects showed a relatively small displacement
in the nasion—inion direction. The shift could be rather the
reallocation in local primary motor cortex than the recruitment
of nonprimary motor area like the PMC or postcentral area.
Nevertheless, the large posterior displacement of subject 6 pos-
sibly implied the recruitment of a neural network in postcentral
gyrus with direct corticospinal fibers.

C. Decreased Coherence in the Affected Side

A significant difference of peak coherence value between the
unaffected side and affected side was confirmed in the chronic
stroke patients (see Table II) [16], and several factors possibly
contribute to such observation. First of all, the impairment in
the region of basal ganglia possibly led to the discontinuity of
partial descending pathways. The neural activities via the pyra-
midal tracts were significantly reduced following brain injury
and led to the decorrelation of the presynaptic and postsynaptic
activities, which weaken the cortical-spinal synaptic connec-
tions. Although the displacement of CMCoh indicated that the
wrist function was possibly recovered by the compensation of
local network adaptation through existing CST, such compen-
sation was less efficient than original pathways and possibly re-
sulted in the lower drive ability of spinal motoneurons. Second,
the properties of the motor units (MU) could also change as the
result of damage to the CNS. This was confirmed by a firing
pattern study of MU after stroke [33]. The neuromuscular dis-
orders resulted in an increase in MU discharge variability and a
decrease of the firing rate.

The CMCoh could be interpreted as the synchronized oscil-
latory between cortexes and spinal motoneurons to achieve op-
timal motor control [31]. This was especially important when
executing sustaining accurate control tasks which need more
concentration and effort. Therefore, the significant reduction of
CMCoh in the lesional hemisphere could also be interpreted as
the macroscopic depression of movement control in the affected
side.

The uncrossed CST occupied about 10%-15% of total
pathway originated from M1 in human beings although the
exact proportion was unknown, and these pathways at least in
principle could contribute to the motor recovery after stroke.
However, no subject showed a significant coherence peak in
the contralesional side in the current study, which implied
the absence of contribution of the unaffected hemisphere to
the movement control in CMCoh. This could be explained by
the fact that the functional role for the ipsilateral hemisphere
only showed in patients who did not make a good functional
recovery [34].

D. Peak Frequency of CMCoh

The frequency of CMCoh reflected the preferred firing rates
of MU under a specific condition, e.g., the force level for steady
isometric control. Several factors were associated with the fre-
quency of CMCoh, like the rhythmic activities in the motor
cortex, the intrinsic properties of MU, and the force level of con-
traction [8], [28]. Although the peak frequency was found to in-
crease as the magnitude of contraction force was raised [28], the
particular value under a certain condition was still a subject-spe-
cific parameter with great variance (see Table II). The range of
peak frequencies in the affected side was still within the beta
band and no statistical difference was found between the results
from two task groups. Such observation was consistent with the
experimental finding from normal subjects [8], [28] and implied
that the motor system tended to synchronize in the beta band in
the condition of weak contraction even after cerebral plasticity.

V. CONCLUSION

The present study showed that the conduction time from
cortical thythm to the peripheral oscillations was significantly
prolonged for the affected side than the unaffected side after
subcortical stroke. Such observation possibly resulted from
the damage to the corticospinal pathways and the local neural
network relocation after stroke with consideration to the sig-
nificantly decreased coherence value and the interhemisphere
asymmetries of peak coherence. Hence, CMCoh could enrich
our understanding of the cerebral plasticity of the motor system
after stroke.
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