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Abstract

The loss of independent joint control in the paretic upper limb isa cardinal sign of movement disorders
following stroke. However, the underlying neural mechanisms for such a loss following stroke are
still largely unknown. In order to investigate the possible contribution of altered sensorimotor cortical
activity to the loss of independent joint control, we measured electroencephalographic (EEG) and
torque signals during the generation of static shoulder/elbow torques. We found significant increases
in the overlap of shoulder and elbow joint representations at the cortical level in stroke subjects as
compared to control subjects. Linear regression results demonstrated significant associations
between the cortical overlap of joint representations and the degree of the loss of independent joint
control. Therefore, we conclude that an increased overlap of cortical representations for shoulder
and elbow contributes to the expression of the loss of independent shoulder/elbow control of the
paretic upper limb in chronic hemiparetic stroke survivors.
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Introduction

The loss of independent joint control is a cardinal sign of movement disorder following stroke.
An example of this behavior is the obligatory abnormal coupling between shoulder abduction
(SABD) and elbow flexion (EF) in the paretic upper limb, described as the ‘flexion synergy’
by Twitchell and Brunnstrom (Brunnstrom, 1970; Twitchell, 1951). Abnormal coupling
between SABD and EF can severely impair the active range of motion required for functional
reaching when individuals with stroke actively lift the affected limb against gravity (Beer et
al., 2004; Beer et al., 2007; Sukal et al., 2007). Although the serious functional impact and
nature of these impairments have been well documented through quantitative means (Beer et
al., 2007; Sukal et al., 2007), the underlying neurological mechanisms responsible for their
manifestation remain largely unknown.

The presence and severity of movement deficits following stroke have been reported to be
related to changes in activity and spatial organization of sensorimotor cortices (SMC). A
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number of studies using different imaging modalities have provided evidence for the
enhancement of activity in undamaged preexisting networks, manifested as increased sizes and
amplitudes of cortical activity following stroke (Cicinelli et al., 1997; Cramer et al., 1997;
Platz et al., 2000; Rossini et al., 1998; Weiller et al., 1992). These activations then slowly
decrease over time or following rehabilitation, usually expressed as less recruitment and
activity in the unaffected hemisphere (Dong et al., 2007; Jang et al., 2004; Liepert et al.,
2004; Traversa et al., 1997). However, the direct associations between altered cortical activity
in SMCs and specific motor disorders expressed in stroke survivors are still absent from the
current literature. More specifically, studies that investigate the neural mechanisms underlying
the loss of independent joint control in the paretic upper limb of chronic hemiparetic stroke
subjects have not been conducted yet.

Previous quantitative studies have demonstrated the expression of the loss of independent joint
control in the form of abnormal increases in the co-activation level between shoulder abductors
and elbow flexors during static SABD and EF motor tasks (Bourbonnais et al., 1989; Dewald
et al., 1995). Such abnormal muscle co-activation pattern in the paretic limb may be due to an
abnormal increase in the overlap of cortical representation for elbow and shoulder joint/
muscles. Evidence for cortical overlap of joint/muscles representations has been provided by
results in both animals (Clark et al., 1988; Godde et al., 1996; Gribble and Scott, 2002; Hoffer
et al., 2005; Rathelot and Strick, 2006) and human subjects (Cramer et al., 2003; Devanne et
al., 2006; Godde et al., 1996; Marconi et al., 2007; Melgari et al., 2008; Schabrun and Ridding,
2007; Singh and Scott, 2003; Tyc and Boyadjian, 2006). It has been suggested that such
overlaps may be the neural substrate to create a wide variety of functional muscle synergies
(Melgari et al., 2008; Rathelot and Strick, 2006). Especially for shoulder and elbow joints,
results in monkey experiments have shown that certain neurons in the primary motor cortex
responded to both shoulder and elbow loads (Gribble and Scott, 2002). Thus a certain level of
overlap for the joint’s representation may facilitate movement encoding. However, we
hypothesize that significant increases in overlap at cortical level could result in losses of
independent joint control as observed following stroke. Our results demonstrate the existence
of an abnormally increased level of overlap and its correlation with the loss in the independent
shoulder/elbow joint control in the paretic upper limb.

We recruited 13 chronic hemiparetic stroke subjects (age: 59.54 + 2.8) with moderate to severe
impairment and 10 control subjects (age: 46.8 + 4.6). Motor function of the upper extremity
of stroke subjects was evaluated using the Fligl-Meyer motor assessment (Flgl-Meyer et al.,
1975). This assessment includes the evaluation of tendon reflexes and the performance of
proximal and distal voluntary movements of the impaired arm. Cumulative scores approaching
60/66 for the upper extremity indicate only mild involvement, while scores less than 20/66
indicate severe disability. Clinical information regarding our stroke subjects is listed in Table
1. All of the control subjects were right-hand dominant and did not have a history of
neurological injury or impairment. All subjects provided written consent prior to participation
in the study that was approved by the Institutional Review Board of Northwestern University
and in compliance with the principles of the Declaration of Helsinki.

Motor paradigm for cortical imaging

Participants sat in a Biodex chair (Biodex Medical Systems, Shirley, NY) that completely
supported the trunk. The trunk was restrained to the back of chair with straps crossing the chest
and abdomen to prevent trunk and pelvis motion during the experiment. Subjects were casted
at the wrist and secured to a six degree of freedom (DOF) load cell with the shoulder at 75°
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abduction, 40° flexion and the elbow at 90° flexion angle (see Fig. 1). In this position, the tip
of the hand was approximately aligned with the median sagittal plane of the subject.

The motor tasks involved in this study were self-initiated torques generated in the SABD or
EF direction from rest to 25% of the subject’s maximum voluntary torque (MVT). All the
subjects were instructed to generate torque only in the required directions. At the beginning of
each trial, an auditory signal was given to the subject indicating the start of the task. After that,
subjects were required to maintain a resting state for 5-7 sand then to self-initiate the generation
of torque in the required direction to 25% + 10% of their MV Ts and to hold the torque at this
level for 0.3 s. (Note: we chose to ask subjects to hold for only 0.3 s because most of our
severely impaired stroke subjects could not hold any longer.) At the end of each trial, oral
feedback was given to inform the subject of success for the trial or the reason for an
unsuccessful trial. Subjects were instructed to avoid eye movements and movements in other
parts of their body during the performance of each trial.

Prior to the data collection session, subjects went through a training session (about 1 to 3 h) to
make sure they were able to easily perform the elbow/shoulder torque generation tasks without
visual feedback. Following the training session, an anatomical MRI of the brain was taken in
a 3 T magnet scanner (Siemens, Erlangen, Germany) using a T1-weighted gradient echo pulse
sequence. Images had a field of view of approximately 231 mm, voxel size of 1.0x1.0 mm and
slice thickness of 1.0 mm. Subsequently, the actual data collection session was scheduled.

During the actual data collection session, MVTs and maximum EMGs of each subject were
recorded in three randomly ordered blocks consisting of the torque generation of shoulder
flexion/extension (SF/E), shoulder abduction/adduction (SABD/ADD), and elbow flexion/
extension (EF/E). Subjects then performed totally 100 to 150 trials for each of the required
motor tasks as trained without visual feedback. In an effort to avoid fatigue, subjects completed
trials in several randomly ordered blocks (20-30 trials for one block) consisting of SABD or
EF with rest periods of about 15 s between trials, and about 20 min between blocks. The typical
duration of the experiment was around 5 to 6 h, including 2.5 to 3 h for experiment setup, a
half hour break for lunch, and 2 to 2.5 h for data collection.

Data collection for cortical imaging

We simultaneously collected force/moment signals, surface EMG signals from both arms and
scalp EEG signals during each data collection session. Forces and torques generated at the
wrist were measured using a six degree-of-freedom load cell (JR3 Inc., Woodland, CA) and
then converted online to torques at the elbow and shoulder based on a free body analysis of
the upper limb (Beer et al., 1995). Surface EMG signals were recorded by active differential
electrodes (Delsys, 16 and 8 Channel Bagnoli™ EMG System, Boston, MA) with 1 cm inter-
electronic distance. The Delsys EMG system also provided pre-amplification (gain=1000) and
single pole high pass filtering (cutoff frequency=6 Hz). Prior to data collection, all EMG signals
were then filtered at 500 Hz (8-pole Butterworth, Frequency Devices Model 9016, Havelhill,
MA\) to prevent aliasing and amplified in a second stage with the gain depending on the
amplitude of the signal. Correct electrode placements were verified by examination of EMG
activity on an oscilloscope while performing muscle testing procedures, as described by
Kendall (Kendall and McCreary, 1983). Nine muscles on the paretic (stroke) or dominant (able-
bodied) upper limb, including the biceps brachii (BIC), brachioradialis (BRD), triceps brachii
long head and lateral head (TRILO and TRILA) muscles at the elbow; the anterior (ADL),
intermediate (IDL) and posterior deltoids (PDL); and pectoralis major vertical and horizontal
fibers (PMJV and PMJH). In addition, EMG signals from the BIC, BRD, TRILA and IDL from
the other arm were also recorded to test for the presence of mirror muscle activity. Scalp
recordings were made with a 163-channel EEG system using active electrodes (Biosemi, Inc.,
Active I, Amsterdam, The Netherlands). The electrodes were mounted on a stretchable fabric
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cap based on a 10/20 system (see Fig. 1). All data were sampled at 1 kHz. Furthermore, the
positions of EEG electrodes on the subject’s scalp were recorded with respect to a coordinate
system defined by the nasion and pre-auricular notches using a three-dimensional magnetic
digitizer (Polhemus, Colchester, VT). This allowed for the co-registration of EEG electrodes
with each subject’s anatomical MRI data. Collection of the EEG data was synchronized with
torque and EMG data using a TTL pulse generated when the primary torque exceeded 0.15
Nm to mark the on-line detected torque onset.

Data analysis

Torque and EMG signal analysis—EMG signals in this study were used as monitoring
signals for undesired muscle activations, such as muscle contractions in any arm during the
resting period, mirror muscle activation from the non-tested arm, and signs of muscle fatigue.
Torque and EMG signals were initially semi-automatically inspected for artifacts. Trials with
artifacts (e.g., non-stable baseline, or EMG-torque ratio higher than the mean of EMG-torque
ratio plus 3 times standard deviation which suggesting a muscle fatigue, or EMGs from the
non-tested arm that may suggest fatigue or mirror movements) were eliminated. Remaining
shoulder and elbow torques were baseline-corrected and averaged using a 250 ms moving
window. The torque responses were then aligned with the off-line adjusted torque onset (i.e.,
an adjustment between the offline detected torque onset and on-line the TTL signal. This
adjustment was used to generate off-line adjusted torque onset for aligning different trials.)
and then ensemble-averaged. Torque responses were then normalized by the MV Ts in each
degree of freedom (DOF).

Torque coupling ratio (TCR) was then used to quantify the level of independent joint control
in each of the tested arms. TCR was defined as
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where T,?V is the value of normalized torque in the ith direction; i and j are the indices of torque
directions; and S and A are sets of torques in the secondary directions (i.e., directions that are
not required by the motor task, such as SF/E and EF/E for a SABD task) and in all directions,
including SF/E, SABD/ADD and EF/E, respectively. Resulting TCR values range from 0 to
1. Torque generation only in the required primary torque direction (i.e., SABD for a SABD
task) while not in secondary directions (e.g. EF or SF for a SABD task) will produce a torque
coupling ratio (TCR) equal to 0, while large torque generation in any secondary direction will
produce a TCR closer to 1.

EEG signal analysis

The 163-channel EEG signals were visually inspected for the presence of artifacts. In addition
to trials that were already eliminated due to torque and EMG artifacts, EEG trials that exhibited
artifacts (e.g., eye blinks, sweat potentials, etc.) were eliminated from further analysis. The
remaining EEG trials were aligned to the off-line adjusted torque onset, segmented, baseline-
corrected (from —2000 to —1800 ms) and ensemble-averaged from —2000 ms to 500 ms (with
torque onset at 0 ms).

The ensemble-averaged EEG signals were imported into the CURRY software environment
(Compumedics Neuroscan Ltd., El Paso, TX) for a multi-stage processing procedure: 1) re-
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referencing to the common average, 2) low pass filtering with a cutoff frequency of 50 Hz, 3)
SNR estimation, and 4) co-registration of EEG electrode positions with the reconstructed
subject skin (based on the subject’s MRI). The cortical current distribution in the time period
between 150 ms and 100 ms prior to the torque onset was then computed using the low
resolution electromagnetic brain tomography (LORETA) method (Lp=1) (Pascual-Marqui et
al., 2002; Pascual-Marqui et al., 1994) based on a subject-specific boundary element method
(BEM) model in CURRY V5 with the regulation parameter equal to 1/SNR. Possible sources
were located on a cortex layer with 3 mm distance between each node. This inverse method
was chosen because it outperformed all other available inverse methods in CURRY when using
both simulated EEG data and real cortical sensory evoked potentials (Yao and Dewald,
2005). Although the inverse calculation was performed over the whole cortex, only the
activities in the region of interest (ROI), in this study bilateral sensorimotor cortices, were
further analyzed using quantitative measurement indices explained in subsequent sections.

We chose to reconstruct the cortical activity during the time window of 150 to 100 ms before
the onset of torque for both groups. For control subjects, this time window occurs during the
early phase of the motor potential (MP) and prior to the onset of EMGs. It therefore corresponds
to activity related to the release of the motor command and possibly some motor planning
(Hallett, 1994). Even though the relationship between this time window and the onset of MP
or EMGs is slightly more variable within the stroke group, we argue that these differences are
negligible. Conduction latency differences between control and stroke subjects from the cortex
to the periphery have been shown to be less than 5 ms for elbow muscles and 7 ms for shoulder
muscles (Schwerin and Dewald, 2004). In addition, we averaged cortical activity over a 50 ms
time window after desampling to 256 Hz, thereby minimizing the effect of slight timing
differences for cortical activity related to a torque onset.

Our region of interest (ROI) consisted of the bilateral sensorimotor cortices (SMCs), including
the premotor, supplementary motor (SMA), primary motor (M1) and primary somatosensory
(S1) cortices on both hemispheres. The ROI on each hemisphere was independently and
manually chosen in CURRYaccording to the accepted locations of these areas in
neurophysiology literature. A MATLAB (The Mathworks, Inc., Natick, MA) routine was
written to automatically extract all sources from the current density reconstructions that resided
in the ROI.

To identify changes of the cortical overlap of active area (OAA) for shoulder and elbow
representations following stroke, we quantitatively evaluated the OAA between shoulder and
elbow activities in SMCs. The OAA is defined as:

1
chi\lm’m x C ezl\l()rm X @;
OAA :

SLD/ELB — ;

E [0 4]

i (2)

where Cs)°™ and Ce"™ are the normalized strengths of the current in the ith triangle in SMCs
while generating SABD and EF torques, respectively; and ¢; is the area of the ith triangle.
(Note: when developing the BEM model, the surface of cortex was divided into many
triangles.) The OAA therefore quantifies the overlapping active area between cortical activity
in the SMCs for the SABD and EF tasks.

Statistical significance was chosen for p-values less than a significance level of 0.05, and results
close to statistical significance (0.05<p<0.1) were also reported.
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Results

Motor task performance

Maximum voluntary torques (MVTs) were measured at the shoulder and elbow joints at the
very beginning of each experiment. Results of MVVTs and MVT coupling patterns were similar
to results presented in previous publications, showing decreased MV Ts in all directions as well
as increased coupling between SABD and EF for stroke survivors when compared to results
in control subjects (Dewald and Beer, 2001).

All participants included in this study were able to perform SABD and EF at 25% of their MVT
with a success rate higher than 90% (Note: we refer to these two motor tasks as SABD and EF
for the remainder of this paper). Box-plots of the normalized torques in different directions
during for the holding phase of the two motor tasks are shown in Fig. 2. As shown in this figure,
although torque coupling patterns vary especially in stroke subjects, we see evidence of
increased “flexion synergy” patterns in the paretic arms of stroke subjects for sub-maximum
tasks, reflected by the increased elbow flexion torque when performing SABD (the upper plot
of Fig. 2, p<0.05) or an increased trend of shoulder abduction torque when performing EF (the
lower plot of Fig. 2, p<0.1).

Torque coupling ratio (TCR) was computed at each time point for every trial. TCR during the
early holding phase (the first 100 ms of the plateau phase) was then used as the dependent
variable in a two-way analysis of variance (ANOVA) (subject group and motor task) analysis
to test the difference in TCRs between two groups. Results showed that significantly larger
spontaneous secondary torques were generated by stroke subjects (p<0.0001) than by control
subjects. No significant interaction between group and task was found (p>0.1). Both results
shown in Fig. 2 and results of TCRs indicate the existence of abnormally increased torque
coupling between shoulder and elbow joints in stroke subjects even when only performing a
single-joint task at the level of 25% of MVT.

EEG signal and reconstructed cortical activity

Fig. 3 shows the ensemble-averaged EEG, EMG and torque data from one control and one
stroke subject. The mean signal-to-noise ratios (SNR) of our EEG data were higher than 10
for both groups and tasks. A two-way ANOVA (group and task) analysis showed NO
significant difference in SNR either between the two groups or between two tasks. The EEG
data clearly show the Bereitschaftspotential (BP) followed by the motor potential (MP), as
documented by Deecke for a self-paced voluntary motor task (Deecke, 1987;Deecke and
Kornhuber, 1978). Reconstructed cortical activity within the ROI during the window from 150
to 100 ms prior to the onset of torque in one control and one stroke subject is shown in Fig. 4.

Quantitative analyses of overlapping active area (OAA) were then performed over the ROI. A
one-way ANOVA for comparing OAA of the two populations (stroke vs. control) showed a
significant increase in the OAA in SMCs in the stroke group compared to the control group
(p=0.03).

Correlation between cortical imaging results and motor task performance

We further investigated whether the quantified overlapping active areas between SABD and
EF tasks was associated with the torque coupling ratio as measured at the periphery of the
upper limb. Fig. 5 shows the OAA and TCR of each of the control (represented by open
triangles) and stroke (represented by open circles) subjects when they performed the two motor
tasks. A normal probability plot for OAA and TCR confirms that both variables have normal
distributions. Therefore, a simple linear regression between OAA and TCR with a two-tailed
test was performed separately for the two motor tasks using the pooled data from both groups.
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Results are shown by the dashed line in Fig. 5. For both the SABD and EF tasks, a significant
linear relationship between OAA and TCR was found (SABD task: p<0.01, R2=0.318, EF task:
p<0.01, R?=0.279).

Correlation between cortical imaging results and outcome measurement as well as between
torque measurement and outcome measurement

We further investigated the agreement between quantitative measurements, at either central or
periphery, and clinical assessment. In Fig. 6, results are shown for the two association tests
using the two-tailed Spearman Rank Correlation test. There was a significant association
between the OAA and FM scores (p=—0.596, p<0.05) and a noteworthy trend for association
between the sum of torque coupling ratios of the two tasks and FM score (p=—0.521, p<0.1).
The sum of torque coupling ratios of both SABD and EF tasks was chosen because FM score
was also a sum of multi-joint function.

Discussion

Overlap of joint representation in healthy subjects versus in stroke subjects

Overlap of cortical joint representations was also found in our healthy subjects, which is in
agreement with previous findings showing that multiple representations of individual muscles
at cortical level overlap with each other (Devanne et al., 2006; Marconi et al., 2007; Melgari
et al., 2008; Tyc and Boyadjian, 2006). In healthy subjects, overlap can be due to branching
axons of the monosynaptic connections between cortex and motoneurons in the spinal cord.
Overlap caused by using monosynaptic connections is reported to generate limited functional
synergies, usually a few muscles that have similar actions about a joint, and they rarely
innervate the motoneurons of functional antagonists (Melgari et al., 2008; Rathelot and Strick,
2006). Such overlap is found to be very important for flexible brain reorganization and
plasticity in human subjects (Devanne et al., 2006; Singh and Scott, 2003). Therefore, a certain
level of cortical overlap of joint/muscle representation, as we found in our control subjects and
as reported before (Devanne et al., 2006; Marconi et al., 2007; Melgari et al., 2008; Tyc and
Boyadjian, 2006), may suggest the representation of “normal muscle synergies” (Melgari et
al., 2008) in the motor cortex. This cortical overlap probably allows the brain to control multiple
muscles to generate a simple motor task more effectively.

Cortical overlap of joint representation following stroke has not been reported before in either
animal models or human subjects. This study has for the first time shown that following stroke,
the cortical overlap of joint representation increases significantly. Furthermore, we also
demonstrate that this cortical overlap is associated with the degree of coupling between
shoulder and elbow joints and with the impairment level as measured by the Fiigl-Meyer Score.
Our findings imply that abnormal increases in cortical overlap of joint representation may
contribute to the loss of independent joint control that is observed in the form of “abnormal
muscle synergies” in stroke survivors.

Possible mechanisms underlying the increased cortical overlap of joint representation
following stroke

Quantitatively, the increase in cortical overlap of joint representation can be present because
the cortical area for each joint expended and/or because the centers of gravity (CoG) of the
two joints shifted closer. Both the extension of area and the shift of CoG following stroke have
been reported before (Cicinelli et al., 1997; Cramer et al., 1997; Liepert et al., 2004; Traversa
etal., 1997).

Neural mechanisms underlying the increase of cortical overlap can be complex. Several
different mechanisms may be involved. The first is an increased usage of secondary motor
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cortices, such as supplementary motor area (SMA) and the premotor cortex, and their
associated projections. As shown in Table 1, 7 out 13 stroke subjects show an anteriorly-shifted
CoG of cortical activities for both SABD and EF tasks, suggesting a greater involvement of
premotor cortices. Results obtained in the monkey have shown that unlike in M1, where
stimulation typically evokes simple movement of single joint, stimulation of the premotor areas
often evokes more complex movements involving multiple joints (Graziano et al., 2002;Stark
et al., 2007). Anatomically, corticofugal projections to the spinal cord from secondary motor
cortices overlap more than that from M1 (He et al., 1995). Furthermore, corticoreticular
projections to brainstem regions from secondary motor cortices, such as the premotor cortex,
are relatively larger as compared as those from M1 (Kably and Drew, 1998). Therefore, using
the premotor cortex to send motor commands either directly to the spinal cord or via the
brainstem can result in an increased overlap of cortical joint representations and thus cause a
loss of independent joint control in the stroke subjects. Finally, the greater branching of
bulbospinal compared to corticospinal projections at the spinal cord may further amplify this
loss (Dewald et al., 1995;Ertelt et al., 2007;Sukal et al., 2007).

Another possible mechanism for the increased cortical overlap of joint representation in stroke
survivors is an increased usage of ipsilateral motor cortices and corticobulbospinal pathways
for sending motor commands. An increase in ipsilateral cortical activity has been found in
stroke subjects for various motor tasks (Cao et al., 1998). Furthermore, transcranial magnetic
stimulation connectivity studies have shown increased latencies of motor evoked potentials
when stimulating muscles in the paretic arm over the unaffected hemisphere as compared to
the activation from the contralateral cortex in control subjects (Schwerin, 2006). This may
indicate activation of more indirect corticospinal connections from the nonlesioned
hemisphere, possibly via the brainstem. In our study, 7 out of 13 stroke subjects showed
ipsilaterally-shifted CoGs for both SABD and EF tasks and another 2 stroke subjects had
ipsilaterally-shifted CoGs for one of these two motor tasks. These results suggest an increased
use of ipsilateral motor cortices via corticobulbar spinal pathways when performing shoulder/
elbow tasks with the paretic limb in our stroke subjects. Since bulbospinal pathways have been
reported to branch more at the spinal cord than the corticospinal track (Kuypers, 1964, 1981),
an increased reliance on them following stroke may explain the abnormal coupling between
SABD and EF, as shown in this study and in previous studies (Dewald et al., 1995, 2001; Ertelt
etal., 2007). More specifically, an increased dependence on the descending reticulospinal tract
may explain the abnormal coupling since this tract has been demonstrated to primarily project
to shoulder abductors and elbow flexors (Davidson and Buford, 2004).

The decrease of cortical inhibition due to the reduction of Gamma-AminoButyric Acid
(GABA) interneurons could be another mechanism underlying the increased cortical overlap
that is observed in this study. It is known that the motor cortex contains a large population of
inhibitory GABAnergic neurons (Jones, 1993). These inhibitory inter-neurons are important
to prevent adjacent neurons, not associated with the intended activity, from firing aberrantly
(Jones, 1993) and thus are involved in the generation of spatiotemporal patterns of muscle
activity (Matsumura et al., 1991). Reduction of GABAnergic inhibition could result in the
abnormal muscle co-activation (Matsumura et al., 1992; Schneider et al., 2002). Following
stroke, cortical inhibition in the affected hemisphere is reduced as demonstrated by TMS
studies (Liepert et al., 2000; Manganotti et al., 2002). Such a reduction could result in changing
50% of cortical neurons from an inactive to an active state (Matsumura et al., 1992), and thus
could increase the overlap of cortical representation for adjacent joints and result in the loss of
joint/muscle representation as reported in this study.

The last mechanism that we would like to discuss is the long-term change in sensory feedback
from muscles involved in the abnormal muscle coactivation patterns following stroke (Dewald
et al., 1995). The expression of these abnormal patterns starts from the acute stage following
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a stroke, which can be a result of a release of basic movement patterns stored in the brainstem
(Cailliet and Kaplan, 2002). These abnormal muscle coactivation patterns could result in more
correlated sensory feedback. And the more correlated sensory feedback could increase the
overlap of these muscles in the motor cortex (Clark et al., 1988; Godde et al., 1996; Melgari
et al., 2008; Schabrun and Ridding, 2007). In contrast to previously reported results that show
adaptations after learning or normal usage of muscles, our results in chronic stroke subjects
demonstrate an aberrant plasticity following injury. Aberrant cortical plasticity following other
type of nervous system injury, such as amputation, has also been reported before (Elbert et al.,
1997; Flor et al., 1998; Karl et al., 2001; Weiss et al., 2000). However, none of the previous
reports has shown a direct link between features of the reorganized motor cortices and any
characteristics of motor output as shown in this study. If the abnormally increased cortical
overlap between joints, which we observed in chronic stroke subjects, is indeed related to the
long-term changes in sensory feedback, then we speculate that overlap in cortical activity
related to uncoupled degrees of freedom, such as SABD and elbow extension, will be less than
that for abnormally coupled ones (e.g., SABD and EF). We are currently conducting
experiments to explore this possibility.

Possible limitations to the interpretation to our data

An alternative interpretation of the increase overlap in stroke survivors is weakness. Due to
muscle weakness following stroke, it is possible that “over-activation” is required for activating
muscles with a higher magnitude to implement the required motor task. However, since we
normalized the motor task to 25% of the subject’s maximum voluntary torque, weakness is an
unlikely contributor to the results presented in this study. Furthermore, previous studies have
provided clear evidence that demonstrates that the loss of independent joint control or synergies
is not related to weakness present following stroke (Beer et al., 1999).

Another possible confounding factor is the complexity of the motor tasks. It is possible that
the same motor task is more complex for stroke individuals than that for control subjects.
Increased complexity of motor task may result in an increased level of overlap for the joint
representation at cortical level. In this study, however, we chose very simple single joint motor
tasks. All subjects were well trained in the mastery of these tasks as evidenced by the high
success rate (greater than 90%) for each of the participants. Therefore, we argue that our results
are not likely to be biased by the complexity of our two motor tasks.

A related confounding factor is the ‘attention load’ related to the task performed by subjects.
It has been shown that motor cortices are attention-load dependent regions. In these regions,
there is a monotonic gain across the entire range of attention load (Culham et al., 2001). In
effort to equate “attention load” between groups, we used very simple motor tasks that both
control and stroke subjects were able to perform easily. Furthermore, online feedback was
eliminated: neither visual feedback nor proproceptive feedback (Note: a static setup was used
in our study) was provided. Therefore, subjects did not need to make adjustments during the
performance of motor tasks, and thus no significant difference in the attention load was
expected between the two groups of subjects.

Finally, one possible critique of our results is that the increased cortical overlap of joint
representations in chronic stroke survivors is not a surprise given that stroke subjects activate
different muscle combinations than control subjects. We argue that the cortical overlap of joint
representations reported in this study was obtained from a time window before the onset of
EMGs. Therefore, cortical activities obtained in this study were not biased by changes in muscle
activation in the paretic arm of post-stroke survivors; instead, they resulted from trying to
implement the same task, i.e., generating joint torque only in the required direction. In short,
the results reported in this study provide evidence demonstrating that an increased overlap of

Neuroimage. Author manuscript; available in PMC 2010 May 6.
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joint representations over motor cortices contributes to the loss of independent joint control
during the execution of a simple single-degree-of-freedom shoulder/elbow motor task.

Clinical implications

An important implication of present findings is that an efficient therapy geared towards
overcoming the abnormal synergy may be able to reduce cortical overlap. Our laboratory is
currently investigating whether reductions in abnormal joint torque coupling in the paretic
upper limb, resulting from targeted physical interventions (Ellis et al., 2005), will decrease
cortical overlap in chronic stroke participants. Such a finding would further confirm the link
between cortical overlap and independent joint control and would suggest that selective
neurorehabilitation interventions can result in a more efficient use of remaining neural
substrates following stroke.

Acknowledgments

This work was supported by a SDG (0435348Z) from American Heart Association, and a R01 (RO1HDO047569-01A1)
from NIH. The authors want to acknowledge the constructive suggestions made by Dr. David Brown during the
reparation of this manuscript.

References

Beer, RF.; Johnston, ER.; Eisenberg, E. VVector Mechanics for Engineers: Statistics. McGraw-Hill; New
York: 1995.

Beer RF, Given JD, Dewald JPA. Task-dependent weakness at the elbow in patients with hemiparesis.
Arch Phys Med Rehabil 1999;80:766—772. [PubMed: 10414760]

Beer RF, Dewald JP, Dawson ML, Rymer WZ. Target-dependent differences between free and
constrained arm movements in chronic hemiparesis. Exp Brain Res 2004;156:458-470. [PubMed:
14968276]

Beer RF, Ellis MD, Holubar BG, Dewald JP. Impact of gravity loading on post-stroke reaching and its
relationship to weakness. Muscle Nerve 2007;36:242-250. [PubMed: 17486581]

Bourbonnais D, Vanden Noven S, Carey KM, Rymer WZ. Abnormal spatial patterns of elbow muscle
activation in hemiparetic human subjects. Brain 1989;112 (Pt. 1):85-102. [PubMed: 2917281]

Brunnstrom, S. Movement Therapy in Hemiplegia. Harper and Row; New York: 1970.

Cailliet, R.; Kaplan, C. Rehabilitation of Stroke. Elsevier Publisher; 2002.

Cao Y, D’Olhaberriague L, Vikingstad EM, Levine SR, Welch KM. Pilot study of functional MRI to
assess cerebral activation of motor function after poststroke hemiparesis. Stroke 1998;29:112-122.
[PubMed: 9445338]

Cicinelli P, Traversa R, Bassi A, Scivoletto G, Rossini PM. Interhemispheric differences of hand muscle
representation in human motor cortex. Muscle Nerve 1997;20:535-542. [PubMed: 9140359]

Clark SA, Allard T, Jenkins WM, Merzenich MM. Receptive fields in the body-surface map in adult

cortex defined by temporally correlated inputs. Nature 1988;332:444-445. [PubMed: 3352741]

Cramer SC, Nelles G, Benson RR, Kaplan JD, Parker RA, Kwong KK, Kennedy DN, Finklestein SP,
Rosen BR. A functional MRI study of subjects recovered from hemiparetic stroke. Stroke
1997;28:2518-2527. [PubMed: 9412643]

Cramer SC, Benson RR, Burra VVC, Himes D, Crafton KR, Janowsky JS, Brown JA, Lutsep HL. Mapping
individual brains to guide restorative therapy after stroke: rationale and pilot studies. Neurol Res
2003;25:811-814. [PubMed: 14669523]

Culham JC, Cavanagh P, Kanwisher NG. Attention response functions: characterizing brain areas using
fMRI activation during parametric variations of attentional load. Neuron 2001;32:737-745.
[PubMed: 11719212]

Davidson AG, Buford JA. Motor outputs from the primate reticular formation to shoulder muscles as
revealed by stimulus-triggered averaging. J Neurophysiol 2004;92:83-95. [PubMed: 15014106]

Neuroimage. Author manuscript; available in PMC 2010 May 6.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Yao etal.

Page 11

Deecke, L. Ciba Found Symp. Wiley; Chichester: 1987. Bereitschaftspotential as an indicator of
movement preparation in supplementary motor area and motor cortex; p. 231-250.

Deecke L, Kornhuber HH. An electrical sign of participation of the mesial ‘supplementary’ motor cortex
in human voluntary finger movement. Brain Res 1978;159:473-476. [PubMed: 728816]

Devanne H, Cassim F, Ethier C, Brizzi L, Thevenon A, Capaday C. The comparable size and overlapping
nature of upper limb distal and proximal muscle representations in the human motor cortex. Eur J
Neurosci 2006;23:2467-2476. [PubMed: 16706853]

Dewald J, Beer R. Evidence for abnormal joint torque patterns in the paretic upper limb of subjects with
hemiparesis. Muscle Nerve 2001;24:273-283. [PubMed: 11180211]

Dewald J, Sheshadri V, Dawson M, Beer R. Upper limb discoordination in hemiparetic stroke:
implications for neurorehabilitation. Top Stroke Rehabil 2001;8:1-12. [PubMed: 14523747]

Dewald JP, Pope SP, Given JD, Buchanan TS, Rymer WZ. Abnormal muscle coactivation patterns during
isometric torque generation at the elbow and shoulder in hemiparetic subjects. Brain 1995;118:495—
510. [PubMed: 7735890]

Dong Y, Winstein CJ, Albistegui-Dubois R, Dobkin BH. Evolution of FMRI activation in the perilesional
primary motor cortex and cerebellum with rehabilitation training-related motor gains after stroke: a
pilot study. Neurorehabil Neural Repair 2007;21:412-428. [PubMed: 17369516]

Elbert T, Sterr A, Flor H, Rockstroh B, Knecht S, Pantev C, Wienbruch C, Taub E. Input-increase and
input-decrease types of cortical reorganization after upper extremity amputation in humans. Exp
Brain Res 1997;117:161-164. [PubMed: 9386015]

Ellis M, Holubar B, Acosta A, Beer R, Dewald J. Quantitative evidence for the modifiability of abnormal
isometric elbow and shoulder joint torque coupling in chronic severe stroke. Muscle and Nerve. 2005
(accepted).

Ertelt D, Small S, Solodkin A, Dettmers C, McNamara A, Binkofski F, Buccino G. Action observation
has a positive impact on rehabilitation of motor deficits after stroke. Neurolmage 2007;36 (Suppl
2):T164-173. [PubMed: 17499164]

Flor H, Elbert T, Muhlnickel W, Pantev C, Wienbruch C, Taub E. Cortical reorganization and phantom
phenomena in congenital and traumatic upper-extremity amputees. Exp Brain Res 1998;119:205—
212. [PubMed: 9535570]

Fugl-Meyer AR, J&asko L, Leyman I, Olsson S, Steglind S. The post-stroke hemiplegic patient I. A
method for evaluation of physical performance. Scand J Rehabil Med 1975;7:13-31. [PubMed:
1135616]

Godde B, Spengler F, Dinse HR. Associative pairing of tactile stimulation induces somatosensory cortical
reorganization in rats and humans. NeuroReport 1996;8:281-285. [PubMed: 9051796]

Graziano MS, Taylor CS, Moore T. Complex movements evoked by microstimulation of precentral
cortex. Neuron 2002;34:841-851. [PubMed: 12062029]

Gribble PL, Scott SH. Overlap of internal models in motor cortex for mechanical loads during reaching.
Nature 2002;417:938-941. [PubMed: 12087402]

Hallett M. Movement-related cortical potentials. Electromyogr Clin Neurophysiol 1994;34:5-13.
[PubMed: 8168458]

He SQ, Dum RP, Strick PL. Topographic organization of corticospinal projections from the frontal lobe:
motor areas on the medial surface of the hemisphere. J Neurosci 1995;15:3284-3306. [PubMed:
7538558]

Hoffer ZS, Arantes HB, Roth RL, Alloway KD. Functional circuits mediating sensorimotor integration:
quantitative comparisons of projections from rodent barrel cortex to primary motor cortex,
neostriatum, superior colliculus, and the pons. J Comp Neurol 2005;488:82-100. [PubMed:
15912501]

Jang SH, Cho SH, Kim YH, Kwon YH, Byun WM, Lee SJ, Park SM, Chang CH. Cortical activation
changes associated with motor recovery in patients with precentral knob infarct. NeuroReport
2004;15:395-399. [PubMed: 15094490]

Jones EG. GABAergic neurons and their role in cortical plasticity in primates. Cereb Cortex 1993;3:361—
372. [PubMed: 8260806]

Kably B, Drew T. Corticoreticular pathways in the cat. | Projection patterns and collaterization. J
Neurophysiol 1998;80:389-405. [PubMed: 9658059]

Neuroimage. Author manuscript; available in PMC 2010 May 6.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Yao etal.

Page 12

Karl A, Birbaumer N, Lutzenberger W, Cohen LG, Flor H. Reorganization of motor and somatosensory
cortex in upper extremity amputees with phantom limb pain. J Neurosci 2001;21:3609-3618.
[PubMed: 11331390]

Kendall, FP.; McCreary, EK. Muscle Testing and Function. 3. Williams and Wilkins Publishers;
Baltimore/London: 1983.

Kuypers, H. Anatomy of the descending pathways. In: Brooks, V., editor. Handbook of Physiology,
Section 1. The Nervous System. American Physiological Society; Bethesda, MD: 1981. p. 597-666.

Kuypers HG. The descending pathways to the spinal cord, their anatomy and function. Prog Brain Res
1964;11:178-202. [PubMed: 14300477]

Liepert J, Storch P, Fritsch A, Weiller C. Motor cortex disinhibition in acute stroke. Clin Neurophysiol
2000;111:671-676. [PubMed: 10727918]

LiepertJ, Hamzei F, Weiller C. Lesion-induced and training-induced brain reorganization. Restor Neurol
Neurosci 2004;22:269-277. [PubMed: 15502271]

Manganotti P, Patuzzo S, Cortese F, Palermo A, Smania N, Fiaschi A. Motor disinhibition in affected
and unaffected hemisphere in the early period of recovery after stroke. Clin Neurophysiol
2002;113:936-943. [PubMed: 12048054]

Marconi B, Pecchioli C, Koch G, Caltagirone C. Functional overlap between hand and forearm motor
cortical representations during motor cognitive tasks. Clin Neurophysiol 2007;118:1767-1775.
[PubMed: 17576095]

Matsumura M, Sawaguchi T, Oishi T, Ueki K, Kubota K. Behavioral deficits induced by local injection
of bicuculline and muscimol into the primate motor and premotor cortex. J Neurophysiol
1991;65:1542-1553. [PubMed: 1875261]

Matsumura M, Sawaguchi T, Kubota K. GABAergic inhibition of neuronal activity in the primate motor
and premotor cortex during voluntary movement. J Neurophysiol 1992;68:692-702. [PubMed:
1432042]

Melgari JM, Pasqualetti P, Pauri F, Rossini PM. Muscles in “concert”: study of primary motor cortex
upper limb functional topography. PLoS ONE 2008;3:e3069. [PubMed: 18728785]

Pascual-Marqui RD, Michel CM, Lehmann D. Low resolution electromagnetic tomography: a new
method for localizing electrical activity in the brain. Int J Psychophysiol 1994;18:49-65. [PubMed:
7876038]

Pascual-Marqui RD, Esslen M, Kochi K, Lehmann D. Functional imaging with low-resolution brain
electromagnetic tomography (LORETA): a review. Methods Find Exp Clin Pharmacol 2002;24
(Suppl C):91-95. [PubMed: 12575492]

Platz T, Kim IH, Pintschovius H, Winter T, Kieselbach A, Villringer K, Kurth R, Mauritz KH. Multimodal
EEG analysis in man suggests impairment-specific changes in movement-related electric brain
activity after stroke. Brain 2000;123 (Pt 12):2475-2490. [PubMed: 11099449]

Rathelot JA, Strick PL. Muscle representation in the macaque motor cortex: an anatomical perspective.
Proc Natl Acad Sci U S A 2006;103:8257-8262. [PubMed: 16702556]

Rossini PM, Caltagirone C, Castriota-Scanderbeg A, Cicinelli P, Del Gratta C, Demartin M, Pizzella V,
Traversa R, Romani GL. Hand motor cortical area reorganization in stroke: a study with fMRI, MEG
and TCS maps. NeuroReport 1998;9:2141-2146. [PubMed: 9674609]

Schabrun SM, Ridding MC. The influence of correlated afferent input on motor cortical representations
in humans. Exp Brain Res 2007;183:41-49. [PubMed: 17602215]

Schneider C, Devanne H, Lavoie BA, Capaday C. Neural mechanisms involved in the functional linking
of motor cortical points. Exp Brain Res 2002;146:86-94. [PubMed: 12192582]

Schwerin, S.; Dewald, J. Ipsilateral Hemisphere Control of Upper Extremity Muscles Following
Hemiparetic Stroke Using Transcranial Magnetic Stimulation. Society for Neuroscience; San Diego:
2004.

Schwerin, S. Neuroscience Institute Graduate Program. Northwestern University; Chicago: 2006. The
Role of Contralateral and Ipsilateral Descending Motor Pathways in the Expression of Abnormal
Coordination Patterns in Hemiparetic Stroke Subjects; p. 81

Singh K, Scott SH. A motor learning strategy reflects neural circuitry for limb control. Nat Neurosci
2003;6:399-403. [PubMed: 12627165]

Neuroimage. Author manuscript; available in PMC 2010 May 6.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Yao etal.

Page 13

Stark E, Asher I, Abeles M. Encoding of reach and grasp by single neurons in premotor cortex is
independent of recording site. J Neurophysiol 2007;97:3351-3364. [PubMed: 17360824]

Sukal TM, Ellis MD, Dewald JP. Shoulder abduction-induced reductions in reaching work area following
hemiparetic stroke: neuroscientific implications. Exp Brain Res 2007;183:215-223. [PubMed:
17634933]

Traversa R, Cicinelli P, Bassi A, Rossini PM, Bernardi G. Mapping of motor cortical reorganization after
stroke. A brain stimulation study with focal magnetic pulses. Stroke 1997;28:110-117. [PubMed:
8996498]

Twitchell TE. The restoration of motor function following hemiplegia in man. Brain 1951;74:443-480.
[PubMed: 14895765]

Tyc F, Boyadjian A. Cortical plasticity and motor activity studied with transcranial magnetic stimulation.
Rev Neurosci 2006;17:469-495. [PubMed: 17180875]

Weiller C, Chollet F, Friston KJ, Wise RJ, Frackowiak RS. Functional reorganization of the brain in
recovery from striatocapsular infarction in man. Ann Neurol 1992;31:463-472. [PubMed: 1596081]

Weiss T, Miltner WH, Huonker R, Friedel R, Schmidt I, Taub E. Rapid functional plasticity of the
somatosensory cortex after finger amputation. Exp Brain Res 2000;134:199-203. [PubMed:
11037286]

Yao J, Dewald J. Evaluation of different cortical source localization methods using simulated and
experimental EEG data. Neurolmage 2005;25:369-382. [PubMed: 15784415]

Neuroimage. Author manuscript; available in PMC 2010 May 6.



1duasnuely Joyiny Vd-HIN 1duosnuey JoyIny vd-HIN

1duasnuely Joyiny vd-HIN

Yao etal.

{Lons o

Fig. 1.
The setup of the experiment.
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Box-plots of normalized torques in SF/E, SABD/ADD and EF/E directions for control and

stroke groups. The horizontal lines in the box denote the 25th, 50th, and 75th percentile values.
The error bars denote the 5th and 95th percentile values. The symbols below the 5th percentile
error bar denote the Oth and 1st percentile values. The symbols above the 95th percentile error
bar denote the 99th and 100th percentiles. The square symbol in the box denotes the mean of

the column of data. +p<0.1, ++p<0.05.
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Ensemble averaged EEG, EMG and toque data in control subject C5 (upper) and in stroke
subject S6 (lower).
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Fig. 4.

Sensorimotor cortical current strength in control subject C1 and stroke subject S1 during the
generation of SABD (the first row) and EF (the second row) torques. The red traces in this
figure illustrate the location of the central sulcus. The color bars show the current strength

(unit: pAmm).
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Fig. 5.

OAA and TCR for all subjects when performing SABD (upper) and EF (lower) tasks. The solid
circle and triangle show the group means of OAA and TCR for the stroke and control groups,
respectively. The horizontal and vertical bars extending from the dots show the standard errors
of OAA and TCR. The dash line represents the linear fit results between OAA and TCR. Simple
regression analysis and two-tailed test results are shown on the top of each plot.
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Relationship between outcome measurement (i.e., Fugl-Meyer (FM) score) and overlapped

active area (upper), as well as relationship between FM score and the sum of torque coupling
ratio for SABD and EF tasks (lower) for all stroke subjects.
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