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Background. Severity of arm impairment alone does not explain motor outcomes in people with severe impairment post stroke.
Objective. Define the contribution of brain biomarkers to upper limb motor outcomes in people with severe arm impairment
post stroke. Methods. Paretic arm impairment (Fugl-Meyer upper limb, FM-UL) and function (Wolf Motor Function Test rate,
WMFT-rate) were measured in 15 individuals with severe (FM-UL≤ 30/66) and 14 with mild–moderate (FM-UL> 40/66)
impairment. Transcranial magnetic stimulation and diffusion weight imaging indexed structure and function of the
corticospinal tract and corpus callosum. Separate models of the relationship between possible biomarkers and motor outcomes
at a single chronic (≥6 months) time point post stroke were performed. Results. Age (ΔR20.365, p = 0 017) and ipsilesional-
transcallosal inhibition (ΔR20.182, p = 0 048) explained a 54.7% (p = 0 009) variance in paretic WMFT-rate. Prefrontal corpus
callous fractional anisotropy (PF-CC FA) alone explained 49.3% (p = 0 007) variance in FM-UL outcome. The same models did
not explain significant variance in mild–moderate stroke. In the severe group, k-means cluster analysis of PF-CC FA
distinguished two subgroups, separated by a clinically meaningful and significant difference in motor impairment (p = 0 049)
and function (p = 0 006) outcomes. Conclusion. Corpus callosum function and structure were identified as possible
biomarkers of motor outcome in people with chronic and severe arm impairment.

1. Introduction

Upper limb impairment post stroke is a devastating personal
experience [1], and it remains challenging to prognosticate
outcome [2]. To date, clinical measures administered
early (<7 days post stroke) appear to be the best predic-
tors of recovery of upper limb impairment and function
[2]. However, there are important limitations to the use
of clinical measures in people with severe upper limb
impairment. First, a large amount of variability in motor

outcome and recovery remains unexplained in people with
severe upper limb impairment when only clinical measures
are used during acute [2], subacute [3], and chronic [4]
phases of recovery. Second, clinical measures do not provide
information about the underlying neurobiology that may
underpin outcome [5].

Increasing work suggests that brain biomarkers may be
important to help better understand motor outcome and
recovery of people with severe impairment after stroke
[5–7]. A brain biomarker is an indicator of disease state that
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can be used as a measure of underlying molecular/cellular
processes that may be difficult to measure directly in humans
and could be used to understand outcome or predict recovery
or treatment response [8]. While the ultimate goal for the
field of stroke recovery is to identify brain biomarker/s in
the early stages post stroke that can prognosticate potential
for motor recovery [9], conducting longitudinal studies to
this end is extremely time consuming and expensive. Cross-
sectional studies, even in the chronic stage, are an important
preliminary step that can identify possible brain biomarkers,
which may be subsequently used to inform longitudinal
studies [9].

The corticospinal tract (CST) has been identified as a
biomarker of upper limb motor outcome in the chronic
phase. Corticospinal tract indicators of poor outcome include
(i) absence of an ipsilesional motor evoked potential (MEP)
tested with transcranial magnetic stimulation (TMS) [7],
(ii) poor integrity of CST streamlines indicated by low
fractional anisotropy (FA) indexed with diffusion-weighted
imaging (DW-MRI) [10], or (iii) high asymmetry between
contralesional and ipsilesional CST FA [11]. Past work has
also demonstrated that individuals with severe motor
impairment and poor integrity of the CST achieve less
meaningful motor recovery in the chronic phase [12].
However, there is emerging evidence that data characteriz-
ing the CST alone cannot fully explain the spectrum of
outcomes that individuals with severe motor impairment
after stroke may experience [13–15]. While a meta-analysis
of individuals with severe upper limb impairment demon-
strated that the presence of a MEP was associated with signif-
icantly less arm impairment (higher Fugl-Meyer upper
limb score, FM-UL) [7], similar FM-UL scores were noted
in people with and without a MEP. Collectively, this suggests
that other structures may contribute to motor outcome
after stroke.

Focus on the CST as the only biomarker of upper limb
motor outcome post stroke neglects the fact that the
motor system operates as a network [16, 17]. Research
suggests that remote regions in the motor network may
be biomarkers of motor outcome in people with severe
upper limb impairment [7, 10, 18–21]. There is evidence
that the corpus callosum structure (e.g., indexed using
DW-MRI) and function (e.g., indexed using TMS) contrib-
ute to motor outcome in the chronic phase post stroke. This
work suggests that the prefrontal corpus callosum structure
(DW-MRI) and function (transcallosal inhibition using
TMS) may be a compensatory network to support paretic
upper limb movement [10, 22–24].

To date, no work has investigated the combined contri-
bution of the CST and corpus callosum to motor outcome
in a cohort of individuals with severe upper limb impairment.
The first aim of this cross-sectional study was to define
the contribution of the CST and corpus callosum, using
measures of both function (from TMS) and structure (from
DWI) to upper limb impairment and function in individuals
with chronic and severe stroke (FM-UL≤ 30/66). The
second aim was to determine if the biomarker(s) identified
in our first aim could distinguish motor outcome sub-
groups within a group of people with clinically severe

upper limb impairment. These findings were compared
to a control group who had mild–moderate arm impair-
ment (FM-UL> 40/66). Based on past work [10, 11], we
hypothesised that indices of the brain structure (DWI)
would explain the greatest variance in motor function
and impairment in people with severe motor impairment.
Further, we expected that identified brain biomarkers
would be unique to the severe group as compared to the
mild–moderate group.

2. Materials and Methods

Twenty-nine adults with severe (n = 15) or mild–moderate
(n = 14) upper limb impairment after stroke were studied.
All were in the chronic phase post stroke (>6 months)
[25]. Participants were recruited by convenience sampling
from the community and local postings. Inclusion criteria
were (1) clinically diagnosed first middle cerebral artery
stroke on MRI, (2) residual hemiparesis involving the upper
limb, and (3) greater than 12 months post stroke. Exclusion
criteria were (1) age< 18 or >85 years, (2) contraindication
to TMS or MRI, (3) unable to follow yes/no commands, (4)
concomitant neurological or psychiatric disease (beyond
stroke), or (5) musculoskeletal disorder interfering with
upper limb motor assessment. Ethical approval was received
from University of British Columbia and all participants
provided written informed consent in accordance with the
Declaration of Helsinki.

All participants underwent two assessment sessions: (1)
clinical and neurophysiological (TMS) testing and (2) neuro-
imaging (3TMRI) at the University of British Columbia MRI
Research Centre, Vancouver, British Columbia, Canada. In
addition, demographic and stroke characteristics were
collected from the participants, including stroke date and
age at stroke onset.

2.1. Clinical Assessment.Valid and reliable tests of upper limb
impairment and function were administered by licensed
physical therapists that were independent of neuroimaging
and neurophysiological assessment collection and analysis.
All examiners were trained in the collection of these mea-
sures; inter-rater accuracy was confirmed to be >90% by
an experienced examiner. The FM-UL was performed to
index upper limb impairment. It consists of 33 items rated
on a scale from 0 to 2, totalling a possible 66 points [26],
where higher scores indicate less motor impairment. We
defined participants with a FM-UL score of ≤30 as having
severe upper limb impairment [27]. The Wolf Motor
Function Test rate (WMFT-rate) [28] indexed upper limb
function. It is a valid and reliable measure that has been
validated across individuals with a range of upper limb
impairment [29]. The test consists of 15 timed movement
tasks using the paretic upper limb. Movement time for
each task was used to calculate the task rate (WMFT-rate):
60 seconds/time to complete task (in seconds). If an indi-
vidual could not perform the task in 120 seconds, a mean
rate of 0 was given for that task. The average rate of func-
tion was calculated across all tasks; faster rates indicate
better function [30].
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2.2. Transcranial Magnetic Stimulation (TMS) Assessment.
All TMS sessions were completed with the participant seated
comfortably in a height-adjustable chair. TMS was delivered
using a figure-of-eight-shaped coil (Magstim 70mm P/N
9790, Magstim Co., UK) connected to a Magstim 2002 stim-
ulator (Magstim Co., UK). The anatomical T1 scan for each
individual was coregistered to digitized landmarks to enable
integration of coil and participant brain anatomy data using
the Brainsight™ software package (Rogue Research Inc.),
and thus real-time position monitoring. Electromyography
(EMG) was collected bilaterally from the participant’s exten-
sor carpi radialis (ECR) muscle with 3 cm-diameter circular
surface recording electrodes (Covidien, Mansfield, MA) to
index TMS-elicited MEPs and ongoing muscle activity.
EMG data were collected using LabChart software (LabChart
7.0) and sampled at 2000Hz, preamplified (1000x) and band-
pass filtered at 10–1000Hz using PowerLab data acquisition
system and two bioamplifiers (AD instruments, Colorado
Springs, CO). Data were recorded in a 450ms sweep from
100ms before to 350ms after TMS delivery. The “hotspot”
for eliciting MEPs in the contralateral extensor carpi radialis
(ECR) was found by positioning the coil over the scalp region
overlying the hand/forearm representation within the M1
[31]. Standard procedures for determining resting motor
threshold (RMT) were performed [32]. TMS pulses were
delivered at a random rate between 0.15 and 0.2Hz during
MEP and TCI assessment. When no ipsilesional hotspot
was identified (n = 13), the location for stimulation was
inferred from either (1) the mirrored location of the contrale-
sional hemisphere hotspot or (2) the location of the hand
knob identified on the anatomical T1 scan.

For TCI assessment, participants were asked to squeeze a
handgrip dynamometer (ADInstruments, Colorado Springs,
CO) to produce an active isometric contraction in the arm
ipsilateral to the identified ECR hotspot. The force signal
was digitized and presented on a computer screen in front
of the participant for real-time feedback to maintain a con-
stant level of force production during testing. Twelve single
TMS pulses were delivered at 150% RMT over the ECR hot-
spot while participants maintained a unilateral background
muscle contraction of 50% maximum grip force output with
the ipsilateral hand. When no ipsilesional MEP was identi-
fied, TMS pulses were delivered at 80% maximum stimulator
output. A custom MATLAB script (MathWorks, Natick,
MA) was used to identify the transient reduction in volitional
EMG activity elicited by TMS applied over the M1 ipsilateral
to the active muscle (termed the ipsilateral silent period or
iSP) for each participant.

2.3. Processing Ipsilateral Silent Period (iSP). To calculate the
iSP, EMG data from each hemisphere were full-wave rectified
and averaged for each participant. Mean prestimulus EMG
amplitude (100ms prior to TMS delivery) was defined as
baseline muscle activity. The onset of the iSP was defined as
the poststimulus time point where the rectified EMG signal
fell below prestimulus mean EMG and continued to decrease
to less than two standard deviations below this level. The iSP
offset was defined as the point at which the EMG signal
resumed the level of the prestimulus mean activity

consistently for a minimum of 2ms [33]. All data points
between the onset and offset comprised the iSP (Figure 1).
The magnitude of iSP was defined as the average EMG level
during the iSP (iSPmean) relative to the mean prestimulus
EMG (iSPmean/pre-stimmean) [34]. Smaller ratio values indi-
cate larger iSP magnitude and greater TCI generated from
the stimulated hemisphere to the contralateral (active) hemi-
sphere. The iSP evoked when TMS was delivered over the
contralesional and ipsilesional hemispheres which are
termed contralesional-TCI and ipsilesional-TCI, respec-
tively. See Figures 1(a), 1(b), 1(c), 1(d), and 1(e). Two
researchers (JN/CM) completed TCI data processing.
Twenty-five percent of data were randomly crosschecked;
we noted >90% accuracy between personnel.

2.4. MRI Acquisition. All MRIs were acquired at the Univer-
sity of British Columbia MRI Research Centre on a Philips
Achieva 3.0 T whole-body MRI scanner (Phillips Healthcare,
Andover, MD) using an eight-channel sensitivity encoding
head coil (SENSE factor = 2.4) and parallel imaging. A high-
resolution T1-weighted anatomical scan (TR=7.47ms,
TE=3.65ms, flip angle θ=6°, FOV=256× 256mm, 160
slices, and 1mm3 isotropic voxel) was collected to determine
lesion location. A single high-angular resolution diffusion
imaging (HARDI) scan was subsequently performed using
a single-shot echo planar imaging (EPI) sequence (TR=
7096ms, TE=60ms, FOV=224× 224mm, 70 slices, and
voxel dimensions= 2.2× 2.2× 2.2mm3). Diffusion weighting
was applied across 60 independent noncollinear orientations
(b = 700 s/mm2), along with a single unweighted image
(b = 0 s/mm2).

2.5. Preprocessing. DWI data were first visually inspected for
excessive motion artifact or instrumental noise using quality
assurance tools available in the diffusion MRI software
package ExploreDTI v4.2.2 (http://www.exploredti.com)
[35]. For all images, signal intensity was modulated and the
b-matrix rotated [36]. Imaging data were then corrected for
motion and distortion with images in native space for corpus
callosum (CC) and corticospinal (CST) tractography. Con-
strained spherical deconvolution (CSD) was used to model
diffusion behaviour [37]. CSD was chosen as it is robust in
the presence of multiple fibre populations (estimated to
occur in greater than 90% of white matter voxels in the brain
[38]) as it does not make assumptions regarding uniform dif-
fusion of water within a voxel [37, 39] and is more sensitive
in the severely damaged brain [40]. CSD-based deterministic
whole-brain fibre tractography was initiated at each voxel
using the following parameters: seedpoint resolution of
2mm3, 0.2mm step size, maximum turning angle of >40°,
and fibre length range of 50–500mm [41]. Tractography
employed a fibre alignment by continuous tracking
algorithm approach [42] with FA values extracted from
reconstructed streamlines. FA is a quantitative, unit-less
measure of diffusion behaviour of water in the brain
influenced by microstructural properties of white matter
and is the most commonly reported measure of white
matter microstructural properties after stroke [43]. All
regions of interest were hand drawn by experienced
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personnel (KH/JN/CM). We have previously established
the inter-rater reliability of our processing and analysis
procedures [40, 44].

2.6. Corticospinal Tract. Two regions of interest (ROIs) were
drawn and applied to extract streamlines from the entire
length of the CST. Firstly, a ROI was delineated in each hemi-
sphere in the axial plane [45] as a “SEED” ROI around the
posterior limb of the internal capsule at the level of the

anterior commissure, a region through which motor fibres
descend [45]. Secondly, a logical “AND”ROI was constructed
in each hemisphere, around the CST at the level of the pons.
The “AND” function introduced the requirement that only
fibres passing through both the “SEED” and “AND” ROIs
would be included for fibre tracking, similar to previous work
[10]. On the basis of these ROIs, subsequent tract reconstruc-
tions of descending CST streamlines were produced and
mean FA was calculated across the entire length of the
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Figure 1: TMS-evoked TCI. (a) A schematic diagram of TMS-evoked TCI. Participants maintain a unilateral voluntary background muscle
contraction in the arm ipsilateral to the TMS coil. A single TMS pulse is delivered to the motor cortex. The TMS pulse activates transcallosal
pathways which transmit an inhibitory signal (─) to the active motor cortex. This elicits a transient quiescence in the background EMG in the
active muscle. In the present example, TMS is delivered over the contralesional hemisphere to elicit the contra-iSP. TCI was also evoked with
TMS delivered over the ipsilesional hemisphere to elicit the ipsi-iSP. (b) and (c) Rectified EMG data collected during a TMS session from a
representative participant with mild to moderate impairment. (b) The motor evoked potential collected from the contralateral ECR muscle
during the TCI procedure. (c) The EMG activity and iSP collected simultaneously from the ipsilateral ECR muscles. The iSPmean ratio was
calculated as: iSP mean EMG (blue line)/prestimulus mean EMG (red line). For ease of viewing, only 150ms of the total 450ms recording
window is displayed. (d) and (e) Representative TCI output from the cohort of individuals with severe arm impairment. (d) The output
from an individual when TCI was present. (e) The output from an individual when TCI was not present.
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reconstruction. To compute the asymmetry index (equation:
contralesional CST FA− ipsilesional CST FA/contralesional
CST FA+ ipsilesional CST FA). Figures 2(a) and 2(b)
illustrate the CST ROIs in ExploreDTI.

2.7. Corpus Callosum. Callosal subregion ROIs were manu-
ally delineated in the midsagittal plane according to a geo-
metric partitioning scheme [46]. Based on previous findings
[10] and anatomical relevance [46], for this analysis, only
streamlines projecting to subregion I (prefrontal, PF-CC),
subregion II (premotor, PM-CC), and subregion III (primary
motor, M1-CC) were extracted. Using each subregion ROI
separately as a “SEED,” interhemispheric streamlines passing
these subregions of the corpus callosum were isolated and
mean FA was calculated across the entire length of the
reconstructed streamlines. Figure 2(c) illustrates the CC
ROIs in Explore DTI.

2.8. Statistical Analysis. The primary dependent variable
of interest was paretic WMFT-rate and the secondary
dependent variable of interest was paretic FM-UL. Spear-
man’s correlation coefficients (rho) were determined for the

following variables in individuals with severe impairment:
age, months since stroke onset, ipsilesional MEP (yes/no),
ipsilesional-TCI, contralesional-TCI, ipsilesional CST FA,
contralesional CST FA, PF-CC FA, PM-CC FA, and M1-
CC FA. All variables with a p < 0 05 were considered to be
significantly correlated with each dependent measure, while
all variables with a p < 0 1 were considered to have a trending
correlation with each dependent measure. A stepwise regres-
sion model was then performed for each dependent measure
in individuals with severe impairment; all variables entered
were at least p < 0 1. Separate stepwise regression models
with these variables were performed for individuals with
severe impairment and individuals with mild–moderate
impairment. The stepping criteria was p < 0 05 to add and
p > 0 1 to remove variables. We did not correct for multi-
ple comparisons on the principle that the restrictiveness of
Bonferroni correction could hinder initial exploratory
studies with low participant numbers [47–49]. All statistics
were performed in SPSS v23.0.

To determine if a variable identified in the stepwise
regression model was able to differentiate levels of impair-
ment and function within the severely impaired group, we

(a) (b)

PF

PM M1

(c)

Figure 2: Representative regions of interest drawn on FA MAPS in ExploreDTI of an individual with severe arm impairment. Corticospinal
tract regions of interest were drawn in the axial plane at the level of the (a) anterior commissure, and (b) pons as defined by Mang et al. [10].
(c) Corpus callosum regions of interest were drawn in the midsagittal plane according to a geometric partitioning scheme for regions I, II, and
III according to Hofer and Frahm [46].
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used a two-group k-means cluster analysis. This approach
provides a hypothesis-free classification of participants
according to a variable of interest. It was performed when a
single variable in isolation explained a significant amount
of the variance in impairment or function. The mean differ-
ence between clusters was used to define higher and lower
motor outcome clusters. To confirm that clusters differenti-
ated meaningful subgroups based on model allocation, we
investigated if clusters were separated by a minimal clinically
important difference in motor impairment or function. For
impairment, mean FM-UL scores for identified clusters
should be separated by at least 5.75 points [50], and for
motor function, mean WMFT-rate scores for identified
clusters should be separated by >10% difference between
groups [51]. Independent sample t-tests indicated descrip-
tively the cluster analyses’ goodness-of-fit (p < 0 05).
Based on cluster model allocation, specificity and sensitivity
of the algorithm for impairment and function outcomes
were determined.

3. Results

Fifteen individuals with chronic, severe upper limb impair-
ment (FM-UL mean 17± 7) and 14 individuals with
chronic, mild–moderate upper limb impairment (FM-UL
mean 58± 4) were evaluated. Table 1 outlines the group
summary demographic, motor impairment and function
outcomes, and Table 2 contains information on dependent
and independent variables for each individual participant.

3.1. Upper Limb Function (WMFT-Rate). Age (rho=
−0.682, p = 0 005) and PF-CC (rho=0.609, p = 0 016) were
significantly associated with paretic WMFT-rate, while
contralesional-CST (rho=0.486, p = 0 066) and ipsilesional-
TCI (rho= 0.447, p = 0 095) showed a trend towards
significance. The stepwise regression model identified age
(R2 change 0.365, p = 0 017) and ipsilesional-TCI (R2 change
0.182, p = 0 048) to explain 54.7% (p = 0 009) of the variance
in paretic WMFT-rate (Figures 3(a) and 3(b)). The same
model was performed in individuals with mild–moderate
upper limb impairment and no variables emerged to
significantly explain variance of paretic WMFT-rate in this
group (p > 0 05).

3.2. Upper Limb Impairment (FM-UL). PF-CC (rho=0.658,
p = 0 008), PM-CC (rho= 0.747, p = 0 001), and M1-CC

(rho=0.715, p = 0 003) were significantly associated with
FM-UL. The stepwise regression model identified PF-CC as
significantly explaining 49.3% of the variance in FM-UL
(p = 0 007) (Figure 3(c)). The same model was performed
in a cohort of individuals with mild–moderate upper limb
impairment and no variables emerged to significantly explain
the variance of the paretic FM-UL (p > 0 05).

3.3. Cluster Analysis. k-means cluster analysis was per-
formed using PF-CC FA. Two clusters were identified:
cluster A mean PF-CC FA=0.384 and cluster B mean
PF-CC FA=0.298. The midpoint between clusters was
0.341 (Figure 4(a)), with modeling allocating individuals with
a PF-CC FA above the midpoint labeled as cluster A, higher
outcome, and PF-CC FA below the midpoint labeled as clus-
ter B, lower outcome. The clusters represented clinically rel-
evant groups (Figure 4(b)), demonstrated by clinically
meaningful and significant differences between groups for
motor impairment (FM-UL mean difference 6.6 points,
t = 2 174, df 13, p = 0 049) and motor function (WMFT-
rate mean difference 7.3 repetitions, t = 3 316, df 13, p =
0 006). Based on this clustering, specificity was 43%, but
sensitivity was 88% for FM-UL. For WMFT-rate, specificity
was 86% and sensitivity was 88%.

4. Discussion

Ipsilesional TCI from M1 (function) and prefrontal corpus
callosum (structure) explained significant variance in motor
outcome at a single chronic time point in individuals with
severe upper limb impairment post stroke. Contrary to our
hypothesis, a structural index derived from DWI did not
explain greatest variance in upper limb function. Rather,
interhemispheric inhibition indexed from the ipsilesional
to contralesional M1 with TCI, along with younger age,
explained the most variance in motor function. An index
of brain structure (PF-CC FA) did explain the greatest
amount of variance in arm impairment, and this variable
was associated with function. Building upon these findings,
a cluster analysis using PF-CC FA identified two clusters
that were separated by a clinically meaningful and signifi-
cant difference in motor impairment and function. While
it is unlikely that one variable will accurately prognosticate
all individuals, it appears that interhemispheric communi-
cation is an important consideration to understand motor
outcomes in the chronic phase.

Table 1: Summary of group demographics and stroke characteristics.

n = 15 severe n = 14 mild–moderate

Age, year, mean (SD) 58.3± 12 68.3± 9.2
Gender, n=male : female 8 : 7 11 : 3

Lesion location, n= subcortical : cortical 9 : 6 11 : 3

Affected hemisphere, n= left : right 8 : 7 6 : 9

Affected arm, n= left : right 7 : 8 9 : 6

Months post stroke, mean (SD) 61.6± 50.0 80.1± 70.6
Fugl-Meyer upper limb, mean (SD), /66 16.7± 6.6 58.3± 4.0
Wolf Motor Function Test, rate, mean (SD) 10.6± 5.5 42.2± 12.0
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4.1. Prefrontal Corpus Callosum Structure Differentiated
Motor Outcome Experienced by People with Severe Upper
Limb Impairment. Structural integrity of the prefrontal
segment of the corpus callosum (PF-CC) explained motor
outcome over and above ipsilesional corticospinal tract
integrity in people with chronic and severe upper limb
impairment. Given that the CST had sustained significant
damage, coupled with a higher probability of prefrontal areas

surviving after stroke [52], it is perhaps not surprising that
structures in the prefrontal region would emerge as the
principal explanatory variable. Failure of CST streamlines
alone to be related to better outcome in individuals with
severe stroke is consistent with our recent individual patient
data review [7] and other empirical work [14, 21]. Impor-
tantly, PF-CC structural integrity differentiated individuals
with chronic and severe upper limb impairment after stroke

Table 2: Individual participant demographics and stroke characteristics.

ID
Stroke
location

MSS Age FM-UL
WMFT-
rate, NP

WMFT-
rate, P

L MEP
Rest

L TCI
mean

NL TCI
mean

PF-CC
FA

PM-CC
FA

M1-CC
FA

L CST
FA

NL CST
FA

1 Subcortical 41 63 23 71.5 10.3 0 0.64 0.66 0.40 0.40 0.41 0.39 0.52

2 Cortical 91 61 16 83.0 11.7 0 0.73 0.74 0.23 0.13 0.20 0.31 0.49

3 Cortical 85 62 8 53.9 9.6 0 0.64 0.84 0.28 0.25 0.30 0.36 0.50

4 Cortical 94 57 7 50.6 9.6 0 0.52 — 0.30 0.29 0.34 0.35 0.45

5 Cortical 22 51 16 50.6 1.5 0 0.49 0.80 0.33 0.36 0.42 0.46 0.51

6 Cortical 25 69 11 46.6 0.9 0 0.64 0.81 0.30 0.29 0.30 0.33 0.50

7 Subcortical 21 65 15 45.7 9.3 0 0.60 0.80 0.36 0.35 0.35 0.37 0.46

8 Subcortical 22 57 16 75.9 17.1 0 0.82 0.83 0.38 0.40 0.41 0.45 0.53

9 Subcortical 94 36 11 61.0 14.3 0 0.88 0.80 0.37 0.29 0.22 0.26 0.49

10 Subcortical 145 64 16 62.8 9.9 1 0.79 0.91 0.35 0.36 0.43 0.47 0.50

11 Subcortical 23 72 16 71.8 7.9 0 0.76 0.93 0.28 0.36 0.38 0.45 0.42

12 Subcortical 33 33 18 146.8 20.1 0 0.74 — 0.41 0.42 0.42 0.33 0.55

13 Subcortical 47 51 29 62.3 19.0 0 0.72 0.77 0.40 0.41 0.43 0.44 0.58

14 Cortical 160 57 30 27.4 12.1 1 0.80 0.89 0.41 0.41 0.45 0.43 0.47

15 Subcortical 21 77 18 32.6 6.4 0 0.85 0.59 0.32 0.32 0.37 0.40 0.49

Mean — 61.6 58.3 16.7 62.8 10.7 — 0.71 0.80 0.34 0.33 0.36 0.39 0.50

SD — 47.0 12.02 6.6 27.9 5.5 — 0.12 0.10 0.05 0.08 0.08 0.06 0.04

Min — 21.0 33.0 7.0 27.4 0.9 — 0.49 0.59 0.28 0.13 0.20 0.26 0.42

Max — 160.0 77.0 30.0 146.8 20.1 — 0.88 0.93 0.41 0.42 0.45 0.47 0.58

1 Subcortical 155 76 49 48.17 34.11 1 1.00 0.68 0.32 0.29 0.36 0.39 0.52

2 Subcortical 23 60 54 54.77 39.90 1 0.62 0.67 0.32 0.32 0.42 0.51 0.51

3 Cortical 270 59 55 44.71 23.98 1 0.56 0.74 0.38 0.29 0.33 0.38 0.51

4 Subcortical 83 71 56 64.21 52.01 1 0.65 0.53 0.37 0.38 0.42 0.41 0.44

5 Cortical 94 64 56 55.27 46.88 1 1.00 0.67 0.36 0.22 0.13 0.42 0.48

6 Subcortical 15 69 57 62.82 52.99 1 0.69 0.63 0.40 0.41 0.45 0.45 0.53

7 Subcortical 82 67 59 79.77 62.95 1 0.65 0.67 0.34 0.33 0.40 0.46 0.52

8 Subcortical 142 73 60 76.42 57.58 1 0.57 0.61 0.40 0.37 0.40 0.39 0.49

9 Subcortical 35 85 60 40.72 34.49 1 0.44 0.69 0.34 0.31 0.35 0.41 0.49

10 Subcortical 18 79 61 54.93 45.00 1 1.00 1.00 0.33 0.33 0.40 0.45 0.49

11 Subcortical 81 76 62 63.57 64.07 1 0.78 0.82 0.37 0.36 0.41 0.45 0.41

12 Cortical 67 65 62 52.35 44.44 1 1.00 0.52 0.35 0.37 0.35 0.35 0.48

13 Subcortical 20 62 62 64.96 58.65 1 0.68 1.00 0.37 — 0.44 0.44 0.43

14 Subcortical 37 50 63 61.49 58.16 1 0.62 0.55 0.38 0.39 0.38 0.47 0.49

Mean — 80.0 68.0 58.3 58.9 48.2 — 0.73 0.69 0.36 0.34 0.37 0.41 0.49

SD — 71.0 9.2 4.0 11.1 12.0 — 0.19 0.15 0.03 0.05 0.08 0.06 0.03

Min — 15.0 50.0 49.0 40.7 24.0 — 0.44 0.52 0.32 0.22 0.13 0.31 0.43

Max — 270.0 85.0 63.0 79.8 64.1 — 1.00 1.00 0.40 0.41 0.45 0.51 0.53

CST: corticospinal tract; FA: fractional anisotropy; FM-UL: Fugl-Meyer upper limb; M1-CC: primary motor corpus callosum; min: minimum; max: maximum;
MSS: months since stroke; L: ipsilesional; NL: contralesional; NP: nonparetic; P: paretic; PF-CC: prefrontal corpus callosum; PM-CC: premotor corpus
callosum; SD: standard deviation; WMFT: Wolf Motor Function Test rate.
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into two subgroups that were separated by a clinically mean-
ingful difference in motor impairment and function outcome
scores. This identifies a biological state in the chronic phase
that could be tested in acute stroke trials in the future. Such
data would enable evaluation of whether structural integrity
in the PF-CC is critical in the acute stage or if it reflects a
compensatory pattern that emerges with time post stroke.

4.2. How May the Prefrontal Corpus Callosum Contribute to
Better Outcome after Severe Stroke? The emergence of the
prefrontal corpus callosum may represent a compensatory
pathway that can mediate motor outcomes in people with
chronic and severe upper limb impairment after stroke.
Building on evidence from the current study and previous
studies of humans with [22] and without stroke [10], as well
as nonhuman primates [53, 54], we propose a theoretical
framework that underpins our findings.

Firstly, prefrontal regions of the brain are remotely
connected to M1. A study of rhesus monkeys demonstrated
that prefrontal regions of the brain (including regions 46, 9,
46v, and 46d) have projections to the premotor cortex
(regions 6d, 6v) and subsequently the primary motor cortex
(region 4) [54]. In humans, we cannot establish this multistep
pathway. However, inhibitory signals are able to be sent from
dorsolateral prefrontal cortex toM1 (within hemisphere) and
between hemispheres, that is, the ipsilateral dorsolateral
prefrontal cortex to the contralateral M1 in healthy young
and healthy older individuals [55], as well as people with mild
to severe arm impairment after stroke [56]. Therefore, it is
possible that a pathway originating in the prefrontal area
and ending in the primary motor area exists to be exploited.

Secondly, signals from the primary motor cortex can
descend peripherally to the ipsilateral upper limb. Studies
of CST architecture demonstrate that 10–15% of CST fibres
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Figure 3: Partial plots for stepwise multiple linear regression model for the cohort of individuals with severe upper limb impairment, n = 15.
(a) Wolf Motor Function Test rate and transcallosal inhibition from ipsilesional M1 to contralesional M1; (b) Wolf Motor Function Test rate
and age; and (c) Fugl-Meyer upper limb assessment, prefrontal corpus callosum.WMFT-rate: Wolf Motor Function Test rate; L-TCI: lesioned
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do not cross the midline in the brainstem and form the
anterior CST [57]. Tracking these fibres peripherally indi-
cates that they remain ipsilateral to innervate the proximal
arm musculature. Individuals post stroke that exhibit little
sparing of the ipsilesional CST may benefit from tapping into
this anatomical redundancy as it may be the only remaining
means by which paretic motor output may be produced [13].
Indeed, proximal movements are more likely to return to the
paretic upper limb after severe stroke [4, 58, 59]. Our data
show that higher FA from the contralateral CST (indexed
with DW-MRI) was associated with higher motor function,
suggesting that this pathway may be used to enable motor
outcomes in the paretic limb of those with severe motor
impairment after stroke.

Thirdly, less inhibition from the ipsilesional to contrale-
sional M1, which was associated with better motor function
(higher WMFT-rate) in people with severe impairment,
could also support access to uncrossed, anterior CST fibres.
This fits with previous work which found that suppression
of contralesional M1 activity, through interventions such as

inhibitory repetitive TMS, may be contraindicated for indi-
viduals with major disruption of the ipsilesional CST [60].

Taken together, interhemispheric communication (struc-
tural PF-CC indexed using DW-MRI and functional TCI
indexed from TMS) may support a compensatory mecha-
nism that helps to overcome poor ipsilesional CST integrity.
Our findings provide a preliminary framework to test in a
nonhuman primate model and in longitudinal studies of
humans with severe upper limb impairment post stroke. If
found to be reliable, they may provide a potential cortical
target for noninvasive brain stimulation techniques, such as
repetitive TMS or transcranial direct current stimulation,
that attempt to amplify functionally relevant brain regions.

4.3. Strengths and Limitations. This study represents an
important advance in our understanding of the biological
state of the brain in the chronic stage in a cohort of individ-
uals with severe upper limb impairment. However, it has
several limitations. Firstly, our design is cross-sectional and
conducted in the chronic phase post stroke. We did not have
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access to information about participant status early post
stroke. As such, it does not enable us to understand if our
finding is a recovery-mediated outcome that reflects the
system’s best effort to respond to motor limitations. A longi-
tudinal design that recruits participants early post stroke
(e.g., within the first 7–28 days post stroke) and follows par-
ticipants at meaningful time points (e.g., 3–6 and 12 months
post stroke) is required to answer this question [25]. Sec-
ondly, we performed a k-means cluster on the same small
cohort of severe stroke participants to confirm the findings
of the regression analysis. This provided capacity to confirm
that there were two groups in the current data based on
PF-CC FA, but our data cannot be used to confirm a cut
point or for individual prognostication. A larger, indepen-
dent sample with longitudinal data from multiple sites is
required to achieve this objective. Thirdly, the streamlines
evaluated are reconstructions; they do not definitively
establish whether structural connections provide afferent or
efferent input, to or from a target region. As such, we only
hypothesise the potential cascade of signals from the infor-
mation collated. Fourth, our collection of TCI involved a
handgrip contraction that generated EMG activity in both
wrist extensors and flexors, which may have resulted in
an underestimation of iSP due to reciprocal inhibition
between the flexors and extensors in the nervous system.
However, the individuals in this study had severe upper
limb impairment and were unable to perform isolated
wrist extension; therefore, whole handgrip contraction
was employed. Finally, as is the case for all diffusion imag-
ing studies, the number of streamlines extracted is based
on reconstruction of imaging data derived from an algo-
rithm computed with the software (Explore DTI 4.2.2)
and errors related to midline shift, physiological noise,
and microstructural changes in brain tissue may have
influenced microstructural properties extracted. These lim-
itations may collectively increase the risk of type 1 bias.

5. Conclusion

The data in this study suggest that the interhemispheric
communication may support motor outcomes in individuals
with severe and chronic upper limb impairment after stroke.
The prefrontal areas could be a target for interventional
studies that attempt to enable motor recovery of people with
severe upper limb impairment. Further investigation is
required to determine the role of PF-CC early post stroke
and in mediating recovery.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Authors’ Contributions

Kathryn S. Hayward, Jason L. Neva, Sue Peters, Katie P.
Wadden, and Lara A. Boyd conceived the study; Jason L.
Neva, Katie P. Wadden, Cameron S. Mang, and Jennifer K.
Ferris collected the data; Kathryn S. Hayward, Jason L. Neva,
Cameron S. Mang, and Lara A. Boyd analysed the data;

Kathryn S. Hayward, Jason L. Neva, Cameron S. Mang,
and Lara A. Boyd performed statistical analyses; Kathryn S.
Hayward principally wrote the paper; and all authors
reviewed and critiqued the paper.

Acknowledgments

This work was funded by a grant from the Canadian
Institutes of Health Research (CIHR) (MOP-106651 to Lara
A. Boyd). Kathryn S. Hayward was supported by the Heart
and Stroke Foundation Canada, Michael Smith Foundation
for Health Research (MSFHR), British Columbia, Canada
(15980), and National Health and Medical Research Council
of Australia (1088449); Jason L. Neva was supported by
CIHR and MSFHR; Cameron S. Mang and Katie P. Wadden
were supported by Natural Sciences and Engineering
Research Council; Sue Peters and Jennifer K. Ferris were sup-
ported by CIHR; and Lara A. Boyd was supported by the
Canada Research Chairs and the MSFHR (CI-SCH-01796).

References

[1] R. N. Barker and S. G. Brauer, “Upper limb recovery after
stroke: the stroke survivors’ perspective,” Disability and
Rehabilitation, vol. 27, pp. 1213–1223, 2005.

[2] C. Winters, M. W. Heymans, E. E. van Wegen, and
G. Kwakkel, “How to design clinical rehabilitation trials for
the upper paretic limb early post stroke?,” Trials, vol. 17,
p. 468, 2016.

[3] C. L. Koh, S. L. Pan, J. S. Jeng et al., “Predicting recovery of
voluntary upper extremity movement in subacute stroke
patients with severe upper extremity paresis,” PLoS One,
vol. 10, article e0126857, 2015.

[4] R. N. Barker, S. G. Brauer, and R. G. Carson, “Training of
reaching in stroke survivors with severe and chronic upper
limb paresis using a novel nonrobotic device: a randomized
clinical trial,” Stroke, vol. 39, pp. 1800–1807, 2008.

[5] N. S. Ward, “Does neuroimaging help to deliver better
recovery of movement after stroke?,” Current Opinion in
Neurology, vol. 28, pp. 323–329, 2015.

[6] C. M. Stinear, P. A. Barber, M. Petoe, S. Anwar, and W. D.
Byblow, “The PREP algorithm predicts potential for upper
limb recovery after stroke,” Brain, vol. 135, pp. 2527–2535,
2012.

[7] K. S. Hayward, J. Schmidt, K. R. Lohse et al., “Are we armed
with the right data? Pooled individual data review of
biomarkers in people with severe upper limb impairment after
stroke,” NeuroImage: Clinical, vol. 13, pp. 310–319, 2017.

[8] J. Bernhardt, K. Borschmann, L. Boyd et al., “Moving rehabil-
itation research forward: developing consensus statements for
rehabilitation and recovery research,” International Journal of
Stroke, vol. 11, pp. 454–458, 2016.

[9] L. A. Boyd, K. S. Hayward, N. S. Ward et al., “Biomarkers of
stroke recovery: consensus-based core recommendations from
the stroke recovery and rehabilitation roundtable,” Interna-
tional Journal of Stroke, vol. 12, pp. 480–493, 2017.

[10] C. S. Mang, M. R. Borich, S. M. Brodie et al., “Diffusion
imaging and transcranial magnetic stimulation assessment of
transcallosal pathways in chronic stroke,” Clinical Neurophys-
iology, vol. 10, pp. 1951–1971, 2015.

10 Neural Plasticity



[11] C. M. Stinear, P. A. Barber, P. R. Smale, J. P. Coxon, M. K.
Fleming, and W. D. Byblow, “Functional potential in chronic
stroke patients depends on corticospinal tract integrity,” Brain,
vol. 130, pp. 170–180, 2007.

[12] R. M. Levy, R. L. Harvey, B. M. Kissela et al., “Epidural
electrical stimulation for stroke rehabilitation: results of the
prospective, multicenter, randomized, single-blinded Everest
trial,” Neurorehabilitation and Neural Repair, vol. 30,
pp. 107–119, 2016.

[13] R. N. Barker, S. G. Brauer, B. K. Barry, T. J. Gill, and R. G.
Carson, “Training-induced modifications of corticospinal
reactivity in severely affected stroke survivors,” Experimental
Brain Research, vol. 221, pp. 211–221, 2012.

[14] J. M. Rondina, C. H. Park, and N. S. Ward, “Brain regions
important for recovery after severe post-stroke upper limb
paresis,” Journal of Neurology, Neurosurgery, and Psychiatry,
vol. 88, no. 9, pp. 737–743, 2017.

[15] K. S. Hayward, S. G. Brauer, K. L. Ruddy, D. Lloyd, and R. G.
Carson, “Repetitive reaching training combined with trans-
cranial random noise stimulation in stroke survivors with
chronic and severe arm paresis is feasible: a pilot, triple-blind,
randomised case series,” Journal of Neuroengineering and
Rehabilitation, vol. 14, p. 46, 2017.

[16] R. J. Nudo and G. W. Miliken, “Reorganization of movement
representations in primary motor cortex following focal
ischemic infarcts in adult squirrel monkeys,” Journal of
Neurophysiology, vol. 75, pp. 2144–2149, 1996.

[17] R. J. Nudo, E. J. Plautz, and S. B. Frost, “Role of adaptive
plasticity in recovery of function after damage to motor
cortex,” Muscle & Nerve, vol. 8, pp. 1000–1019, 2001.

[18] K. P. Wadden, T. S. Woodward, P. D. Metzak et al., “Compen-
satory motor network connectivity is associated with motor
sequence learning after subcortical stroke,” Behavioural Brain
Research, vol. 286, pp. 136–145, 2015.

[19] S. K. Meehan, B. Randhawa, B. Wessel, and L. A. Boyd,
“Implicit sequence-specific motor learning after subcortical
stroke is associated with increased prefrontal brain activations:
an fMRI study,” Human Brain Mapping, vol. 32, pp. 290–303,
2011.

[20] J. M. Rondina, M. Filippone, M. Girolami, and N. S. Ward,
“Decoding post-stroke motor function from structural brain
imaging,” Neuroimage: Clinical, vol. 12, pp. 372–380, 2016.

[21] C. H. Park, N. Kou, and N. S. Ward, “The contribution of
lesion location to upper limb deficit after stroke,” Journal of
Neurology, Neurosurgery & Psychiatry, vol. 87, pp. 1283–
1286, 2016.

[22] K. L. Ruddy, A. Leemans, and R. G. Carson, “Transcallosal
connectivity of the human cortical motor network,” Brain
Structure and Function, vol. 222, pp. 1243–1252, 2016.

[23] U. Puh, A. Vovk, F. Sevsek, and D. Suput, “Increased cognitive
load during simple and complex motor tasks in acute
stage after stroke,” International Journal of Psychophysiology,
vol. 63, pp. 173–180, 2007.

[24] H. M. Sisti, M. Geurts, J. Gooijers, M. H. Heitger,
K. Caeyenberghs, and I. A. Beets, “Microstructural organiza-
tion of corpus callosum projections to prefrontal cortex
predicts bimanual motor learning,” Learning & Memory,
vol. 19, pp. 351–357, 2012.

[25] J. Bernhardt, K. S. Hayward, G. Kwakkel et al., “Agreed defini-
tions and a shared vision for new standards in stroke recovery
research: the stroke recovery and rehabilitation roundtable

taskforce,” International Journal of Stroke, vol. 12, pp. 444–
450, 2017.

[26] A. R. Fugl-Meyer, L. Jaasko, I. Leyman, S. Olsson, and
S. Steglind, “The post-stroke hemiplegic patient. 1. A method
for evaluation of physical performance,” Scandinavian Journal
of Rehabilitation Medicine, vol. 7, pp. 13–31, 1975.

[27] B. H. Dobkin and S. T. Carmichael, “The specific requirements
of neural repair trials for stroke,” Neurorehabilitation and
Neural Repair, vol. 30, pp. 470–478, 2016.

[28] S. L. Wolf, P. A. Catlin, M. Ellis, A. L. Archer, B. Morgan, and
A. Piacentino, “Assessing Wolf Motor Function Test as
outcome measure for research in patients after stroke,” Stroke,
vol. 32, pp. 1635–1639, 2001.

[29] T. Hodics, L. G. Cohen, and S. C. Cramer, “Functional imaging
of intervention effects in stroke motor rehabilitation,” Archives
of Physical Medicine and Rehabilitation, vol. 87, pp. 36–42,
2006.

[30] T. M. Hodics, K. Nakatsuka, B. Upreti, A. Alex, P. S. Smith,
and J. C. Pezzullo, “Wolf Motor Function Test for characteriz-
ing moderate to severe hemiparesis in stroke patients,”
Archives of Physical Medicine and Rehabilitation, vol. 93,
pp. 1963–1967, 2012.

[31] T. A. Yousry, U. D. Schmid, H. Alkadhi et al., “Localization of
the motor hand area to a knob on the precentral gyrus. A new
landmark,” Brain, vol. 120, Part 1, pp. 141–157, 1997.

[32] P. M. Rossini, A. Berardelli, G. Deuschl et al., “Applications of
magnetic cortical stimulation. The International Federation of
Clinical Neurophysiology,” Electroencephalography and Clini-
cal Neurophysiology-Supplement, vol. 52, pp. 171–185, 1999.

[33] B. W. Fling and R. D. Seidler, “Task-dependent effects of
interhemispheric inhibition on motor control,” Behavioural
Brain Research, vol. 226, pp. 211–217, 2012.

[34] P. Jung and U. Ziemann, “Differences of the ipsilateral silent
period in small hand muscles,” Muscle & Nerve, vol. 34,
pp. 431–436, 2006.

[35] A. Leemans, B. Jeurissen, J. Sijbers, and D. K. Jones, “Explor-
eDTI: a graphical toolbox for processing, analyzing and visual-
izing diffusion MR data,” in Proceedings of the 17th Annual
Meeting of the International Society of Magnetic Resonance in
Medicine, p. 3537, Honolulu, Hawaii, 2009.

[36] A. Leemans and D. K. Jones, “The B-matrix must be rotated
when correcting for subject motion in DTI data,” Magnetic
Resonance in Medicine, vol. 61, pp. 1336–1349, 2009.

[37] J. D. Tournier, F. Calamante, and A. Connelly, “Robust
determination of the fibre orientation distribution in diffusion
MRI: non-negativity constrained super-resolved spherical
deconvolution,” NeuroImage, vol. 35, pp. 1459–1472, 2007.

[38] B. Jeurissen, A. Leemans, J. D. Tournier, D. K. Jones, and
J. Sijbers, “Investigating the prevalence of complex fiber
configurations in white matter tissue with diffusion mag-
netic resonance imaging,” Human Brain Mapping, vol. 34,
pp. 2747–2766, 2013.

[39] S. Farquharson, J. D. Tournier, F. Calamante et al., “White
matter fiber tractography: why we need to move beyond
DTI,” Journal of Neurosurgery, vol. 118, pp. 1367–1377, 2013.

[40] A. M. Auriat, M. R. Borich, N. J. Snow, K. P. Wadden, and
L. A. Boyd, “Comparing a diffusion tensor and non-tensor
approach to white matter fiber tractography in chronic
stroke,” Neuroimage: Clinical, vol. 7, pp. 771–781, 2015.

[41] Y. D. Reijmer, A. Leemans, S. M. Heringa et al., “Improved
sensitivity to cerebral white matter abnormalities in

11Neural Plasticity



Alzheimer’s disease with spherical deconvolution based
tractography,” PLoS One, vol. 7, 2012.

[42] S. Mori, B. J. Crain, V. P. Chacko, and P. C. van Zijl, “Three-
dimensional tracking of axonal projections in the brain by
magnetic resonance imaging,” Annals of Neurology, vol. 45,
pp. 265–269, 1999.

[43] S. H. Jang, S. H. Ahn, J. Sakong et al., “Comparison of TMS
and DTT for predicting motor outcome in intracerebral
hemorrhage,” Journal of Neurological Sciences, vol. 290,
pp. 107–111, 2010.

[44] N. J. Snow, S. Peters, M. R. Borich et al., “A reliability
assessment of constrained spherical deconvolution-based
diffusion-weighted magnetic resonance imaging in individuals
with chronic stroke,” Journal of Neuroscience Methods,
vol. 257, pp. 109–120, 2016.

[45] J. H. Hong, S. M. Son, and S. H. Jang, “Somatotopic location of
corticospinal tract at pons in human brain: a diffusion tensor
tractography study,” NeuroImage, vol. 51, pp. 952–955, 2010.

[46] S. Hofer and J. Frahm, “Topography of the human corpus
callosum revisited—comprehensive fiber tractography using
diffusion tensor magnetic resonance imaging,” NeuroImage,
vol. 32, pp. 989–994, 2006.

[47] S. Nakagawa, “A farewell to Bonferroni: the problems of low
statistical power and publication bias,” Behavioural Ecology,
vol. 15, pp. 1044-1045, 2004.

[48] S. J. Pocock, “Clinical trials with multiple outcomes: a statisti-
cal perspective on their design, analysis, and interpretation,”
Controlled Clinical Trials, vol. 18, pp. 530–545, 1997.

[49] J. R. Carey, H. Deng, B. T. Gillick et al., “Serial treatments of
primed low-frequency rTMS in stroke: characteristics of
responders vs. nonresponders,” Restorative Neurology and
Neuroscience, vol. 32, pp. 323–335, 2014.

[50] S. J. Page, G. D. Fulk, and P. Boyne, “Clinically important
differences for the upper-extremity Fugl-Meyer scale in people
with minimal to moderate impairment due to chronic stroke,”
Physical Therapy, vol. 92, pp. 791–798, 2012.

[51] J. H. Van der Lee, R. C. Wagenaar, G. J. Lankhorst, T. W.
Vogelaar, W. L. Deville, and L. M. Bouter, “Forced use of the
upper extremity in chronic stroke patients: results from a
single-blind randomised clinical trial,” Stroke, vol. 30,
pp. 2369–2375, 1999.

[52] E. B. Plow, D. Cunningham, N. Varnerin, and A. Machado,
“Rethinking stimulation of the brain in stroke rehabilitation:
why higher motor areas might be better alternatives for
patients with greater impairments,” The Neuroscientist,
vol. 21, pp. 225–240, 2015.

[53] D. Badre and M. D'Esposito, “Is the rostro-caudal axis of
the frontal lobe hierarchical?,” Nature Reviews Neuroscience,
vol. 10, pp. 659–669, 2009.

[54] H. Barbas and D. N. J. Pandya, “Architecture and frontal
cortical connections of the premotor cortex (area 6) in the
rhesus monkey,” Journal of Computational Neuroscience,
vol. 256, pp. 211–228, 1987.

[55] Z. Ni, C. Gunraj, A. J. Nelson et al., “Two phases of interhemi-
spheric inhibition between motor related cortical areas and the
primary motor cortex in human,” Cerebral Cortex, vol. 19,
pp. 1654–1665, 2009.

[56] J. L. Neva, K. S. Hayward, K. E. Brown, L. NHM, C. S. Mang,
and L. A. Boyd, “Transcallosal inhibition elicited from non-
primary motor cortex in individuals with chronic stroke,” in

World Congress of NeuroRehabilitation 2016, Conference
Proceedings, Philadelphia, PA, USA, 2016.

[57] P. I. Yakovlev and P. Rakic, “Patterns of decussation of bulbar
pyramids and distribution of pyramidal tracts on two sides
of the spinal cord,” Transactions in American Neurology
Association, vol. 91, pp. 366-367, 1966.

[58] K. S. Hayward, R. N. Barker, D. Lloyd, S. G. Brauer, S. A.
Horsley, and R. G. Carson, “SMART arm with outcome-
triggered electrical stimulation: a pilot randomized clinical
trial,” Topics in Stroke Rehabilitation, vol. 20, pp. 289–298,
2013.

[59] K. S. Hayward, S. S. Kuys, R. N. Barker, and S. G. Brauer, “Can
stroke survivors with severe upper arm disability achieve a
clinically important change in arm function during inpatient
rehabilitation? A multicentre, prospective, observational
study,” NeuroRehabilitation, vol. 35, pp. 773–779, 2014.

[60] L. V. Bradnam, C. M. Stinear, P. A. Barker, and W. D. Byblow,
“Contralesional hemisphere control of the proximal paretic
upper limb following stroke,” Cerebral Cortex, vol. 22,
pp. 2662–2671, 2012.

12 Neural Plasticity



Submit your manuscripts at
https://www.hindawi.com

Neurology 
Research International

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Alzheimer’s Disease
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

International Journal of

Scientifica
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

BioMed 
Research International

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Research and Treatment
Schizophrenia

The Scientific 
World Journal
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Neural Plasticity

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Parkinson’s 
Disease

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Research and Treatment
Autism

Sleep Disorders
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Neuroscience 
Journal

Epilepsy Research 
and Treatment
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Psychiatry 
Journal

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

 Computational and  
Mathematical Methods 
in Medicine

Depression Research 
and Treatment
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Brain Science
International Journal of

Stroke
Research and Treatment
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Neurodegenerative 
Diseases

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Journal of

Cardiovascular Psychiatry 
and Neurology
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014


