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ABSTRACT

Objectives: In this study, we investigated the structural plasticity of the contralesional motor
network in ischemic stroke patients using diffusion magnetic resonance imaging (MRI) and ex-
plored a model that combines a MRI-based metric of contralesional network integrity and clinical
data to predict functional outcome at 6 months after stroke.

Methods: MRI and clinical examinations were performed in 12 patients in the acute phase, at 1
and 6 months after stroke. Twelve age- and gender-matched controls underwent 2 MRIs 1 month
apart. Structural remodeling after stroke was assessed using diffusion MRI with an automated
measurement of generalized fractional anisotropy (GFA), which was calculated along connec-
tions between contralesional cortical motor areas. The predictive model of poststroke func-
tional outcome was computed using a linear regression of acute GFA measures and the
clinical assessment.

Results: GFA changes in the contralesional motor tracts were found in all patients and differed
significantly from controls (0.001 � p � 0.05). GFA changes in intrahemispheric and interhemi-
spheric motor tracts correlated with age (p � 0.01); those in intrahemispheric motor tracts corre-
lated strongly with clinical scores and stroke sizes (p � 0.001). GFA measured in the acute phase
together with a routine motor score and age were a strong predictor of motor outcome at 6
months (r2 � 0.96, p � 0.0002).

Conclusion: These findings represent a proof of principle that contralesional diffusion MRI mea-
sures may provide reliable information for personalized rehabilitation planning after ischemic mo-
tor stroke. Neurology® 2012;79:39–46

GLOSSARY
Cd � Cook distance; DSI � diffusion spectrum imaging; DTI � diffusion tensor imaging; FA � fractional anisotropy; FIM �
Functional Independence Measure; FOV � field of view; GFA � generalized fractional anisotropy; GLM � general linear
model; M1 � primary motor area; MANOVA � multivariate analysis of variance; MPRAGE � magnetization-prepared rapid
gradient echo; mRS � modified Rankin Scale; NIHSS � NIH Stroke Scale; PMd � dorsal premotor area; PMv � ventral
premotor area; TE � echo time; tp � time point; TR � repetition time.

Neuroimaging studies have provided an invaluable window into poststroke recovery human
brain plasticity and shown that both contralateral cortical networks and contralesional de-
scending pathways remodel after stroke.1–11

In the 1990s, PET experiments in recovered hemiparetic patients evidenced motor activity–
induced brain activations in a number of nonprimary motor regions both in lesioned and contral-
esional hemispheres.1–3 fMRI studies subsequently demonstrated that the amount of contralesional
activation was highly dependent on the degree of patient impairment and brain damage.5,6,8 More
recently, a study using EEG, PET, and transcranial magnetic stimulation showed enhanced recruit-
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ment of the contralesional sensorimotor cortex
after subcortical stroke.9 In addition, diffusion
tensor imaging (DTI) revealed that well-
recovered chronic stroke patients relative to con-
trols had elevated fractional anisotropy (FA) in
both ipsilesional and contralesional corticospi-
nal tracts10 and an increase or decrease of specific
fiber trajectories connecting cortical regions in
both hemispheres.11

However, no study has specifically focused
on structural motor network remodeling in
stroke patients with motor deficits, although
motor deficits are a major cause of disability.12

To determine the importance of such con-
tralesional structural changes in recovering
stroke patients, we imaged longitudinally a
patient cohort with motor deficits using diffu-
sion spectrum imaging (DSI) MRI.

We aimed to explore whether 1) contral-
esional structural changes after stroke can be de-
tected with DSI-based metrics; 2) repeated DSI
measurements correlate with clinical scores, stroke
size, age, or gender; and 3) DSI-based metrics and
clinical status can predict motor outcome.

METHODS We enrolled 12 patients (7 male and 5 female)
with ischemic infarction affecting the motor cortex or subcorti-
cal structures involved in motor control. Patients with brainstem
and cerebellar infarcts were excluded from the study as well as
patients with massive edema provoking midline shift. The mean
age and SD was 58.4 � 17.0 years.

All patients underwent 3 DSI scans 1) within 1 week (time
point [tp] 1), 2) at 1 month (�1 week, tp2), and 3) at 6 months
(�15 days, tp3) after stroke, the period when most functional im-
provement occurs.13 Twelve age- and gender-matched healthy con-

trols (57.2 � 14.5 years, mean � SD) were also included in the
study and underwent 2 DSI scans 1 month apart (tp1c and
tp2c). DSI resolves complex crossing and kissing of axonal
bundles as well as the intersections of white matter fibers in
cortical and deep gray matter structures14 and is therefore
appropriate for mapping networks in the context of func-
tional improvement.

Patients had no history of previous stroke or other neuro-
logic, psychiatric, or major systemic illnesses. They all received
antiplatelet treatment and underwent standard rehabilitation
programs, as performed in the University Hospital of Lausanne.
None used antidepressant or CNS stimulator drugs during
rehabilitation.

Standard protocol approvals, registrations, and patient
consents. All subjects provided written informed consent prior
to imaging and the Lausanne University Hospital review board
approved the study protocol.

Clinical assessment. Patients underwent clinical assessments
(NIH Stroke Scale [NIHSS], Functional Independence Measure
[FIM], and modified Rankin Scale [mRS] scores) at each time
point. The motor part of the NIHSS score (NIHSS motor15) was
derived from items 2 to 7 and 10 (http://www.nihstrokescale.org/).
Items 2 (gaze), 4 (facial palsy), 7 (ataxia), and 10 (dysarthria) were
included as they were considered to be a consequence of hemi-
spheric lesions given that patients with brainstem or cerebellar le-
sions were excluded. Patient demographics and presumed etiologic
stroke mechanisms16 were obtained from medical records and stan-
dardized workup in the stroke unit.

Image acquisition and analysis. All DSI measurements
(repetition time [TR]/echo time [TE] � 6,600/138 msec, field
of view [FOV] � 212 � 212 mm, 34 slices, 2.2 � 2.2 � 3 mm
resolution, 258 diffusion directions, b � 8,000 s/mm2) were
performed at 3T (Magnetom Trio a Tim System, Siemens, Er-
langen, Germany) using a 32-channel head matrix coil (for a
detailed explanation of the method, see reference 17). Orienta-
tion distribution functions were reconstructed using the Diffu-
sion Toolkit (www.trackvis.org/dtk). Fiber-tracking was
performed via a streamline algorithm (www.cmtk.org). High-
resolution magnetization-prepared rapid gradient echo
(MPRAGE) images (TR/TE � 2,400/3 msec, voxel � 1 � 1 �

1.2 mm, FOV � 256 � 240 mm, generalized autocalibrating
partially parallel acquisition [GRAPPA] � 2)17 were acquired for
anatomic reference and linearly registered to T2 images (TR/
TE � 3,000/84 msec, voxel � 0.5 � 0.5 � 3 mm).

To account for spatial distortions in the EPI readout, a non-
linear registration was used to register the T2 to the diffusion-
weighted image volumes (b � 0 s/mm2). All registrations were
performed using FSL (www.fmrib.ox.ac.uk/fsl). Motor cortical
regions in the contralesional hemisphere were mapped from
MPRAGE images using Freesurfer (www.surfer.nmr.mgh.
harvard.edu); intrahemispheric and interhemispheric connec-
tions (figure 1) were identified to allow clustering of all fiber
trajectories between 1) pairs of motor areas in the contralateral
hemisphere and 2) each contralateral motor area and the corpus
callosum. The connectivity between 2 motor areas was indexed
by mean tract GFA, which was obtained by averaging the GFA
calculated in every single point constituting each fiber trajectory.
The same analysis was performed in healthy subjects in both
hemispheres and averages were performed between left and right
GFA values for each tract at each time point.

In addition, intrahemispheric and interhemispheric connec-
tivity among visual areas (V1–V2–V3) was calculated in the

Figure 1 Schematic representation of the motor network and motor-
associated connections (white matter tracts)

The thin arrows indicate intrahemispheric connections and the thick arrows indicate inter-
hemispheric connections. M1 � primary motor area; PMd � premotor dorsal area; PMv �

premotor ventral area; SMA � supplementary motor area.
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same way for comparison, assuming that the strokes had not
affected the visual pathways. The entire tractographic analysis
was performed in a fully automated manner (www.cmtk.org).
Stroke lesion volumes were evaluated on MPRAGE images using
in-house software.

Metrics and statistical analysis. GFA is a measure of anisot-
ropy of the local diffusion profile (orientation density function)
obtained in high angular resolution diffusion MRI experi-

ments.18 It is described as the SD along the different diffusion

directions, each of them representing fiber trajectory in tractog-

raphy reconstructions.19

Statistical analysis was performed using multivariate analysis

of variance (MANOVA) to compare 1) intrahemispheric and

interhemispheric motor and visual tract GFA in patients and

controls at tp1 and 2) absolute GFA changes between serial scans

in patients. In this context, we use the word “absolute” to indi-

Figure 2 Generalized fractional anisotropy (GFA) changes in patients and controls

(A) Delta of the mean absolute GFA changes between serial scans (time point [tp] 1 vs tp2, tp2 vs tp3, and tp1 vs tp3) calculated along the connections
between motor areas in patients and controls. Significance value *p � 0.05; **p � 0.01; ***p � 0.001. (B) Individual profiles of GFA changes between tp1 and
tp2 (first column), tp2 and tp3 (second column), and tp1 and tp3 (third column) for each motor connection studied (primary motor area [M1]–supplementary
motor area [SMA], dorsal premotor area [PMd]–M1, PMd-SMA, PMd–[PMv], M1-SC, PMv-SMA, PMd inter, PMv inter, M1 inter, SMA inter). GFA changes in
each single patient were compared to the mean GFA changes in controls using z scores (�5 � z score � �5). Patients are ordered according to the initial
NIH Stroke Scale (NIHSS) (from severe deficits to mild on the y-axis).
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cate real numbers without regard to its sign. The MANOVA
used the GFA as the dependent variable, and age, NIHSS, mRS,
and FIM as independent variables with 2 levels of factor: “pa-
tients” and “controls.”

A general linear model (GLM) was applied to GFA changes
between time points (tp1, tp2, and tp3), clinical scores, lesion
volumes, and demographic information (age and gender).

In order to show the profile of GFA changes in each pa-
tient compared to healthy controls, t tests were performed
comparing GFA changes measured in patients (tp2–tp1, tp3–

tp2, and tp3–tp1) and GFA variability computed in healthy
controls (tp2c–tp1c).

The predictive value of the imaging indices was assessed by
linear regression with clinical scores in the acute phase and at
6-month follow-up using demographic information (age), stroke
size, GFA values, and NIHSS motor scores obtained at tp1 and
tp2. A backward selection process was used to select the best
prediction model with p � 0.05 as a threshold of significance. In
order to estimate the influence of a data point in the model, we
computed Cook distances (Cd); Cd �4/n, where n is the num-

Figure 3 Diffusion spectrum imaging (DSI) tractography view of the interhemispheric connections between
the primary motor area (M1) and the corpus callosum (CC) as well as between the supplementary
motor area (SMA) and the corpus callosum (CC) in one hemisphere of control subject 6 (A) and in
the contralateral healthy hemisphere of patient 6 (B)

Fiber trajectories are color coded using a scalar scale based on GFA (max value 0.5 and min value 0.1). Arrows indicate the
absence of substantial differences between the time point (tp) 1c and tp2c (A); on the contrary, it is possible to observe a
decrease in GFA in both M1-CC and SMA-CC connections between tp1 and tp2 and between tp2 and tp3.
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ber of observations, indicate that a subject does not have an
inordinately high influence on the model. In addition, a “leave-
one-out test” was performed. This test is a cross-validation pro-
cedure that uses as a training dataset all the subjects excluding
one at a time, who is considered the “test” set. The procedure is
repeated a number of times so that each observation in the sam-
ple is used once as the test data. This technique is usually applied
in order to assess how the results of a statistical analysis generalize
to an independent dataset and to prevent against overfitting.
Moreover, it gives statistically powerful information about the
robustness of the significance of the obtained results.20

All statistical analyses were performed using R software
(www.r-project.org).

RESULTS Patient demographics, clinical character-
istics, and functional scores are summarized in tables
e-1 and e-2 on the Neurology® Web site at www.
neurology.org. The average stroke size was 64.3 �
68.9 cm3 (mean � SD).

Reproducibility of GFA measures in control subjects.
In control subjects, the mean absolute GFA change
obtained for intrahemispheric and interhemispheric
motor connections between tp1c and tp2c was
0.0035 � 0.0042 (mean � SEM). The greatest vari-
ability was seen in connections between the 2 PMv
regions (figure 2A). Connections between the ventral
premotor (PMv) and the primary motor (M1) areas
were not analyzed due to poor visualization with DSI
tractography.

Comparison of absolute GFA changes in patients and
controls. In patients, absolute GFA changes in con-
tralesional motor connections between tp1 and tp2
were significantly different from absolute GFA
changes between the same regions in controls be-
tween tp1c and tp2c (figure 2A, 0.001 � p �
0.05). Only connections between the 2 dorsal pre-
motor areas (PMd) failed to show a significant
GFA difference.

Longitudinal GFA changes in patients. Individual pa-
tients showed increased or decreased GFA in each
investigated motor connection, with a pattern that
appeared to be patient-specific (figures 2B and 3, A

and B). Compared to controls, however, GFA
changes were greatest in patients with the more se-
vere motor deficits (figure 2B).

Longitudinal evaluation of GFA changes in patients.
No significant differences were observed when abso-
lute GFA values were compared among time points
in patients.

Correlation of absolute GFA changes with clinical
scores in patients. MANOVA showed a strong correla-
tion between patient absolute GFA changes for intra-
hemispheric motor connections in the contralesional
hemisphere and 1) age (p � 0.01, F 4.6, residuals 28, df
4), 2) NIHSS motor (p � 0.001, F 6.1, residuals 28,
df 4), and 3) stroke size (p � 0.001, F 6.2, residuals 28,
df 4). Similarly, patient absolute GFA changes in inter-
hemispheric connections were highly correlated with
age (p � 0.0001, F 15.7, residuals 28, df 4).

A GLM analysis further clarified that only 13 out
of the 30 (10 � 3) measurements of GFA evolution
in the investigated motor tracts (tp1–tp2, tp2–tp3,
tp1–tp3) were significantly correlated with clinical
scores (NIHSS, NIHSS motor, mRS, FIM), stroke
sizes, or patient ages (0.0005 � p � 0.05; for details,
see supplementary data).

Individual patterns of GFA changes and GFA val-
ues at each time point did not exhibit any significant
correlation with motor scores.

Prediction of clinical outcome in patients using GFA.
In the patient cohort, a linear regression using a
backward selection model including GFA data from
the first time point (tp1) as well as age and NIHSS
motor (tp1) was shown to predict the NIHSS motor
at tp3 (6-month follow-up) with high significance
(multiple R2 � 0.98, adjusted R2 � 0.96, p �

0.0007, table 1 and figure 4). The relative impor-
tance of NIHSS tp1, age, and GFA tp1 was evaluated
with Fisher test and is shown in table 1. Inclusion of
stroke size did not lead to any significant predictive
power (p � 0.1). The Cook distances in all subjects
were below 0.33, indicating the absence of outliers.

Table 1 Prediction of the NIHSS tp3 using a model based on the NIHSS scores at tp1, motor tract GFA
values at tp1, and patient agesa

Coefficients Estimate Standard error t Value p Value Confidence interval

NIHSS (tp1) 0.31 0.06 4.79 0.002 0.12, 0.39

Age 0.05 0.02 3.19 0.015 0.004, 0.11

GFA M1–SMA (tp1) 58.61 12.54 4.67 0.002 43.32, 117.84

PMd–PMv (tp1) �43.67 8.97 �4.87 0.002 �84.26, �89.72

SMA–SMA (tp1) �30.57 8.12 �3.77 0.007 �64.45, �16.61

Abbreviations: GFA � generalized fractional anisotropy; NIHSS � NIH Stroke Scale; PMd � premotor dorsal area; PMv �

premotor ventral area; SMA � supplementary motor area; tp � timepoint.
a Residual standard error: 0.6727 on 6 df. Multiple R2: 0.9807, adjusted R2: 0.9615, F statistic: 50.93 on 6 and 6 df, p �

0.0007.
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Likewise, a leave-one-out test including all subjects con-
firmed the robustness of the correlation between pre-
dicted and recorded NIHSS values at tp3 (R2 � 0.87).

A model including only age and NIHSS motor at
tp1 gave a lower correlation (multiple R2 � 0.83,
adjusted R2 � 0.81) as did a model including only
NIHSS tp1 (multiple R2 � 0.83, adjusted R2 �
0.82). A model including the GFA values at tp1 with
age and another including GFA values only gave
equal correlation values (multiple R2 � 0.88, ad-
justed R2 � 0.84). A model including the NIHSS
motor score and GFA values showed a higher corre-
lation but not as high as the model that also included
patient ages (multiple R2 � 0.93, adjusted R2 �
0.90).

Specificity of the observed GFA changes in the motor
network. The MANOVA analysis performed with vi-
sual areas failed to show any significant changes be-
tween tp1 and tp2 in patients and tp1c and tp2c.

DISCUSSION This longitudinal MRI study of mo-
tor stroke patients shows that contralesional struc-
tural changes in the motor network can be measured
using DSI and that changes correlate with functional
motor improvement. In addition, our findings
strongly suggest that GFA at tp1, combined with pa-
tient age and the acute clinical NIHSS score, is an
important predictor of motor improvement 6
months after stroke (R2 � 0.96, p � 0.0007).

Our data confirm and extend the findings of re-
cent studies providing arguments for a major role of
contralesional white matter remodeling in poststroke
functional improvement.5,9,10,21

Thus far, most studies on contralesional plasticity
have been performed in cohorts of patients with sub-

cortical or small strokes.5,9,10,21 In our work, we con-
sidered a population of patients with heterogeneous
lesion size (table e-1) and we found that, indepen-
dently of cortical or subcortical lesion location, pa-
tients show a significant degree of contralesional
motor connection remodeling. This is consistent
with previous studies showing a motor system-wide
compensation that is independent of the site and size
of stroke lesions.1,3,6,8

Almost all studies examining the role of the con-
tralesional hemisphere in poststroke functional im-
provement report functional data.1,3,5,6,8,9,21 Only
recently a DTI-based network analysis at a single
time point showed increases or decreases in the num-
ber of fiber trajectories between various contral-
esional regions compared to homologous regions in
control subjects.11 In our study, we investigated con-
tralesional motor-associated structural plasticity at
multiple time points over 6 months after stroke, be-
cause most functional improvement is found within
this period.13 In addition, we correlated the observed
changes with functional outcome and propose a pre-
dictive model of motor improvement after the acute
event.

We obtained good reproducibility of our GFA
measure along tracts associated with the motor net-
work in controls (figure 2A). Despite the fact that the
DSI technique is sensitive to complex fiber structures
(fiber crossing, kissing) and remodeling mechanisms
(axonal sprouting), it also appears sensitive to imper-
fections in acquisition (e.g., patient motion) and data
postprocessing. Our results, however, indicate that
clinically relevant information can be successfully ex-
tracted in an automatic fashion from high-quality
data. The least reproducible results were found in
tracts between the contralesional PMv and corpus
callosum, presumably due to technical limitations of
DSI with respect to the small size of PMv and the
relatively long path that these connections follow to
reach the corpus callosum.

One of our major findings is that changes in con-
tralesional GFA of the motor network between time
points 1 and 2 differed substantially between patients
and healthy subjects (figure 2A) even though there
was heterogeneity of individual patterns of GFA
changes (figure 3, A and B, and 4). No significant
changes were found in the contralateral visual net-
work when patients were compared to controls, con-
firming that the observed GFA changes are specific
for the motor network. Increases in GFA indicate
higher diffusivity along a certain direction in a brain
tissue volume (anisotropy) and may be due to axonal
sprouting or new connections between motor areas.22

Decreases in GFA point to lower diffusivity along a
specific direction in the brain tissue and may be

Figure 4 Graphical representation of the real and predicted NIH Stroke Scale
(NIHSS) at time point 3 using the model reported in table 1
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caused by axonal degeneration.23 Crofts et al.11 re-
ported a decrease in the integrity of connections be-
tween areas in the contralesional hemisphere in
stroke patients that they hypothesized were due to
degeneration of fiber tracts connected with the in-
farcted areas of brain.11 In line with Crofts et al.,11 we
interpret our results by relating differential individ-
ual connectivity patterns associated with variability
in stroke size and location to various sites and in-
ferred degrees of secondary degenerative and regener-
ative phenomena.

Another major finding of our study is that GFA-
based structural changes in the contralesional motor
network, rather than in the studied individual motor
tracts, are highly correlated with changes in clinical
scores and depend on age and stroke size. The results
are in line with recent functional studies suggesting
that cortico-cortical connections, in addition to mo-
tor descending pathways like the cortico-spinal tract,
play a pivotal role in motor improvement after
stroke.5,6,9,24

Most importantly, we present a predictor of post-
stroke functional improvement that is early and inde-
pendent of stroke size and location. A very recent
study by Lindenberg et al.25 attempted to predict the
effect of 5 days of transcranial magnetic stimulation
and intensive rehabilitation therapy in a group of
stroke patients with chronic stroke (�5 months after
the acute event) by using DTI-based metrics of ip-
silesional corticospinal tracts and transcallosal fibers
(adjusted R 0.77–0.87). Likewise, a fMRI study by
Zarahn et al.24 showed that combined measures of
fMRI activation and an acute motor score (Fuegel-
Meyer score) better predicted motor improvement in
patients with severe initial deficits compared to the
clinical score alone. Our results show that DSI-
derived metrics in the motor connections of the con-
tralesional hemisphere permit improved prediction
in the acute phase in patients with heterogeneous
deficits, even in the context of standard rehabilitation
therapy.

The presented prediction model represents a
proof of principle that automatically computed mea-
sures (GFA), together with a simple clinical assess-
ment (NIHSS motor) and demographics (patient
age), may provide a powerful, easily applicable tool
for the routine care of acute stroke patients. We ac-
knowledge, however, that our model was tested in a
carefully selected cohort of relatively young patients
(58.4 � 17.0 years) and excluded subjects with pre-
vious strokes, posterior circulation infarcts, and
large strokes with major edema. Future studies
should broaden the inclusion criteria and include a
higher number of patients over 65 since stroke
prevalence increases markedly with age,26 to test

whether these promising findings can be extended
to wider clinical use.

Diffusion MRI is very helpful in the early diagno-
sis of stroke27 and advanced diffusion techniques like
DSI may aid in the future to establish personalized
rehabilitation therapies like noninvasive brain stimu-
lation28 and robotics-based rehabilitation.29 If repro-
duced in larger prospective studies, this advance may
help to improve treatment and rehabilitation plans
for stroke patients.
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