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Abstract: Electrophysiological and neuroimaging studies suggest that the integrity of ipsilesional and
inter-hemispheric motor circuits is important for motor recovery after stroke. However, the extent to
which each of these tracts contributes to the variance in outcome remains unclear. We examined
whether diffusion tensor imaging (DTI)-derived measures of corticospinal and transcallosal tracts pre-
dict motor improvement in an experimental neurorehabilitation trial. 15 chronic stroke patients
received bihemispheric transcranial direct current stimulation and simultaneous physical/occupational
therapy for five consecutive days. Motor impairment was assessed prior to and after the intervention.
At baseline, the patients underwent DTI; probabilistic fiber tracking was used to reconstruct the py-
ramidal tract (PT), alternate descending motor fibers (aMF), and transcallosal fibers connecting primary
motor cortices (M1-M1). Ipsilesional corticospinal tracts (PT, aMF) and M1-M1 showed significantly
decreased fractional anisotropy (FA) and increased directional diffusivities when compared to age-
matched healthy controls. Partial correlations revealed that greater gains in motor function were
related to higher FA values and lower directional diffusivities of transcallosal and ipsilesional cortico-
spinal tracts. M1-M1 diffusivity had the greatest predictive value. An additional slice-by-slice analysis
of FA values along the corticospinal tracts demonstrated that the more the ipsilesional FA profiles of
patients resembled those of healthy controls, the greater their functional improvement. In conclusion,
our study shows that DTI-derived measures can be used to predict functional potential for subsequent
motor recovery in chronic stroke patients. Diffusivity parameters of individual tracts and tract combi-
nations may help in assessing a patient’s individual recovery potential and in determining optimal
neurorehabilitative interventions. Hum Brain Mapp 33:1040–1051, 2012. VC 2011 Wiley Periodicals, Inc.
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INTRODUCTION

Electrophysiological and neuroimaging studies suggest
that the integrity of corticospinal motor fibers correlates
with persistent motor impairment in the chronic stroke
phase [Schaechter et al., 2009; Talelli et al., 2006; Zhu et al.,
2010]. Both the pyramidal tract (PT) and alternate motor
fibers (aMF), which might comprise a polysynaptic fiber
bundle including the cortico-rubro-spinal and cortico-retic-
ulo-spinal tracts [Fries et al., 1991; Lang and Schieber, 2003],
have been suggested to play an important role in motor re-
covery after stroke [Lindenberg et al., 2010a]. In addition to
surrogate markers of actual motor impairment in these
cross-sectional studies, predictors of recovery potential have
been described using longitudinal designs: The functional
[Swayne et al., 2008] and structural [Jang et al., 2008] integ-
rity of the PT, cortical activation patterns [Marshall et al.,
2009], and motor impairment [Prabhakaran et al., 2008] in
the acute or subacute phase were used to predict subse-
quent motor recovery. In the chronic stroke phase, a combi-
nation of diffusion tensor imaging (DTI) and transcranial
magnetic stimulation (TMS) yielded information on the in-
tegrity of the PT that was useful in estimating motor
improvement after experimental rehabilitation [Stinear
et al., 2007]. However, much of the variance in motor out-
come still remains unexplained [Cramer, 2008b].

More accurate estimations of recovery potential might be
possible when considering not only the PT but also other
descending corticospinal (aMF) and transcallosal motor
tracts (M1-M1). Models of an imbalance in inter-hemi-
spheric interactions after stroke highlight the important role
of transcallosal connections for recovery [Perez and Cohen,
2009]. Similarly, functional imaging studies demonstrated
an alteration of inter-hemispheric connectivity patterns after
stroke [Carter et al., 2010; Grefkes et al., 2008]. Furthermore,
experimental neurorehabilitation studies with noninvasive
brain stimulation techniques revealed that facilitation of
motor recovery can be achieved via up-regulation of intact
ipsilesional motor cortex and via down-regulation of con-
tralesional motor cortex [Lindenberg et al., 2010b; Schlaug
et al., 2008]. Thus, there is ample evidence for the impor-
tance of inter-hemispheric interactions in motor recovery af-
ter stroke, although the exact role of contralesional primary
and nonprimary motor regions remains elusive [Johansen-
Berg et al., 2002; Werhahn et al., 2003].

DTI-derived parameters such as fractional anisotropy
(FA) and directional diffusivity have been found to reli-
ably reflect the microstructural status of white matter in
animal [Song et al., 2003; Sun et al., 2008] and human
studies [Acosta-Cabronero et al., 2010; Naismith et al.,
2009; Sidaros et al., 2008]. Using DTI, we related diffusiv-
ity measures of corticospinal tracts (PT, aMF) and transcal-
losal motor fibers (M1-M1) to functional gains in chronic
stroke patients participating in an experimental rehabilita-
tion trial. We aimed to identify a pattern of white matter
alterations predictive of functional potential for motor
recovery.

METHODS

Subjects

Fifteen chronic stroke patients were included in this
study. Ten of them participated in a double-blind, sham-
controlled 5-day trial of bihemispheric transcranial direct
current stimulation (tDCS) with simultaneous physical/
occupational therapy (PT/OT), as reported elsewhere [Lin-
denberg et al., 2010b]. The remaining five were newly
recruited patients, who underwent the same 5-day inter-
vention of bihemispheric tDCS and PT/OT. All patients,
the therapist, and the investigators who conducted the
motor assessments were blinded as to whether the patients
received real or sham stimulation. Here, we only present
data of patients who received real stimulation.

Inclusion criteria were: occurrence of first ischemic stroke
at least 5 months prior to enrolment; no previous or subse-
quent cerebral ischemia; Medical Research Council (MRC)
strength grade of �3/5 in extensor muscles of the affected
upper extremity in the acute phase; no additional neuro-
logic or psychiatric disorders; no concurrent use of antide-
pressants or CNS stimulants. Prior to enrollment, all
patients had received standard PT/OT which is common
for the subacute post-stroke rehabilitation period. None of
the patients had undergone any other experimental therapy
at the time of enrollment. Patients’ demographics and imag-
ing data are provided in Table I. Information on the ten
healthy control subjects can be found in the table as well.
The study was approved by the Institutional Review Board
(IRB), and all patients gave written informed consent.

Study Design

Patients underwent noninvasive brain stimulation (30
min) and simultaneous PT/OT (60 min) on five consecu-
tive days. An experienced therapist administered the ther-
apy focusing on a combination of PT and OT techniques
including functional motor tasks of the affected arm and
hand to promote sensory-motor integration, coordination
of movement and goal-directed activities of practical rele-
vance for the patient. An MRI study took place at baseline;
motor impairment assessments were conducted prior to
and after the intervention.

Transcranial Direct Current Stimulation

Direct current was delivered using a PhoresorV
R

II Auto
stimulator (Model No. PM850, IOMED, Salt Lake City,
UT) through two saline-soaked surface gel-sponge electro-
des (see [Schlaug et al., 2008] for more details). The stimu-
lation consisted of 30 min of 1.5 mA direct current with
the anode placed over the ipsilesional and the cathode
over the contralesional motor cortex (C3 and C4 according
to the international 10–20 EEG electrode system).
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Motor Assessment

Each patient underwent the Wolf Motor Function Test
(WMFT) on two different days prior to the intervention to
assure measurement stability at baseline [Whitall et al.,
2006]. The assessments were repeated 3 and 7 days after
the last intervention session. The WMFT consists of 15
time-based tasks and two tests of strength [Morris et al.,
2001]. Similar to previous studies, completion times were
log transformed to account for skewed data distribution
[Wolf et al., 2006]. The resulting score has a maximum
value of 2.08 sec [log] with lower values reflecting better
function of the affected arm.

Two-tailed paired t-tests revealed no difference in the two
baseline assessments [t(14) ¼ 1.18; P ¼ 0.257] and no differ-
ences between the two assessments at days 3 and 7 after the
intervention [t(14) ¼ 1.35; P ¼ 0.200]; thus, we calculated
mean pre and postintervention scores for our analyses. Dif-
ferences from baseline to postintervention were calculated
as proportional change: (post � pre)/pre*100.

Image Acquisition

At baseline, all patients underwent MRI in a 3T GE scanner,
which included T1-weighted images (resolution: 0.94 � 0.94
� 1.5 mm3), DTI (1.87 � 1.87 � 5.0 mm3 with 25 noncollinear
diffusion directions with a b-value of 1,000 s/mm2, and one
with a b-value of 0 s/mm2; 30 axial slices covered the entire
brain including the brainstem), and a FLAIR sequence (0.5 �
0.5 � 5 mm3). T1-weighted images were spatially normalized
using SPM5 (Wellcome Department of Neurology, London,
UK) before determining lesion size and location (see Fig. 1) as
well as lesion load of transcallosal M1-M1 fibers and the corti-
cospinal tract [Zhu et al., 2010]. An additional group of 10
age- and gender-matched healthy subjects (see Table I) under-
went MRI using the same imaging sequences.

Preprocessing of Diffusion Tensor Imaging Data

Preprocessing and fiber tracking were performed
with FSL (http://www.fmrib.ox.ac.uk/fsl). A 3D affine

Figure 1.

Lesion maps. After spatial normalization to the MNI space using SPM5, individual lesion maps

were drawn and superimposed onto a canonical T1-weighted image. Patients are ordered

according to their CST-lesion load (lowest to highest from left to right). [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

TABLE I. Demographical and imaging data

Patient Age (Years) Tpost (months) Gender Hand Hem Location CST-LL (cc) M1M1-LL (cc)

1 55 10 M R L pontine 0.02 0.00
2 69 21 M R L sc 0.10 0.00
3 54 31 M R L c/sc 0.10 0.12
4 25 7 M R R pontine 0.17 0.00
5 68 45 M R L sc 0.20 0.11
6 52 5 M R R c/sc 0.20 0.00
7 71 6 M R R pontine 0.32 0.00
8 76 29 M R R c/sc 0.33 0.50
9 44 24 M R L sc 0.47 0.32
10 47 14 M R R sc 0.55 0.00
11 76 10 F R R sc 1.15 0.00
12 77 38 F R R sc 2.11 0.64
13 34 12 M R L c/sc 2.73 1.77
14 65 65 M R L c/sc 3.19 2.62
15 47 170 M R L c/sc 3.92 3.51
Mean 57.3 � 16.0 32.5 � 41.6 1.04 � 1.30 0.64 � 1.10
Control 59.3 � 14.0 2 F/8 M 10 R

Mean values are reported � standard deviation.
Abbreviations: c, cortical (in patients with cortical involvement, at least part of the motor cortex was spared); CST-LL, lesion load of the
corticospinal tract [Zhu et al., 2010]; F, female; Hand, handedness; Hem, lesional hemisphere; L, left; M, male; M1M1-LL, lesion load of
transcallosal motor fibers; R, right; sc, subcortical; Tpost, time post-stroke.
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registration was applied to correct for eddy currents and
head motion [Jenkinson and Smith, 2001] followed by
brain extraction [Smith, 2002]. A probability distribution of
fiber directions was then calculated for each voxel [Beh-
rens et al., 2003], allowing estimates of two directions per
voxel [Behrens et al., 2007].

Probabilistic Tractography

For all motor tracts, three regions of interest (ROIs) were
drawn on the individual FA images in native diffusion
space. In addition, we applied sagittal exclusion masks along
the midline for corticospinal tracts and axial exclusion masks
caudal to the corpus callosum for the transcallosal tracts.

For the primary motor cortex ROI, the anterior bank of
the central sulcus served as the posterior border and a line
running laterally from the vertex of the precentral sulcus
to the junction of superior frontal and precentral sulci as
the anterior border.

To track corticospinal fibers, additional ROIs were
drawn in the posterior limb of the internal capsule (PLIC)
and in the pons. ROIs in the pons were drawn in two dif-
ferent ways. One ROI included only the basis pontis,
resulting in a fiber bundle that corresponded to the PT
[Nieuwenhuys et al., 2008]. A different pontine ROI com-
prised only the posterior part of the pons (tegmentum
pontis) to include additional or alternate corticofugal tracts
to the spinal cord [Lindenberg et al., 2010a]. Using the
pontine ROIs as ‘‘seed regions,’’ we tracked PT and aMF
in both hemispheres using ipsilateral PLIC and precentral
gyrus ROIs as ‘‘waypoints.’’ ROI sizes did not differ
between the hemispheres (all P > 0.3) or across the patient
and control groups (all P > 0.35).

To track transcallosal fibers, the contralesional primary
motor cortex ROI was used as a seed region and an addi-
tional sagittal ROI, which covered the caudal and medial
portions of the corpus callosum, as well as the ipsilesional
precentral gyrus ROIs served as waypoints.

To determine the anatomical specificity of the corticospi-
nal and transcallosal motor tracts in relation to functional
improvements, we used a control tract, the uncinate fasci-
culus, which does not overlap with our tracts of interest
and has not been associated with motor function previ-
ously. This hook-shaped tract that links the rostral tempo-
ral lobe with the orbital and inferior frontal gyri was
reconstructed according to previous descriptions (e.g.,
[Kier et al., 2004]).

The resulting probabilistic streamlines were constrained
[Heiervang et al., 2006; Schaechter et al., 2009] to voxels
with more than 2% of the individual tract-specific connec-
tion probability and binarized to define tract masks (see
Fig. 2). We restricted the analysis to voxels within the
white matter using individual gray matter masks derived
from the T1-weighted images. The masks were generated
with FreeSurfer’s automated tools for segmentation [Dale
et al., 1999; Fischl et al., 1999]. Errors due to segmentation
misclassification, which occurred in the images of several

stroke patients (6 of 15), were manually corrected. We
binarized the resulting masks and registered them to the
b0 image applying a within-subject, cross-modal approach
using a boundary-based cost function.

Tractography-Based Analysis

of Diffusivity Parameters

Directional diffusivities were determined as k1 > k2 >
k3, and FA was calculated from these eigenvalues. Axial
diffusivity (kk)(kk) corresponds to k1 and radial diffusivity
(k?)(k?) to (k2 þ k3)/2 [Basser, 1995; Beaulieu, 2009]. For
further analysis, we extracted tract-specific FA and direc-
tional diffusivities (only non-zero values) in native space.
In addition, we normalized individual FA images to
the template implemented in FSL (1 � 1 � 1 mm3) using
linear and nonlinear algorithms. The resulting matrix
was then used to normalize individual tracts to extract
diffusivity characteristics on a slice-by-slice level for an
additional functional data analysis (FDA).

Statistical Analysis

We used two-tailed two-sample t-tests to compare tract-
specific diffusivity values between the patient and control
groups. Within the patient group, we performed paired t-
tests to compare values between lesional and contrale-
sional hemispheres. To test the predictive value of DTI-
derived parameters, we conducted partial correlation anal-
yses of tract-specific FA, kk and k? with proportional
change in WMFT as well as baseline WMFT scores. We
accounted for age, time post-stroke and lesion size as
covariates in all correlation analyses because these varia-
bles have been shown to have an effect on outcome in
stroke patients [Cramer, 2008a].

Additional multiple regression analyses were conducted
to test which tract’s diffusivity values would be a superior
predictor. Because of the considerable overlap of the two
corticospinal tracts (PT and aMF) and the resulting collinear-
ity problem, we abstained from entering both tracts sepa-
rately into this analysis. Instead, we merged the two tracts
and extracted tract-specific diffusivity parameters for a com-
bined corticospinal tract. This allowed comparisons of the
predictive value of corticospinal versus transcallosal tracts.

To further evaluate differences between the patient and
control group, we applied an FDA [Ramsay and Dalzell,
1991], which was used in a recent DTI study [Schaechter
et al., 2009]. FA values taken from voxels belonging to the
descending corticospinal tracts of each hemisphere were
fit to continuous curves in a function space for every sin-
gle subject. We generated 100 data points for each individ-
ual tract and applied t-tests to localize significant
differences between corticospinal tracts of the patient and
control groups (see Fig. 3). To obtain a measure of the
degree to which FA curves of individual patients differed
from those in healthy subjects, we subtracted individual
areas under the curve (AUC) of patients from the mean
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AUC of the control group. This yielded a single value for
each tract for every patient. The lower these values, the
more similar the respective FA curve was to those of
healthy subjects. To test for the predictive value of this
novel AUC variable, we conducted partial correlation anal-
yses with baseline WMFT scores and change scores in
WMFT scores. This analysis could only be performed for
the corticospinal tracts because the U-shaped course of
the transcallosal fibers did not allow for an adequate slice-
by-slice extraction of FA values.

RESULTS

Behavioral Measures

WMFT scores changed significantly from 0.83 � 0.48 at
baseline to 0.70 � 0.45 sec[log] after the intervention (P <
0.001), corresponding to a mean improvement of �0.14 �
0.09 sec[log] (range �0.36 to �0.02 sec[log]) or �19.6% �
9.9% proportional change (range �33.0% to �1.8%). A par-
tial correlation analysis (controlling for age, time post-

stroke and lesion size) revealed an association of baseline
WMFT and proportional change in WMFT (r ¼ 0.60; P ¼
0.041). Therefore, to rule out the possibility that our main
results could be explained by simple correlations between
baseline impairment level and diffusivity measures, we
also ran all further analyses using baseline WMFT as an
additional covariate (see Supporting Information).

Tract Volumes

Ipsilesional corticospinal tracts had lower volumes as
compared to contralesional tracts (P < 0.005) and tracts of
healthy subjects (all P < 0.015). Furthermore, the patients’
transcallosal motor tracts were reduced in their number of
voxels as compared to the controls (P ¼ 0.001). Contrale-
sional tracts did not differ from the tracts of healthy sub-
jects (all P > 0.20).

Diffusivity of Ipsilesional Corticospinal Tracts

The patients’ FA values of ipsilesional PT and aMF were
lower and directional diffusivity values were higher

Figure 2.

Course of pyramidal tract and alternate motor fibers as they descend

from the motor cortex to the pons. Probabilistic tracking results of

patients with right-hemispheric lesions were mirrored along the mid-

line so that all patients’ lesions appeared on the same side (i). To gen-

erate the canonical image, individual tracts from all patients were

normalized, converted to binary images and then summed. Note that

both fiber bundles separate before entering the cerebral peduncles.

Their positions on the axial slices caudal to the diencephalon suggest

that the aMF comprise the cortico-reticulo-spinal and cortico-rubro-

spinal tracts. The coronal slice corresponds to y ¼ �15 in MNI

space; the axial slices correspond to (A) z ¼ 55; (B) z ¼ 10; (C) z ¼
�10; and (D) z ¼ �25. Red to yellow: PT; dark to light blue: aMF;

green: M1-M1; i: ipsilesional hemisphere. Colors indicate the degree

of voxel-by-voxel overlap of the individual normalized tracts.
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compared to the control group (see Table II). Within the
patient group, corticospinal tracts differed between the
hemispheres with lower ipsilesional FA values (all P <
0.001) and higher ipsilesional kk (all P < 0.025) as well as
k? values (all P < 0.015).

Partial correlation analyses of tract-specific FA with pro-
portional WMFT change yielded significant results. The
correlations of k? values and change in motor scores
showed a strong trend to be significant, whereas kk values
were only weakly related to WMFT change (see Fig. 4).
No significant results were obtained when DTI-derived
measures were correlated with baseline WMFT scores (see
Table III for Pearson’s coefficients of all correlation
analyses).

The analysis of tract-specific FA profiles revealed that
differences between the patients’ individual AUC and the
control group’s mean AUC correlated with WMFT change
and baseline WMFT scores for both PT and aMF (see Sup-
porting Information). FDA-derived region-specific differen-
ces between FA curves of patients and controls are
depicted in Figure 3.

Diffusivity of Contralesional Corticospinal Tracts

FA values of contralesional PT and aMF did not differ
from the values in our group of healthy age-matched con-
trol subjects. Similarly, directional diffusivities of the PT
did not differ between the two groups, but trends were

Figure 3.

FA curves of pyramidal tract and alternate motor fibers. Slice-

by-slice comparison of ipsilesional (dark grey) and contralesional

tracts (light grey) with the mean tracts of the control

group (black): FDA-derived continuous FA values of PT (A) and

aMF (B). Significant differences (P< 0.05) between patients’

curves and the mean curve of healthy subjects are marked with

circles. Note the characteristic differential shape of PT and aMF

curves.

TABLE II. Tract-specific diffusivity parameters

Patient group Control group
Patients vs.
controls

Tracts FA kk k? Tracts FA kk k? FA kk k?

PTi 0.32 � 0.06 1.48 � 0.29 0.97 � 0.27 PTL 0.42 � 0.03 1.21 � 0.11 0.65 � 0.10 ;* :* : *

PTc 0.40 � 0.03 1.28 � 0.08 0.72 � 0.09 PTR 0.40 � 0.04 1.24 � 0.12 0.71 � 0.14 — : —
aMFi 0.32 � 0.06 1.42 � 0.27 0.93 � 0.27 aMFL 0.41 � 0.03 1.18 � 0.08 0.64 � 0.07 ;* :* :*
aMFc 0.39 � 0.03 1.24 � 0.07 0.72 � 0.09 aMFR 0.40 � 0.04 1.19 � 0.10 0.68 � 0.12 — : :
M1-M1 0.27 � 0.05 1.36 � 0.15 0.85 � 0.19 M1-M1 0.33 � 0.03 1.28 � 0.10 0.79 � 0.09 ;* : :*

Directional diffusivity values are given as mean lm2/ms � standard deviation. Arrows in the three columns on the right show the
direction of differences between the patient and control groups (asterisk [*] indicates P < 0.05; post-hoc Bonferroni-corrected for multi-
ple comparisons [K ¼ 5]).
Abbreviations: aMF, alternate motor fibers; c, contralesional hemisphere; FA, fractional anisotropy; i, ipsilesional hemisphere; L, left; kk,
axial diffusivity; k?, radial diffusivity; M1-M1, transcallosal fibers connecting primary motor cortices; PT, pyramidal tract; R, right.
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found for higher directional diffusivity values of the aMF
in the patient group compared to the control group (Table
II). Partial correlation analyses revealed no correlations

between tract-specific DTI-derived parameters and WMFT
change or baseline WMFT scores (Table III). The analysis
of FA profiles demonstrated that AUC difference values of

Figure 4.

Scatter plot of correlation analyses. Correlation analyses of tract-specific diffusivity and propor-

tional change in Wolf Motor Function Test (WMFT) scores for ipsilesional PT, ipsilesional aMF,

and M1-M1. Pearson’s coefficients of all correlations can be found in Table III; the regression

lines in the graph are derived from the raw data (i.e., without accounting for covariates).
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contralesional tracts did not significantly predict changes
in WMFT, but correlated with baseline WMFT scores (see
Table III and Supporting Information).

Diffusivity of Transcallosal Motor Fibers

FA values of transcallosal motor fibers in the patient
group were significantly lower than in the control group.
k? values were significantly higher, but there was no sig-
nificant difference in kk values (Table II). Partial correla-
tions with change in WMFT yielded significant results for
all directional diffusivities and a strong trend for FA (see
Fig. 4). Partial correlations with baseline WMFT scores
revealed significant results only for FA, but not for kk or
k? values (Table III).

Diffusivity of the Control Tract

(Uncinate Fasciculus)

None of the ipsi- or contralesional tract-specific diffusiv-
ity parameters correlated with baseline WMFT (all P >
0.08) or change in WMFT (all P > 0.30).

Multiple Regression Analyses

A first regression analysis was conducted using tract-
specific FA of corticospinal tracts and transcallosal M1-M1
fibers as predictors of WMFT change (adjusted r ¼ 0.78, P
¼ 0.011). A strong trend was found for the corticospinal
tracts (combined PT and aMF) to predict WMFT change
(partial r ¼ �0.53, P ¼ 0.052) while M1-M1 did not predict
WMFT change (partial r ¼ �0.09, P ¼ 0.750). A second
regression analysis of tract-specific kk values (adjusted r ¼
0.81, P ¼ 0.001) demonstrated that transcallosal M1-M1
fibers were a significant predictor of WMFT change (par-
tial r ¼ 0.64, P ¼ 0.013) whereas ipsilesional corticospinal
tracts did not predict motor improvement (partial r ¼ 0.31,
P ¼ 0.282) in this model. Similarly, the regression analysis
of tract-specific k? values (adjusted r ¼ 0.83, P < 0.001)
showed transcallosal M1-M1 fibers to be a significant pre-
dictor of WMFT change (partial r ¼ 0.59, P ¼ 0.027) while

the ipsilesional corticospinal tracts did not predict change
in motor scores (partial r ¼ 0.23, P ¼ 0.427).

DISCUSSION

We found a distinct pattern of diffusivity alterations in
transcallosal and ipsilesional corticospinal tracts of chronic
stroke patients with decreased FA values and increased
directional diffusivities as compared to the control group.
This pattern is characteristic of chronic white matter
degeneration [Concha et al., 2006; Sidaros et al., 2008; Yu
et al., 2009].

Prediction of Functional Motor Improvement

DTI-derived measures of the PT, aMF and M1-M1 pre-
dicted functional gains in our experimental rehabilitation
trial [Lindenberg et al., 2010b]. This finding was comple-
mented by the results of the functional data analysis,
which revealed that the closer the FA profiles of cortico-
spinal tracts resembled those of healthy age-matched con-
trols, the greater the improvement in WMFT scores. Our
rationale for investigating two different corticospinal tracts
originating from primary motor cortex was based on pre-
vious work suggesting that the integrity of all descending
fibers is related to the level of motor impairment after
stroke [Fries et al., 1991; Lang and Schieber, 2003; Linden-
berg et al., 2010a]. Our results complement these studies
and provide evidence that the integrity of both the PT and
aMF is directly related to the functional potential for fur-
ther recovery in the chronic stage after stroke.

In addition to corticospinal tracts, we tracked transcal-
losal fibers connecting the primary motor cortices. Dense
callosal connections between homologous motor areas
have been demonstrated in animal studies [Jenny, 1979;
Pandya et al., 1969], and electrophysiological investiga-
tions added evidence of their functional significance
within inhibitory and facilitatory circuits in humans [Fer-
bert et al., 1992; Hanajima et al., 2001]. Using a combina-
tion of DTI and transcranial magnetic stimulation, a recent
study demonstrated the close relationship of inter-hemi-
spheric inhibition between primary motor hand regions

TABLE III. Partial correlation analyses

FA kk k?

bWMFT DWMFT bWMFT DWMFT bWMFT DWMFT

PTi �0.37 �0.80* 0.27 0.58 0.23 0.67
PTc �0.30 �0.40 �0.19 �0.09 �0.08 0.05
aMFi �0.46 �0.87* 0.24 0.58 0.27 0.72

aMFc �0.38 �0.48 �0.05 �0.07 0.06 0.27
M1-M1 �0.77* �0.70 0.39 0.80* 0.58 0.82*

Table III shows results of partial correlations, controlling for age, time post-stroke, and lesion size as covariates; values in the table are
Pearson’s coefficients (r); results in bold indicate 0.10> P > 0.05, an asterisk (*) indicates P < 0.05 (two-tailed; post-hoc Bonferroni-cor-
rected for multiple comparisons [K ¼ 5]).
Abbreviations: bWMFT, baseline WMFT scores; DWMFT, proportional change in WMFT scores from baseline to post-intervention.
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and diffusivity of transcallosal fibers connecting these
regions [Wahl et al., 2007]. This allowed us to use transcal-
losal M1-M1 fibers as a structural substrate of inter-hemi-
spheric interactions in our present study. The observed
correlations between transcallosal diffusivity parameters
and change in WMFT scores provide strong evidence for
the importance of inter-hemispheric interactions in addi-
tion to uni-hemispheric circuits for motor function after
stroke. Although the exact role of contralesional motor
regions for recovery remains elusive [Johansen-Berg et al.,
2002; Werhahn et al., 2003], our present study suggests
that its connection with ipsilesional motor cortex is critical
for functional improvement in the chronic stroke phase
[Cramer, 2008b; Perez and Cohen, 2009]. Since DTI does
not provide information about fiber direction or the func-
tional role of fibers (e.g., excitatory or inhibitory), we can-
not determine whether the integrity of connections from
contralesional to ipsilesional motor cortex or vice versa
accounted for the therapeutic response observed in our
patient sample.

The superior predictive power of M1-M1 diffusivity
parameters as compared to unihemispheric corticospinal
tracts needs to be interpreted within the context of our
experimental brain stimulation trial. The simultaneous
modulation of excitability of ipsilesional and contralesional
motor cortices influences both sides of a hypothetical
model of imbalance in inter-hemispheric inhibition
[Schlaug et al., 2008; Vines et al., 2008], possibly increasing
the importance of intact M1-M1 fibers. Future studies
would need to test the value of motor tract diffusivity
measures as predictors of recovery potential comparing
different rehabilitative approaches. Furthermore, we
cannot exclude the possibility that inter-individual pre-
morbid differences in transcallosal fibers accounted for the
observed relationship with WMFT changes [Johansen-Berg
et al., 2007].

Alteration of Fractional Anisotropy

The use of regional FA values as surrogate markers of
motor impairment after stroke has been well established in
several cross-sectional studies of the corticospinal system:
lower ipsilesional values correlated with poorer motor
function [Lindenberg et al., 2010a; ; Schaechter et al., 2009;
Thomalla et al., 2004]. In addition to their role as structural
correlates of motor function, regional FA values of the in-
ternal capsule predicted changes in motor impairment af-
ter 30 days of practice [Stinear et al., 2007]. Using a
comparable number of chronic stroke patients, our present
study suggests that tract-specific FA may be a valuable al-
ternative to FA of predetermined ROIs in predicting func-
tional potential, especially when DTI is used without
additional electrophysiological measures.

Contralesional tract-specific FA values correlated with
motor impairment at baseline in our chronic stroke
patients, replicating a previous finding [Schaechter et al.,

2009]. Interestingly, although FA profiles of contralesional
PT and aMF (derived using the FDA) correlated with base-
line WMFT score, it did not predict functional potential
for recovery in our present analysis. This suggests that if
remodeling of a contralesional motor tract occurs after
stroke [Benowitz and Carmichael, 2009], it might not nec-
essarily provide the structural basis for further functional
gains in the chronic phase.

Alteration of Directional Diffusivity

The use of directional diffusivity as an indicator of fiber
integrity is based on animal studies, which have provided
evidence for distinct pathological processes underlying
changes in kk and k? [Mac Donald et al., 2007; Song et al.,
2003; Wu et al., 2007]. A decrease in kk is thought to be in-
dicative of axonal damage and associated with retraction
in the acute phase after injury, whereas an elevation due
to degenerative processes has been reported in the chronic
phase. In contrast, k? was shown to increase shortly after
injury and to stabilize on an elevated level in the chronic
phase compared to normal values [Sidaros et al., 2008; Yu
et al., 2009]. This increase in k? was suggested to primar-
ily reflect demyelination [Budde et al., 2007; Song et al.,
2003]. However, the model of separable axial and radial
diffusivities and their specific connection to discrete patho-
logical processes appears to be controversial, especially in
regions of complex fiber architecture [Wheeler-Kingshott
and Cercignani, 2009]. Since our tracts of interest com-
prised major pathways with bundles of coherently aligned
fibers, the issue of complex fiber orientations might not be
as problematic so that the general interpretation of diffu-
sivity changes outlined above may still apply for the
selected tracts.

Higher kk values of corticospinal and transcallosal tracts
were associated with less improvement through the inter-
vention. Higher axial diffusivity values (as compared to
the contralesional hemisphere or control subjects) might
reflect a composite of degeneration and subsequent struc-
tural compensation [Sidaros et al., 2008]. The latter does
not necessarily yield functionally meaningful connections
[Benowitz and Carmichael, 2009; Dancause et al., 2005],
hence the magnitude of axial diffusivity might be driven
by factors which actually interfere with recovery and cause
the inverse correlation with WMFT change scores.

Similarly, higher k? values of transcallosal and ipsile-
sional corticospinal tracts were associated with lower func-
tional gains. This corresponds to results of a study of
children with motor dysfunction where higher k? of corti-
cospinal motor fibers predicted less improvement in motor
function at a follow-up assessment [Ludeman et al., 2008].
Similarly, in an investigation of diffusivity changes due to
optic neuritis, k? of the optic nerve in the subacute phase
correlated with clinical scores in the chronic phase [Nai-
smith et al., 2009]. Interestingly, we found substantial
alterations not only in corticospinal tracts, which showed
overlap with the lesion in every single patient in our
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group, but also M1-M1, which showed overlap with the
lesion only in 8 of the 15 patients (see Table I). Thus, the
alterations cannot solely be caused by retro- or antero-
grade changes directly related to the stroke lesions. In fact,
remote changes within the broader ‘‘motor network’’ have
been consistently described in previous studies (e.g.,
[Schaechter et al., 2009; Thomas et al., 2005]) and could be
explained by diaschisis (e.g., [Seitz et al., 1999]).

Limitations

The novel results found in this study open avenues for
further research. In particular, we chose to use a short DTI
sequence in order to minimize movement artifacts in the
sample of moderately to severely impaired patients and to
test the predictive value of DTI parameters acquired with
a sequence that could be easily implemented in standard
clinical settings (4:20 min scanning time). However, the
resulting voxels are non-isotropic so that partial volume
effects and angular resolution vary in different axes, limit-
ing the degree to which valid comparisons can be made
between tracts that are oriented along these different axes.
Furthermore, the limited number of diffusion directions
may hinder an appropriate modeling of multiple fibers per
voxels. While DTI parameters used in the current study
may be appropriate for clinical applications, studies with
higher resolution and isotropic voxels as well as greater
number of diffusion directions would be needed to more
accurately test the predictive value of tract-specific diffu-
sivity measures.

CONCLUSION

DTI-derived parameters predicted functional improve-
ment in chronic stroke patients undergoing an experimen-
tal rehabilitation trial. The more the diffusivity profiles of
their affected tracts resembled those observed in healthy
subjects, the greater their potential for functional recovery.
Furthermore, measures of transcallosal fibers were supe-
rior predictors as compared to corticospinal tracts in the
context of our bihemispheric stimulation approach. In con-
clusion, diffusivity parameters of individual tracts and
tract combinations may help in assessing potential benefits
of brain stimulation applied to ipsilesional and contrale-
sional motor cortices and in determining optimal neurore-
habilitative interventions.
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