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ocal ischemic brain lesions primarily affect circumscribed

brain regions and fiber tracts resulting in acute neurologi-
cal deficits. Secondary damage because of apoptosis, inflam-
mation, diaschisis, and neurodegeneration, however, can also
affect remote brain areas and may result in a more widespread
perturbation of entire functional networks even in the nonisch-
emic hemisphere. Such network-wide effects may play a role
in the development of poststroke cognitive impairment and
may impose limits on functional recovery.

Assessing the total effect of all these mechanisms onto the
damaged and recovering brain may be clinically useful for bet-
ter outcome prediction and identification of therapeutic targets
because some of those processes (diaschisis and inflammation)
are in principle reversible and the strengthening of alterna-
tive pathways by targeted intervention may promote recovery.
From a practical clinical point of view, imaging methods which
can be performed on clinical MRI scanners and do not require
active patient participation are ideal candidates to perform
such assessments. This topical review thus focuses on diffu-
sion tensor imaging (DTI) MRI and resting-state functional
MRI (RS-fMRI) as the most promising methods to this regard
(Table). We briefly introduce the physiological background of
each method and review current evidence for assessing con-
nectivity in the context of motor recovery.

Assessing Structural Connectivity With DTI
Principles of DTI

Diffusion-based MRI methods are techniques that are sensi-
tive to signals originating from freely moving water molecules
in the tissue. Unrestricted movement in all 3 spatial directions
results in isotropic diffusion. In the healthy human brain,
highly organized white matter pathways consisting of tightly
packed axons present a barrier to isotropic diffusion. This dif-
fusion anisotropy is characterized by the preferential diffusion
of water molecules parallel to the long axis of the fiber bun-
dles with restricted diffusion perpendicular to the long axis.!
During DTI acquisitions, pairs of balanced diffusion-
sensitizing field gradients are applied to dephase and then
rephase the precessing protons in water molecules, labeling

their translational movement. The net diffusion causes a loss
of signal intensity in the final image. A tensor model, which
is a 3-dimensional representation of the distance covered in
space by water molecules over time, allows the quantifica-
tion of diffusion along each of the principle axes of the tensor.
This diffusivity information can be converted into fractional
anisotropy (FA), a scalar value ranging from O to 1, which is
a sensitive measure of microstructural integrity but not spe-
cific for the type of pathology.? The diffusion tensor model can
also be used to reconstruct fiber tracts in 3 dimensions, thus
enabling the in vivo visualization of structural connectivity.
Tractography algorithms follow the predominant direction of
diffusion at each image to determine the anatomic connections
but have limitations in resolving regions of crossing white
matter pathways.>

Pyramidal Tract Integrity in Chronic Stroke
Decreases in FA have traditionally been interpreted as a cor-
relate of Wallerian degeneration of fiber tracts after stroke.’
Wallerian degeneration is the anterograde degeneration of
axons and their myelin sheaths after proximal axonal injury
and most studies traditionally focused on changes in FA
of the pyramidal tract (PT) anterograde to the lesion in the
chronic phase.*

All cross-sectional studies, using FA metrics (either regional
FA or FA ratios between identical regions of interest in the
affected and nonaffected hemispheres) agree that a decrease
in FA at the level of the internal capsule, pons, or cerebral
peduncles at 1 month after the event or later correlates with
motor impairment in the chronic stage.™ Tractography in
those chronic cases indeed demonstrates a reduction of the
tract volume, which may be interpreted as atrophy secondary
to anterograde degeneration.!®!! These metrics of PT integ-
rity also seem to better correlate with motor impairment than
lesion size alone' or task-based fMRI motor network activ-
ity'? but are highly correlated with functional resting-state
connectivity." They thus probably better characterize the net
damage to the common outflow pathway of distributed motor
networks.
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Table. Comparison of Resting-State fMRI and Diffusion Tensor Imaging
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Brain Connectivity After Stroke

RS-fMRI

DTI

Basic principle
Basic measure

Preprocessing challenge
Processing methods

Proposed clinical protocol

Limitations

Advantages

Spontaneous fluctuations of BOLD signal

Correlations between BOLD signal time course
in remote brain areas

Physiological (cardiac, respiratory) artifacts

Seed-based correlations
Independent component analysis
Clustering analysis
Graph-based methods

180 volumes, 4-mm isotropic voxels, 34 slices,
TR=1810 ms, TE=30 ms, flip angle=90°
Instruction to patient eyes closed
Record respiration and pulse

Large amount of noise
Influence of image processing steps
Variation of networks over time
Susceptibility artifacts of sinuses

Examine coherent functional networks
Independent of task performance
Simple scanning protocol with little
head motion artifacts

Diffusion restriction of water molecules
Magnitude and direction of diffusion tensor

Resampling of images for alignment

Tractography using deterministic
or probabilistic tracing algorithms
Graph-based methods

Sixty-four diffusion encoding directions, 2-mm
isotropic voxels, 63 slices, b=1000 s/mm?,
TE=121 ms, TR=11.1 s, flip angle=90°

Fibers crossing main tracing direction
Fractional anisotropy is unspecific measure
of tract integrity
Influence of image processing steps

Visualization of anatomic connections
Measure of fiber tract integrity

BOLD indicates blood oxygen level dependent; DTI, diffusion tensor imaging; RS-fMRI, resting-state functional MRI; TE, echo time; and TR,
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repetition time.

PT Integrity in Acute and Subacute Stroke
Longitudinal studies in homogeneous patient populations with
well-defined subcortical infarcts, however, seem to suggest a
different interpretation of FA metrics as surrogate marker of
degeneration only. By analyzing retrograde and anterograde por-
tions of the PT in patients with subcortical stroke, a significant
decrease in FA was demonstrated already in the subacute phase
(=10 days after stroke) in both tract portions.'° This indicates that
other processes than neurodegeneration must contribute to these
early changes in FA signal and that ischemic damage is likely
responsible for these early changes. A degenerative component,
mainly affecting the anterograde portion, may contribute to the
observed FA decreases only in later stages. A recent longitu-
dinal study found changes in the PT already in the hyperacute
phase (<4.5 hours).” Interestingly, in these studies, changes in
FA in the subacute phase were correlated with the motor defi-
cit in the subacute!®'®!7 and chronic phase!®!® and indicate that
the extent of tract damage at different levels as measured in the
acute phase'? seems to be the determinant of outcome and recov-
ery. Early changes in PT FA and their relationship to functional
impairment and rehabilitation outcome are thus of possible clini-
cal relevance for early rehabilitation interventions.

Role of Alternative Pathways

Besides the corticospinal tract portion of the PT originating from
the primary motor cortex, there are also fibers originating from
the premotor and supplementary motor cortices, which seem to
contribute to the recovery of grip strength.? In addition, extra-
pyramidal pathways may undergo structural changes during the
recovery phase, which may constitute adaptive changes in struc-
tural connectivity of motor networks. In patients with chronic
stroke, FA of the corticorubrospinal tract seems to be increased
as compared with control subjects and correlates positively

with upper extremity motor function. Corticorubrospinal tract
FA also seems to be inversely related to connectivity of the PT
indicating that the more damage has been inflicted to the PT the
stronger is the possible compensatory connectivity of extrapyra-
midal fibers.?! This correlation occurs only after 3 months, thus
supporting the view that these changes are indeed an adaptation
of structural connectivity.”> Although changes in tract volume
and FA changes seem to be highly correlated for the PT, dis-
sociation between those metrics of structural connectivity has
been reported recently for the corticoreticular pathway, which
is an important extrapyramidal pathway for walking ability. In
patients with chronic stroke walking ability was correlated with
corticoreticular pathway volume in the nonaffected hemisphere
and this volume was higher in patients who recovered walking
ability than in those who did not and even higher than in normal
controls, thus supporting the view that these changes in the non-
affected hemisphere might indeed be compensatory.?

Structural Connectivity

Starting with the observation that ischemic strokes involving
the primary motor cortex cause an increase in activity in the
contralesional motor cortex when moving the paretic limb,
callosal motor fibers connecting both motor cortices are con-
sidered the anatomic substrate for this phenomenon based on
the theory of poststroke transcallosal disinhibition.”* Using
tractography to isolate callosal motor fibers in patients with
subcortical stroke at the level of the internal capsule, it was
shown that FA ratios in callosal motor fibers were decreased
relative to callosal optical fibers in the same subjects and to
callosal motor fibers in controls® in the chronic but not in the
subacute phase. These signal changes in the corpus callosum
seem to indicate transsynaptic degeneration related to upper
extremity motor function’® and may be clinically useful in
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predicting a patient’s individual response to therapeutic inter-
vention.”” Although these tractography studies may be infor-
mative, they do require tracing of individual tracts between
seed regions and may thus not yet be applicable for routine
clinical use. Approaches that try to automatically map all pos-
sible fiber tract connections (the connectome) using voxelwise
connectivity matrices® or try to estimate remote stroke effects
from normal connectivity maps® may be promising alterna-
tives to tractography, but require further exploration.

Assessing Functional Connectivity
With RS-fMRI

Physiology of RS-fMRI

Spontaneous modulations of fMRI signal in the absence of
any overt task or stimulation is referred to as RS-fMRI. Blood
oxygen level-dependent contrast is by far the most widely
used fMRI technique to measure hemodynamic responses
related to neural activity. An increasing body of evidence
indicates that spontaneously occurring blood oxygen level—-
dependent fluctuations at infraslow frequency bands (0.01-
0.1 Hz) are not simply noise, but rather reveal synchronized
spatiotemporal organization of the brain at rest.** These slow
fluctuations partition the resting brain into temporally syn-
chronized networks of spatially distinct areas, the so-called
resting-state networks (RSNs). Specifically, the spatial pattern
of RSNs mimics clusters of brain regions that are coactivated
during the performance of different sensorimotor and cogni-
tive tasks.® Although the relationship between RS-fMRI and
neural activity is not yet fully understood, several lines of
evidence support significant neural contributions to RS-fMRI
fluctuations. Infraslow fluctuations of RS-fMRI are directly
correlated with the same frequency range fluctuations in the
power of fast (gamma range) local field potentials.!

Functional connectivity (FC) analysis measures correlations
between fMRI time points of remote brain areas. FC analysis
estimates how well the blood oxygen level-dependent time-
series of different regions covary and measures the strength
of relationship between them. There are mainly 4 different
analytic techniques for performing resting-state FC analysis,
including seed-based correlations, independent component
analysis, clustering analysis, and graph-based methods. For a
detailed comparison, see Lee et al.

Resting-state FC analysis, in particular, is suited to study
large-scale functional network dynamics and reorganization
under normal and diseased conditions for the following rea-
sons: first, in contrast to the task-based fMRI, they are not
subject to changes in task parameters over time (eg, as a
result of learning or recovery) and thus allow evaluation of
functional networks under similar experimental conditions.
Second, the RSNs allow to study more long-term effects of
training or recovery that are beyond the periods of task perfor-
mance.*** Finally, even patients with severe disabilities can
undergo resting-state scans without causing excessive motion
artifacts, which potentially degrade image quality. Limitations
of RS-fMRI include low signal:noise ratio because of artifacts
from respiratory and cardiac activity as well as influence of
image processing steps (such as selection of seed voxels and
band-pass filtering) on connectivity measures.

RSNs Reorganization After Stroke

Acute Phase
Several studies have examined RSNs spatiotemporal patterns
in patients with acute stroke in relation to the degree of motor
deficit and compared with controls.*>>” The consistent finding
is that the interhemispheric FC between homologous sensory
and motor areas is decreased compared with controls and is
correlated with the degree of behavioral impairments in the
acute stage.** It has been shown® that acute disruption of
interhemispheric resting-state FC in the dorsal attention and
somatomotor RSNs correlates with behavioral measures of
attention and motor impairments. Similar findings have been
reported in a rat stroke model, demonstrating a link between
sensorimotor impairments and deterioration of interhemi-
spheric connectivity.’’ In contrast to nonrecovered patients
with motor deficits, patients with acute stroke without motor
impairment and subacute-recovered patients showed normal
connectivity between ipsilesional and contralesional motor
cortices.* In another combined resting-state and passive move-
ment study,” reduced interhemispheric connectivity in the
acute stage could differentiate patients with poor from patients
with good recovery. This close correspondence between the
degree of impairment/recovery and reduced interhemispheric
connectivity suggests that a tightly controlled balance between
excitatory and inhibitory connections across hemispheres is
necessary for optimal execution of sensorimotor function.*!
Higher connectivity in the acute phase between ipsilesional
motor cortex and contralesional thalamus and supplementary
motor area was predictive of a better chronic motor recovery®
as was the progressive restoration*? of interhemispheric, but
not intrahemispheric somatomotor connectivity.

Subacute Phase
Although the acutely diminished interhemispheric connec-
tivity is progressively increasing during the subacute phase
together with functional recovery, it does not reach the connec-
tion strength of control subjects.***? This subacute FC deficit is
well correlated with reduced white matter integrity in corpus
callosum and ipsilesional PT as measured by DTI*” or manga-
nese-enhanced MRI.* This suggests that functional and neuro-
anatomical connectivity deteriorations are 2 sides of the same
medal, directly contributing to poststroke behavioral deficits.

Moreover, several studies have examined changes in the
topology of RSN to assess network reorganization during the
subacute phase. Using graph theory—based RS-fMRI analy-
sis, the small world-ness of somatomotor networks is evalu-
ated after experimental* and human'® stroke. Small world
topology is characterized by high clustering and short path
length within a network, yielding fast propagation of informa-
tion and strong synchronizability between network nodes.*43
The results of these attempts, however, are inconsistent with
1 study describing a decrease in small world properties of the
reorganized motor network toward a random configuration,
whereas another one documented an increase in small world-
ness within the bilateral network, which tends to return to a
baseline small-world topology at chronic stages.*

Thus, the interpretation of results in the former case would
suggest that random spontaneous axonal outgrowth is the mech-
anistic feature of less optimal network reorganization, whereas
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the latter supports the view that an optimal strategy aims at reor-
ganization of large-scale networks to achieve faster information
transfer, as well as higher local processing power after stroke.
Another subacute signature of RSN reorganization is intra-
hemispheric connectivity changes within the ipsilesional and
contralesional sensorimotor regions. Subacute-decreased ipsi-
lateral intrahemispheric connectivity is demonstrated after
large cortical and subcortical infarcts in rats*’ and increased
intrahemispheric connectivity was reported within contrale-
sional sensorimotor cortex. These changes in intrahemispheric
connectivity, however, did not correlate with restoration of
motor function.*> Overall, although decreased ipsilesional
and increased contralesional intrahemispheric connectiv-
ity patterns have been documented, lack of any relationship
with functional outcome measures suggests a minor impact of
mechanisms to motor recovery in the subacute phase.

Chronic Phase
The transition to the chronic poststroke phase is characterized
by a gradual normalization of connectivity patterns toward
prestroke RSN connectivity. For example, decreased inter-
hemispheric connectivity between homologous areas tends to
return back to normal in patients who recovered well, whereas
in poorly recovered patients, the degree of decreased inter-
hemispheric connectivity correlates with motor function.?64*#7
This reduction in interhemispheric connectivity coincided with
reduced structural integrity of transcallosal motor fibers and
PT.% Both, structural and FC measures, were independently
correlated with clinical outcome measurements, suggesting
that both measures may provide complementary information.
Reorganization of RSN connectivity in the chronic phase
also seems to extend to RSNs, which are not directly involved
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in sensory-motor processing. A non-hypothesis-driven inde-
pendent component analysis decomposition of RSNs in patients
with chronic stroke* found elevated intranetwork connectivity
in different sensory, motor, and default mode networks com-
pared with controls, but connectivity was decreased within asso-
ciative frontoparietal networks and between networks. These
findings partly suggest that RSNs reorganization in the chronic
stage involves higher integration within networks than across.
To date, changes in the RSNs spatiotemporal patterns have
been investigated after spontaneous recovery of sensorimotor
function. The effect of therapeutic intervention on RSN con-
nectivity remains to be studied. Vahdat et al*® have recently
documented learning-induced changes in RSN after motor and
perceptual® training, which were associated with improvements
in behavioral task performance in healthy subjects.* The Figure
shows changes in the RSNs after 1 hour of similar somatosen-
sory perceptual training in a patient with chronic subcortical
stroke. Two RSN were activated as a result of perceptual learn-
ing: a sensory network (Figure [A]) including bilateral thalamus
cerebellum and ipsilesional striatum, as well as a motor-related
network (Figure [B]). Structural connectivity as measured
with DWI showed a decrease in both FA and PT volume in
the affected hemisphere (Figure [C and D]). Training-induced
changes in FA, however, were not significant. RS-fMRI con-
nectivity analysis may thus provide information on a patient’s
responsiveness to different rehabilitation interventions.

Conclusions
At present, assessment of structural integrity of the entire
PT as common motor output pathway and assessment of
interhemispheric resting-state connectivity between motor

Figure. Changes of structural and func-
tional connectivity after sensory training.
A and B, Resting-state networks showing
increased connectivity in the post-training
compared with the pretraining condi-

tion. A sensory (A) and a motor-related

(B) networks were extracted using shared
and specific independent component
analysis method. The perceptual training
task involved patient’s judgment about the
movement direction of the affected arm
applied passively by a robotic manipulan-
dum in the absence of visual feedback.
Color bar indicates Z scores. C, Seed
regions used for diffusion tensor imag-

ing analysis in the posterior limb of the
internal capsule and cerebral peduncle in
the affected (green) and nonaffected (blue)
hemispheres. D, Results of corticospinal
tractography. IL indicates ipsilesional.
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network regions seem to be the clinically most promising MRI
approaches for the prognosis of motor stroke recovery. Using
connectivity parameters as prognostic indicators may prove
useful in the future for stratifying patients for clinical recovery
trials. Assessment of interhemispheric connectivity will gain in
importance in the context of therapeutic approaches that aim at
modulating interhemispheric connectivity (eg, repetitive tran-
scranial magnetic stimulation, transcranial direct current stimu-
lation, or constrained-induced movement therapy) to facilitate
motor recovery. However, larger scale clinical trials with robust
and easy to implement image acquisition and analysis proce-
dures are now the next step toward a clinical application.
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