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Biomarkers and predictors of restorative therapy effects after
stroke

Erin Burke1 and Steven C. Cramer1,2

1Department of Anatomy & Neurobiology, University of California, Irvine
2Department of Neurology, University of California, Irvine

Abstract
Many restorative therapies that promote brain repair are under development. Stroke is very
heterogeneous, highlighting the need to identify target populations and to understand inter-subject
differences in treatment response. Several neuroimaging measures have shown promise as
biomarkers and predictors, including measures of structure and function, in gray matter and white
matter. Choice of biomarker and predictor can vary with the content of therapy and with the
population under study, for example, contralesional hemisphere measures may be of particular
importance in patients with more severe injury. Studies of training effects in healthy subjects
provide insights useful to brain repair. Limitations of published studies include a focus on chronic
stroke, however the brain is most galvanized to respond to restorative therapies in the early days
post-stroke. Multimodal approaches might be the most robust approach for stratifying patients and
so for optimizing prescription of restorative therapies after stroke.
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Introduction
Approximately 795,000 strokes occurring each year in the United States [1], with the rate of
survival increasing in recent years. Thrombolytic therapy has been approved for the
treatment of acute stroke, but only 5.2% of Americans receive intravenous tPA after stroke
[2] and approximately half of those who are treated and survive nonetheless show long-term
disability [3]. The need exists for additional therapeutic approaches to reduce disability after
stroke.

While many patients show some degree of spontaneous recovery during the months after a
stroke, this is generally incomplete. Restorative therapies aim to improve outcome not by
salvaging threatened brain, as with reperfusion or neuroprotection drugs, but by promoting
plasticity within surviving neural tissue [4, 5]. Restorative therapies typically have a
therapeutic time window measured in days-weeks and so have the potential to be accessed
by a large fraction of patients with a new stroke. Examples of such brain repair therapies
include growth factors, cell-based therapies, and devices. Positive clinical trials have been
reported in human studies for several classes of restorative therapy after stroke. These
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include robotics [6], constraint-induced movement therapy (CIMT) [7], and pharmacological
therapy such as levodopa [8, 9] and selective serotonin reuptake inhibitors [10**]. In
addition, several forms of non-invasive cortical stimulation such as rapid transcranial
magnetic stimulation (rTMS) [11, 12, 13], transcranial direct current stimulation (tDCS)
[14], and theta-burst stimulation (TBS) [15] have shown promise in early phase studies.

One hurdle to implementation of restorative therapies is the heterogeneity of stroke, as
injury location and size vary widely from one patient to the next. The ability to assign the
right patients to the right therapies would maximize treatment effects, for example, by
confirming the presence of a therapy’s biological target. Because cellular and molecular
measurements are generally inaccessible in human subjects, a number of neuroimaging
methods have been examined to better understand, predict, and guide post-stroke restorative
therapies. This review will discuss recent studies of therapy-induced neuroplasticity,
predictors of treatment effect, and biomarkers of behavioral improvement.

Neuroimaging provides insight into neuroplasticity after stroke in humans
An increasing number of studies have examined the mechanisms of spontaneous recovery
after stroke. Animal studies have elucidated many of the cellular and molecular events [16],
both near and remote from the lesion, that underlie spontaneous post-stroke improvements.
These results are concordant with many of the findings form noninvasive neuroimaging
methods in human subjects.

A wide number of neuroimaging methods exist for evaluating the state of central nervous
system (CNS) function and structure after stroke. Brain function can be measured using
functional magnetic resonance imaging (fMRI), positron emission tomography (PET),
electroencephalography (EEG), magnetoencephalography (MEG), transcranial magnetic
stimulation (TMS), and near infrared spectroscopy. In many cases, these techniques measure
the volume of regional brain activation, the magnitude of this activation, and the balance of
activation across hemispheres, often reported as a laterality index, during a task or at rest.
Each technique has its merits and limits, for example, MRI involves no isotopes and can also
measure cerebral blood flow (CBF) and angiography; PET can be used to measure CBF,
metabolism, neurochemistry, and receptor kinetics; and TMS and MEG have temporal
resolution at the millisecond level. Techniques such as fMRI, EEG, and MEG provide
estimates of functional connectivity (FC), which assesses lesion effects on neural networks
near the infarct and remotely [17]. Effective connectivity evaluates not only changes in the
temporal correlation of activation between regions after stroke, as with FC, but also the
strength and directional influence of one brain region on another. Diffusion tensor imaging
(DTI) is an MRI method for examining white matter integrity via measures such as
fractional anisotropy (FA). Physiological measures such as TMS yield information such as
the size of a cortical representation map, or the conduction of a motor evoked potential
(MEP).

As no single method is sufficient to examine all aspects of neuroplasticity, a multimodal
approach can be used in order to achieve the most robust understanding [18]. Imaging not
only provides insight into the mechanisms of stroke recovery but also helps with
development of therapeutic protocols that target these mechanisms [19].

Mechanisms of spontaneous recovery after stroke in humans
Neuroimaging studies have provided insights into human neuroplasticity and, in general,
have been concordant with animal findings. After stroke in humans, focal injury reduces
local tissue function and has distant effects on activity in a number of brain areas connected
within a network. For example, after a stroke on one side of the brain, increased activation is
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often seen in homologous regions within the contralesional hemisphere [20]. In general, the
contribution of the contralesional hemisphere to spontaneous behavioral recovery after
stroke is largest in patients with the greatest injury and deficits [21, 22]. Attention has
therefore been paid to laterality of brain activation as a measure of altered brain function
[23]. Changes in fMRI laterality have been related to altered interhemispheric interactions,
suggesting that improved function of ipsilesional brain regions might be facilitated by
normalizing the pathological interhemispheric interactions that arise post-stroke [24, 25].
However, changes in interhemispheric connectivity might facilitate behavioral improvement
in some cases [26, 27]. Reductions in corticospinal tract (CST) integrity and
interhemispheric white matter integrity are associated with poorer motor outcome after
stroke [28, 29*, 30, 31] and might underlie observed changes in laterality of fMRI activation
[32, 33] and in fMRI connectivity [34*]. Such studies suggest that multimodal imaging may
be key to achieving the most precise understanding of the complex relationships between
injury, function, and spontaneous changes in behavior after stroke, but it remains unclear
how complex an approach is needed to answer basic questions about prediction and
biomarkers in a therapeutic setting.

Many of the neuroimaging metrics described in the study of spontaneous recovery correlate
with behavioral status and are therefore of interest to therapy-based studies. In addition,
many of the principles of neuroplasticity described in relation to spontaneous recovery
pertain to therapeutic studies after stroke.

Biomarkers of treatment-induced recovery
A biomarker is an indicator of disease state that is often useful clinically as a substitute
measure, reflecting underlying molecular/cellular events that are difficult to measure
directly. A good biomarker for stroke recovery might be one that reflects a brain event
related to recovery and that correlates with behavioral state. A biomarker might be useful in
a restorative therapeutic context by providing a measure related to the treatment’s
mechanism; such data might improve decision-making in the timing, duration, frequency, or
intensity with which a treatment is prescribed. Both structural and functional neuroimaging
measures have been examined as biomarkers, as have a range of blood tests.

Early neuroimaging studies examined correlates of treatment effects and reported
enlargement of the ipsilesional motor map via TMS [35, 36], increased fMRI activation
within ipsilesional secondary motor areas [37, 38, 39], and decreased activation of
contralesional hemisphere areas associated with increased laterality of activation towards the
ipsilesional hemisphere [40, 41]. Other studies described a treatment-associated bilateral
increase in activation [42, 43] as well as a decrease in ipsilesional activation [44, 45].
Divergent results were considered a reflection of differences among the patient populations
studied, such as differences in time post-stroke or in severity of deficits [46]. For example,
Johansen-Berg et al [37] found that CIMT was associated with increased ipsilesional
activation by fMRI, while Schaechter et al [47], in a study of patients with more severe
impairments, found CIMT to be associated mainly with contralesional activation increases.
Newer studies indicate that activation of brain areas beyond the normal pattern reflects the
operations of an injured nervous system and is associated with presence of behavioral
deficits, but this supranormal recruitment can support recovery, particularly in more severely
impaired patients.

Functional: activation
Cortical plasticity during stroke recovery occurs within perilesional areas as well as across
distributed networks and can be measured with techniques such as fMRI. A common type of
biomarker study has been longitudinal investigation of treatment-induced changes in cortical
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function in relation to a therapy targeting motor system function. In this context, research
has provided clear evidence for the role of primary (M1) and secondary motor areas in
supporting treatment-induced recovery, but new work has described a functional
contribution of primary somatosensory cortex (S1). To evaluate changes in S1 with CIMT,
paretic hands of seven chronic stroke patients with normal sensory function were passively
moved during fMRI [48*]. Increased activation within ipsilesional S1 was found in
association with treatment-induced gains in hand function. In some patients with chronic
stroke, a shift of activation into the postcentral gyrus can support motor recovery which may
be due, in part, to increased responsiveness to sensory input [49].

Recent studies examining effects of CIMT have begun to extend prior findings on patient-
specific factors that differentially affect changes in brain function associated with behavioral
gains. For example, Kononen et al [50*] found that patients with poorer baseline behavior
showing the largest improvement on the Wolf Motor Function Test have the largest
increases in activation within the ipsilesional sensorimotor cortex during finger flexion/
extension. These findings vary with degree of CST injury. In the study by Kononen et al
[50*], the three subjects lacking an MEP at baseline, indicating greater injury to the
corticospinal system, had the greatest treatment-associated increases in ipsilesional
somatosensory motor cortex (SMC) activation. Similarly, patients with CST injury from
stroke showed increased SMC activation by TMS across a course of CIMT, while patients
with an intact CST showed decreased SMC activation [51]. These findings are in contrast to
the direction of the gradient in untreated stroke patients, where injury to the ipsilesional CST
injury is associated with greater contralesional motor cortex activation [32]. The best
outcomes after stroke are associated with return of activation to more normal patterns;
similarly, restorative therapies, when effective, can normalize the direction of laterality of
brain activity.

Functional changes in activation with explicit motor tasks, such as with CIMT, have been
more extensively studied as compared to the mechanisms of implicit motor learning after
stroke. Preliminary results found that implicit motor learning is accompanied by decreased
dorsal premotor cortex (PMd) activation and greater superior frontal cortex fMRI activation,
findings not seen with such learning in healthy controls [52*]. For patients with chronic
stroke to learn an implicit motor task, a compensatory recruitment of brain areas associated
with working memory and visuomotor processing may be needed. These findings emphasize
that the mechanisms of behavioral improvement will likely differ according to the nature of
a restorative therapy.

Increased movement of the paretic upper extremity and decreased reliance on the non-
paretic upper extremity are core features of CIMT, however bilateral arm training has also
been found to improve motor function in patients with chronic stroke. Whitall et al [53*]
examined the functional mechanisms underlying improvement with bilateral arm training
with rhythmic auditory cueing (BATRAC) training and, furthermore, contrasted results with
dose-matched unilateral arm training. The two treatments exerted their beneficial effect
through different mechanisms: motor function improvement was comparable among the two
treatments but BATRAC resulted in significantly greater activation within ipsilesional
primary and secondary motor cortex as well as contralesional superior frontal gyrus.
Another comparative study found that mirror therapy, in which patients perceive their own
unaffected hand movements as occurring in the affected hand, was associated with increased
ipsilesional M1 activation relative to a control exercise lacking the mirror feature, but note
that these fMRI findings were not accompanied by differences in arm improvement as
measured by the Fugl-Meyer score [54]. Other potential mechanisms of mirror therapy
effects include increased excitability within contralateral M1 [55*].
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Non-invasive brain stimulation techniques have also been found to increase ipsilesional
fMRI activation in association with behavioral improvement. Anodal (facilitatory) tDCS
stimulation of the ipsilesional hemisphere was associated with greater behavioral gains
(better response time) as compared to cathodal (inhibitory) tDCS of the contralesional
hemisphere and was associated with increased activation within ipsilesional M1 and PMd
[56]. Therefore, facilitatory stimulation of the ipsilesional hemisphere may lead to gains in
motor function by increasing activation within ipsilesional motor areas. However, as has
been suggested [53*] suggested, and as was described above with CIMT, certain principles
exist in common across therapeutic categories. Thus in patients with more severe injury
from stroke, reliance on the contralesional hemisphere may be greater, and so contralesional
brain regions might be a key consideration for brain stimulation therapies [57].

Functional: connectivity
Serial imaging of fMRI connectivity has the potential to unlock how stroke treatments alter
functional connections between brain areas and how those changes are related to behavioral
gains. Resting-state FC, reflective of neural coupling in the absence of active task
performance, is an attractive means to evaluate motor network changes in a clinical
population such as stroke since it minimizes the effect of task-related motion artifact
sometimes seen when scanning paretic subjects during a motor task. In a moderate-severely
impaired chronic stroke population, Varkuti et al [58] evaluated the effects of robotic motor
training and brain computer interface motor imagery training on resting-state FC. Increases
in resting-state FC among several networks positively correlated with gains from both
robotic and motor imagery training, although correlations were only found when both
groups were combined.

Transcranial magnetic stimulation can also be used to interrogate changes in intra- and
interhemispheric connectivity. Improved reaching with training increases ipsilesional M1
corticospinal excitability, decreases interhemispheric inhibition from the contralesional to
the ipsilesional M1, and decreases intracortical inhibition of the affected triceps [59]. In
terms of specificity of findings, note that these changes were not observed for the biceps, a
muscle that was not the target of the reaching training. Before short-term reach training,
patients with chronic stroke with larger interhemispheric inhibition from the contralesional
to ipsilesional M1 had greater motor impairment; these patients also experienced the largest
behavioral gains improvements with training. Restorative therapies can modulate both
intrahemispheric and interhemispheric inhibition.

Connectivity is altered not only by motor training but also pharmacologically. A small group
of subacute/chronic stroke patients with mild deficits showed reduced connectivity between
ipsilesional M1 and supplementary motor area (SMA) at baseline. Subjects received a single
dose of the noradrenergic drug reboxetine that was associated with small improvements in
grip strength and finger-tapping speed [60]. Compared to placebo, noradrenergic therapy
significantly increased connectivity between ipsilesional M1 and SMA, i.e., a partial
restoration of the normal pattern, in proportion to behavioral improvements.

Multimodal imaging can provide insights into the anatomical underpinnings of changes in
FC. In a study of motor skill learning in healthy subjects, there was a significant increase in
gray matter volume within contralateral ventral striatum after 3 days of training and within
secondary motor areas after 5 days [61*]. Task-related FC between the ventral striatum and
the secondary motor areas was evident at day 3 and increased by day 5, suggesting a
functional link between the anatomical changes in striatum and motor cortices. Moreover,
structural changes were found within white matter weeks after these structural and
functional gray matter changes. This study also emphasizes the potential importance of both
white matter and gray matter to behavioral improvement with training.
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Structural
White matter structure can change with therapy. Abundant preclinical research indicates that
white matter structure and integrity are important to achieving behavioral gains with
restorative therapies after stroke. However, this issue has been much less examined in
human subjects. Several examples of changes in white matter integrity in parallel with
training-induced behavioral gains have been described in healthy subjects [62, 63, 64, 65].
Changes in white matter integrity, measured as changes in FA via DTI, have also been
described after intermittent theta burst stimulation applied to the affected left hemisphere in
chronic aphasia [13], a therapy thought to induce plasticity via an LTP-like mechanism.
Synaptic facilitation might increase cortical plasticity and so lead to changes in white matter
integrity and thus altered interactions across broad cerebral networks. Such multimodal
approaches, here combining noninvasive brain stimulation with neuroimaging
investigations, are a strong approach to understanding the mechanisms by which treatments
affect behavior [66].

Gray matter can also change with treatment, and such changes are structural as well as
functional. Relatively few studies have examined changes in gray matter structure in relation
to restorative therapies after stroke. Gauthier et al [67] administered CIMT to 16 chronic
stroke patients for 10 days and found increased gray matter volume in bilateral sensorimotor
cortices and hippocampi with MRI, a finding not observed in a control group, with degree of
gray matter volume increase correlating with extent of increased use of the affected arm.

Assessment of structural changes in both gray matter and white matter can provide a broader
picture than either measurement alone. In healthy subjects, training on a balancing task was
associated with increased gray matter volume in frontal and parietal regions, with degree of
volume increase correlated with degree of behavioral improvement [68**]. Interestingly, the
integrity of white matter subjacent to some of these gray matter regions decreased, a finding
attributed by the authors to learning-related increases in cell density and axonal/dendritic
arborization, reducing water diffusion. White matter and gray matter changes with juggling
training in healthy subjects also were found to colocalize [62]. Studies are needed to
determine if these principles derived from studying learning in healthy subjects extend to
neuroplasticity from restorative therapies after stroke.

Neuroimaging biomarkers also have the potential to serve as surrogate markers, although
there are few studies examining this application. A surrogate marker can be used as a
substitute for a biological measure of interest as long as certain assumptions are true, such as
the need for the surrogate marker to lie in the pathway of the therapeutic intervention [69].
Surrogate markers can guide therapeutic decisions and serve as a unique source of biological
insights. A surrogate marker is generally easy to obtain, which is not always the case for
neuroimaging measures, but surrogate markers can be very cost effective for Phase II
clinical trials. Common examples include blood pressure as a surrogate marker for vascular
death, HIV RNA levels as a surrogate marker of progression to AIDS, or tumor size as a
surrogate marker of survival.

Other
Other candidate biomarkers, of potential value alone or in combination with neuroimaging
biomarkers, include direct measures of molecules related to inflammation, CNS injury, and
angiogenesis obtained from blood samples [70, 71].

Summary Points
Functional imaging studies have measured neuroplasticity in relation to a number of
restorative therapies, particularly motor training and brain stimulation. Neuroimaging
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findings in relation to training and treatment are thought to reflect specific cellular and
molecular mechanisms [72**], but some interpretations should be made with caution until
the biological bases for MRI phenomena are better understood [73]. Fewer studies have
examined changes in brain structure as a biomarker. In many cases, an increase in function
within ipsilesional cortices is associated with treatment-induced gains in motor behavior;
however, the choice of biomarker might vary with features of the patient population, such as
time post-stroke or degree of impairment. Studies of training effects in healthy subjects
provide insights that extend to studies of neuroplasticity after stroke. Across a number of
neuroimaging methods and categories of restorative therapy, the best outcomes after stroke
are associated with restoration of normal patterns of brain function. In patients with
extensive unilateral injury, this may not be possible, and changes in the contralesional
hemisphere may be a more important source of biomarker data. Choice of biomarker
therefore varies with features of the patient population under study. The choice of biomarker
for restorative therapies after stroke might also differ in relation to the content of treatment.
Multimodal approaches are a powerful approach to understanding treatment mechanisms
and treatment effects on behavior, showing that both white matter and gray matter are
important for behavioral improvement.

Predictors of treatment-induced recovery
The heterogeneity of stroke makes prediction of treatment responders from non-responders a
great challenge. The ability to predict response to therapy and prospectively separate
subgroups could be useful for stratifying patients [74] to appropriate therapies in order to
maximize behavioral gains, efficiently utilize rehabilitation and financial resources, and
reduce variance to increase power in clinical trials.

Behavioral measures of motor impairment and function have been the most often used to
predict outcome after stroke [75] but pre-treatment behavior alone is unlikely to sufficiently
predict behavioral gains from restorative therapies. The final behavioral phenotype after
stroke can arise from a number of different biological states. Therefore, patients might
achieve an identical pre-treatment exam through very different neural processes, and such
differences might be associated with important differences in response to a restorative
therapy--a patient exploiting all possible compensatory brain mechanisms might be expected
to have little room to improve while a patient with a similar exam who uses no
compensatory mechanisms might be expected to derive greater treatment benefits.

Measurement of the structure or function of the biological target of interest, such as with
neuroimaging techniques, is likely to provide an improved picture of the biological target
and its capacity for reorganization as compared to what can be inferred from bedside
behavioral assessments alone [76]. While this is not yet performed routinely in stroke
patients, biological measures of the target tissue are routinely acquired in other areas of
medicine to inform treatment decisions, such as an exercise treadmill test to evaluate cardiac
function.

Functional: activation
Assessments of pre-treatment cortical activation have shown potential to predict treatment
gains but study results vary. In a study of motor cortex stimulation combined with
rehabilitation therapy, a measure of motor cortex function derived from fMRI improved the
predictive value of baseline Fugl-Meyer score [77]. Subjects with a smaller degree of motor
cortex activation during hand movements at baseline subsequently had larger gains in arm
motor function as measured by serial Fugl-Meyer scores. These subjects also exhibited the
greatest changes in motor cortex activation with treatment. Together, these results suggest
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that a subset of patients had underused motor cortex resource that was recruited in support of
behavioral gains from this form of therapeutic intervention.

The extent to which these results generalize across patients with different baseline function,
or in response to a different form of restorative therapy, requires further study. One study
that reached different conclusions found that greater baseline activation in a different
cortical region, S1, predicts higher behavioral gains with therapy. Laible et al [48*] found
that higher signal intensity within ipsilesional S1 at baseline was predictive of greater
improvement in hand function with CIMT. The model here is that when S1 contributes to
motor recovery from therapy, it needs to operate maximally. It is unknown whether the
greater baseline activation in S1 is due to conservation of a healthy somatosensory system or
due to post-stroke reorganization.

Although contralesional activation is often regarded as a less effective compensatory
strategy for executing movement or speech, such a strategy may be useful to benefit from
therapy. Among 16 patients with aphasia in the chronic phase, greater baseline activation in
right-hemisphere regions including inferior frontal gyrus was associated with greater
behavioral gains from constraint-induced aphasia therapy [78]. This might reflect greater use
of cognitive reserve strategies.

Functional: connectivity
Using connectivity measures to predict gains from restorative therapies is relatively
uncharted territory. Studies of recovery in the absence of therapy suggest predictive value of
connectivity measures, albeit the relationships may differ with when studied in the context
of a restorative therapy. Greater behavioral recovery from stroke is predicted by MEG- and
fMRI-derived measures of resting FC within several ipsilesional and contralesional brain
regions [79, 80]. Evaluating effective connectivity during a motor task, Rehme et al [26]
found that reduced connectivity from secondary ipsilesional areas onto ipsilesional M1
correlated with recovery. These findings encourage exploring these metrics as predictors of
response to a restorative therapy.

Structural
Injury to the CST is a very good correlate of motor function in chronic stroke but its value as
a predictor of motor gains from treatment is mixed. One of the first predictive chronic
studies found that CST FA asymmetry at baseline predicted behavioral improvement from a
30-day course of motor practice, and did so better than age, side of stroke, or baseline
clinical assessment [81]. Also, the extent of overlap between an infarct and the normal tracts
descending from M1 and PMd is a stronger predictor of motor gains from a course of
robotic therapy than is infarct volume or baseline behavior [82]. Similar results were also
reported by Lindenberg et al [83]. However, Globas et al [84] found that injury to the CST
was not predictive of gains with bilateral or unilateral arm exercise training. It is unclear
whether this divergence in findings is due to differences in the intervention, in the method
by which CST injury was measured, or other factors.

In addition to descending CST integrity, interhemispheric connections could be predictive of
treatment gains. A study of tDCS plus physical therapy found that the integrity of
transcallosal fibers connecting bilateral M1 regions, measured as higher FA and lower
diffusivity, predicted extent of behavioral improvement with therapy [85*].

The structural integrity of gray matter is also predictive of behavioral gains. In healthy
subjects, bilateral cerebellar gray matter volume positively predicted motor skill learning as
well as the volumetric changes in ipsilateral M1, as well as contralateral PMv and DLPFC
[86]. This finding directly extends to results in patients receiving restorative therapies after
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stroke. For example, poorer improvement after CIMT is predicted by reduced gray matter
density in several areas remote from the infarct: bilateral cerebral peduncles, pons,
cerebellum, ipsilesional SMA, premotor cortex, and contralesional temporal-occipital region
[87**], suggesting that gray matter substrate within a distributed motor network is important
for response to treatment in chronic stroke. A study in patients receiving epidural cortical
stimulation reached similar findings, and furthermore found that greater behavioral gains
from treatment were predicted by the presence of supranormal gray matter volume within
several brain areas as determined prior to treatment [88].

In many areas of medicine, the response to a dynamic challenge is more informative than a
single cross-sectional measure; the change in serum cortisol before vs. after introduction of
IV ACTH is far more informative about adrenal function than is a single check of serum
cortisol. Some studies suggest that this principle extends to stroke recovery. In two studies,
early neurologic response to therapy significantly predicted long-term behavioral gains [40,
89].

Other
Initial studies suggest that variations in genotype might be useful for predicting stroke
recovery, with the focus to date on predicting spontaneous recovery [90, 91].

Summary Points
Neuroimaging measures of function and structure improve the ability to predict behavioral
gains after stroke. Studies suggest that the best predictive models will consider multiple
forms of predictor variables, such as behavior and neuroimaging measures [81, 92].

Conclusions
The current review outlined a number of principles for biomarkers and predictors of
restorative therapy effects after stroke. A number of key limitations exist. Most of the
studies reviewed above have examined patients in the chronic phase, but the brain is most
galvanized to respond to restorative therapies in the early days after a stroke [93, 94, 95].
Further studies of predictors and biomarkers in the early days following stroke onset are
critically needed. Also, many studies have enrolled patients with relatively mild impairments
and those with subcortical infarct [96] [97*]. A multimodal approach can provide the richest
perspective on these issues. Greater insight into biomarkers and predictors of restorative
therapy effects may be key to maximizing the impact of this emerging class of therapies for
patients with stroke.

Acknowledgments
This work was supported by grants R01 NS058755 and NIH/NCRR 1ULRR031985.

References
1. Roger VL, Go AS, Lloyd-Jones DM, et al. Heart disease and stroke statistics--2012 update: a report

from the American Heart Association. Circulation. 2012; 125(1):e2–e220. [PubMed: 22179539]

2. Adeoye O, Hornung R, Khatri P, Kleindorfer D. Recombinant tissue-type plasminogen activator use
for ischemic stroke in the United States: a doubling of treatment rates over the course of 5 years.
Stroke. 2011; 42(7):1952–1955. [PubMed: 21636813]

3. Hacke W, Kaste M, Bluhmki E, et al. Thrombolysis with alteplase 3 to 4.5 hours after acute
ischemic stroke. N Engl J Med. 2008; 359(13):1317–1329. [PubMed: 18815396]

4. Dancause N, Nudo RJ. Shaping plasticity to enhance recovery after injury. Prog Brain Res. 2011;
192:273–295. [PubMed: 21763529]

Burke and Cramer Page 9

Curr Neurol Neurosci Rep. Author manuscript; available in PMC 2014 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



5. Cramer SC. Repairing the human brain after stroke. II. Restorative therapies. Annals of neurology.
2008; 63(5):549–560. [PubMed: 18481291]

6. Volpe BT, Huerta PT, Zipse JL, et al. Robotic devices as therapeutic and diagnostic tools for stroke
recovery. Arch Neurol. 2009; 66(9):1086–1090. [PubMed: 19752297]

7. Wolf SL, Thompson PA, Winstein CJ, et al. The EXCITE stroke trial: comparing early and delayed
constraint-induced movement therapy. Stroke. 2010; 41(10):2309–2315. [PubMed: 20814005]

8. Scheidtmann K, Fries W, Muller F, Koenig E. Effect of levodopa in combination with
physiotherapy on functional motor recovery after stroke: a prospective, randomised, double-blind
study. Lancet. 2001; 358(9284):787–790. [PubMed: 11564483]

9. Restemeyer C, Weiller C, Liepert J. No effect of a levodopa single dose on motor performance and
motor excitability in chronic stroke. A double-blind placebo-controlled cross-over pilot study.
Restor Neurol Neurosci. 2007; 25(2):143–150. [PubMed: 17726273]

10**. Chollet F, Tardy J, Albucher JF, et al. Fluoxetine for motor recovery after acute ischaemic
stroke (FLAME): a randomised placebo-controlled trial. Lancet Neurol. 2011; 10(2):123–130.
[PubMed: 21216670] This is a landmark study which found that targeted manipulation of brain
neurochemistry initiated in the early days after stroke, here with fluoxetine, can produce
significant gains in long-term behavioral outcome.

11. Hsu WY, Cheng CH, Liao KK, et al. Effects of repetitive transcranial magnetic stimulation on
motor functions in patients with stroke: a meta-analysis. Stroke. 2012; 43(7):1849–1857.
[PubMed: 22713491]

12. Corti M, Patten C, Triggs W. Repetitive transcranial magnetic stimulation of motor cortex after
stroke: a focused review. Am J Phys Med Rehabil. 2012; 91(3):254–270. [PubMed: 22042336]

13. Allendorfer JB, Storrs JM, Szaflarski JP. Changes in white matter integrity follow excitatory rTMS
treatment of post-stroke aphasia. Restor Neurol Neurosci. 2012; 30(2):103–113. [PubMed:
22233802]

14. Zimerman M, Heise KF, Hoppe J, et al. Modulation of training by single-session transcranial direct
current stimulation to the intact motor cortex enhances motor skill acquisition of the paretic hand.
Stroke. 2012; 43(8):2185–2191. [PubMed: 22618381]

15. Talelli P, Wallace A, Dileone M, et al. Theta Burst Stimulation in the Rehabilitation of the Upper
Limb: A Semirandomized, Placebo-Controlled Trial in Chronic Stroke Patients. Neurorehabil
Neural Repair. 2012

16. Hosp JA, Luft AR. Cortical plasticity during motor learning and recovery after ischemic stroke.
Neural Plast. 2011; 2011:871296. [PubMed: 22135758]

17. Westlake KP, Nagarajan SS. Functional connectivity in relation to motor performance and
recovery after stroke. Front Syst Neurosci. 2011; 5:8. [PubMed: 21441991]

18. Cramer SC, Sur M, Dobkin BH, et al. Harnessing neuroplasticity for clinical applications. Brain.
2011; 134(Pt 6):1591–1609. [PubMed: 21482550]

19. Seitz RJ, Donnan GA. Role of neuroimaging in promoting long-term recovery from ischemic
stroke. J Magn Reson Imaging. 2010; 32(4):756–772. [PubMed: 20882606]

20. Rehme AK, Eickhoff SB, Rottschy C, et al. Activation likelihood estimation meta-analysis of
motor-related neural activity after stroke. Neuroimage. 2012; 59(3):2771–2782. [PubMed:
22023742]

21. Kantak SS, Stinear JW, Buch ER, Cohen LG. Rewiring the brain: potential role of the premotor
cortex in motor control, learning, and recovery of function following brain injury. Neurorehabil
Neural Repair. 2012; 26(3):282–292. [PubMed: 21926382]

22. Bestmann S, Swayne O, Blankenburg F, et al. The role of contralesional dorsal premotor cortex
after stroke as studied with concurrent TMS-fMRI. The Journal of neuroscience: the official
journal of the Society for Neuroscience. 2010; 30(36):11926–11937. [PubMed: 20826657]

23. Calautti C, Naccarato M, Jones PS, et al. The relationship between motor deficit and hemisphere
activation balance after stroke: A 3T fMRI study. Neuroimage. 2007; 34(1):322–331. [PubMed:
17045490]

24. Grefkes C, Fink GR. Reorganization of cerebral networks after stroke: new insights from
neuroimaging with connectivity approaches. Brain. 2011; 134(Pt 5):1264–1276. [PubMed:
21414995]

Burke and Cramer Page 10

Curr Neurol Neurosci Rep. Author manuscript; available in PMC 2014 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



25. Carter AR, Shulman GL, Corbetta M. Why use a connectivity-based approach to study stroke and
recovery of function? Neuroimage. 2012

26. Rehme AK, Eickhoff SB, Wang LE, et al. Dynamic causal modeling of cortical activity from the
acute to the chronic stage after stroke. Neuroimage. 2011; 55(3):1147–1158. [PubMed: 21238594]

27. Park CH, Chang WH, Ohn SH, et al. Longitudinal changes of resting-state functional connectivity
during motor recovery after stroke. Stroke. 2011; 42(5):1357–1362. [PubMed: 21441147]

28. Jang SH. A review of diffusion tensor imaging studies on motor recovery mechanisms in stroke
patients. NeuroRehabilitation. 2011; 28(4):345–352. [PubMed: 21725167]

29*. Schulz R, Park CH, Boudrias MH, et al. Assessing the Integrity of Corticospinal Pathways From
Primary and Secondary Cortical Motor Areas After Stroke. Stroke. 2012 In press. This study
suggests differential contribution of white matter integrity within M1and PMd versus PMv and
SMA on grip strength in chronic stroke. .

30. Wang LE, Tittgemeyer M, Imperati D, et al. Degeneration of corpus callosum and recovery of
motor function after stroke: A multimodal magnetic resonance imaging study. Hum Brain Mapp.
2011

31. Madhavan S, Krishnan C, Jayaraman A, et al. Corticospinal tract integrity correlates with knee
extensor weakness in chronic stroke survivors. Clin Neurophysiol. 2011; 122(8):1588–1594.
[PubMed: 21333591]

32. Lotze M, Beutling W, Loibl M, et al. Contralesional motor cortex activation depends on
ipsilesional corticospinal tract integrity in well-recovered subcortical stroke patients. Neurorehabil
Neural Repair. 2012; 26(6):594–603. [PubMed: 22140195]

33. Hamzei F, Dettmers C, Rijntjes M, Weiller C. The effect of cortico-spinal tract damage on primary
sensorimotor cortex activation after rehabilitation therapy. Exp Brain Res. 2008; 190(3):329–336.
[PubMed: 18592223]

34*. Carter AR, Patel KR, Astafiev SV, et al. Upstream dysfunction of somatomotor functional
connectivity after corticospinal damage in stroke. Neurorehabil Neural Repair. 2012; 26(1):7–19.
[PubMed: 21803932] Earlier work has shown a relationship between CST damage and cortical
activation after stroke. This study found that CST damage also affects functional connectivity.
This is important because connectivity is showing great promise as a probe of network changes
after stroke. .

35. Liepert J, Bauder H, Wolfgang HR, et al. Treatment-induced cortical reorganization after stroke in
humans. Stroke. 2000; 31(6):1210–1216. [PubMed: 10835434]

36. Sawaki L, Butler AJ, Leng X, et al. Constraint-induced movement therapy results in increased
motor map area in subjects 3 to 9 months after stroke. Neurorehabil Neural Repair. 2008; 22(5):
505–513. [PubMed: 18780885]

37. Johansen-Berg H, Dawes H, Guy C, et al. Correlation between motor improvements and altered
fMRI activity after rehabilitative therapy. Brain. 2002; 125(Pt 12):2731–2742. [PubMed:
12429600]

38. Hamzei F, Liepert J, Dettmers C, et al. Two different reorganization patterns after rehabilitative
therapy: an exploratory study with fMRI and TMS. Neuroimage. 2006; 31(2):710–720. [PubMed:
16516499]

39. Jang SH, Kim YH, Cho SH, et al. Cortical reorganization induced by task-oriented training in
chronic hemiplegic stroke patients. Neuroreport. 2003; 14(1):137–141. [PubMed: 12544845]

40. Dong Y, Dobkin BH, Cen SY, et al. Motor cortex activation during treatment may predict
therapeutic gains in paretic hand function after stroke. Stroke. 2006; 37(6):1552–1555. [PubMed:
16645139]

41. Takahashi CD, Der-Yeghiaian L, Le V, et al. Robot-based hand motor therapy after stroke. Brain.
2008; 131(Pt 2):425–437. [PubMed: 18156154]

42. Nelles G, Jentzen W, Jueptner M, et al. Arm training induced brain plasticity in stroke studied with
serial positron emission tomography. Neuroimage. 2001; 13(6 Pt 1):1146–1154. [PubMed:
11352620]

43. Luft AR, McCombe-Waller S, Whitall J, et al. Repetitive bilateral arm training and motor cortex
activation in chronic stroke: a randomized controlled trial. Jama. 2004; 292(15):1853–1861.
[PubMed: 15494583]

Burke and Cramer Page 11

Curr Neurol Neurosci Rep. Author manuscript; available in PMC 2014 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



44. Wittenberg GF, Chen R, Ishii K, et al. Constraint-induced therapy in stroke: magnetic-stimulation
motor maps and cerebral activation. Neurorehabil Neural Repair. 2003; 17(1):48–57. [PubMed:
12645445]

45. Liepert J, Hamzei F, Weiller C. Lesion-induced and training-induced brain reorganization. Restor
Neurol Neurosci. 2004; 22(3-5):269–277. [PubMed: 15502271]

46. Ward N, Brown M, Thompson A, Frackowiak R. The influence of time after stroke on brain
activations during a motor task. Annals of neurology. 2004; 55(6):829–834. [PubMed: 15174016]

47. Schaechter J, Kraft E, Hilliard T, et al. Motor recovery and cortical reorganization after constraint-
induced movement therapy in stroke patients: a preliminary study. Neurorehabil Neural Repair.
2002; 16(4):326–338. [PubMed: 12462764]

48*. Laible M, Grieshammer S, Seidel G, et al. Association of Activity Changes in the Primary
Sensory Cortex With Successful Motor Rehabilitation of the Hand Following Stroke.
Neurorehabil Neural Repair. 2012 This is one of the first studies to elucidate functional and
behavioral relevance for a posterior shift of motor-related activation into S1 after stroke. .

49. Schaechter JD, van Oers CA, Groisser BN, et al. Increase in sensorimotor cortex response to
somatosensory stimulation over subacute poststroke period correlates with motor recovery in
hemiparetic patients. Neurorehabil Neural Repair. 2012; 26(4):325–334. [PubMed: 21952198]

50. Kononen M, Tarkka IM, Niskanen E, et al. Functional MRI and motor behavioral changes obtained
with constraint-induced movement therapy in chronic stroke. Eur J Neurol. 2012; 19(4):578–586.
[PubMed: 22040308] This study provides good evidence that, in patients with severe deficits after
stroke, therapeutic intervention can improve behavioral outcome and promote neuroplasticity.

51. Rijntjes M, Hamzei F, Glauche V, et al. Activation changes in sensorimotor cortex during
improvement due to CIMT in chronic stroke. Restor Neurol Neurosci. 2011; 29(5):299–310.
[PubMed: 21697588]

52*. Meehan SK, Randhawa B, Wessel B, Boyd LA. Implicit sequence-specific motor learning after
subcortical stroke is associated with increased prefrontal brain activations: an fMRI study. Hum
Brain Mapp. 2011; 32(2):290–303. [PubMed: 20725908] This study identifies a distributed
network for learning an implicit motor task after stroke, one that differs from findings in healthy
controls. .

53*. Whitall J, Waller SM, Sorkin JD, et al. Bilateral and unilateral arm training improve motor
function through differing neuroplastic mechanisms: a single-blinded randomized controlled trial.
Neurorehabil Neural Repair. 2011; 25(2):118–129. [PubMed: 20930212] This is one of the first
studies to study and elucidate differential functional mechanisms of improvement across two
therapies.

54. Michielsen ME, Selles RW, van der Geest JN, et al. Motor recovery and cortical reorganization
after mirror therapy in chronic stroke patients: a phase II randomized controlled trial. Neurorehabil
Neural Repair. 2011; 25(3):223–233. [PubMed: 21051765]

55*. Nojima I, Mima T, Koganemaru S, et al. Human motor plasticity induced by mirror visual
feedback. J Neurosci. 2012; 32(4):1293–1300. [PubMed: 22279214] This study elucidates the
plasticity mechanisms underlying behavioral improvement with mirror visual feedback, a therapy
increasingly being studied as a restorative therapy after stroke.

56. Stagg CJ, Bachtiar V, O’Shea J, et al. Cortical activation changes underlying stimulation-induced
behavioural gains in chronic stroke. Brain. 2012; 135(Pt 1):276–284. [PubMed: 22155982]

57. Bradnam LV, Stinear CM, Barber PA, Byblow WD. Contralesional Hemisphere Control of the
Proximal Paretic Upper Limb following Stroke. Cereb Cortex. 2011

58. Varkuti B, Guan C, Pan Y, et al. Resting State Changes in Functional Connectivity Correlate With
Movement Recovery for BCI and Robot-Assisted Upper-Extremity Training After Stroke.
Neurorehabil Neural Repair. 2012

59. Harris-Love ML, Morton SM, Perez MA, Cohen LG. Mechanisms of short-term training-induced
reaching improvement in severely hemiparetic stroke patients: a TMS study. Neurorehabil Neural
Repair. 2011; 25(5):398–411. [PubMed: 21343522]

60. Wang LE, Fink GR, Diekhoff S, et al. Noradrenergic enhancement improves motor network
connectivity in stroke patients. Annals of neurology. 2011; 69(2):375–388. [PubMed: 21387380]

Burke and Cramer Page 12

Curr Neurol Neurosci Rep. Author manuscript; available in PMC 2014 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



61*. Hamzei F, Glauche V, Schwarzwald R, May A. Dynamic gray matter changes within cortex and
striatum after short motor skill training are associated with their increased functional interaction.
Neuroimage. 2012; 59(4):3364–3372. [PubMed: 22108643] Recent studies have observed
structural changes in the brain with learning and training. This is an important study describing
the link between structural and functional changes in the motor system with motor skill training. .

62. Scholz J, Klein MC, Behrens TE, Johansen-Berg H. Training induces changes in white-matter
architecture. Nat Neurosci. 2009; 12(11):1370–1371. [PubMed: 19820707]

63. Keller TA, Just MA. Altering cortical connectivity: remediation-induced changes in the white
matter of poor readers. Neuron. 2009; 64(5):624–631. [PubMed: 20005820]

64. Halwani GF, Loui P, Ruber T, Schlaug G. Effects of practice and experience on the arcuate
fasciculus: comparing singers, instrumentalists, and non-musicians. Front Psychol. 2011; 2:156.
[PubMed: 21779271]

65. Schlaug G, Marchina S, Norton A. Evidence for plasticity in white-matter tracts of patients with
chronic Broca’s aphasia undergoing intense intonation-based speech therapy. Ann N Y Acad Sci.
2009; 1169:385–394. [PubMed: 19673813]

66. Venkatakrishnan A, Sandrini M. Combining transcranial direct current stimulation and
neuroimaging: novel insights in understanding neuroplasticity. J Neurophysiol. 2012; 107(1):1–4.
[PubMed: 21832036]

67. Gauthier LV, Taub E, Perkins C, et al. Remodeling the brain: plastic structural brain changes
produced by different motor therapies after stroke. Stroke. 2008; 39(5):1520–1525. [PubMed:
18323492]

68**. Taubert M, Draganski B, Anwander A, et al. Dynamic properties of human brain structure:
learning-related changes in cortical areas and associated fiber connections. J Neurosci. 2010;
30(35):11670–11677. [PubMed: 20810887] This study found rapid gray and white matter
changes occur after two sessions of motor learning. In addition, gray and white matter changes
colocalized. Although this study was conducted in healthy subjects, there is potential for these
principles to be extended to studies of motor learning after stroke.

69. Milot MH, Cramer SC. Biomarkers of recovery after stroke. Curr Opin Neurol. 2008; 21(6):654–
659. [PubMed: 18989108]

70. Jickling GC, Sharp FR. Blood biomarkers of ischemic stroke. Neurotherapeutics. 2011; 8(3):349–
360. [PubMed: 21671123]

71. Navarro-Sobrino M, Rosell A, Hernandez-Guillamon M, et al. A large screening of angiogenesis
biomarkers and their association with neurological outcome after ischemic stroke. Atherosclerosis.
2011; 216(1):205–211. [PubMed: 21324462]

72**. Zatorre RJ, Fields RD, Johansen-Berg H. Plasticity in gray and white: neuroimaging changes in
brain structure during learning. Nat Neurosci. 2012; 15(4):528–536. [PubMed: 22426254] A
thorough and enjoyable review of the learning-induced structural changes observed with MRI as
well as their likely cellular and molecular bases.

73. Johansen-Berg H. The future of functionally-related structural change assessment. Neuroimage.
2012; 62(2):1293–1298. [PubMed: 22056531]

74. Cramer SC. Stratifying patients with stroke in trials that target brain repair. Stroke. 2010; 41(10
Suppl):S114–116. [PubMed: 20876483]

75. Coupar F, Pollock A, Rowe P, et al. Predictors of upper limb recovery after stroke:a systematic
review and meta-analysis. Clin Rehabil. 2011

76. Stinear C. Prediction of recovery of motor function after stroke. Lancet Neurol. 2010; 9(12):1228–
1232. [PubMed: 21035399]

77. Cramer SC, Parrish TB, Levy RM, et al. Predicting functional gains in a stroke trial. Stroke. 2007;
38(7):2108–2114. [PubMed: 17540966]

78. Richter M, Miltner WH, Straube T. Association between therapy outcome and right-hemispheric
activation in chronic aphasia. Brain. 2008; 131(Pt 5):1391–1401. [PubMed: 18349055]

79. Westlake KP, Hinkley LB, Bucci M, et al. Resting state alpha-band functional connectivity and
recovery after stroke. Exp Neurol. 2012; 237(1):160–169. [PubMed: 22750324]

Burke and Cramer Page 13

Curr Neurol Neurosci Rep. Author manuscript; available in PMC 2014 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



80. Carter AR, Astafiev SV, Lang CE, et al. Resting interhemispheric functional magnetic resonance
imaging connectivity predicts performance after stroke. Annals of neurology. 2010; 67(3):365–
375. [PubMed: 20373348]

81. Stinear CM, Barber PA, Smale PR, et al. Functional potential in chronic stroke patients depends on
corticospinal tract integrity. Brain. 2007; 130(Pt 1):170–180. [PubMed: 17148468]

82. Riley JD, Le V, Der-Yeghiaian L, et al. Anatomy of stroke injury predicts gains from therapy.
Stroke. 2011; 42(2):421–426. [PubMed: 21164128]

83. Lindenberg R, Zhu LL, Ruber T, Schlaug G. Predicting functional motor potential in chronic
stroke patients using diffusion tensor imaging. Hum Brain Mapp. 2011 in press.

84. Globas C, Lam JM, Zhang W, et al. Mesencephalic corticospinal atrophy predicts baseline deficit
but not response to unilateral or bilateral arm training in chronic stroke. Neurorehabil Neural
Repair. 2011; 25(1):81–87. [PubMed: 20947492]

85*. Lindenberg R, Zhu LL, Ruber T, Schlaug G. Predicting functional motor potential in chronic
stroke patients using diffusion tensor imaging. Hum Brain Mapp. 2012; 33(5):1040–1051.
[PubMed: 21538700] This study identified the importance of interhemispheric M1-M1
connections to predicting gains from tDCS plus physical therapy.

86. Gryga M, Taubert M, Dukart J, et al. Bidirectional gray matter changes after complex motor skill
learning. Front Syst Neurosci. 2012; 6:37. [PubMed: 22623914]

87**. Gauthier LV, Taub E, Mark VW, et al. Atrophy of spared gray matter tissue predicts poorer
motor recovery and rehabilitation response in chronic stroke. Stroke. 2012; 43(2):453–457.
[PubMed: 22096036] This is the first study to identify gray matter volume as predictor of motor
improvement with constraint-induced movement therapy.

88. Nouri S, Cramer SC. Anatomy and physiology predict response to motor cortex stimulation after
stroke. Neurology. 2011; 77(11):1076–1083. [PubMed: 21880996]

89. Koski L, Mernar TJ, Dobkin BH. Immediate and long-term changes in corticomotor output in
response to rehabilitation: correlation with functional improvements in chronic stroke.
Neurorehabil Neural Repair. 2004; 18(4):230–249. [PubMed: 15537994]

90. Siironen J, Juvela S, Kanarek K, et al. The Met allele of the BDNF Val66Met polymorphism
predicts poor outcome among survivors of aneurysmal subarachnoid hemorrhage. Stroke. 2007;
38(10):2858–2860. [PubMed: 17761923]

91. Cramer SC, Procaccio V. Correlation between genetic polymorphisms and stroke recovery:
Analysis of the GAIN Americas and GAIN International Studies. Eur J Neurol. 2012; 19(5):718–
724. [PubMed: 22221491]

92. Stinear CM, Barber PA, Petoe M, et al. The PREP algorithm predicts potential for upper limb
recovery after stroke. Brain. 2012; 135(Pt 8):2527–2535. [PubMed: 22689909]

93. Biernaskie J, Chernenko G, Corbett D. Efficacy of rehabilitative experience declines with time
after focal ischemic brain injury. J Neurosci. 2004; 24(5):1245–1254. [PubMed: 14762143]

94. Chen J, Li Y, Wang L, et al. Therapeutic benefit of intravenous administration of bone marrow
stromal cells after cerebral ischemia in rats. Stroke. 2001; 32(4):1005–1011. [PubMed: 11283404]

95. Ren J, Kaplan P, Charette M, et al. Time window of intracisternal osteogenic protein-1 in
enhancing functional recovery after stroke. Neuropharmacology. 2000; 39(5):860–865. [PubMed:
10699451]

96. Hodics T, Cohen LG, Cramer SC. Functional imaging of intervention effects in stroke motor
rehabilitation. Arch Phys Med Rehabil. 2006; 87(12 Suppl 2):S36–42. [PubMed: 17140878]

97*. Sterr A, Conforto AB. Plasticity of adult sensorimotor system in severe brain infarcts: challenges
and opportunities. Neural Plast. 2012; 2012:970136. [PubMed: 22548196] This review
summarizes some of the plasticity and behavioral differences in more severely injured and
impaired patients. Considering more patients are surviving the acute stroke phase, it highlights
the need for new ways of thinking and important considerations for this population.

Burke and Cramer Page 14

Curr Neurol Neurosci Rep. Author manuscript; available in PMC 2014 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript




