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REVIEW ARTICLE

Functional Imaging of Intervention Effects in Stroke

Motor Rehabilitation

Timea Hodics, MD, Leonardo G. Cohen, MD, Steven C. Cramer, MD

ABSTRACT. Hodics T, Cohen LG, Cramer SC. Functional
imaging of intervention effects in stroke motor rehabilita-
tion. Arch Phys Med Rehabil 2006;87(12 Suppl 2):S36-42.

Objective: To assess intervention-specific effects on cortical
reorganization after stroke as shown by available functional
neuroimaging studies.

Data Sources: We searched Medline for clinical trials that
contained the terms stroke, reorganization, and recovery, as
well as either positron-emission tomography and PET, near-
infrared spectroscopy and NIRS, single-photon emission to-
mography and SPECT, or functional magnetic resonance im-
aging and functional MRI; we reviewed primary and secondary
references.

Study Selection: Articles that reported neuroimaging find-
ings as a result of a specific treatment involving more than 1
subject were included.

Data Extraction: We included clinical trials that contained
the terms stroke, reorganization, and recovery, as well as
functional neuroimaging data findings as a result of a specific
treatment involving more than 1 subject.

Data Synthesis: Included studies differed clearly from one
another with regard to patient characteristics, intervention pro-
tocol, and outcome measures. Most studies used functional
magnetic resonance imaging and a motor paradigm. Studies
were limited in size.

Conclusions: Despite the methodologic differences, several
common features can be identified based on the reviewed
studies. Clinical improvements occurred even late after injury,
after subjects were deemed to have reached a recovery plateau.
This clinical improvement was accompanied by cortical reor-
ganization that depended on the type of intervention as well as
other factors. This review also suggests direction for future
research studies.

Key Words: Magnetic resonance imaging; functional; Mo-
tor skills disorders; Positron-emission tomography; Rehabilita-
tion; Stroke.

© 2006 by the American Congress of Rehabilitation
Medicine

ESPITE EFFORTS IN PREVENTION and acute treat-
ment, stroke remains the leading cause of adult disability
in the United States and many western countries. Most patients
show some spontaneous recovery of function in the weeks and
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months after a new stroke.'* Because neurons are not thought
to regrow in large numbers within the adult human brain, this
recovery likely occurs on the basis of reorganization of surviv-
ing brain elements. Despite this, most patients are left with
substantial impairments, resulting in disability and reduced
ability to perform activities of daily living.

A number of promising therapeutic advances are emerging in
the field of stroke rehabilitation. Some of these therapies target
patients during the acute phase and others during the chronic
phase. Examples of restorative therapies include cell-based
appr021<:hes,3’4 selective serotonin reuptake inhibitors,>° cat-
echolaminergics,”® brain stimulation,'®'* robotic and other
device-based interventions,'>'® mental imagery—based proto-
cols,'” and constraint-induced movement therapy (CIMT) plus
other intensive physical therapy regimens.'®>' None of these is
yet universally accepted for enhancing outcome after central
nervous system injury, such as stroke, though there is mounting
evidence to support the notion that higher-intensity training
results in better functional outcome.??> Most approaches are
currently being studied at the preclinical or early-phase human
clinical trial stage.

A better insight into biologic mechanisms underlying func-
tional recovery and potential target for these restorative thera-
peutics might facilitate clinical yield. Which subset of stroke
patients are most likely to derive treatment-related gains, and
can they be identified by neuroimaging or neurophysiologic
techniques? Can the optimal dose of therapy be defined for
the individual patient by these studies? Functional neuroim-
aging provides insights into brain function that are relevant
to these questions.> > Indeed, in some conditions, functional
neuroimaging provides insights into disease processes when
anatomic imaging or behavioral assessments do not.?*!

There have been only a few studies dealing with the issue of
the neural substrates underlying functional recovery facilitated
by therapeutic interventions, although such data are likely of
substantial value to maximizing effect of restorative approaches.
Differentiating reorganization due to therapeutic effects from
spontaneous recovery provides an initial step on the road
leading to neuroimaging-guided treatments that are tailored to
the patient’s specific need. These studies usually compare
similar groups of patients in the therapeutic and control groups,
using a longitudinal design that examines cerebral activation
patterns before and after intervention. An intervention that is
effective in improving clinical variables may shift cortical
activation, mimicking the activation pattern of the well-recov-
ered group, or develop a specific different activation pattern.

A body of functional neuroimaging literature exists regard-
ing brain events underlying spontaneous recovery after
stroke.”*>> In sum, better functional recovery is associated
with preserved activity in primary cortices.>** Lesser out-
come is accompanied by emergence of adaptive mechanisms,
including increased activation within secondary cortical areas™”
and the intact hemisphere, and the reduced extent to which
interhemispheric balance is lateralized.>**° Recovery from di-
aschisis* and restitution of function in ischemically insulted,
but surviving brain areas*' might also be important to return of
behavior in the early period after a stroke.
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The current review focuses on available data on the effects
of restorative interventions on functional magnetic resonance
imaging (fMRI)-based assessments of brain function in pa-
tients with stroke. Although examples exist of other brain
mapping modalities to probe treatment effects in stroke recovery,
such as positron-emission tomography (PET),** single-pho-
ton emission tomography (SPECT),* or transcranial mag-
netic stimulation (TMS),?"** fMRI has been used most often in
this regard. Near-infrared spectroscopy (NIRS) was used in 2
studies™* evaluating the superficial cortical changes during
spontaneous recovery from stroke. fMRI as a technique provides
a window into functional activity in multiple brain areas, and has
good accessibility, safety, and spatial resolution. Strengths and
weaknesses of available studies to date are considered and future
directions are discussed.

REVIEW OF THE LITERATURE

A Medline search was performed for clinical trials that
contained the terms stroke, reorganization, and recovery, as
well as either positron-emission tomography and PET, near-
infrared spectroscopy and NIRS, single-photon emission to-
mography and SPECT, or functional magnetic resonance im-
aging and functional MRI. Primary and secondary references
were then examined. Articles that reported neuroimaging find-
ings as a result of a specific treatment involving more than 1
subject were included.

There were no studies evaluating treatment effects using
NIRS. Kononen et al** performed a SPECT study to assess 12
chronic stroke patients at rest before and after 2 weeks of
CIMT and found increased perfusion in motor-related areas.
PET was used to explore training-induced plasticity as a result
of CIMT in 16 patients more than 1 year after subcortical
infarction,?' and in another report, PET was used to study
task-oriented motor learning that facilitates shoulder and prox-
imal arm muscle activity.** The latter study included 10 subcor-
tical stroke patients within the first 12 weeks of the index event
who were unable to perform active forearm movements; there-
fore a passive movement paradigm was used. One PET study*®
evaluated cerebral activation changes as a result of treatment of
neglect. One studied the effects of piracetam to enhance the
effects of language therapy.”> Two articles examined treat-
ment-related language recovery*’*® using fMRI in total of 5
subjects. Both found evidence of cortical reorganization in
response to differing treatment using blood oxygenation-level
dependent (BOLD) or time-to-peak*® change as a primary
outcome measure.

A total of 13 fMRI motor studies published over 4 years
were identified (table 1). Each of these studies examined motor
deficits and used a movement-based task during fMRI. Most of
these studies were focused on upper-extremity motor recovery;
however, 2 reports evaluated the lower extremity.**° The
majority of studies (10/13) enrolled only well-recovered pa-
tients who could perform a distal motor task at baseline.

The location and extent of stroke lesions is variable, with
approximately half of the patients having subcortical strokes,
one third cortical strokes, and the remainder a cortical plus
subcortical or brainstem stroke. Although right- and left-hemi-
spheric lesions are represented equally in these studies, other
demographic information of research subjects is different from
that of the general stroke populations. For example, twice as
many male as female subjects participated in the research
studies. The mean age of stroke patients in the United States is
73 years,’'>* but the mean age of research participants in these
functional imaging studies is 10 to 20 years younger. Patients
whose motor deficits are accompanied by cognitive difficulties,
neglect, visual field cut, or multiple prior strokes—situations

that are commonplace among stroke patients—are generally
excluded. Note that in all but 1 fMRI study,5 enrollees were in
the chronic phase of stroke.

Clinical factors such as medications used, as well as the
presence or absence of depression, may influence the observed
cerebral activation pattern; however, these variables are not
reported in any of these fMRI studies (appendix 1). None of the
studies reports vascular reserve, cerebral blood flow, or the
incidence of large artery disease, measures of relevance to
fMRI after stroke. Ideally all patients should be screened for
altered cerebrovascular reserve before study participation, be-
cause perfusion defects caused by large vessel disease or even
small vessel disease may interfere with the BOLD signal. Also,
apart from 1 study,>* the rate with which studies are discarded
because of excessive head movement was not described.

Ten of the 13 fMRI studies used a form of physical or
occupational therapy, including 5 studies evaluating CIMT.
You et al’® used an innovative virtual reality technique to
enhance physical training. Electric stimulation in the form of
peripheral neuromuscular stimulation® on the extensor mus-
cles and brain epidural stimulation was evaluated.?’

The primary clinical and functional imaging outcome mea-
sures, when stated, have varied significantly between studies
(see table 1).

A number of different motor tasks have been used to activate
the brain during fMRI. Liepert®® and Pariente® and colleagues
have used passive hand movements. Most investigators have used
active movements, such as making a fist,>” wrist extension,*'->®
arm flexion and extension,>” finger flexion and extension,>>*%0
finger tapping,®' sequential finger tapping with opposition,>”¢!
tracking a sinus wave with the finger®>°? or foot,*’ and knee
flexion and extension.>® Feedback guiding movement has been
either auditory®>°°*>7-% or visual.*%:3%-00-62

The rate and range of movement used to activate brain motor
systems has also varied across studies and has included 0.25,3!
0.33,%° 0.4,%° 0.5,°° and 1Hz,’ as well as “maximum”™>”-%° and
“comfortable”®' rates. Range of motion was specified in a
minority of studies.>**->0=>?

Task performance was monitored by goniometer,
tiometer,** camera,’*>*% visually in the scanner,>”
electromyography before scanning.>*>°

There was substantial variability in acquisition methods,
including scanner strength, field of view, and choice of imaging
parameters such as time to repetition and echo time.

DISCUSSION OF LITERATURE FINDINGS

The studies reviewed have a number of features in common.
However, differences are apparent that provide insights into the
utility of functional imaging, in particular, fMRI for under-
standing treatment effects after stroke. The current review also
identifies several areas that require further study.

This review found the most data on the functional anatomy
of motor recovery. Motor deficits represent a major component
of poststroke disability, being present in more than half of all
chronic stroke patients."®® Performance of these studies is
facilitated because motor tasks are well integrated in the neu-
roimaging environment and provide a measurable controllable
behavioral outcome. Reports evaluating the effects of intention
and attention treatments in aphasia (n=2)*""*® are not discussed
in table 1 because of methodologic differences with studies of
motor function.

Most published studies have focused on patients with good
to excellent outcomes at baseline because they were more able
to perform the motor tasks required for neuroimaging measure-
ments. Additionally, rigorous entry criteria for therapeutic in-
vestigations and pragmatic difficulties with scanning contrib-
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Table 1: Studies Using fMRI to Study Effects of Restorative Poststroke Therapy

Treatment Mean Age  Handedness Side of Control Hours Rehab Type of Rehab  Time From Lesion Primary Clinical Primary fMRI
Study N (M/F) (y)* (R/L) Lesion (R/L) Group Therapy Therapy Stroke Onset* Location Outcome Measure Outcome Measure
Lindberg 10 (8/2) 56.4 2/0 2/0 None 10-13 Active-passive 25.3 2 cortical MCP joint Voxel count, voxel
et al®® movement extension, UE intensity
training MAS
Kimberley 16 (11/5) 60.1+14.5 14/2 8/8 Sham-treated 60 Extensor 35.5 3 cortical,10 Box and block, Voxel count, voxel
et al®® stroke NMES subcortical, MAL, JTHT intensity,
patients’ 1 cortical & Intensity Index
subcortical,
2 brainstem
Luft et al® 21(12/9) BATRAC, NR 14/7 DMTE-treated 6 BATRAC, 50.3 12 cortical, 6 UE FMA, WMFT Voxel count
63.3+15.3 stroke patients DMTE subcortical,
DMTE, 3 brainstem
59.6+10.5
Pariente et al® 8 (5/3) 61.7 NR 3/5 Placebo-treated Single Fluoxetine vs 0.5 7 subcortical, 1 Finger tapping Voxel intensity
stroke patients session placebo brainstem
Schaechter 4 (3/1) 57+17 4/0 1/3 Healthy subjects 40 CIMT 12,5 2 cortical, 1 MAL, UE FMA, Laterality Index,
et al®* subcortical, WMFT voxel count,
1 brainstem voxel intensity
Carey et al®? 10 (6/4) 65.7+13.3 91 4/6 Healthy controls* 13.5-20 Finger 56.4 1 cortical, 6 Box and block, Voxel count,
and stroke tracking subcortical, finger tracking Laterality Index
patients’ 2 cortical &
subcortical,
1 brainstem
Johansen-Berg 7 (5/2) 55.6 6/1 3/4 None 14 CIMT 37.6 6 cortical, 1 Grip strength, UE  Laterality Index,
et al®® subcortical Motricity Index, voxel count,
JTHT Z score, recovery-
weighted
activation
You et al®® 10 (7/3) 54 NR 7/3 Stroke patients 20 Virtual reality 19.3 10 subcortical FAC, mMAS Laterality Index,
voxel count
Levy et al® 2(1/1) 48.5 11 17 None 30 CIMT 6.8 2 cortical WMFT, MAL Laterality Index,
voxel count
Kim et al®’ 5 (5/0)% 54.8 5/0 2/3 None 98 CIMT 21.4 4 cortical FMA, 9-hole peg Voxel count
test, JTHT
Liepert et al®® 15 NR NR NR None 60 CIMT NR NR MAL NR
Cramer et al®’ 12 (6/6) 61 9/2+1 4/8 None 45 OT = epidural 23 2 cortical, 6 UE FMA Activation volume,
ambidextrous stimulation subcortical, location voxel of
3 cortical & maximum
subcortical, activation
1 brainstem
Carey et al*® 1(1/0) 50 1/0 01 None 12 Tracking 20 1 brainstem Ankle movement  Voxel count, voxel
exercises measures intensity,
Intensity Index
Total 121 (66%/34%) 58 86%/12% 50/49 32 26 34 cortical, 47
subcortical,
6 cortical &
subcortical,

10 brainstem

8¢S
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Abbreviations: BATRAC, bilateral arm training with auditory cueing; DMTE, dose-matched therapeutic exercise; F, female; FAC, Functional Ambulation Category; FMA, Fugl-Meyer
Assessment; Intensity Index, (intensity task minus intensity rest)/intensity rest; JTHT, Jebsen-Taylor Hand Test; L, left; M, male; MAL, Motor Activity Log; MCP, metacarpophalangeal;
mMAS, modified Motor Assessment Scale; NMES, neuromuscular electric stimulation; NR, not reported; OT, occupational therapy; R, right; UE, upper extremity; WMFT, Wolf Motor
Function Test arm test.

*Total treatment group, in months, mean values except median for Luft et al.®®

"Control patients crossed over to treatment.

*Five treatment, 4 controls.

SIncludes 1 trauma patient.
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uted to this bias in patient selection. As a consequence, less is
known about the functional anatomy of therapy-induced recov-
ery processes in patients with more severe deficits after stroke.
This issue is problematic because patients with poor recovery
represent the largest fraction of the target population, and for
those persons there is virtually no available treatment. A clear
limitation of the available literature is that missing information
on clinical and perfusion-related data reduces the ability to
generalize results from these studies to the general population
of stroke patients.

Functional neuroimaging tasks can be performed in block
design, when long epochs of repetitive activity are interleaved
with rest periods; or in event-related design, where single
movements alternate with long rest periods. All published
functional neuroimaging studies that evaluated the effect of an
intervention on brain plasticity used a block design. It should
be kept in mind that an event-related design might contribute
additional information. This technique models the hemody-
namic changes and offers the potential to minimize fatigue by
using isolated simple behaviors to activate the brain.®* Addi-
tionally, an event-related design might contribute to reduced
confounds generated by analysis of erroneous or poorly per-
formed trials. However, event-related design has its limitations,
such as reduced signal.

Imaging results vary across studies, influenced by many
factors including patient characteristics, treatment content, and
pharmacologic regimen. Among the subset of studies examin-
ing effects of CIMT on fMRI activation during movement of
the affected hand,*®>7°*¢! the main finding was generally a
treatment-associated increase in activation within the ipsile-
sional primary motor cortex, dorsal premotor cortex, and sup-
plementary motor area.’”*® Consistent with this finding, a
regimen of intensive finger tracking training resulted in clinical
improvements that were accompanied by a change in laterality
index from negative to positive,®* a finding that reflects rela-
tively greater involvement in or contribution from components
of the motor network in the ipsilesional hemisphere. Studies
using virtual reality’® or fluoxetine® also emphasized a treat-
ment-related shift toward increased ipsilesional activation.
These treatment-related ipsilesional increases are concordant
with ﬁndings in PET?"% and most,**°° but not all,*” TMS studies.
One study™* after CIMT showed increment in bilateral activa-
tion. Most study results support the view that performance
improvements found after this particular therapy strategy are
associated with a reconfiguration of the motor network that is
similar to that identified in healthy age-matched controls.?'
Some of these changes are reminiscent of those evidenced in
the process of skill acquisition in healthy humans.

After a different form of interventional therapy, bilateral arm
training,’® involving patients with more severe deficits, more
prominent activity was found in contralesional motor areas,
suggesting that baseline clinical deficits or interventional ther-
apies influence how treatment modifies fMRI results. Similarly,
Schaechter et al** provided CIMT to patients who were weaker
than those enrolled by Johansen-Berg et al,®® and the former
group found more contralesional activation increase with ther-
apy, whereas the latter group found more ipsilesional activity
with therapy. It must also be noted that bilateral arm training
with auditory cueing therapy emphasizes bilateral movements
that involve proximal limb, the latter known to be more bilat-
erally organized than distal 1imb.*® The finding of contrale-
sional changes with this intervention, therefore, might also
suggest that treatment content might also influence fMRI re-
sults.

The study by Pariente et al,’ in which the serotonergic drug
fluoxetine was associated with changes in fMRI findings, as

well as the altered PET findings using piracetam,* also under-
lines the potentially important influence of medications in
stroke recovery trials, both on baseline blood flow and as a
function of performance of a motor task.

Another important difference between studies is the time
interval between stroke onset and functional neuroimaging.
Spontaneous motor recovery after stroke is generally consid-
ered to be complete by the end of the third month postin-
farct.®* All but one of the studies listed in table 1 enrolled
patients well beyond this point. Intensive exercise programs
were effective in producing plastic changes and motor im-
provement even at a delayed time frame in several of these
studies, where the mean time from onset was 26 months (see
table 1). However, the functional neuroimaging correlates of
treatment gains in subjects with chronic stroke, who are no
longer showing spontaneous behavioral recovery, might be
very different when compared with findings in subjects in the
active phase of spontaneous stroke recovery. This consider-
ation requires further study.

Physical therapy during epidural cortical stimulation was asso-
ciated with reduced activation within ipsilesional motor cortical
areas.>"’® This reduction might be an effect of stimulation, and
might correspond to effects of motor learning in some models,”’
events seen during spontaneous stroke recovery,” remote effects
of stimulation,”? or thalamic plasticity.”® A recent study’* pointed
to the usefulness of a range of forms of cortical stimulation.

CONCLUSIONS

Functional neuroimaging at present provides an effective
tool to evaluate mechanisms underlying functional recovery
after stroke. Studies are needed to better understand the effects
of various interventions according to lesion site, recovery level,
sex, and age. Additionally, methodologic advances are likely to
improve in the future; for example, electromyographic and
kinematic tools to monitor motor activity during scanning,
crucial for an accurate interpretation of neuroimaging data.
Understanding drug effects at baseline and on task-related
fMRI activation will allow more extensive use of this tool in
the neurorehabilitation setting. It is possible that when this
information becomes available, clinical gains derived from
restorative interventions will be maximized if guided by imag-
ing results. Results from functional neuroimaging theoretically
have unique value for understanding biologic effects of thera-
peutic interventions, to predict treatment responses and triage,
and to tailor dose according to brain state rather than clinical
examination.

This review identified 88 patients in whom fMRI was per-
formed and several patients studied using PET (n=26) or
SPECT (n=12) in parallel with a poststroke motor restorative
intervention. Although there are many differences in patient
characteristics, intervention, and neuroimaging study design,
certain common features emerge. Improved motor behavior,
accompanied by reorganization of cortical function, occurs
even months or years after a patient has reached the plateau that
defined spontaneous recovery after stroke.%>’° Increased reli-
ance on original, contralateral control mechanisms is associ-
ated with behavioral gains, as has been suggested in brain
mapping studies of spontaneous recovery,> > though this may
be less true in more severely affected patients and those un-
dergoing bilateral training.

This review suggests a number of needed future research
directions. Further studies are needed to examine functional
imaging correlates of treatment effects within nonmotor do-
mains, such as language and neglect. Measures of injury,’®"®
physiology,®*#! and clinical predictive models might be com-
bined with functional imaging measures to best address the

Arch Phys Med Rehabil Vol 87, Suppl 2, December 2006



S40 FUNCTIONAL IMAGING IN STROKE MOTOR REHABILITATION, Hodics

goal of optimizing restorative therapy. Study of a broader
fraction of the stroke population is needed. Vascular pathology
can influence fMRI results.®** Studies using fMRI to evaluate
treatment effects in stroke patients therefore would have in-
creased impact if measures of arterial status and cerebral per-
fusion were included. In addition, nearly all functional neuro-
imaging of restorative interventions after stroke have relied on
fMRI. Use of alternate methods is to be promoted, in part to
address reliability of fMRI results and to examine fMRI valid-
ity in stroke patients.

Noninvasive neuroimaging techniques allow the study of the
working human brain and suggest that functionally important
adaptation occurs after focal injury. A higher degree of under-
standing of the underlying neurobiologic principles that drive
these changes will make it possible to design targeted inter-
ventions to minimize impairment in stroke patients.

APPENDIX 1: PATIENT-RELATED FACTORS THAT
CAN INFLUENCE FMRI RESULTS

Prestroke disability, experience, and education

Age

Hemispheric dominance

Stroke topography including volume and location
Clinical deficit and disability from stroke

Acute stroke therapies

Time after stroke

Medications

Medical comorbidities, eg, hypertension or diabetes mel-
litus

Psychiatric comorbidities, eg, depression

Type and amount of rehabilitative therapies

Arterial pathology, eg, stenosis or vascular reserve capacity
Ascertainment bias, eg, those related to MRI contraindi-
cations (claustrophobia or pacemaker)

References

1. Rathore S, Hinn A, Cooper L, Tyroler H, Rosamond W. Charac-
terization of incident stroke signs and symptoms: findings from
the atherosclerosis risk in communities study. Stroke 2002;33:
2718-21.

2. Gresham G, Duncan P, Stason W, et al. Post-stroke rehabilitation.
Clinical practice guideline no. 16. Rockville: U.S. Department of
Health and Human Services, Public Health Service, Agency for
Health Care Policy and Research; 1995.

3. Kondziolka D, Steinberg GK, Wechsler L, et al. Neurotransplan-
tation for patients with subcortical motor stroke: a phase 2 ran-
domized trial. J Neurosurg 2005;103:38-45.

4. Hackel ME, Wolfe GA, Bang SM, Canfield JS. Changes in hand
function in the aging adult as determined by the Jebsen Test of
Hand Function. Phys Ther 1992;72:373-7.

5. Pariente J, Loubinoux I, Carel C, et al. Fluoxetine modulates
motor performance and cerebral activation of patients recovering
from stroke. Ann Neurol 2001;50:718-29.

6. Dam M, Tonin P, De Boni A, et al. Effects of fluoxetine and
maprotiline on functional recovery in poststroke hemiplegic pa-
tients undergoing rehabilitation therapy. Stroke 1996;27:1211-4.

7. Walker-Batson D, Smith P, Curtis S, Unwin H, Greenlee R.
Amphetamine paired with physical therapy accelerates motor re-
covery after stroke. Further evidence. Stroke 1995;26:2254-9.

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. Lan-
cet 2001;358:787-90.

9. Grade C, Redford B, Chrostowski J, Toussaint L, Blackwell B.
Methylphenidate in early poststroke recovery: adouble-blind, placebo-
controlled study. Arch Phys Med Rehabil 1998;79:1047-50.

Arch Phys Med Rehabil Vol 87, Suppl 2, December 2006

10. Khedr EM, Ahmed MA, Fathy N, Rothwell JC. Therapeutic trial
of repetitive transcranial magnetic stimulation after acute ischemic
stroke. Neurology 2005;65:466-8.

11. Brown JA, Lutsep HL, Weinand M, Cramer SC. Motor cortex
stimulation for the enhancement of recovery from stroke: a pro-
spective, multicenter safety study. Neurosurgery 2006;58:464-73.

12. Fregni F, Boggio PS, Nitsche M, Pascual-Leone A. Transcranial
direct current stimulation. Br J Psychiatry 2005;186:446-7.

13. Fregni F, Boggio PS, Mansur CG, et al. Transcranial direct current
stimulation of the unaffected hemisphere in stroke patients. Neu-
roreport 2005;16:1551-5.

14. Hummel F, Celnik P, Giraux P, et al. Effects of non-invasive
cortical stimulation on skilled motor function in chronic stroke.
Brain 2005;128(Pt 3):490-9.

15. Reinkensmeyer D, Emken J, Cramer S. Robotics, motor learning,
and neurologic recovery. Annu Rev Biomed Eng 2004;6:497-525.

16. Volpe BT, Ferraro M, Lynch D, et al. Robotics and other devices
in the treatment of patients recovering from stroke. Curr Neurol
Neurosci Rep 2005;5:465-70.

17. Page S, Levine P, Sisto S, Johnston M. Mental practice combined
with physical practice for upper-limb motor deficit in subacute
stroke. Phys Ther 2001;81:1455-62.

18. Dromerick AW, Edwards DF, Hahn M. Does the application of
constraint-induced movement therapy during acute rehabilitation
reduce arm impairment after ischemic stroke? Stroke 2000;31:
2984-8.

19. Page SJ, Levine P, Leonard AC. Modified constraint-induced
therapy in acute stroke: a randomized controlled pilot study.
Neurorehabil Neural Repair 2005;19:27-32.

20. Wolf S, Blanton S, Baer H, Breshears J, Butler A. Repetitive task
practice: a critical review of constraint-induced movement therapy
in stroke. Neurolog 2002;8:325-38.

21. Wittenberg GF, Chen R, Ishii K, et al. Constraint-induced therapy
in stroke: magnetic-stimulation motor maps and cerebral activa-
tion. Neurorehabil Neural Repair 2003;17:48-57.

22. Foley NC, Teasell RW, Bhogal SK, Doherty T, Speechley MR.
The efficacy of stroke rehabilitation: a qualitative review. Top
Stroke Rehabil 2003;10:1-18.

23. Kato H, Izumiyama M, Koizumi H, Takahashi A, Itoyama Y.
Near-infrared spectroscopic topography as a tool to monitor motor
reorganization after hemiparetic stroke: a comparison with func-
tional MRI. Stroke 2002;33:2032-6.

24. Baron JC, Cohen LG, Cramer SC, et al. Neuroimaging in stroke
recovery: a position paper from the First International Workshop
on Neuroimaging and Stroke Recovery. Cerebrovasc Dis 2004;
18:260-7.

25. Ward NS, Cohen LG. Mechanisms underlying recovery of motor
function after stroke. Arch Neurol 2004;61:1844-8.

26. Eidelberg D, Moeller J, Antonini A, et al. Functional brain net-
works in DYT1 dystonia. Ann Neurol 1998;44:303-12.

27. Bookheimer S, Strojwas M, Cohen M, et al. Patterns of brain
activation in people at risk for Alzheimer’s disease. N Engl J Med
2000;343:450-6.

28. Ro T, Noser E, Boake C, et al. Functional reorganization and
recovery after constraint-induced movement therapy in subacute
stroke: case reports. Neurocase 2006;12:50-60.

29. Fontaine A, Azouvi P, Remy P, Bussel B, Samson Y. Functional
anatomy of neuropsychological deficits after severe traumatic
brain injury. Neurology 1999;53:1963-8.

30. Cramer S, Mark A, Barquist K, et al. Motor cortex activation is
preserved in patients with chronic hemiplegic stroke. Ann Neurol
2002;52:607-16.

31. Cramer SC, Benson RR, Himes DM, et al. Use of functional MRI
to guide decisions in a clinical stroke trial. Stroke 2005;36:e50-2.



32.

33.

34.

35.

36.

37.

38.

39.

40.
41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

FUNCTIONAL IMAGING IN STROKE MOTOR REHABILITATION, Hodics

Zemke A, Heagerty P, Lee C, Cramer S. Motor cortex organiza-
tion after stroke is related to side of stroke and level of recovery.
Stroke 2003;34:E23-8.

Kessler J, Thiel A, Karbe H, Heiss WD. Piracetam improves
activated blood flow and facilitates rehabilitation of poststroke
aphasic patients. Stroke 2000;31:2112-6.

Ward N, Brown M, Thompson A, Frackowiak R. Neural corre-
lates of outcome after stroke: a cross-sectional fMRI study. Brain
2003;126(Pt 6):1430-48.

Ward N, Brown M, Thompson A, Frackowiak R. Neural corre-
lates of motor recovery after stroke: a longitudinal fMRI study.
Brain 2003;126(Pt 11):2476-96.

Calautti C, Leroy F, Guincestre J, Marie R, Baron J. Sequential
activation brain mapping after subcortical stroke: changes in
hemispheric balance and recovery. Neuroreport 2001;12:3883-6.
Fujii Y, Nakada T. Cortical reorganization in patients with sub-
cortical hemiparesis: neural mechanisms of functional recovery
and prognostic implication. J Neurosurg 2003;98:64-73.

Murase N, Duque J, Mazzocchio R, Cohen LG. Influence of
interhemispheric interactions on motor function in chronic stroke.
Ann Neurol 2004;55:400-9.

Cramer SC, Crafton KR. Somatotopy and movement representation
sites following cortical stroke. Exp Brain Res 2006;168:25-32.
Feeney DM, Baron JC. Diaschisis. Stroke 1986;17:817-30.
Caplan LR. New therapies for stroke. Arch Neurol 1997;54:
1222-4.

Nelles G, Jentzen W, Jueptner M, Muller S, Diener HC. Arm
training induced brain plasticity in stroke studied with serial
positron emission tomography. Neuroimage 2001;13(6 Pt 1):
1146-54.

Kononen M, Kuikka JT, Husso-Saastamoinen M, et al. Increased
perfusion in motor areas after constraint-induced movement ther-
apy in chronic stroke: a single-photon emission computerized
tomography study. J Cereb Blood Flow Metab 2005;25:1668-74.
Liepert J, Bauder H, Wolfgang H, Miltner W, Taub E, Weiller C.
Treatment-induced cortical reorganization after stroke in humans.
Stroke 2000;31:1210-6.

Miyai I, Yagura H, Hatakenaka M, Oda I, Konishi I, Kubota K.
Longitudinal optical imaging study for locomotor recovery after
stroke. Stroke 2003;34:2866-70.

Luaute J, Michel C, Rode G, et al. Functional anatomy of the
therapeutic effects of prism adaptation on left neglect. Neurology
2006;66:1859-67.

Crosson B, Moore AB, Gopinath K, et al. Role of the right and left
hemispheres in recovery of function during treatment of intention
in aphasia. J Cogn Neurosci 2005;17:392-406.

Peck KK, Moore AB, Crosson BA, et al. Functional magnetic
resonance imaging before and after aphasia therapy: shifts in
hemodynamic time to peak during an overt language task. Stroke
2004;35:554-9.

Carey JR, Anderson KM, Kimberley TJ, Lewis SM, Auerbach EJ,
Ugurbil K. fMRI analysis of ankle movement tracking training in
subject with stroke. Exp Brain Res 2004;154:281-90.

You SH, Jang SH, Kim YH, et al. Virtual reality-induced cortical
reorganization and associated locomotor recovery in chronic
stroke: an experimenter-blind randomized study. Stroke 2005;36:
1166-71.

Petty G, Brown R, Whisnant J, Sicks J, O’Fallon W, Wiebers D.
Survival and recurrence after first cerebral infarction: a popula-
tion-based study in Rochester, Minnesota, 1975 through 1989.
Neurology 1998;50:208-16.

Jorgensen H, Nakayama H, Raaschou H, Vive-Larsen J, Stoier M,
Olsen T. Outcome and time course of recovery in stroke. Part I:
Outcome. The Copenhagen Stroke Study. Arch Phys Med Rehabil
1995;76:399-405.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

S41

Bamford J, Sandercock P, Dennis M, Burn J, Warlow C. Classi-
fication and natural history of clinically identifiable subtypes of
cerebral infarction. Lancet 1991;337:1521-6.

Schaechter JD, Kraft E, Hilliard TS, et al. Motor recovery and
cortical reorganization after constraint-induced movement therapy
in stroke patients: a preliminary study. Neurorehabil Neural Re-
pair 2002;16:326-38.

Kimberley TJ, Lewis SM, Auerbach EJ, Dorsey LL, Lojovich JM,
Carey JR. Electrical stimulation driving functional improvements
and cortical changes in subjects with stroke. Exp Brain Res
2004;154:450-60.

Liepert J, Hamzei F, Weiller C. Lesion-induced and training-
induced brain reorganization. Restor Neurol Neurosci 2004;22:
269-77.

Kim YH, Park JW, Ko MH, Jang SH, Lee PK. Plastic changes of
motor network after constraint-induced movement therapy. Yon-
sei Med J 2004;45:241-6.

Lindberg P, Schmitz C, Forssberg H, Engardt M, Borg J. Effects
of passive-active movement training on upper limb motor function
and cortical activation in chronic patients with stroke: a pilot
study. J Rehabil Med 2004;36:117-23.

Luft A, McCombe-Waller S, Whitall J, et al. Repetitive bilateral
arm training and motor cortex activation in chronic stroke: a
randomized controlled trial. JAMA 2004;292:1853-61.
Johansen-Berg H, Dawes H, Guy C, Smith SM, Wade DT, Mat-
thews PM. Correlation between motor improvements and altered
fMRI activity after rehabilitative therapy. Brain 2002;125(Pt 12):
2731-42.

Levy CE, Nichols DS, Schmalbrock PM, Keller P, Chakeres DW.
Functional MRI evidence of cortical reorganization in upper-limb
stroke hemiplegia treated with constraint-induced movement ther-
apy. Am J Phys Med Rehabil 2001;80:4-12.

Carey JR, Kimberley TJ, Lewis SM, et al. Analysis of fMRI and
finger tracking training in subjects with chronic stroke. Brain
2002;125(Pt 4):773-88.

Duncan PW, Goldstein LB, Matchar D, Divine GW, Feussner J.
Measurement of motor recovery after stroke. Outcome assessment
and sample size requirements. Stroke 1992;23:1084-9.

Newton J, Sunderland A, Butterworth SE, Peters AM, Peck KK,
Gowland PA. A pilot study of event-related functional magnetic
resonance imaging of monitored wrist movements in patients with
partial recovery. Stroke 2002;33:2881-7.

Nelles G, Jentzen W, Jueptner M, Muller S, Diener H. Arm training
induced brain plasticity in stroke studied with serial positron emission
tomography. Neuroimage 2001;13(6 Pt 1):1146-54.

Fridman EA, Hanakawa T, Chung M, Hummel F, Leiguarda RC,
Cohen LG. Reorganization of the human ipsilesional premotor
cortex after stroke. Brain 2004;127(Pt 4):747-58.

Johansen-Berg H, Rushworth M, Bogdanovic M, Kischka U,
Wimalaratna S, Matthews P. The role of ipsilateral premotor
cortex in hand movement after stroke. Proc Natl Acad Sci U S A
2002;99:14518-23.

Johansen-Berg H, Dawes H, Guy C, Smith S, Wade D, Matthews
P. Correlation between motor improvements and altered fMRI
activity after rehabilitative therapy. Brain 2002;125(Pt 12):
2731-42.

Colebatch J, Deiber MP, Passingham R, Friston K, Frackowiak R.
Regional cerebral blood flow during voluntary arm and hand
movements in human subjects. J Neurophys 1991;65:1392-401.
Brown JA, Lutsep H, Cramer SC, Weinand M. Motor cortex
stimulation for enhancement of recovery after stroke: case report.
Neurol Res 2003;25:815-8.

Haslinger B, Erhard P, Altenmuller E, et al. Reduced recruitment
of motor association areas during bimanual coordination in con-
cert pianists. Hum Brain Mapp 2004;22:206-15.

Arch Phys Med Rehabil Vol 87, Suppl 2, December 2006



S42

72.

73.

74.

75.

76.

71.

78.

79.

Lee L, Siebner H, Rowe J, et al. Acute remapping within the
motor system induced by low-frequency repetitive transcranial
magnetic stimulation. J Neurosci 2003;23:5308-18.
Garcia-Larrea L, Peyron R, et al. Electrical stimulation of motor
cortex for pain control: a combined PET-scan and electrophysio-
logical study. Pain 1999;83:259-73.

Harris-Love ML, Cohen LG. Noninvasive cortical stimulation in
neurorehabilitation: a review. Arch Phys Med Rehabil 2006;87(12
Suppl 2):S84-93.

Nakayama H, Jorgensen H, Raaschou H, Olsen T. Recovery of
upper extremity function in stroke patients: the Copenhagen
Stroke Study. Arch Phys Med Rehabil 1994;75:394-8.

Pineiro R, Pendlebury S, Johansen-Berg H, Matthews PM. Func-
tional MRI detects posterior shifts in primary sensorimotor cortex
activation after stroke: evidence of local adaptive reorganization?
Stroke 2001;32:1134-9.

Crafton K, Mark A, Cramer S. Improved understanding of cortical
injury by incorporating measures of functional anatomy. Brain
2003;126(Pt 7):1650-9.

Kunimatsu A, Aoki S, Masutani Y, Abe O, Mori H, Ohtomo K.
Three-dimensional white matter tractography by diffusion tensor
imaging in ischaemic stroke involving the corticospinal tract.
Neuroradiology 2003;45:532-5.

Wenzelburger R, Kopper F, Frenzel A, et al. Hand coordination
following capsular stroke. Brain 2005;128(Pt 1):64-74.

Arch Phys Med Rehabil Vol 87, Suppl 2, December 2006

80.

81.

82.

83.

84.

85.

86.

FUNCTIONAL IMAGING IN STROKE MOTOR REHABILITATION, Hodics

Escudero J, Sancho J, Bautista D, Escudero M, Lopez-Trigo J.
Prognostic value of motor evoked potential obtained by transcra-
nial magnetic brain stimulation in motor function recovery in
patients with acute ischemic stroke. Stroke 1998;29:1854-9.
Oliveri M, Rossini PM, Traversa R, et al. Left frontal trans-
cranial magnetic stimulation reduces contralesional extinction
in patients with unilateral right brain damage. Brain 1999;
122(Pt 9):1731-9.

Bilecen D, Radu E, Schulte A, Hennig J, Scheffler K, Seifritz E.
fMRI of the auditory cortex in patients with unilateral carotid
artery steno-occlusive disease. J Magn Reson Imaging 2002;15:
621-7.

Marshall RS, Perera GM, Lazar RM, Krakauer JW, Constantine
RC, DeLaPaz RL. Evolution of cortical activation during recovery
from corticospinal tract infarction. Stroke 2000;31:656-61.
Hamzei F, Knab R, Weiller C, Rother J. The influence of extra-
and intracranial artery disease on the BOLD signal in fMRL
Neuroimage 2003;20:1393-9.

Rossini PM, Altamura C, Ferretti A, et al. Does cerebrovascular
disease affect the coupling between neuronal activity and local
haemodynamics? Brain 2004;127(Pt 1):99-110.

Cramer SC, Shah R, Juranek J, Crafton KR, Le V. Activity in the
peri-infarct rim in relation to recovery from stroke. Stroke 2006;
37:111-5.



	Functional Imaging of Intervention Effects in Stroke Motor Rehabilitation
	REVIEW OF THE LITERATURE
	DISCUSSION OF LITERATURE FINDINGS
	CONCLUSIONS
	APPENDIX 1: PATIENT-RELATED FACTORS THAT CAN INFLUENCE FMRI RESULTS
	References




