Hypoperfusion without Stroke Alters Motor
Activation in the Opposite Hemisphere
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To specifically investigate the effect that large-vessel disease may have on cortical reorganization, we used functional
magnetic resonance imaging to study patients with unilateral hemispheric hypoperfusion and impaired vasomotor reactivity from critical internal carotid or middle cerebral artery disease but without stroke. We hypothesized that when these
patients used the hand contralateral to the hypoperfused hemisphere they would show unique activation in motor-related
areas of the normally perfused hemisphere, that is, ipsilateral activation. We found that normal performance of two
motor tasks was associated with increased ipsilateral hemispheric activation in the patients compared with age-matched
controls. In addition, although task difficulty had an effect on ipsilateral activation, the increased ipsilateral activation
seen in patients was not dependent on task difficulty. Our findings demonstrate that hemodynamic compromise alone is
sufficient to cause atypical ipsilateral activation. This activation may serve to maintain normal motor performance.
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Over the past decade, functional brain imaging has
been used increasingly to investigate mechanisms of
motor recovery after stroke. A consistent finding in the
earlier studies was that patients showed prominent activation in the ipsilateral hemisphere during the execution of simple motor tasks with the affected limb.1–3
This was in contrast to healthy subjects who had activation predominantly in the expected contralateral motor cortex. Although these results suggested a role for
the ipsilateral hemisphere in motor performance after
stroke, more recent longitudinal imaging studies4 – 6
show that activation in the ipsilateral hemisphere correlates with severity of motor impairment and may disappear as motor recovery occurs. The longitudinal
studies to date suffer, however, from two important
limitations. First, there has been focus almost exclusively on small vessel subcortical strokes. Second, a difference in motor performance between patients with
stroke-induced hemiparesis and controls may, in of itself, alter activation patterns and thus confound results.7
To specifically address the influence of large-vessel
disease on functional motor activation patterns, we
studied patients with cortical hypoperfusion caused by
large-vessel stenosis or occlusion. A consequence of our

study design was that despite the presence of a compromised physiological state (hemodynamic insufficiency) there was no reason to expect a performance
difference between the two groups, because the patients
had never suffered a stroke and had normal neurological examinations at the time of imaging. Thus, our
design was not expected to suffer from the confound of
differential performance between patients and controls.
We hypothesized that patients with exhausted vasomotor reactivity (VMR) due to large-vessel disease
would show ipsilateral reorganization despite not having had a stroke. This hypothesis is supported by the
finding that patients with unilateral critical large-vessel
disease can have cognitive impairments, suggestive of
injury to that hemisphere, that are not attributable to
focal lesions.8,9 A correlation has also been found between degree of neural activity and cerebral blood flow
(CBF) in patients with unilateral major cerebral artery
occlusion.10
In healthy subjects, ipsilateral activation during the
performance of finger/hand movement tasks is dependent on task complexity/difficulty.11–14 Our secondary
hypothesis was that the mechanism that leads to ipsilateral activation from exhausted VMR is separate from
that caused by variations in difficulty/complexity of the
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task. If this is the case, these factors should not interact. Surprisingly, there have been no functional imaging studies that directly compare ipsilateral motor activations seen in healthy subjects with those that result
from hemispheric dysfunction.
We tested subjects with two motor tasks; one required them to gently make a fist (GRIP) and the
other to perform a finger sequence on a button box
device (SEQ). We chose these two tasks because hand
squeeze or grip has been shown in previous studies to
activate almost exclusively contralateral primary motor
cortex,12 whereas finger sequences tend to activate additional premotor and parietal regions in both hemispheres.13 Thus, the GRIP and SEQ tasks represented
the lower and higher levels, respectively, of our task
complexity factor.
Subjects and Methods
Subjects
Six right-handed patients, aged 34 to 81 years, with unilateral internal carotid artery (ICA) or middle cerebral artery
(MCA) high-grade stenosis or occlusion and six right-handed
age-matched controls, aged 22 to 71 years, participated in
the study. There was no significant age difference between
the two groups (patients, 53.7 ! 17.8; controls, 44.7 !
17.3; t test, p " 0.395). All participants gave written informed consent for the study using an institutional review
board–approved and Health Insurance Portability and Accountability Act –compliant protocol.

Patient and Control Inclusion Criteria
All six patients had Doppler-confirmed large-vessel occlusion
or stenosis. In addition, all had decreased VMR as determined by transcranial Doppler, as described below. Five of
the patients had TIAs, attributable to the affected vessel,
within 6 months of the study, and one was asymptomatic
(Table 1). All the patients had normal neurological examination as determined by two neurologists, including normal
rapid alternating movements, and none had evidence of infarct in the territory of the stenosed or occluded vessel by
fluid-attenuated inversion recovery or diffusion-weighted
magnetic resonance imaging (MRI) sequences. Transcranial

Dopplers of the posterior circulation were normal. The agematched controls had normal neurological examination and
no evidence for focal lesions on fluid-attenuated inversion
recovery or DWI MRIs. Carotid and transcranial Doppler
studies were hemodynamically normal in the controls. Handedness was determined using the Edinburgh inventory.

Vasomotor Reactivity Measurements
All patients underwent continuous bilateral transcranial
Doppler monitoring (Pioneer TC 4040; Nicolet Biomedical,
Madison, WI) of the MCAs at an insonation depth of 50 to
56mm as described previously.15 In brief, partial pressure of
carbon dioxide (pCO2) was measured continuously with an
in-line capnometer (Datex-Ohmeda, Helsinki, Finland) connected via snorkel mouthpiece, with the nasal airway occluded by nose clip. After 2 minutes of baseline measurements, subjects breathed a 5% CO2 and air mixture
(carbigene) for 2 minutes. Cerebral VMR was calculated as
percentage of increase in the ipsilateral MCA mean flow velocity (MFV) per mm Hg pCO2 once the MFV curve
reached its highest level during the 2-minute inhalation period. The contralateral VMR was measured as a control.
“Normal” VMR was defined as an increase in MCA MFV of
greater than 2.0%/mm Hg pCO2, corresponding to two
standard deviations below the mean of control data from a
previous study.

Motor Protocol
During functional MRI, scanning subjects performed two
runs of each task with both left and right hands. During
each run, they alternated 20-second task blocks with 20second rest blocks. Three task blocks and four rest blocks
were performed per run. For GRIP, subjects isometrically
closed their hand into a fist at a frequency of 1Hz in synchrony with a tone heard through MR-compatible headphones. Subjects’ arms lay comfortably by their side with full
weight support. For SEQ, subjects depressed buttons on a
finger pad, which rested comfortably on their stomachs, in a
continuous repeating sequence from digit 1 through 5 at a
frequency of 1Hz, again in synchrony with the tone. The
tone was also present during the rest periods. The order of
the two tasks was pseudorandomized across subjects, but
each task was done as a pair of runs. Subjects practiced the

Table 1. Patient Clinical Characteristics
Patient
No.

Stroke

TIA Symptoms

Vessel

VMR (L/R)

Age (yr)

1
2
3

None
None (TIA)
None (TIA)

R ICA stenosis
R ICA occlusion
L MCA stenosis

2.5/1.2
1.2/#0.5
1.6/4.1

81
64
34

4a

None (TIA)

R ICA occlusion

3.2/1.6

35

5
6

None (TIA)
None (TIA)

None
Left hemiparesis three times over 1 year
Weakness and shaking of the right arm
and hand for 1 week
Mild heaviness and numbness of the
left arm and leg
Right transient monocular blindness
Left arm and hand weakness

R ICA occlusion
R MCA stenosis

2.4/0.2
3.3/2.0

55
53

a

Small chronic infarct in left splenium of corpus callosum $ left occipital cortex.

TIA " transient ischemic attack; VMR " vasomotor reactivity (% change in mean flow velocity/mmHg pCO2, CO2); L " left; R " right.
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sequence task briefly before scanning began. An investigator
remained beside the scanner throughout the session to give
instructions and to observe for mirror movements. All subjects had their eyes closed throughout the scanning period,
and their nonmoving arm rested comfortably with the hand
palm down.

Magnetic Resonance Data Acquisition
A General Electric 1.5T MR scanner was used to acquire
both T1-weighted anatomical images (1.5 % 1.5 % 4.5mm
voxels) and T2*-weighted MRI transverse echo planar images
(EPIs) with blood oxygenation level dependent (BOLD)
contrast. The following image acquisition parameters were
used: 19cm field of view, 128 % 128 image matrix, 4,000
milliseconds TR, 60 milliseconds TE, and a 60-degree flip
angle. Each EPI was made up of 25, 4.5mm-thick, contiguous axial slices with 0mm separation, and with the coil positioned to obtain slices through the whole brain. A total of
41 volumes were acquired continuously during each session.
The first and last three volumes were discarded to allow for
T1 equilibration effects.

Image Analysis
FIXED EFFECTS CONJUNCTION ANALYSIS. Imaging data
were analyzed using statistical parametric mapping (SPM99;
Welcome Department of Imaging Neuroscience, http://www.
fil.ion.ucl.ac.uk/spm/). None of the subjects moved their
head more than 2mm in any direction, and there were no
appreciable task-related head movements. All volumes were
spatially realigned to the first volume, underwent slice-timing
correction and were coregistered to the T1 image of each
subject. The T1 image was normalized to a standard T1
template based on the Montreal Neurological Institute reference brain, and the normalization parameters were applied to
the EPIs. The data then were spatially smoothed with an
isotropic 6mm full-width half-maximum Gaussian kernel. In
the patient group, left-sided hypoperfusion images were
flipped to make the “right” hemisphere the hypoperfused
hemisphere in all cases.
Group results were obtained by performing separate conjunction analyses with a fixed-effects model on the patient
and controls groups at p value less than 0.001 (uncorrected
for multiple comparisons). This corresponded to each individual subject map being thresholded at t " 0.48. This approach is more powerful than random-effects analyses for
small sample sizes because it retains the sensitivity of a fixedeffects analysis while allowing the inference that a non-zero
proportion of the population also has the same effect.16

To quantitatively test
our hypothesis that ipsilateral sensorimotor cortical areas
were activated more in the patients than in controls, we performed an independent region of interest (ROI) analysis
comprised of cortical regions that have been consistently
shown to be activated in motor tasks in healthy subjects. We
drew five regions of ROIs using an Montreal Neurological
Institute template and criteria described by Fink and colleauges17: (1) the primary and sensorimotor area (M1/S1) as
the pericentral sulcal region up to the precentral and postcentral sulci; (2) lateral premotor cortex as cortex lying up to

REGION OF INTEREST ANALYSIS.
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10mm anterior of the precentral sulcus; (3) the superior parietal lobule as cortex lying superior to the intraparietal sulcus and immediately posterior to the postcentral sulcus; (4)
the inferior parietal lobule as cortex lying below the intraparietal sulcus and posterior to the postcentral sulcus; and (5)
the supplementary motor area as cortex above the cingulate
sulcus and bounded by a plane perpendicular to the posterior
commissure and a plane perpendicular to the genu of the
corpus callosum.18 The percentage of change in signal activity was calculated in each ROI and hypotheses tested using t
tests significant at p value less than 0.05.

Results
Hemispheric Activations Using the
Contralateral Hand
For all results, the right hand contralateral to the normally perfused left hemisphere was designated the “unaffected” hand, and the left hand contralateral to the
hypoperfused right hemisphere was designated “affected” even though the hand was neurologically normal. Control subjects performed both GRIP and SEQ
without observable mirror movements. For GRIP, the
controls activated contralateral M1 and premotor areas
and ipsilateral cerebellum. SEQ caused additional contralateral and ipsilateral activation of premotor and parietal areas (see Fig 1A and Supplementary material).
These results are consistent with previous studies that
have compared grip and sequence tasks.12,13 There was
no qualitative difference in the activation patterns for
GRIP or SEQ when control subjects used their left or
right hand. Notably, we did not see more prominent
ipsilateral activation when subjects used their nondominant (left) hand (see Fig 1A, first and second rows
vs third and fourth rows).
All six patients had impaired VMR in one hemisphere caused by critical carotid or MCA disease and
normal VMR in the opposite hemisphere (see Table 1).
The patients made no observable mirror movements in
either GRIP or SEQ. Performance of the GRIP and
SEQ task with the unaffected hand showed similar
contralateral activation to the controls (see Fig 1B,
third and fourth rows). These observations were supported quantitatively by the ROI analysis, which
showed no significant difference between patients and
controls for activations in the left hemisphere when using the right hand in either task (t[10] " 1.64, twotailed p " 0.12; Fig 2A).
Visual comparison of right hemisphere activation in
controls and patients suggested a reduction in activation in the patients for both tasks. The ROI analysis
did not, however, show a significant difference (t[10]
" 0.96, two-tailed p " 0.36; see Fig 2B). Thus, unlike
previous reports, we did not see a significant reduction
in the BOLD response in the hypoperfused hemisphere
compared with controls.

Fig 1. Axial activation maps using a fixed-effects model with conjunction analysis (p & 0.001, uncorrected). Patients using the
“affected” left hand predominantly activated left (ipsilateral) areas, whereas controls predominantly activated right (contralateral)
areas. Both patients and controls activated contralaterally when using the “unaffected” right hand. Color bars to the right of each
condition indicate the range of activation T-values.

Hemispheric Activations Using the Ipsilateral Hand
When using the affected hand, patients showed more
prominent ipsilateral activation compared with controls
(see Fig 1B, first and second rows, see Supplementary
material). SEQ was associated with more ipsilateral activation than GRIP. Novel ipsilateral areas included
medial and lateral premotor, prefrontal, and parietal regions. In addition, whereas cerebellar activation remained ipsilateral for the controls, it was bilateral in
both tasks for the patients.
We quantified our hypothesis positing increased ipsilateral activation in motor-related areas in patients
with an ROI analysis showing a significantly greater
degree of activation, averaged across the five ipsilateral
ROIs, in the patients compared with controls (t[10] "
2.35, one-tailed p " 0.02) (Fig 3A). As suggested by
the conjunction analysis, there was a significant effect
of task complexity on ipsilateral activation for both patients and controls (t[10] " 1.99, one-tailed p "
0.04). The task by group interaction was not significant (F[1,10] " 0.04, two-tailed p " 0.43; see Fig
3B). The lack of significant interaction between task
and group suggests that hypoperfusion causes changes
in ipsilateral recruitment in motor tasks through a
mechanism that is separate from mechanisms sensitive
to task complexity. There was no significant difference
in ipsilateral activation across the same five ROIs when

controls and patients used their right hand (t[10] "
0.19, two-tailed p " 0.85; see 3C). Thus, the difference in ipsilateral activation between patients and
controls was specific to the hemisphere opposite the
stenosis/occlusion.
Discussion
This study had two main findings. First, hypoperfusion
in the absence of a stroke led to increased ipsilateral
activation in patients compared with controls for two
motor tasks. Second, the increased ipsilateral activation
was separable from the effect of task difficulty. These
results have important implications for determining
both the pathophysiology of hemodynamic failure and
the role of the ipsilateral hemisphere in motor behavior.
The Effects of Hypoperfusion on
Hemispheric Activation
All the patients in this study had reduced VMR and
five of the six had TIAs (see Table 1). Despite the presence of this hemodynamic insufficiency, the patients
did not report any current motor difficulties, had no
evidence of infarction in a motor area by structural imaging, and had normal neurological examinations, including normal rapid alternating movements of the fingers, at the time of functional imaging. Nevertheless,
Krakauer et al: Reorganization Without Stroke
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Fig 2. Region of interest (ROI) analysis. Bar graphs of contralateral hemisphere fMRI percentage signal change, averaged across all
five ROIs, for controls and patients when using the “unaffected” right hand (A) and “affected” left hand (B). Differences between
controls and patients were not significant. fMRI " functional magnetic resonance imaging; BOLD " blood oxygen level dependent.

we found an atypical pattern of activation by functional MRI with increased ipsilateral activation compared with age-matched controls. A similar result has
been reported recently in two patients with unilateral
high-grade MCA stenosis,19 but small acute strokes
were also present, making interpretation difficult. Unlike in recent reports,20 –22 we did not see a significant
reduction in the BOLD response in the hypoperfused
hemisphere compared with controls. This suggests that
unilateral steno-occlusive disease with reduced VMR
does not reliably predict reduction in the BOLD response through uncoupling of neuronal activity and local hemodynamics.
The Role of Activation in the Ipsilateral Hemisphere
The increased ipsilateral activation seen in our patients when they used their “affected” hand is similar
to what has been described in patients after stroke23
and with arteriovenous malformations.24 The pres-

ence of atypical ipsilateral activation in patients without persistent motor symptoms or signs raises the interesting possibility that reorganization might be
driven by motor abnormalities that, distinct from
TIAs, are not symptomatic. Although there have not
been studies that describe subtle motor abnormalities
in patients with critical large-vessel disease, there is
evidence that subtle cognitive impairment may occur
in this patient population. In particular, it recently
has been argued that hypoperfusion per se, and not
focal lesions, can produce these cognitive deficits.9
Analogously, subtle motor impairments in patients
with hypoperfusion might lead to compensatory responses in the opposite hemisphere to maintain motor performance. The possibility that undetected motor impairment may result in brain activation changes
in patients is supported by several examples of brain
activation changes in healthy subjects when they perform motor tasks in which errors and/or improve-

Fig 3. Region of interest (ROI) analysis. Bar graphs of ipsilateral hemisphere fMRI percentage signal change, averaged across all five
ROIs, in controls and patients. (A) There was significantly greater activation in the left hemisphere of patients than controls when
they moved the “affected” left hand. (B) Percentage signal change was greater in SEQ than GRIP for both controls and patients.
The interaction between group (control or patient) and task complexity (GRIP or SEQ) was not significant (see Results). (C) There
was no significant difference in percentage signal change in the right hemisphere between controls and patients when they used the
unaffected right hand. fMRI " functional magnetic resonance imaging; BOLD " blood oxygen level dependent .
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ment are not consciously detected.25,26 Two recent
TMS studies, one in healthy subjects27 and one in
patients with hemiparesis,28 suggest that ipsilateral
premotor cortex can maintain motor performance
when contralateral motor areas are compromised.
Two alternative explanations for our findings
should be considered: patients made mirror movements or the BOLD response was somehow
augmented in the unaffected hemisphere. Mirror
movements are an unlikely explanation. First, mirror
movements were not observed. Second, the patients
had normal motor examinations and would not be
expected to make more mirror movements than the
age-matched controls. An augmented BOLD response
in the left hemisphere is also unlikely. First, we did
not find significantly increased BOLD activation in
the left hemisphere when patients used their right
hand. Second, it has been shown that CBF, cerebral
blood volume, oxygen extraction fraction, and cerebral rate of oxygen metabolism in the hemisphere opposite a carotid occlusion are not significantly different from control values.29 Indeed, we did not find
increased VMR in the unaffected hemisphere.
We conclude that unilateral hemodynamic insufficiency in patients with large-vessel disease causes sufficient dysfunction, either physiological or structural,
to induce activity in the opposite hemisphere that
may serve to maintain normal motor performance. In
addition, this activity appears distinct from ipsilateral
activity related to task complexity that is seen in
healthy subjects. It has been proposed recently that
there may be a distinction between load-dependent
changes in brain activation in healthy subjects (reserve) and changes induced by disease (compensation).30
Our finding of atypical ipsilateral activation in patients without motor deficit indicates that the association of atypical ipsilateral activation with poor motor
outcome6 cannot be considered a general principle.
The influence of hemodynamic compromise in patients
with large-vessel disease should be considered in the
investigation of mechanisms of stroke recovery. A preexisting compensatory ipsilateral activation pattern
might be one reason why patients with stroke due to
flow failure from large-vessel disease tend to have less
severe clinical manifestations than those with other
stroke subtypes.31
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