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To specifically investigatethe effect that large-vesseldiseasemay have on cortical reorganization,we used functional
magneticresonanceimaging to study patientswith unilateral hemispherichypoperfusionand impaired vasomotorreac-
tivity from critical internal carotid or middle cerebralartery diseasebut without stroke.We hypothesizedthat whenthese
patientsusedthe hand contralateralto the hypoperfusedhemispherethey would showunique activation in motor-related
areasof the normally perfusedhemisphere,that is, ipsilateral activation. We found that normal performanceof two
motor taskswasassociatedwith increasedipsilateral hemisphericactivation in the patientscomparedwith age-matched
controls. In addition, although task difficulty had an effect on ipsilateral activation, the increasedipsilateral activation
seenin patientswasnot dependenton task difficulty. Our findings demonstratethat hemodynamiccompromisealoneis
sufficient to causeatypical ipsilateral activation. This activation may serveto maintain normal motor performance.

Ann Neurol 2004;56:796Ð802

Over the past decade,functional brain imaging has
beenused increasinglyto investigatemechanismsof
motor recoveryafterstroke.A consistentfinding in the
earlierstudieswasthat patientsshowedprominentac-
tivation in the ipsilateralhemisphereduring the execu-
tion of simplemotor taskswith the affectedlimb.1Ð3

This wasin contrastto healthysubjectswho hadacti-
vationpredominantlyin theexpectedcontralateralmo-
tor cortex.Althoughtheseresultssuggesteda role for
the ipsilateralhemispherein motor performanceafter
stroke, more recent longitudinal imaging studies4Ð6

showthat activationin the ipsilateralhemispherecor-
relateswith severityof motor impairmentandmaydis-
appearas motor recoveryoccurs.The longitudinal
studiesto date suffer,however,from two important
limitations. First, there hasbeenfocusalmostexclu-
sivelyon smallvesselsubcorticalstrokes.Second,a dif-
ferencein motor performancebetweenpatientswith
stroke-inducedhemiparesisand controlsmay,in of it-
self, alter activationpatternsand thus confound re-
sults.7

To specificallyaddressthe influenceof large-vessel
diseaseon functional motor activation patterns,we
studiedpatientswith corticalhypoperfusioncausedby
large-vesselstenosisor occlusion.A consequenceof our

studydesignwasthat despitethe presenceof a com-
promised physiologicalstate (hemodynamicinsuffi-
ciency)therewasno reasonto expecta performance
differencebetweenthe two groups,becausethepatients
had neversuffereda strokeand had normalneurolog-
ical examinationsat the time of imaging.Thus, our
designwasnot expectedto sufferfrom theconfoundof
differentialperformancebetweenpatientsandcontrols.

We hypothesizedthat patientswith exhaustedvaso-
motor reactivity (VMR) due to large-vesseldisease
would showipsilateralreorganizationdespitenot hav-
ing had a stroke.This hypothesisis supportedby the
finding that patientswith unilateralcritical large-vessel
diseasecan havecognitiveimpairments,suggestiveof
injury to that hemisphere,that arenot attributableto
focal lesions.8,9 A correlationhasalsobeenfound be-
tweendegreeof neuralactivityandcerebralbloodflow
(CBF) in patientswith unilateralmajorcerebralartery
occlusion.10

In healthysubjects,ipsilateralactivationduring the
performanceof finger/handmovementtasksis depen-
dent on taskcomplexity/difficulty.11Ð14Our secondary
hypothesiswasthat the mechanismthat leadsto ipsi-
lateralactivationfrom exhaustedVMR isseparatefrom
that causedby variationsin difficulty/complexityof the
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task.If this is the case,thesefactorsshouldnot inter-
act. Surprisingly,therehavebeenno functionalimag-
ing studiesthat directlycompareipsilateralmotor acti-
vationsseenin healthysubjectswith thosethat result
from hemisphericdysfunction.

We testedsubjectswith two motor tasks;one re-
quired them to gently make a fist (GRIP) and the
other to perform a finger sequenceon a button box
device(SEQ).We chosethesetwo tasksbecausehand
squeezeor grip hasbeenshownin previousstudiesto
activatealmostexclusivelycontralateralprimarymotor
cortex,12 whereasfingersequencestend to activatead-
ditional premotorand parietalregionsin both hemi-
spheres.13 Thus, the GRIP and SEQtasksrepresented
the lower and higher levels,respectively,of our task
complexityfactor.

Subjectsand Methods
Subjects
Six right-handedpatients,aged34 to 81 years,with unilat-
eral internal carotid artery(ICA) or middle cerebralartery
(MCA) high-gradestenosisor occlusionandsixright-handed
age-matchedcontrols,aged22 to 71 years,participatedin
the study.Therewasno significantagedifferencebetween
the two groups(patients,53.7 ! 17.8; controls,44.7 !
17.3; t test, p " 0.395). All participantsgavewritten in-
formed consentfor the study usingan institutional review
boardÐapprovedand Health InsurancePortability and Ac-
countabilityAct Ðcompliantprotocol.

PatientandControlInclusionCriteria
All sixpatientshadDoppler-confirmedlarge-vesselocclusion
or stenosis.In addition, all had decreasedVMR as deter-
mined by transcranialDoppler, asdescribedbelow.Five of
the patientshad TIAs, attributableto the affectedvessel,
within 6 monthsof the study,and one wasasymptomatic
(Table1). All the patientshadnormalneurologicalexamina-
tion as determinedby two neurologists,including normal
rapid alternatingmovements,and nonehad evidenceof in-
farct in the territory of the stenosedor occludedvesselby
fluid-attenuatedinversion recoveryor diffusion-weighted
magneticresonanceimaging(MRI) sequences.Transcranial

Dopplersof the posteriorcirculationwerenormal.The age-
matchedcontrolshad normalneurologicalexaminationand
no evidencefor focal lesionson fluid-attenuatedinversion
recoveryor DWI MRIs. Carotid and transcranialDoppler
studieswerehemodynamicallynormalin thecontrols.Hand-
ednesswasdeterminedusingthe Edinburghinventory.

VasomotorReactivityMeasurements
All patients underwent continuous bilateral transcranial
Dopplermonitoring(PioneerTC 4040;Nicolet Biomedical,
Madison,WI) of the MCAs at an insonationdepthof 50 to
56mm asdescribedpreviously.15 In brief, partialpressureof
carbondioxide(pCO2) wasmeasuredcontinuouslywith an
in-line capnometer(Datex-Ohmeda,Helsinki,Finland)con-
nectedvia snorkelmouthpiece,with the nasalairwayoc-
cludedby noseclip. After 2 minutesof baselinemeasure-
ments, subjectsbreathed a 5% CO2 and air mixture
(carbigene)for 2 minutes.CerebralVMR wascalculatedas
percentageof increasein the ipsilateralMCA meanflow ve-
locity (MFV) per mm Hg pCO2 once the MFV curve
reachedits highestlevelduring the 2-minute inhalationpe-
riod. The contralateralVMR was measuredas a control.
ÒNormalÓVMR wasdefinedasan increasein MCA MFV of
greaterthan 2.0%/mm Hg pCO2, correspondingto two
standarddeviationsbelowthe meanof control datafrom a
previousstudy.

MotorProtocol
During functional MRI, scanningsubjectsperformedtwo
runs of eachtask with both left and right hands.During
eachrun, they alternated20-secondtask blockswith 20-
secondrest blocks.Three task blocksand four rest blocks
wereperformedper run. For GRIP, subjectsisometrically
closedtheir hand into a fist at a frequencyof 1Hz in syn-
chrony with a tone heard through MR-compatiblehead-
phones.SubjectsÕarmslaycomfortablyby their sidewith full
weight support.For SEQ, subjectsdepressedbuttonson a
fingerpad,whichrestedcomfortablyon their stomachs,in a
continuousrepeatingsequencefrom digit 1 through 5 at a
frequencyof 1Hz, againin synchronywith the tone. The
tone wasalsopresentduring the restperiods.The orderof
the two taskswas pseudorandomizedacrosssubjects,but
eachtaskwasdoneasa pair of runs.Subjectspracticedthe

Table1. PatientClinicalCharacteristics

Patient
No. Stroke TIA Symptoms Vessel VMR (L/R) Age(yr)

1 None None R ICA stenosis 2.5/1.2 81
2 None (TIA) Left hemiparesisthreetimesover1 year R ICA occlusion 1.2/# 0.5 64
3 None (TIA) Weaknessand shakingof the right arm

and handfor 1 week
L MCA stenosis 1.6/4.1 34

4a None (TIA) Mild heavinessand numbnessof the
left arm and leg

R ICA occlusion 3.2/1.6 35

5 None (TIA) Right transientmonocularblindness R ICA occlusion 2.4/0.2 55
6 None (TIA) Left arm and handweakness R MCA stenosis 3.3/2.0 53

aSmallchronicinfarct in left spleniumof corpuscallosum$ left occipitalcortex.

TIA " transientischemicattack;VMR " vasomotorreactivity(% changein meanflow velocity/mmHgpCO2, CO2); L " left; R " right.
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sequencetaskbriefly beforescanningbegan.An investigator
remainedbesidethe scannerthroughoutthe sessionto give
instructionsand to observefor mirror movements.All sub-
jectshad their eyesclosedthroughoutthe scanningperiod,
and their nonmovingarm restedcomfortablywith the hand
palm down.

MagneticResonanceData Acquisition
A GeneralElectric1.5T MR scannerwasusedto acquire
both T1-weightedanatomicalimages(1.5 % 1.5 % 4.5mm
voxels)andT2*-weightedMRI transverseechoplanarimages
(EPIs) with blood oxygenationlevel dependent(BOLD)
contrast.The following imageacquisitionparameterswere
used:19cm field of view,128 % 128 imagematrix, 4,000
millisecondsTR, 60 millisecondsTE, and a 60-degreeflip
angle.EachEPI wasmadeup of 25, 4.5mm-thick,contigu-
ousaxialsliceswith 0mm separation,and with the coil po-
sitionedto obtainslicesthroughthe wholebrain.A total of
41 volumeswereacquiredcontinuouslyduring eachsession.
The first and lastthreevolumeswerediscardedto allow for
T1 equilibrationeffects.

ImageAnalysis
FIXED EFFECTSCONJUNCTION ANALYSIS. Imaging data
wereanalyzedusingstatisticalparametricmapping(SPM99;
Welcome Department of Imaging Neuroscience, http://www.
fil.ion.ucl.ac.uk/spm/).None of the subjectsmoved their
headmore than 2mm in any direction,and therewereno
appreciabletask-relatedheadmovements.All volumeswere
spatiallyrealignedto the first volume,underwentslice-timing
correctionand werecoregisteredto the T1 imageof each
subject.The T1 imagewasnormalizedto a standardT1
templatebasedon the MontrealNeurologicalInstituterefer-
encebrain,andthenormalizationparameterswereappliedto
the EPIs. The data then werespatiallysmoothedwith an
isotropic6mm full-width half-maximumGaussiankernel.In
the patient group, left-sided hypoperfusionimageswere
flipped to make the ÒrightÓhemispherethe hypoperfused
hemispherein all cases.

Group resultswereobtainedby performingseparatecon-
junction analyseswith a fixed-effectsmodel on the patient
and controlsgroupsat p valuelessthan 0.001 (uncorrected
for multiple comparisons).This correspondedto eachindi-
vidualsubjectmapbeingthresholdedat t " 0.48. This ap-
proachis more powerful than random-effectsanalysesfor
smallsamplesizesbecauseit retainsthe sensitivityof a fixed-
effectsanalysiswhile allowingthe inferencethat a non-zero
proportionof the populationalsohasthe sameeffect.16

REGION OF INTEREST ANALYSIS. To quantitativelytest
our hypothesisthat ipsilateralsensorimotorcortical areas
wereactivatedmorein the patientsthan in controls,weper-
formed an independentregion of interest (ROI) analysis
comprisedof cortical regionsthat have been consistently
shownto beactivatedin motor tasksin healthysubjects.We
drew five regionsof ROIs usingan Montreal Neurological
Institute templateand criteria describedby Fink and col-
leauges17: (1) the primaryandsensorimotorarea(M1/S1) as
the pericentralsulcalregionup to the precentraland post-
centralsulci;(2) lateralpremotorcortexascortexlying up to

10mm anteriorof the precentralsulcus;(3) the superiorpa-
rietal lobuleascortexlying superiorto the intraparietalsul-
cusand immediatelyposteriorto the postcentralsulcus;(4)
the inferior parietallobuleascortexlying belowthe intrapa-
rietal sulcusand posteriorto the postcentralsulcus;and (5)
the supplementarymotor areaascortexabovethe cingulate
sulcusandboundedby a planeperpendicularto theposterior
commissureand a planeperpendicularto the genuof the
corpuscallosum.18 The percentageof changein signalactiv-
ity wascalculatedin eachROI andhypothesestestedusingt
testssignificantat p valuelessthan 0.05.

Results
HemisphericActivationsUsingthe
ContralateralHand
For all results,the right handcontralateralto the nor-
mallyperfusedleft hemispherewasdesignatedthe Òun-
affectedÓhand,and the left hand contralateralto the
hypoperfusedright hemispherewas designatedÒaf-
fectedÓeventhough the handwasneurologicallynor-
mal. Control subjectsperformedboth GRIP andSEQ
without observablemirror movements.For GRIP, the
controlsactivatedcontralateralM1 andpremotorareas
and ipsilateralcerebellum.SEQcausedadditionalcon-
tralateralandipsilateralactivationof premotorandpa-
rietal areas(seeFig 1A and Supplementarymaterial).
Theseresultsareconsistentwith previousstudiesthat
havecomparedgrip andsequencetasks.12,13 Therewas
no qualitativedifferencein the activationpatternsfor
GRIP or SEQwhencontrol subjectsusedtheir left or
right hand.Notably, we did not seemore prominent
ipsilateralactivation when subjectsused their non-
dominant(left) hand(seeFig 1A, first andsecondrows
vs third and fourth rows).

All six patientshad impairedVMR in one hemi-
spherecausedby critical carotidor MCA diseaseand
normalVMR in theoppositehemisphere(seeTable1).
The patientsmadeno observablemirror movementsin
either GRIP or SEQ. Performanceof the GRIP and
SEQ task with the unaffectedhand showedsimilar
contralateralactivation to the controls (seeFig 1B,
third and fourth rows).Theseobservationsweresup-
ported quantitatively by the ROI analysis,which
showedno significantdifferencebetweenpatientsand
controlsfor activationsin the left hemispherewhenus-
ing the right hand in either task(t[10] " 1.64, two-
tailedp " 0.12; Fig 2A).

Visualcomparisonof right hemisphereactivationin
controlsand patientssuggesteda reductionin activa-
tion in the patientsfor both tasks.The ROI analysis
did not, however,showa significantdifference(t[10]
" 0.96,two-tailedp " 0.36;seeFig 2B). Thus,unlike
previousreports,wedid not seea significantreduction
in theBOLD responsein thehypoperfusedhemisphere
comparedwith controls.
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HemisphericActivationsUsingtheIpsilateralHand
When usingthe affectedhand,patientsshowedmore
prominentipsilateralactivationcomparedwith controls
(seeFig 1B, first and secondrows,seeSupplementary
material).SEQwasassociatedwith moreipsilateralac-
tivation than GRIP. Novel ipsilateralareasincluded
medialandlateralpremotor,prefrontal,andparietalre-
gions. In addition, whereascerebellaractivation re-
mainedipsilateralfor the controls,it wasbilateralin
both tasksfor the patients.

We quantifiedour hypothesispositingincreasedip-
silateralactivationin motor-relatedareasin patients
with an ROI analysisshowinga significantlygreater
degreeof activation,averagedacrossthe five ipsilateral
ROIs, in the patientscomparedwith controls(t[10] "
2.35, one-tailedp " 0.02) (Fig 3A). As suggestedby
the conjunctionanalysis,therewasa significanteffect
of taskcomplexityon ipsilateralactivationfor both pa-
tients and controls (t[10] " 1.99, one-tailedp "
0.04). The taskby group interactionwasnot signifi-
cant (F[1,10] " 0.04, two-tailedp " 0.43; seeFig
3B). The lack of significantinteractionbetweentask
and groupsuggeststhat hypoperfusioncauseschanges
in ipsilateralrecruitment in motor tasksthrough a
mechanismthat is separatefrom mechanismssensitive
to taskcomplexity.Therewasno significantdifference
in ipsilateralactivationacrossthe samefiveROIswhen

controlsand patientsusedtheir right hand (t[10] "
0.19, two-tailedp " 0.85; see3C). Thus, the differ-
ence in ipsilateral activation between patients and
controls was specific to the hemisphere opposite the
stenosis/occlusion.

Discussion
This studyhadtwo mainfindings.First,hypoperfusion
in the absenceof a strokeled to increasedipsilateral
activationin patientscomparedwith controlsfor two
motor tasks.Second,the increasedipsilateralactivation
wasseparablefrom the effectof taskdifficulty. These
resultshave important implications for determining
both the pathophysiologyof hemodynamicfailureand
the role of the ipsilateralhemispherein motor behav-
ior.

TheEffectsof Hypoperfusionon
HemisphericActivation
All the patientsin this studyhad reducedVMR and
fiveof thesixhadTIAs (seeTable1). Despitethepres-
enceof this hemodynamicinsufficiency,the patients
did not report any currentmotor difficulties,had no
evidenceof infarctionin a motor areaby structuralim-
aging,and had normal neurologicalexaminations,in-
cludingnormalrapidalternatingmovementsof the fin-
gers,at the time of functional imaging.Nevertheless,

Fig 1. Axial activationmapsusinga fixed-effectsmodelwith conjunctionanalysis(p & 0.001,uncorrected).Patientsusingthe
ÒaffectedÓleft handpredominantlyactivatedleft (ipsilateral)areas,whereascontrolspredominantlyactivatedright (contralateral)
areas.BothpatientsandcontrolsactivatedcontralaterallywhenusingtheÒunaffectedÓright hand.Colorbarsto theright of each
conditionindicatetherangeof activationT-values.
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we found an atypicalpattern of activationby func-
tional MRI with increasedipsilateralactivationcom-
paredwith age-matchedcontrols.A similar resulthas
beenreportedrecentlyin two patientswith unilateral
high-gradeMCA stenosis,19 but small acute strokes
werealsopresent,makinginterpretationdifficult. Un-
like in recentreports,20Ð22wedid not seea significant
reductionin the BOLD responsein the hypoperfused
hemispherecomparedwith controls.This suggeststhat
unilateralsteno-occlusivediseasewith reducedVMR
doesnot reliablypredict reductionin the BOLD re-
sponsethroughuncouplingof neuronalactivityandlo-
cal hemodynamics.

TheRoleof Activationin theIpsilateralHemisphere
The increased ipsilateral activation seen in our pa-
tients when they used their ÒaffectedÓhand 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 with-
out persistent motor symptoms or signs raises the in-
teresting 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 re-
sponses in the opposite hemisphere to maintain mo-
tor performance. The possibility that undetected mo-
tor impairment may result in brain activation changes
in patients is supported by several examples of brain
activation changes in healthy subjects when they per-
form motor tasks in which errors and/or improve-

Fig 2. Regionof interest(ROI) analysis.Bar graphsof contralateralhemispherefMRI percentagesignalchange,averagedacrossall
fiveROIs,for controlsandpatientswhenusingtheÒunaffectedÓright hand(A) andÒaffectedÓleft hand(B). Differencesbetween
controlsandpatientswerenot significant.fMRI " functionalmagneticresonanceimaging;BOLD " bloodoxygenleveldependent.

Fig 3. Regionof interest(ROI) analysis.Bar graphsof ipsilateralhemispherefMRI percentagesignalchange,averagedacrossall five
ROIs,in controlsandpatients.(A) Therewassignificantlygreateractivationin theleft hemisphereof patientsthancontrolswhen
theymovedtheÒaffectedÓleft hand.(B) Percentagesignalchangewasgreaterin SEQthanGRIPfor bothcontrolsandpatients.
Theinteractionbetweengroup(controlor patient)and taskcomplexity(GRIPor SEQ)wasnot significant(seeResults).(C) There
wasno significantdifferencein percentagesignalchangein theright hemispherebetweencontrolsandpatientswhentheyusedthe
unaffectedright hand.fMRI " functionalmagneticresonanceimaging;BOLD " bloodoxygenleveldependent.
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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 move-
ments 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 cere-
bral rate of oxygen metabolism in the hemisphere op-
posite a carotid occlusion are not significantly differ-
ent from control values.29 Indeed, we did not find
increased VMR in the unaffected hemisphere.

We conclude that unilateral hemodynamic insuffi-
ciency in patients with large-vessel disease causes suf-
ficient 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 (re-
serve) and changes induced by disease (compensa-
tion).30

Our finding of atypicalipsilateralactivationin pa-
tientswithout motor deficit indicatesthat the associa-
tion of atypicalipsilateralactivationwith poor motor
outcome6 cannot be considereda generalprinciple.
The influenceof hemodynamiccompromisein patients
with large-vesseldiseaseshould be consideredin the
investigationof mechanismsof strokerecovery.A pre-
existing compensatoryipsilateral activation pattern
might be one reasonwhy patientswith strokedue to
flow failure from large-vesseldiseasetend to haveless
severeclinical manifestationsthan those with other
strokesubtypes.31
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