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To specificallyinvestigatethe effect that large-vessetliseasemay have on cortical reorganization,we used functional

magneticresonanceémaging to study patientswith unilateral hemispherichypoperfusionand impaired vasomotorreac-
tivity from critical internal carotid or middle cerebralartery diseaséut without stroke.We hypothesizedhat whenthese
patientsusedthe hand contralateralto the hypoperfusechemispherethey would showunique activationin motor-related
areasof the normally perfusedhemisphere,that is, ipsilateral activation. We found that normal performanceof two

motor taskswasassociatedvith increasedpsilateral hemisphericactivation in the patients comparedwith age-matched
controls. In addition, although task difficulty had an effecton ipsilateral activation, the increasedpsilateral activation

seenin patientswasnot dependenton task difficulty. Our findings demonstratethat hemodynamiccompromisealoneis

sufficient to causeatypical ipsilateral activation. This activation may serveto maintain normal motor performance.
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Over the pastdecade functional brain imaging has
beenusedincreasinglyto investigatemechanism®f
motor recovengafterstroke A consistenfinding in the
earlierstudieswasthat patientsshowedorominentac-
tivationin the ipsilaterahemisphereuring the execu-
tion of simplemotor taskswith the affectedimb.*®3
This wasin contrastto healthysubjectsvho had acti-
vationpredominantlyn the expectedontralateraino-
tor cortex.Althoughtheseresultssuggested role for
the ipsilaterahemispherén motor performancefter
stroke, more recent longitudinal imaging studie$™®
showthat activationin the ipsilaterahemisphereor-
relatesvith severityof motorimpairmentand maydis-
appearas motor recoveryoccurs. The longitudinal
studiesto date suffer, howeverfrom two important
limitations. First, there has beenfocusalmostexclu-
sivelyon smallvessetubcorticastrokesSeconda dif-
ferencein motor performancebetweenpatientswith
stroke-inducethemiparesiand controlsmay,in of it-
self, alter activation patternsand thus confoundre-
sults?

To specificallyaddresghe influenceof large-vessel
diseaseon functional motor activation patterns,we
studiedpatientswith corticalhypoperfusiortausedy
large-vesssienosisr occlusionA consequenaa our

study designwasthat despitethe presencef a com-
promised physiologicalstate (hemodynamicinsuffi-
ciency)therewasno reasonto expecta performance
differencéetweerthe two groupspecausthe patients
had neversuffereda strokeand had normal neurolog-
ical examinationst the time of imaging.Thus, our
desigrnwasnot expectedo sufferfrom the confoundof
differentialperformancéetweerpatientsand controls.

We hypothesizethat patientswith exhaustedaso-
motor reactivity (VMR) due to large-vessalisease
would showipsilaterakeorganizatiomnlespitenot hav-
ing had a stroke.This hypothesiss supportedby the
finding that patientswith unilateralcritical large-vessel
diseasean havecognitiveimpairments suggestivef
injury to that hemispherethat arenot attributableto
focallesion$:® A correlationhasalsobeenfound be-
tweendegreef neuralactivityand cerebrablood flow
(CBF) in patientswith unilateralmajor cerebrahrtery
occlusiort?

In healthysubjectsipsilateralactivationduring the
performancef finger/handmovementasksis depen-
denton taskcomplexity/difficulty:****Our secondary
hypothesisvasthat the mechanisnthat leadsto ipsi-
lateralactivationfrom exhauste® MR is separatéom
that causedby variationsn difficulty/complexityof the
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task.If this is the casethesefactorsshouldnot inter-
act. Surprisinglytherehavebeenno functionalimag-
ing studieghat directlycompareapsilateramotor acti-
vationsseenin healthysubjectaith thosethat result
from hemispheridysfunction.

We testedsubjectswith two motor tasks;one re-
quired them to gently make a fist (GRIP) and the
other to performa finger sequencen a button box
device(SEQ).We chosethesetwo tasksbecauséand
squeezer grip hasbeenshownin previousstudieso
activatealmostexclusivelgontralateraprimary motor
cortext? whereasinger sequencegnd to activatead
ditional premotorand parietalregionsin both hemi-
sphere$® Thus, the GRIP and SEQ tasksrepresented
the lower and higher levels,respectivelypf our task
complexityfactor.

Subjectsand Methods

Subjects

Six right-handedpatients,aged34 to 81 yearswith unilat-
eral internal carotid artery (ICA) or middle cerebralartery
(MCA) high-gradestenosisr occlusiorandsixright-handed
age-matchedontrols,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 using an institutional review
boardbapprovednd Health InsurancePortability and Ac-
countabilityAct Bcompliantprotocol.

Patientand ControlinclusiorCriteria

All six patientshad Doppler-confirmedarge-vessetclusion
or stenosisin addition, all had decreasedMR as deter-
mined by transcraniaDoppler, asdescribedelow. Five of
the patientshad TIAs, attributableto the affectedvessel,
within 6 monthsof the study, and one wasasymptomatic
(Tablel). All the patientshad normalneurologicaéxamina-
tion as determinedby two neurologistsincluding normal
rapid alternatingmovementsand none had evidencef in-
farctin the territory of the stenosedr occludedvesseby
fluid-attenuatedinversion recoveryor diffusion-weighted
magneticresonancémaging(MRI) sequencedranscranial

Tablel. PatientClinical Characteristics

Dopplersof the posteriorcirculationwerenormal. The age-
matchedcontrolshad normal neurologicaéxaminatiorand
no evidenceor focal lesionson fluid-attenuatednversion
recoveryor DWI MRIs. Carotid and transcraniaDoppler
studiesverehemodynamicallyormalin the controlsHand-
ednessvasdeterminedusingthe Edinburghinventory.

VasomotdReactivitiMeasurements

All patients underwent continuous bilateral transcranial
Dopplermonitoring (PioneefTC 4040; Nicolet Biomedical,
Madison,WI) of the MCAs at an insonationdepthof 50 to
56mm asdescribegreviously? In brief, partial pressuref
carbondioxide (pCO,) wasmeasureaontinuouslywith an
in-line capnomete(Datex-Ohmedatielsinki, Finland)con-
nectedvia snorkelmouthpiecewith the nasalairway oc-
cludedby noseclip. After 2 minutesof baselinemeasure-
ments, subjectsbreatheda 5% CO, and air mixture
(carbigenejor 2 minutes.CerebraMMR wascalculatedas
percentagef increasén the ipsilateraMCA meanflow ve-
locity (MFV) per mm Hg pCO, once the MFV curve
reachedts highestlevelduring the 2-minute inhalationpe-
riod. The contralateraMMR was measuredas a control.
ONormal®MR wasdefinedasanincreasén MCA MFV of
greaterthan 2.0%/mm Hg pCO,, correspondingo two
standarddeviationsbelowthe meanof control datafrom a
previousstudy.

Motor Protocol

During functional MRI, scanningsubjectsperformedtwo

runs of eachtaskwith both left and right hands.During

eachrun, they alternated20-secondask blockswith 20-

secondrest blocks. Three task blocksand four rest blocks
were performedper run. For GRIP, subjectssometrically
closedtheir handinto a fist at a frequencyof 1Hz in syn-
chrony with a tone heard through MR-compatiblehead-
phonesSubjects@mslay comfortablyby their sidewith full

weight support.For SEQ, subjectddepressetiuttonson a

fingerpad,which resteccomfortablyon their stomachsn a

continuousrepeatingsequencéom digit 1 through5 a a

frequencyof 1Hz, againin synchronywith the tone. The

tone wasalsopresenturing the restperiods.The order of

the two taskswas pseudorandomizedcrosssubjects but

eachtaskwasdoneasa pair of runs. Subjectpracticedhe

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 hemiparesithreetimesoverl year R ICA occlusion 1.2# 0.5 64

3 None (TIA) Weaknesand shakingof the right arm L MCA stenosis 1.6/4.1 34
and handfor 1 week

42 None (TIA) Mild heavinesand numbnes®f the R ICA occlusion 3.2/1.6 35
left arm and leg

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

eSmallchronicinfarctin left spleniumof corpuscallosun left occipitalcortex.

TIA " transientischemicattack;VMR " vasomotoreactivity(% changdan meanflow velocity/mmHgpCO,, CO,); L " left; R" right.
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sequenctaskbriefly beforescanningoegan An investigator
remainedbesidethe scannethroughoutthe sessiorio give
instructionsand to observdor mirror movementsAll sub-
jectshad their eyesclosedthroughoutthe scanningperiod,
and their nonmovingarm restedcomfortablywith the hand
palmdown.

MagnetidResonan@ata Acquisition

A GeneralElectric1.5T MR scannemwasusedto acquire
both T,-weightedanatomicalmageg1.5 % 1.5 % 4.5mm
voxelsjand T,*-weightedVRI transversechoplanarimages
(EPIs) with blood oxygenationlevel dependent(BOLD)
contrast.The following imageacquisitionparametersvere
used:19cm field of view, 128 % 128 imagematrix, 4,000
millisecondsTR, 60 millisecondsTE, and a 60-degredlip
angle.EachEPI wasmadeup of 25, 4.5mm-thick,contigu-
ousaxialsliceswith Omm separationand with the coil po-
sitionedto obtain slicegshroughthe wholebrain. A total of
41 volumesnereacquiredcontinuouslyduring eachsession.
The first and lastthreevolumeswerediscardedo allow for
T1 equilibrationeffects.

ImageAnalysis

FIXED EFFECTSCONJUNCTION ANALYSIS. Imagingdata
wereanalyzedisingstatisticaparametrianapping(SPM99;
Wedcome Depatment of Imaging Neurostience, http://www.
fil.ion.ucl.ac.uk/spm/)None of the subjectsmoved their
headmore than 2mm in any direction,and therewereno
appreciableask-relatedheadmovementsAll volumeswere
spatiallyrealignedo the first volume,underwenslice-timing
correctionand were coregisteretb the T1 imageof each
subject.The T1 imagewasnormalizedto a standardT1
templatebasedn the MontrealNeurologicalnstitute refer-
encebrain,andthe normalizatiorparametergereappliedto
the EPIs. The datathen were spatiallysmoothedwith an
isotropicémm full-width half-maximumGaussiakernel.In
the patient group, left-sided hypoperfusionimageswere
flipped to make the Orightthemispherdhe hypoperfused
hemispherén all cases.

Group resultswereobtainedby performingseparateon-
junction analysesvith a fixed-effectsnodel on the patient
and controlsgroupsat p valuelessthan 0.001 (uncorrected
for multiple comparisons)Trhis correspondetb eachindi-
vidual subjectmap beingthresholdedat t " 0.48. This ap-
proachis more powerful than random-effectainalysesor
smallsamplesizedecausé retainsthe sensitivityof a fixed-
effectsanalysisvhile allowingthe inferencehat a non-zero
proportion of the populationalsohasthe sameeffect:®

REGION OF INTEREST ANALYSIS. To quantitativelytest
our hypothesisthat ipsilateralsensorimotorcortical areas
wereactivatednorein the patientshanin controls,we per-
formed an independentregion of interest(ROI) analysis
comprisedof cortical regionsthat have been consistently
shownto be activatedn motortasksn healthysubjectsWe
drew five regionsof ROIs usingan Montreal Neurological
Institute templateand criteria describedby Fink and col-
leaugéd: (1) the primaryand sensorimotoarea(M1/S1) as
the pericentrakulcalregionup to the precentrabind post-
centralsulci;(2) lateralpremotorcortexascortexlying up to
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10mm anteriorof the precentrakulcus(3) the superiompa-
rietal lobule ascortexlying superiorto the intraparietakul-
cusand immediatelyposteriorto the postcentrasulcusi4)

the inferior parietallobuleascortexlying belowthe intrapa-
rietal sulcusand posteriorto the postcentrasulcus;and (5)

the supplementarynotor areaascortexabovethe cingulate
sulcusandboundedby a planeperpendiculato the posterior
commissureand a plane perpendiculato the genuof the

corpuscallosumt® The percentagef changen signalactiv

ity wascalculatedn eachROI and hypothesetestedusingt

testssignificantat p valuelessthan 0.05.

Results

HemispheriéctivationdJsingthe

ContralateraHand

For all resultsthe right hand contralateraio the nor-
mally perfusedeft hemispheravasdesignatethe Oun-
affected®and, and the left hand contralaterato the
hypoperfusedight hemispherewas designatedOaf-
fected@venthough the hand wasneurologicallynor-
mal. Control subjectperformedboth GRIP and SEQ
without observablenirror movementsFor GRIP, the
controlsactivateccontralateraM1 and premotorareas
andipsilateraterebellumSEQ causedhdditionalcon-
tralaterabndipsilaterahctivationof premotorand pa-
rietal areaqseeFig 1A and Supplementarynaterial).
Theseresultsare consistentvith previousstudiesthat
havecomparedyrip andsequenctasks>*3 Therewas
no qualitativedifferencen the activationpatternsfor
GRIP or SEQwhencontrol subjectaisedtheir left or
right hand. Notably, we did not seemore prominent
ipsilateralactivation when subjectsused their non-
dominant(left) hand(sedrig 1A, first andsecondows
vsthird and fourth rows).

All six patientshad impaired VMR in one hemi-
spherecausedy critical carotid or MCA diseasand
normalVMR in the opposithemispheréseerablel).
The patientanadeno observablmirror movementin
either GRIP or SEQ. Performancef the GRIP and
SEQ task with the unaffectedhand showedsimilar
contralateralctivationto the controls (seeFig 1B,
third and fourth rows). Theseobservationsvere sup-
ported quantitatively by the ROI analysis,which
showedno significantdifferencebetweerpatientsand
controlsfor activationsn the left hemisphergvhenus-
ing the right handin eithertask(t[10] " 1.64, two-
tailedp " 0.12;Fig 2A).

Visualcomparisorof right hemispheractivationin
controlsand patientssuggested reductionin activa-
tion in the patientsfor both tasks.The ROI analysis
did not, howevershowa significantdifference(t[10]
" 0.96,two-tailedp " 0.36;seeFig 2B). Thus,unlike
previougeportswe did not seea significantreduction
in the BOLD responsa the hypoperfusetlemisphere
comparedvith controls.



b

Fig 1. Axial activatiormapsausinga fixed-effectaodelwith conjunctioranalysig¢p & 0.001,uncorrectedpatientsisingthe
Oaffected&dt handpredominantlgictivatedeft (ipsilateralpreaswhereasontrolpredominantlgictivatedight (contralateral)
areasBothpatientsand controlsctivatedontralaterallwhenusingthe Ounaffected@ht hand.Colorbarsto theright of each

conditionindicatethe rangeof activationT-values.

Hemispheridctivation®Jsingthe IpsilateraHand
When usingthe affectechand, patientsshowedmore
prominentipsilaterahctivationcomparedvith controls
(seeFig 1B, first and secondows,seeSupplementary
material) SEQwasassociatedith moreipsilaterabc-
tivation than GRIP. Novel ipsilateralareasincluded
medialandlateralpremotor prefrontalandparietakre-
gions. In addition, whereascerebellaractivation re-
mainedipsilateralfor the controls,it wasbilateralin
both tasksfor the patients.

We quantifiedour hypothesipositingincreasedp-
silateralactivationin motor-relatedareasin patients
with an ROI analysisshowinga significantlygreater
degreeof activation,averagedcrosghe five ipsilateral
ROls,in the patientscomparedvith controls(t[10] "
2.35,0ne-tailedp " 0.02) (Fig 3A). As suggesteldy
the conjunctionanalysistherewasa significanteffect
of taskcomplexityon ipsilaterabctivationfor both pa-
tients and controls (t{10] " 1.99, one-tailedp "
0.04). The task by group interactionwasnot signifi-
cant (F[1,10] " 0.04, two-tailedp " 0.43; seeFig
3B). The lack of significantinteractionbetweentask
and group suggestthat hypoperfusiortauseshanges
in ipsilateralrecruitmentin motor tasksthrough a
mechanisnthat is separatérom mechanismsensitive
to taskcomplexity . Therewasno significantdifference
in ipsilaterahctivationacrosshe samdive ROIswhen

controlsand patientsusedtheir right hand (t[10] "
0.19, two-tailedp " 0.85; see3C). Thus, the differ-
ence in ipdlaterd activaion between patients and
controls was secific to the hemisphere opposte the
genosgoccluson.

Discussion

This studyhadtwo mainfindings.First, hypoperfusion
in the absencef a strokeled to increasedpsilateral
activationin patientscomparedwith controlsfor two
motor tasks Secondthe increasedpsilaterahctivation
wasseparabléom the effectof taskdifficulty. These
results have important implicationsfor determining
both the pathophysiologgf hemodynamidailureand
the role of the ipsilaterahemispherén motor behav-
ior.

The Effect®f Hypoperfusiaomn

Hemispheridctivation

All the patientsin this study had reducedvMR and
five of the sixhad TIAs (se€Tablel). Despitethe pres-
enceof this hemodynamidnsufficiency the patients
did not report any currentmotor difficulties,had no
evidenc®f infarctionin a motor areaby structuraim-
aging,and had normal neurologicakxaminationsin-
cludingnormalrapidalternatingnovementsf the fin-
gers,at the time of functionalimaging.Nevertheless,
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Fig 2. Regiorof interes{ROI) analysisBar graph®f contralaterdiemisphef#RI percentagggnalchangeaveragedcrosall
five ROls,for controland patientsvhenusingthe Ounaffected@ht hand(A) and Oaffectet&® hand(B). Differencesetween
control&nd patientsverenot significantftMRI " functionaimagneticesonandmagingBOLD "  bloodoxygeteveldependent.

we found an atypicalpattern of activationby func-

tional MRI with increasedpsilateralactivationcom-
paredwith age-matchedontrols.A similarresulthas
beenreportedrecentlyin two patientswith unilateral
high-gradeMCA stenosi$? but small acute strokes
werealsopresentmakinginterpretationdifficult. Un-

like in recentreports>°®??we did not seea significant

reductionin the BOLD responsén the hypoperfused

hemisphereomparedvith controls.This suggestdhat
unilateral steno-occlusivdiseasevith reducedVMR
doesnot reliably predict reductionin the BOLD re-
sponsehroughuncouplingof neuronakctivityandlo-
calhemodynamics.

The Roleof Activationin thelpsilateraHemisphere

The increased ipslatera activation seen in our pa
tients when they used ther QiffectedOhand is Smilar
to what has been described in patients after stroke®
and with arteriovenous maformations®* The pres

ence of atypicd ipdlaterd activation in patients with-
out persgent motor symptoms or Sgns raises the in-
tereting possbility that reorganization might be
driven by motor @bnormdities that, diginct from
TIAs are not symptomatic. Although there have not
been qudies that describe subtle motor abnormalities
in patients with critical large-vesd disease, there is
evidence that subtle cognitive impairment may occur
in this patient population. In particular, it recently
has been argued that hypoperfuson per sg, and not
focd lesons can produce these cognitive deficits®
Anaogoudy, subtle motor imparments in patients
with hypoperfuson might lead to compensatory re-
gonses in the opposte hemigphere to maintain mo-
tor performance. The posshility that undetected mo-
tor impairment may result in brain activation changes
in patients is supported by severd examples of brain
activation changes in hedthy subjects when they per-
form motor tasks in which errors and/or improve-
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Fig 3. Regiorof interes{ROI) analysiBar graph®f ipsilaterahemisphef®RI percentagggnalchangeaveragedcrosall five
ROIs,in controland patients(A) Therewassignificantlgreateractivationn theleft hemisphe patient¢han controlsvhen
theymovedhe Oaffectetidt hand.(B) Percentagégnalkchangevasgreatem SEQthan GRIP for bothcontrolsnd patients.
Theinteractiorbetweegroup(controlor patient)and taskcomplexitfGRIP or SEQ)wasnot significan{seeResults]C) There
wasno significantifferencen percentagegnalchangén theright hemispheteetweerontrolsnd patientsvhentheyusedhe

unaffectedght hand.fMRI " functionamagneticesonandémagingBOLD "
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ment are not conscioudy detected.?>2® Two recent
TMS dudies one in hedthy subjects’ and one in
patients with hemiparess®® suggest that ipslaterd
premotor cortex can mantan motor performance
when contralaterd motor areas are compromised.

Two dternative explanations for our findings
should be consdered: patients made mirror move-
ments or the BOLD reponse was omehow
augmented in the unaffected hemisphere. Mirror
movements are an unlikely explanation. Firgt, mirror
movements were not observed. Second, the patients
had norma motor examinations and would not be
expected to make more mirror movements than the
age-matched controls An augmented BOLD response
in the left hemighere is ds unlikdy. Firg, we did
not find dgnificantly increased BOLD activation in
the left hemigphere when patients used ther right
hand. Second, it has been shown that CBF, cerebrd
blood volume, oxygen extraction fraction, and cere-
bra rate of oxygen metaboliam in the hemigphere op-
podte a carotid occluson are not sgnificantly differ-
ent from control vaues?® Indeed, we did not find
increesed VMR in the unaffected hemisphere.

We condlude that unilatera hemodynamic insuffi-
ciency in patients with large-vessd disease causes suf-
ficient dysfunction, either physologicd or gructurd,
to induce activity in the oppodste hemisphere tha
may serve to maintain norma motor performance. In
addition, this activity eppears diginct from ipslaterd
activity related to task complexity that is seen in
hedthy subjects It has been proposed recently that
there may be a diginction between load-dependent
changes in brain activation in hedthy subjects (re-
srve) and changes induced by disease (compensa
tion).*

Our finding of atypicalipsilateralactivationin pa-

tients without motor deficit indicateshat the associa-

tion of atypicalipsilateralactivationwith poor motor
outcomé cannot be considereda generalprinciple.
The influenceof hemodynamicompromisén patients
with large-vesseliseaseshould be consideredn the
investigatiorof mechanismef strokerecoveryA pre-
existing compensatoryipsilateral activation pattern
might be one reasonwhy patientswith strokedue to
flow failure from large-vessédiseaséend to haveless
severeclinical manifestationghan those with other
strokesubtyped?*
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