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Functional brain imaging studies have provided insights into the processes related
to motor recovery after stroke. The comparative value of different motor activation
tasks for probing these processes has received limited study. We hypothesized that dif-
ferent hand motor tasks would activate the brain differently in controls, and that this
would affect control-patient comparisons. Functional magnetic resonance imaging
(MRI) was used to evaluate nine control subjects and seven patients with good recov-
ery after a left hemisphere hemiparetic stroke. The volume of activated brain in bilat-
eral sensorimotor cortex and four other motor regions was compared during each of
three tasks performed by the right hand: index finger tapping, four-finger tapping, and
squeezing. In control subjects, activation in left sensorimotor cortex was found to be
significantly larger during squeezing as compared with index-finger tapping. When com-

paring control subjects with stroke patients, patients showed a larger volume of acti-
vation in right sensorimotor cortex during index-finger tapping but not with four-fin-
ger tapping or squeezing. In addition, patients also showed a trend toward larger
activation volume than controls within left supplementary motor area during index-
finger tapping but not during the other tasks. Motion artifact was more common with
squeezing than with the tapping tasks. The choice of hand motor tasks used during brain
mapping can influence findings in control subjects as well as the differences identified
between controls and stroke patients. The results may be useful for future studies of
motor recovery after stroke. Key Words: Stroke&mdash;Motor recovery&mdash;Functional MRI.

There is a wide variation in the decree tlf recovery
after stroke ( l, 2). The brain events contributing to this
recovery remain incompletely understood. Previous
motor activation studies in humans using positron einis-
sion tomography, functional MRI (HvIRl) (5-7), and
electrophysiologic methods (4, 8) have provided evi-
dence for a change in brain function within multiple re-
~it~ns, in particular sensorimotor cortex of the nonstroke
hemisphere and along the rim of a cortical infarct. An
improved understanding oi the processes underlying
stroke recovery may have directive value in the design
of improved treatments targeting this process.
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Functional imaging studies of motor recovery have
used a number of different motor tasks to active1te the

brain ()-11). Not all studies have reached the same find-
ings, for example, regarding activation tlt sensorimotor
cortex of the noiistr(ike hemisphere during performance
of a motor task hy the stroke-affected hand. Differences
in study findings may have been due to a number uf fac-
tors, including the choice of motor task used to activate
the brain.

These studies have largely focUSe,ll1l1 motor tasks
that can be performed by only a subset of stroke patients,
those with good motor functiun. Early after stroke, or late
after stroke when recovery has been limited, patients may
have poor motor functiun. When evaluating such pel-
ticnts, less refined motor tasks may be needed as com-
pared with most of the tasks described earlier. For exam-
pie, patients with good recuvery can perfurm individual
finger movements, heing stage 6 of Brunnstmm’s six
stages tlf motor recovery ( 12 ). Syuee=in&dquo; however, is

stage 3 of 6 and may he seen when there has hem l H1ly
limited recovery from hemiplegic stroke. The Cl1mpara-
tive utility of less refined movements to study motor re-
covery has not been evaluated in patients with poor re-
covery or in patients with good recovery.

The current study aimed to address some of these is-
sues. In control subjects, regional brain activation vol-
umes during performance of three different hand mutor
tasks were compared. For each uf the three tasks, activa-
tion volumes in control suhjects were compared with
findings in patients with a left hemisphere hemiparetic
stroke. As a first step toward evaluating different motor
tasks, only patients with good recovery were studied. The
hrain areas of primary focus were sensorimotor cortex of
each hemisphere and the rim of intact tissue surrounding
a cortical stroke. In addition, because different tasks
might induce head motion in dissimilar ways, the num-
her uf studies contaminated by excessive head motion was
determined for each of the three tasks.

Methods .

Suhject S(’.jt_’CCfU)l and Training

Seven right-handed (13) stroke patients with a his-
tory of a hemiparetic, ischemic stroke in the left hemi-
sphere were enrolled after review of admitting records tu
Massachusetts General Hospital and Spaulding Rehabil-
itation Hospital. Entry criteria were weakness )~4+ on
the MRC scale ( 14)] in hand interossei and wrist exten-
sor of ~48 h duration, as well as good motor recovery,
defined hy improvement in strength by at least one level

(to ~4+ strength) on the MRC scale with resolution of
any upper extremity synkinesias. Patients with a history
nf a prior stroke associated with sensB Iri I1Il 1tl 11’ deficits were
excluded. Nine right-handed controls had a normal neu-
rotonic examination, no history of a stroke, and n<I sig-
nificant active neurotonic probtems. All subjects nave in-
formed consent. Before scanning, each subject was trained
t<1 perform the three motor tasks according to instructions.

MRI Image Acquisition

Echo planar ( EPI ) and Cl 1I1BTl1til H1ell images were l1h-
tained using a high-speed BB’ho[e-body scanner (1,5 Tesla
General Elcctric Signa modified by Advanced NMR Sys-
tems) and a quadrature head coit. Velcro restraints were
apptied to the head and shoulders, and padding was
placed around the head. Each scanning session included
(a) high-resotution votumetric gradient echo images, 2.8
mm thickness, (b) flow-compensated images in plane
with tlIllCClt111<ll images, (c) high-resotution EPI anatomic
images in plane with iunctional images, and (d) btood
l 1xY,~enation level dependent functi<inal imanes. consist-
inn nf asymmetric spin-echo images for T2* signal
change, with TR nf 2. s, TE of 70 ms, effective field of
view l 1f 20 cm 2, and in-plane rcsolutiun l1f 3.1 mm2, Sep-
arate functinnal imaging data sets were obtained during
each of three motor tasks. The whole brain was examined

using 20 contiguous hmi:ontal slices of 7 mm thickness.
One hundred images were obtained per stice over a 4-min
period, during which subjects alternated between ~0-s pe-
rinds of rest and activity.

The three motor tasks were right tour-finger tapping,
right index-finger tapping, and right hand squeezing.
These three were performed during the same fMRI ses-
sion. Part of the results from this session has been previ-
l1usl reported (5). The first motor task performed was
right four-finger tapping at 2 H:. In this task, the pronated
forearm was at the subject’s side, The subject tapped thc
fingertips of digits two to five on the MPvI scanner bed in
unison while the thumb remained 111OC1OI11C~s; this in-
volved movement at the wrist and mctacarpophalangeal
joints. Right index-finger tapping at 2 H: was performed
next. with the forearm in the same positinn, This inB’ulB’c~l
movement isolated to the second metacarpophatangeat
joint. FinaHy. the forearm was placed in a supinated posi-
tion. The right hand squeezed a tennis hall at 1 H ; this
involved all hand joints of all five fingers plus some move-
ment at wrist and etbow joints. Subjects were instructed
to squee:e with a force sufficient to cause indentation of
the tennis hall. TWl1 stroke patients moved Lid lih, at rates
approximating those of other subjects; l1therwise all move-
ments were driven by a metronome beep transmitted
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through ptastic headphones (continuousty during rcst and
active periods). The cue tu begin and to cease movements
was a light tap on the knee. Subjects kept eyes closed at
all times. A 11l11uvemen ts were monitored for accurate per-
furme111ce by one of the experimenters standing in the
scanner room at the suhject’s side.

IlllCl~y’ Anal)’sis

Images were motion corrected using image re~istr,l-
tion software adapted for t1vlRI by Jiang et ,11. (15). Sta-
ti;tical parametric maps were generated pixel-hy-pixL’1
using the KlIlmuguroB’-Smirnl1B’ statistic ( 1 (1), contrast-

ing movement with rest. A Hanning filter was used to im-
prove signal,to,noise ratio, hah-ing the effective in-ptane
re;<>luti<in. Any continuous activation of pixels with p <

0,001 around the rim of 1/=1 or more ot the brain circum-
ference was considered indicative of motion artifact; ac-
tiB’e1tion maps with this finding were exctuded from fur-
ther anatysis.

For each subject, the activation votume was measured
in five motor regions bilaterally. The regions were primary
sensorimotor cortex, promoter cortex, supplementary
motor area (SMA), cerehellar hemisphere, and basal gan-
glia, The anatomic landmarks used to define these areas
have been described previously (5). Briefly, primary sen-
sorimotor cortex extended from pre-central to pustcentr<ll
gyrus, brain vertex to sytvian fissure, and bteral brain sur-
face to the depth of the central sulcus. Premutm cortex
extended from precentrat sulcus to a rustral limit halfway’
between central sulcus and the anteriurmust extent of the

brain, brain vertex to sjtl,~ian fissure, and lateral hrain sur-
face to the SMA. SMA extended rostrocauiially as with
premotor cortex, from brain vertex to cingulate sulcus,
and midline to the white matter underlying mesial cortex.
Infarcted tissue was excluded from analysis of functiunal
images. Significant activation within a pixel was defined
using a threshotd uf p < 0,00 I.

Statistics

For c<introls, a two-fai)ed nunparametric paired test
was used to compare activation volumes within each
brain region across each pair of tasks. A two-taited
Wilcwun test was used to compare findings between con-
tJ’l1l subjects and stroke patients. Primary analysis exam-
ined sensorimotor cortex within each hemisphere. Sec-
undary analyses compared findings within each of the
other four brain regions bitaterauy. Given the exploratory
nature of these studies, no corrections were made tor Illlll-
tiple comparisons.

Results

The mean age of the nine controls (65 years; range,
42-76 years) was not significantty different- from the
mean age of the seven stroke patients (72 years; range.
55-86 years). There was no significant ~llttl’rc.’Ilce in gen-
der distribution between the two groups, with four <ii nine

controts men. compared with tive l1f seven stroke pa-
tients, Three patients had a lleep infe1[c[ in the left in-
ternal capsule, whereas four had a left corticat stroke (see
Tahle 1 ). The time from stroke to t1vIRI study ranged i’ri>in
t t days to t4 months. Ccrehral arteriat anatomy. B’isihle
l1n the tll1w-cllmpen~ateLi images, was normat in aH ~uh-
jecrs except tor an occtuded left internal carotid artery in
one stroke and in one control subject. One stroke subject
was round tl1 have r;1Lliolo,gic evidence of a prior stroke
Lluring the t1vlRi study, an asymptomatic small-B’L’ssel in-
htrct in the right putamen, For most subjects in this study,
activation votumes during index-tinner upping have
been previousty reported (5).

Several factors reduced the number of studies avait-
abte for analysis, Data during t~ 1llr-finger tapping were I<>;t

because of operator error in one stroke panenf, and fllllr-

finger tapping was omitted in a second stroke patient, at
the patient’s request, to shorten the length of the study.
Motion artifact resulted in data exclusion iiir one of 1 (

index-finger tapping studies (a contrul), one of 14 four-
finger tapping studies (a stroke patient), and Hve of 16
squcc=ing studies (two controts and three stroke patients),
The frequency with which motion artifact was identi-
fied during sqL!ee:inn was si~niheantty increased as com-
pared with the tapping tasks (p < 0,05 using tWl1-t;¡iled
Fisher’s Exact test). 

,

With few exceptions, tasks were performed precisely
as instructed. Examples of brain activation during each
elf the three tasks are shown in Fig. I . Additionat move-

ments, observed by the examiner during scanning, were
much ~111V111C when compared with the intended move-
ments : tor controls, one subject had some ri~ilC-Ie~~ ad-
duction during squeezing epochs, and another had some
right middle finger movements during index-ringer tap-
ping. A third col1tmB subject showed a small amount of
bitaterat leg adduction during squeezing epochs. For
stroke patients, during index-finger tapping, one patient
had some right middle finger movements, and another
patient had some small, intermittent mirror movements
in the left hand, One stroke patient had trace thumb
movements during both index-finger tapping and squeez-
ing. A fourth stroke patient had smat) left toe tlexions

during some squeezes.
The effect ot task on regionat activation votume was

assessed in control subjects. Data from seven control sub-
jects were available to compare activation volumes dur-
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Table 1. Patient history

Figure 1. Activation is shown in selected axial brain slices during each right-hand motor task. Functional activation maps have
been superimposed on liigh-resolutioii anatomic images taken in plane with the functional images, The p value tor each 3 X 3 X
7-mm pixel has been encoded in the color strip to the right. The images are in radiotogic orientation, with the left hemisphere on
the right side. Contiguous slices are shown from a 69-year-old control. The volume activated in left sensorimotor cortex was greater
during tour-finger tapping as compared with index-finger tapping. The activation B’Ollln lO increased further during squeezing. Right
sensorimotor cortex activation was seen only during squeezing.
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ing the three tasks. Thc volume uf left sensorimotor cor-
tex activation was significantly large during right-hand
squeezing ( 17.6 ± 6 pixels; mean ± SEM) as compared
with right index-finger tapping (4.0 ± 1.5 pixels, p <

0.05 ). No brain region showed a significant change in ac-
tivation volume when comparing index-finger tapping
with four-finger tapping, llr when comparing squeezing
with fllur-finger tapping.

One significant result was found on comparing re-
gional activation volumes between patients and controls.
During index-finger tapping, the mean activation B’(llillle
in right sensorimotor cortex was larger in stroke patients
(2.6 1.0) as compared with controls (0.1 :!:: 0.1, p <

0.05) (Fig. 2). During index-finger tapping, the mean ac-
tivation volume in left SMA showed a trend (p = 0.053)
toward larger activation in patients (2.1 :::!:: 0.9) as com-

pared with controls (0.1 ± 0.1 ). No other brain areas
showed a difference between patients and control,,; dur-
ing index-finger tapping, and no differences between the
two groups were identified during tour-finger tapping or
squeezing.

In two of the four patients with a cortical stroke,
motor cortex activation was found in the area associated
with hand movements ( 17), and also was found along the
intact rim. In a patient having index finger and rour-rin-
ger tapping e1B’ailahlc ror comparison, periinfarct foci of
activation were equauy apparent. In a patient having all
three tasks availahle, a focus or 1)eriii-if~irct activation was
evident during index-finger tapping and squee:inn. hut
not during four-fingcr rapping.

Discussion

This study used t1vIRl to evatuafc patterns or hram ac-
tivatiun during perfnrme1l1ce nf three different motor tasks
hy the right hand hy patients with good recovery after left
hemisphere stroke and hy control subjects. These tasks
represent the spectrum of hand motor ahihties present
during recovery from stroke ( 12). Changing thc hand
motur task influenced patterns of hrain activation.

Figure 2. Activation votumes tor three tasks performed by the right hand arc ,h<>,vn fur patimts and tor confruts. For cach task,
the mean (±SEM) number of activated pixels is shown. The numbers in parentheses indicate the number of studies available for
evaluation in each task-subject group. A: Right sensorimotor cortex. B: Left sensorimotor cortex. *p < 0.05.
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In controls, contralateral sensorimotor cortex acti-
vation volume was larger with squeezing than with index-
finger tapping (Fig. 2B). This is concordant with a pre-
vious study in which greater contralateral sensorimotor
cortex activation was found with squeezing as compared
with a lower-force, fine-motor task ( 18). This result
might he anticipated given that squeezing uses a larger
number of upper extremity muscles, activation of which

might he expected to occur over a larger segment of
motor cortex (19, 20). In addition, squeezing likely in-
volved generation of more force than did tapping, and in-

creasing the level of force output during a hand motor
task has been associated with activation of a larger B’ul-
ume of cun tra hi tera I scnsmi 111l1tor cortex (21, 22).

Index-finger tapping was hest for identifying differ-
ences between patients and controls in the volume of ac-
tivated ipsilateral sensorimotor cortex. Cuntrol subjects
did show a larger activation volume in right sensorimo-
tor cortex during squeezing as compared with index-fin-
ger tapping (Fig. 2A), but this difference was not signif-
icant. However, the effect of this increase was that the
difference between patients and controls during index-
finger tapping was significant, but the difference during
squeezing was not. These findings are complicated by the
fact that there were rower observations in stroke patients
during four-finger tapping and squeezing as compared
with index-finger tapping.

Brain-mapping studies of motor recovery after
stroke have used a wide range of motor tasks to acti-
vate the brain. Chollet et al. (3) used a five-finger task
in which the thumh opposed each Of the other four fin-
gers in succession at 1.5 Hz. Cao et al. (6) and Mar-
shall et al. (7) used the same task, but at variable rates.
Cramer et al. (5) used 2-Hz index-finger tapping. Honda
et al. (4) used 1-H~ wrist extension or fist clenching.
Green et al. (8) used middle-finger flexiun/extension
every 7 s. These studies found evidence for increased ac-

tivity in sensorimotor cortex of the nonstroke hemi-
sphere. Other functional imaging studies have not found
a change in this brain region. For example, Seitz et al.
( 11 ) did not find increased activation in sensorimotor
cortex of the nonstroke hemisphere during sequential
finger movements by the stroke-affected hand. Weiller
et al., using the same task as did Chollet et al. (3), did
not find increased activation in nonstroke sensurimu-
tor cortex in one study (9), and in a second study, found
an increase only in patients exhibiting mirror move-
ments (10). Some, but not all patients in these studies
have had increased activation in sensorimotor cortex of
the stroke hemisphere during performance of a motor
task by the struke-affected hand. The different results
between these studies might have been due in part to
the manner in which the control group was defined, the

topography of strokes among patients eiirolle,,I, or the
age of study subjects. The current study suggests that
choice of motor task might also have an important in-
tluence on brain activation and therefore study results.

The current finding, that a fractionated finger move-
ment (index-finger tapping) activates a smaller volume
of ipsilateral sensorimotor cortex compared with a gross
movement (squeezing), contrasts with results of a study
by Ehrrson et al. (18). These authors compared a low-
force, fine-motor task (2-N pinching) with a higher-force,
isometric task ( 20-N squeezing), and found the fine-
motor task was associated with greater activation in ip-
silateral ventral promoter cortex. Important differences
in study design may underlie the divergence ot results be-
tween the current report and that of Ehrrson et al. (18).
The two stuuies differed in terms of age of the subjects,
the motor regions examined in the hemisphere ipsilatr- ral
to the active hand (sensorimotor vs. ventral promoter
cortex), and the method used to define significant acti-
vation. Different motor tasks were used, with Ehrrson et
al. (1S) comparing a thumb-index-finger pinch with an
isometric squeeze, and the current study comparing
indea-finger tap with a nunisumetric squeeze. Perhaps the
most important difference is that the current study likely
used higher force levels fur both tasks, and thus likely the
muscles recruited fur task performance. Although force
was not measured during the fMRI acquisition in the cur-
rent study, more recent data (Cramer et al., unpublished
observations) have round that the index-finger tap in this
setting is associated with a force ranging from 2 tu 5 N,
whereas the squeezing task was associated with a force
ranging from 30 to 120 N. These differences further em-

pl-iasize the vast intluence that choice of task can have
on probing the motor system.

One limitation of the current study is that human

observation was the only method used to describe task
performances. It is conceivable that muscle activity was
present but not associated with visible movements, and
therefore that some of the differences between patients
and controls reflect intersubject differences in motor per-
formances rather than differences in motor cortex or-

ganization. Differences in site and degree of muscle ac-
tivity can intluence results of brain motor mapping
(19-21, 23). Future studies of motor recovery may there-
fore benefit from obtaining more information regarding
individual suhject’s motor performance. This might be
done in two different ways. First, electromyographic data
can provide insights into how muscle activity varies be-
tween tasks and between subject groups. The utility of
this approach was illustrated by Dettmers et al. (21 ).
They found that increased bilateral sensorimotor cortex
activation was seen with increased force of unilateral fin-

ger flexion. HClwever, increased force was also associated

 © 2001 American Society of Neurorehabilitation. All rights reserved. Not for commercial use or unauthorized distribution.
 at SPAULDING REHAB HOSP on June 5, 2008 http://nnr.sagepub.comDownloaded from 

http://nnr.sagepub.com


7

with increased electromypraphic activity in bilateral arm
muscles, suggesting that some of the force-related changes
in brain activation were due to use of different muscles
rather than force-related differences in brain organisa-
tion. A second in which motor performances can be
measured involves recordings the force of hand move-
ments with a ~lyna111c1I11eCOr. This approach, commonly
used at the bedside (Z~, 25), has more recently been im-
plemented during acquisition l7t fIvIRI data ( 18, 22).

Activation of foci along the rim of a cortical infarct
was apparent in two of the four stroke subjects in this
study and has been described previously (5, C, 11, 26, 27)
Surviving tissue along the rim of a stroke may be an im-
portant contributor to recovery. The periinfarct :one is
the site of expression of a variety of growth-related pro-
teins related to remodeling (28-30). Cellular changes
have heen described in this zone, such as increased den-

sity of dendritic spines (31 ). In humans, the volume of
threatened hut surviving tissue along the infarct rim is

linearly related to clinical outcome (32, 33). The extent
to which these periinfarct activation foci are a hil110gic
marker of events related to recovery remains to he de-
termined, The current results extend the range uf motor
tasks associated with periinfarct activation.

Although all of the stroke patients in this study had
good recovery, the results nlay he useful in the desi.~n of
a broader range of stroke-recovery studies. Early after
stroke, and in patients with poor recovery, the most re-
fined hand motor task that can be performed may be
squeezing ( 12). However, squeezing may be associated l
with increased head motion, and so investigations using
this task may need to take additional steps to minimize
this source of artifact. In controls, left sensorinotor cor-
tex activation volume during squeezing was not identi-
cal to that during index-finger tapping (Fig. 2B). This
finding may have bearing on interpretation of studies
that study stroke patients serially using a different hand
motor task at each time point ( 7 ), as some of the intra-
subject change over time may be attributable to differ-
ences in the motor task performed during brain mapping.
Squeezing was also less sensitive to patient-control dif-
ferences. This is based on the current study of patients
with good poststroke mutor status. If the same is found
to he true in patients with poorer motor function after
stroke, alternative approaches, such as passive limb
movement (34), may prove to be a superior probe of the
processes underlying motor recovery after stroke.
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