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We have studied regional cerebral blood flow changes in 6 patients after their recovery from a first hemiplegic stroke. 
All had a single well-defined hemispheric lesion and at least a brachial monoparesis that subsequently recovered. Each 
patient had 6 measurements of cerebral blood flow by positron tomography with 2 scans at rest, 2 during movement of 
fingers of the recovered hand, and 2 during movement of fingers of the normal hand. When the normal fingers were 
moved, regional cerebral blood flow increased significantly in contralateral primary sensorimotor cortex and in the 
ipsilateral cerebellar hemisphere. When the fingers of the recovered hand were moved, significant regional cerebral 
blood flow increases were observed in both contralateral and ipsilateral primary sensorimotor cortex and in both 
cerebellar hemispheres. Other regions, namely, insula, inferior parietal, and premotor cortex, were also bilaterally 
activated with movement of the recovered hand. We have also demonstrated, by using a new technique of image 
analysis, different functional connections between the thalamic nuclei and specific cortical and cerebellar regions 
during these movements. Our results suggest that ipsilateral motor pathways may play a role in the recovery of motor 
function after ischemic stroke. 

Chollet F, DiPiero V, Wise RJS, Brooks DJ, Dolan RJ, Frackowiak RSJ. The functional anatomy 
of motor recovery after stroke in humans: a study with positron emission 

tomography. Ann Neurol 1991;29:63-71 

Recovery of neurological function is often observed 

after stroke. Although many patients are left with pro- 

found disabilities, it is common for some patients to 

show variable functional improvement leading to near 

complete recovery [l-71. The degree and time course 

of recovery are not easy to predict at the onset zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof 
stroke zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAEl-41, and the mechanisms have been difficult 

to identify in humans. Nevertheless, experimental and 

clinical studies have suggested a number of possibili- 

ties. Thus, the possible bilateral representation of lat- 

eralized neurological functions in the brain, the induc- 

tion of synaptic sprouting and reinforcement of existing 

neuronal circuits, the formation of new polysynaptic 

connections [S, 91, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAas well as the resorption of local 

edema and necrotic tissue have all been thought to 

play a role in functional recovery and have led to con- 

cepts of brain "plasticity" [ 10, 11). 

Several clinical observations point to a possible bilat- 

eral cerebral control of the motor function of one side 

of the body and a potential role for ipsilateral cortical 

efferent pathways in subserving movement after cere- 

bral injury. Perhaps the most dramatic of these are the 

reports of a remarkable return of function in young 

patients after surgical hemispherectomy { 12, 131. 
More recently, experimental studies of motor function 

in patients with stroke have shown that unilateral 

hemispheric lesions can induce bilateral motor deficits 

{14, 151. 
Positron emission tomography (PET) allows mea- 

surements of regional cerebral blood flow (rCBF) 

changes elicited by stimulation or activation of neuro- 

logical or behavioral functions. The focal changes 

reflect the distribution of cerebral structures associated 

with the activity under study. It is therefore possible to 

identify areas of the brain that are activated during the 

performance of a motor task [16-191. We studied 

K B F  changes during finger movements of a previ- 

ously paralyzed hand in 6 patients after a first hemi- 

plegic stroke due to a single, anatomically well-defined 

ischemic lesion. We compared the pattern of rCBF 

elicited during movement of the previously paralyzed, 

recovered fingers to the pattern of rCBF recorded dur- 
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Table zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1.  Szmmay zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof Main Clinical and Anatomicul Features in the 6 Patients zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Clinical Deficit Location of the Lesion 

Patient No. Sex Age at Onset (CTIMRI) Recovery 

1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2 

3 

4 

5 

6 

M 52 Mild right brachial 
monoparesis with 
clumsiness of hand 

M 26 Severe right hemiplegia zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
F 71 Mild left hemiparesis 

M 60 Severe right hemiplegia 

M 25 Severe right hemiplegia 

F 50 Severe right hemiplegia 

Left pallidal and capsular 
hemorrhage (MRI) 

Complete 

Left capsular infarct (MR1) Complete 

Right anterior cortical infarct Good 

Left anterior sylvian subcortical Good 

Left corona radiata infarct (CT scan) Good 

Left putaminal infarct (MRI) Complete 

(CT scan) 

infarct (CT scan) 

ing rest and to the rCBF changes observed when the 

fingers of the contralateral normal hand were moved. 

Patients and Methods 
Patients 
Six patients (2 women, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 men; age range, 25-7 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 years) were 

included in the study. They were investigated 2 or more 

months after a first hemiplegic stroke. They had all experi- 

enced a unilateral motor deficit, lasting 2 days or longer, of at 

least the upper limb. No more than one appropriate lesion 

was found on high-resolution computed tomographic (CT) 

brain scanning or magnetic resonance imaging (MRI). The 

lesions were all hemispheric and located in middle cerebral 

artery territory. Five were subcortical, and 1 was corticosub- 

cortical (Table 1). Major recovery of motor function OC- 

curred in all patients and was assessed clinically before the 

PET study. Testing of power at the wrist and hand showed 

no deficit. Nevertheless, 3 of the 6 patients complained of 

slowness of finger movements when performing skilled tasks 

or rapid manipulations. The 3 other patients thought that 

they had recovered fully. All were able to perform a 4- 
minute, repetitive, sequential thumb-to-fingers opposition 

task without difficulty. No contralateral, associated, or mirror 

movements were observed clinically in the resting hand dur- 

ing the use of either recovered or normal fingers, although 

some minor tonic contraction of the fingers was observed in 

I patient. None experienced o r  had signs of superficial or 

deep sensory impairment at the time of study. Cervical 

DoppIer and ultrasound examination showed no significant 

carotid stenosis or occlusion. Written informed consent was 

given by each patient. The study was approved by the Ham- 

mersmith Hospital Ethics Committee, and permission to ad- 

minister radioactivity was approved by Administration of 

Radioactive Substances Advisory Committee of the Depart- 

ment of Health (UK). 

Paradigm Design 
Each patient was scanned 6 times in the same scanning ses- 

sion. Two scans were performed at rest, 2 during movement 

of the fingers of the previously paralyzed hand and 2 during 

movement of the fingers of the normal unaffected hand. The 

patients were taught briefly to do the motor task. which 

consisted of sequential finger-to-thumb opposition move- 

ments that were not forceful but brisk and precise, with the 

tip of the thumb touching each finger in turn for 4 minutes. 

The rate of opposition was driven by a metronome (3 oppo- 

sitions every 2 seconds), which was on during each of the 6 

scans whether during movement or at rest. This rate induces 

a large reproducible local rCBF response in motor cortex 

119, 201. 

Data Acquisition 
Scanning was performed by using a PET scanner (model 

931-08/12, CTI, Knoxville, TN), the physical characteristics 

of which have been described elsewhere [21]. Scans were 

attenuation-corrected with a transmission scan collected dur- 

ing the exposure of a "Ge/"Ga external ring source. Images 

were reconstructed by back projection and filtered (Hanning 

filter at a cutoff of 0.5), giving a cerebral blood flow (CBF) 
image resolution of 8.5 X 8.5 x 7.0 mm at full width half 

maximum. The images were displayed as a 128 X 128-pixel 

matrix per plane. 

Patients inhaled trace quantities of gaseous Cl502 at a 

concentration of 6 MBqiml and a flow rate of 500 ml/min 

through a standard oxygen face mask for a period of 2.0 

minutes starting 0.5 minutes before C ' 5 0 2  delivery. Serial 

PET scans were collected according to a protocol described 

elsewhere zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA[22). The serial scans were used to correct 

radioactivity recorded at the outflow of a radial arterial can- 

nula, second by second, with a beta-probe. This was neces- 

SdKy to account for distortions, imposed by delay and disper- 

sion in the brachial vessels and associated tubing, of the true 

profile of radioactivity entering the brain 122). A scan of 

brain radioactivity, integrated over the first 2 minutes of 

tracer administration, and the corrected arterial input func- 

tion were used to derive parametric images of rCI3F. 

Image Processing 
Calculations and image matrix manipulations were per- 

formed in PROMATLAB (Mathworks Inc., Sherborn, MA) on 

SUN3/60 workstations (Sun Microsystems Inc., Mountain 

View, CA) with ANALYZE (BRU, Mayo Foundation, Roches- 

ter, MN) image analysis and display software. 

The intercommissural line (ACPC line) wa!s identified di- 

rectly from the PET images [33]. The 15 original scan slices 

(6.75-mm interplane distance) were then transformed by us- 
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ing bilinear interpolation and least-squares algorithms into a 
standardized stereotactic space corresponding to the human 
brain atlas of Talairach and Tournoux [24]. Each image was 
smoothed using a low-pass filter nine pixels in length to 
increase signal-to-noise and account for remaining anatomical 

variance due to the normal variability of gyral anatomy in the 
human brain. After these manipulations, the standardized 

images were displayed as 26 planes of 2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx 2 x 4-mm pixels, 
from 28 mm below to 72 mm above the ACPC line, corre- 
sponding to the sections of the Talairach and Tournoux atlas. 
For ease of anatomical localization, the coordinate grid of the 

atlas was superimposed on the images. 
The side of the lesioned hemisphere was standardized to 

the left, assuming right/left symmetry about the midline, for 
further statistical analysis. This was necessary only for the 
scans of Patient zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3,  which were reflected about the anteropos- 
terior zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx axis to bring the lesioned side to the left. Although 
side-to-side asymmetries in anatomy are well recognized, the 
smoothing procedure minimizes errors that might have been 
introduced. The final output was a set of 36 blood flow scans 
(6 scans in 6 patients) displayed relative to the ACPC line, 
rescaled to a standardized shape and size, with a variety of 
single hemispheric lesions located in the ‘‘left’’ hemisphere. 

Image Analysis 
COMPARISON OF CONDITIONS. All group analyses were 
performed on a pixel-by-pixel basis. Differences in global 

CBF between patients and tasks were considered by using an 
analysis of covariance with measured global flow as the con- 
founding covariate {25]. This procedure resulted in the gen- 

eration of 3 adjusted mean CBF maps, one each for the rest 
state and 2 tasks, all normalized to the grand mean CBF and 
each with an associated error variance based on 12 estimates 
of rCBF per pixel (corrected for the effects of 2 measure- 

ments per task per patient). Planned a priori comparisons of 
the adjusted mean CBF maps were performed, the result of 
which was to transform the CBF maps into statistical maps 
(SPM) in which the pixel values reflect the significance of 
rCBF change associated with the given comparison as zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAF 
ratios. The SPMs were thresholded atp equaling 0.05 after 2 
Bonferroni corrections, the first for the effective number of 
independent pixels in the scans and the second for the num- 
ber of planned comparisons. The former was estimated by 
using the minimum interpixel distance at which the null hy- 
pothesis of zero autocorrelation had to be rejected (at zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAp 
0.001). Significant pixels ( p  < 0.05) were displayed plane by 
plane, or on orthogonal projections of the brain, displaying 
the highest pixel value along the “line of view.” 

Two planned comparisons were made. The first was a 
comparison of the mean CBF map at rest with the mean CBF 
map recorded when the normal fingers were being moved, 
and the second compared the mean CBF map obtained at 
rest with that recorded during movement of the recovered 
fingers. To estimate the size (as opposed to significance) of 
the flow increases, the rCBFs were measured from the ad- 
justed task-specific CBF maps, at significant locations 
identified on the SPM by an F statistic above the threshold 
level of signihcance ( p  < 0.05). As the original scans were 
smoothed with a filter of nine pixels, these values correspond 
to the mean rCBF in an 18.5-mm2 region centered on the 
pixel chosen. 

Analysis zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof Covariance Strzlcture 
To investigate the functional relation of distributed brain 
systems underlying motor function, we generated further 
SPMs with pixel values that corresponded to the covariance 
across all states and tasks of adjusted rCBF with the rCBF 
variations in a specified reference pixel. This analysis assumes 

the brain is composed of regions in which activity is 
specifically perturbed (up or down) by motor function, and 
remaining areas in which activity is independent with no 
relation to the motor tasks. Regions involved with move- 
ment constitute a distributed functional system with high 

mutual covariance. By choosing a pixel within this system, 
the remaining components should be identified in the corre- 
sponding covariance SPM. Clearly, this approach is descrip- 
tive and must be hypothesis led. Regions of the brain known 
to be involved in motor control loops were examined for a 
relation with each other, especially when they showed no 
significant rCBF changes on the SPMs generated by the 
planned comparisons. The covariance structures elicited 
were inspected for qualitative asymmetries. 

Results 
Movement zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof nomalJEnge:ers resulted in a significant rCBF 

increase at several sites in the brain. T h e  main changes 

were observed in contralateral sensorimotor cortex 

(+ 24.4%) and in the ipsilateral cerebellar hemisphere 

(+ 14.0%) (Table 2). T h e  superior part of the contra- 

lateral sensorimotor cortex (from + 48 mm to + 60 
m m  above the ACPC line) was activated, but no  sig- 

nificant activation was seen in ipsilateral sensorimotor 

cortex ( + 3.595’0). Large rCBF changes were seen deep 
in the ipsilateral cerebellar hemisphere in its ventral 

and rostral parts, at the level of the upper pons (from 
- 2 0  mm to - 12 mm below the ACPC line). A 

small area of significant change was also seen in the 
contralateral cerebellar hemisphere but not in the ho- 

mologous site to the dominant ipsilateral response; the lo- 

cation of chis region was at + 2 0  mm, - 62 rn, and 

- 20 mm, with an adjacent area of significant change 

in the rostral vermis at + 5 m, - 52 mm, and - 12 

mm. Premotor cortex showed a significant rCBF in- 

crease contralaterally (Table 3). Supplementary motor 
area (SMA) was activated (+  9.2%) mainly o n  thc 

contralateral side, but an ipsilateral activation was also 

noted (7.1%), although the foci ran into each other 

across the midline as the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAtwo areas are very close ana- 

tomically. The  contralateral striatum and insula also 

showed rCBF changes, but these were smaller than in 

other areas ( +  5.7%) and + 6 . 9 9 ,  respectively). Fi- 

nally, we observed a significant rCBF increase in the 

contralateral ventral and rostral part of the parietal 

lobe (Brodmann area 40). A small ipsilateral area was 

also found (see Table 3). 
Movement of recovered Jingers resulted in a significant 

rCBF increase in both contralateral (+ 23.096) and 
ipsilateral ( + 10.1%) sensorimotor cortex. T h e  ipsilat- 

eral increase was seen in a large area, over three con- 
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Table 2. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAMeans of Adjusted TCBF and Percentage of rCBF Increase in Primary Sensorimotor 
Cortex" and Cerehellumb in Three Conditions' zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Normal Fingers Recovered Fingers 

Rest Activation rCBF Incr Z Statistic Rest Activation zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA% rCBF Incr Z Statistic 

Contralateral sensorimotor cortex 33.6 4 1.8 24.4 6.54 31.8 39.1 23 5.03 

Ipsilateral cerebellar hemisphere 37.8 43.1 14 5.07 35.7 41.0 14.8 4.48 
lpsilateral sensorimotor cortex 3 1.8 32.9 3.5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBANS 33.6 37.0 10.1 3.56 

Contralateral cerebellar hemisphere 35.7 37.6 5.3 NS 37.8 41.6 10.1 4.75 

All regions showing significant changes in rCBF are shown zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAas are the homologous foci in the contralateral cerebral structures. The threshold for 
significant change was set at p = 0.05, Bonferroni corrected (see text). The F ratios have been transformed into the 2 statistic and tabulated to 
indicate the degree of significance attained for each locus with each comparison. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
'f 34 mm, - 20 mm, + 52 mm, Talairach 124) stereotactic coordinates. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
b %  14 mm, - 52 mm, - 16 mm. 
'Rest, normal finger movement, and recovered finger movement. 

rCBF = regional cerebral blood flow; Incr = increase; NS = not significant 

Table 3. Means of Adjusted L B F  and Percentage of rCBF Increase in Premotor Cortex,a Supplementary 
Motor Area.b Putametqc InJzrla," and lnfrrior Parietal Cortex' zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAin Three Conditions' 

Normal Fingers Recovered Fingers 

Rest Activation % rCBF lncr zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAZ Statistic Rest Activation rCBF Incr Z Statistic 

Contralateral premotor corte 

Ipsilateral premoror cortex 

Contralateral SMA 

Ipsilateral SMA 

Contralateral putamen 

Ipsilateral putamen 

Contralateral insula 

Ipsilateral insula 

Contralateral area 40 
Ipsilateral area 40 

x 32.6 38 6 
29.3 31.7 
31.6 34 5 
29.5 31.6 
31.4 33.2 
30.3 31.6 
40.3 43.1 
33.5 34.5 
32.1 34.6 
27 3 29.2 

18.4 
8.2 
9.2 
7.1 
5.7 
4.3 
6.9 
3.0 
7.8 
7 

5.05 
NS 

4.59 
3.96 
3.65 
NS 

3.66 
NS 

4.82 
3.56 

29.3 33.0 
32.6 35.7 
29.5 32.4 
31.6 34.1 
30.3 32.1 
31.4 32.3 
33.5 35.6 
40.3 42.2 
27.3 29.9 
32.1 33.8 

12.6 
9.5 
9.8 
7.9 
5.9 
2.9 
6.3 
4.7 
9.5 
5.3 

4.2 
3.29 
3.47 
3.39 
NS 

NS 

4.08 
3.77 
4.55 
5.22 

All regions showing significant changes in KBF are shown as are the homologous foci in the contralateral cerebral structures. The  threshold for significant change was 
set a t g  = 0.05, Bonferroni corrected (see text). The F ratios have been transformed into the Z statistic and tabulated to indicate the degree of signficance attained for 
each Incus with each comparison. 
*?  28 mm, 6 mm, + 60 mm. 
bt 12 mm, - 6 mm, + 60 mm. 
'r 22 nun, - 12 mm, 0 mm. 
d +  42 nun, i- 6 mm, 0 mm. 
'Brodmann Area 40; ? 52 mm, - 26 mm, t 28 mm. 

%st, normal finger movement, and recovered finger movement. 

rCBF 7 regional cerebral blood flow; lncr = increase; NS = not significant; SMA = supplementary motor area. 

secutive planes (from + 52 mm to + 60 mm above 
the ACPC line). Both cerebellar hemispheres were ac- 

tivated almost symmetrically (+  14.8% and + 10.1% 
for ipsilateral and contralateral hemispheres, respec- 
tively) (see Table 2). These data are summarized in 

Figure I. Premotor cortex and SMA showed signifi- 

cant increases in rCBF bilaterally. No significant ac- 

tivation was found in striatum when the recovered 

fingers were activated, despite the fact that the mag- 

nitude of rCBF change was similar to that during acti- 
vation of the normal fingers (see Table 3). 

Bilateral significant activation was found in insula 

(+  6.3% and + 4.7% in contralateral and ipsilateral 

insula, respectively) and in the rostra1 ventral parietal 

region (Brodmann area 40). In contrast to the extent 
of activation when the normal fingers were moved, the 
ipsilateral parietal area was more extensively involved, 

even if the magnitude of K B F  changes induced by the 

two tasks was not very different. In general, bilateral 

involvement of motor pathways was seen when the 

recovered fingers were stimulated. The SPM maps in- 

dicating significant changes in flow when normal or 
recovered fingers were moving compared with rest are 

shown in Figures 2 and 3. 
We did not see a significant rCBF increase in the 

thalamus, despite its presumed crucial involvement 

in motor loops. Nevertheless, the covariance analysis 

(Figure 4)  indicated that changes of rCBF in thalamus 
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30 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
cor:ia.ale:al zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

normal finger movements recovered finger movements zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
F ig  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1.  Percentage of increase in regionul cerebral bloodfEow 
(KBP)  in primary sensorimotor cortex (mci zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 5  34 mm, - 20 
mm, + 52 mm) and in cerebellum (cer) (& 14 mm. - 52 mm, 
- 16 mmi. Normal and recovered finger movements were com- 
pared separately with the rest condition. vCBF wus measured zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
from the task-specific, mean adjusted CBF maps at rest and dur- 
ing normal finger movement zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfrom loci determined by the coordi- 
nates of the highest zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAF ratio in the statistical map, which indi- 
cated the center of the sign$cantLy activuted contruluteral cortex 
and ipsilateral cerebellum. Value.{ of  rCBF were taken for com- 
parison from symmetricalZy honzologous sites in the opposite half 
of the brain. The statistical descriptou can be found in Table 2. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(2 12 mm, - 15 mm, and + 4 mm in Talairach C24) 
coordinates), although small, covaried very strongly 
with regions significantly activated by the motor tasks, 

and no others. Furthermore, the rCBF in the thalamus 

ipsilateral to the ischemic hemisphere covaried with 

structures bilaterally, whereas the rCBF in the con- 
tralateral thalamus did so only with hemispheric struc- 

tures on the same side and the contralateral cerebellum 

(see Fig 4). We tested the specificity of this finding by 
constructing covariance maps with visual cortex, white 
matter, and temporal cortex. In no case was a co- 

variance structure found that implicated motor struc- 

tures or cortex. 

Discussion 

Our zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAaim was to discover the various ways in which the 
brain can compensate for the functional effects of an 

ischemic lesion in the motor system. To this end, we 
wanted to demonstrate the range of possible pathways 

to efferent neurons in the motor cortex. We therefore 

excluded patients with primary motor cortical lesions. 
Hence, the common criterion for inclusion and the 

object of study was recovery from a well-documented 
brachial paresis. Our methods were designed to de- 

scribe the functional anatomy of recovery in a group of 

patients and to define its range, and are not suited to 

analysis of the same problem in individual patients. 
The recovery process in individuals will include sys- 

tematic and idiosyncratic components (relevant to each 

patient’s stroke). Our study deals only with aspects of 
motor recovery common to zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAall patients, and therefore, 

the results can be generalized to the problem of motor 

recovery as a whole. Our strategy represents a meth- 
odological advance in PET data analysis, which consists 
of reporting all statistically significant task-specific 

changes in rCBF [26]. Our method depends on the 

conversion of physiological (rCBF) maps into maps of 

statistically significant rCBF change [26). 
Movement of numlf ingers resulted in activation in 

regions somewhat similar to those established in previ- 

ous studies. Roland and colleagues [16, 171 described 

two early studies, one with two-dimensional single- 

photon detection and intracarotid xenon injection [ 167 
and the other with PET [17}, in which they reported 

results obtained in 10 normal people executing a 

motor task with their fingers. The activated state was 

compared with a rest condition. They found a bilateral 

increase in SMA (30@), premotor cortex (lo%), and 

the parietal opercula, and a lateralized contralateral in- 

crease in primary motor cortex (28%). At the subcor- 

tical level, they described bilateral increases of rCBF in 

the globus pallidus, caudate, putamen, and thalamus. 
Two differences emerge in comparison with our data. 

The first is the absence of significant activation in cau- 

date and thalamus and the second is that the cerebel- 
lum was not mentioned in the studies of Roland and 

colleagues [16, 17). We found cerebellar activation ip- 
silateral to the moving normal fingers, which agrees 

with the anatomy of the cerebellar connections with 

the pyramidal system. Fox and co-workers { 18) studied 

the effects of bilateral motor activation (alternating 

flexion and extension of the fingers) on the cerebellum 

with PET. They showed bilateral rCBF increases in 

rostral and ventral parts of the cerebellar hemispheres, 

but the effects of unilateral finger activation were not 

reported. With movement of the normal fingers, we 

found a large ipsilateral locus of activation spreading 
from - 12 mm to - 20 mm relative to the ACPC line 

in the rostrocaudal axis, and only a small contralateral 
activation detectable at - 20 mm. These findings sup- 

port Brodal { S ,  271 who, acknowledging the major 

contralateral connection between motor cortex and the 

cerebellum, suggested that there were also ipsilateral 
connections of descending motor pathways with the 

cerebellum. Our control task, using the unaffected 
fingers, could be criticized in that the patients may 

have experienced previous undetected, subclinical isch- 

emic episodes. We have performed studies during the 
performance of the same finger opposition task in a 

group of normal subjects, however, and shown essen- 

tially similar results [19, 20). 
MoLlement of recovered fingers elicited a bilateral in- 

crease of rCBF in sensorimotor cortex. rCBF changes 
in the contralateral sensorimotor cortex were similar to 

those observed when the normal fingers were moved. 
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Fig 2. Comparison of adjusted mean regional cerebral bloodJEow 
(rCBF) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(6 patients) between rest and during movement of the 
normal fingers. The results have been displayed as statistical 
maps (SPM) in three projections, that is, sagittal, coronal, and 
transaxial, with the maximal pixel value displayed along each 
“line o f  sight.” The intercommissural line is J.et at zero on the 
sagittal and coronal projections, and the vertical projections 
through the anterior commissure (VAC) and posterior commis- 
sure (VPC) are depicted on the sagittal and transverse projec- 
tions. Distances are in millimeters above ( + j  and below zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(-1 the 
intercommissural (ACPC) line, anterior (4-1 and posterior zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI - )  
to  the VAC line, and t o  the It$ (- j and right ( + I  of the 
midline. The pixels show levels of statistical significance above 
the threshold zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAp < 0.05 in yellowJ red, and white, the latter 
scaled to  indicate the maximal F statistic in the data. Areas 
showing no signafcant change are shown in blue, and areas 
with signijicant decreases in K B F  are shown in black (these are 
not considered further in this paper). The lateralization ofthe 
responses is clear, with right sensorimotor and premotor cortex as 
well as It$ cerebellum showing highly signijicant changes on 
mwement of the normal left  fingers. There is also activation of 
the supplementary motor area. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

4 

Fig  3. Comparison of adjusted mean regional cerebral bloodfEow zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
( K B F )  (6 patients) between rest and with movement of the re- 
covered (right) fingers. The statistical map ISPM) in the jgure 
has the same conventions as in Figure 2, except that areas of no 
signafcant change are shown in green. There is prominent left 
sensorimotor cortical activation, but additionally, significant 
changes are noted in the ipsilateral (right) cortex. There is also 
symmetrical activation of both cerebellar hemispheres. Bilateral 
activation of premotor cortex, insula, and area 40 are also noted. 

1 

Fig 4. Covariance maps (see Patients and A4ethoA) with a r4er- 
dence pixel in the normal right (A) thalamus and in the hemi- 

sphere affected by ischemic infarction (B) (Talairach {24} coordi- 
nates, f 12 mm, - 15 mm, -k 4 mm). The regions of the 
brain that show the largest positive covariation of regional cere- 
bral bloodfEow (VCBF) acr0s.r the three motor states (rest, normal 
finger movement, and recovered finger movement) with VCBF in 
the respective thalamus are displayed in yellow, red, and white. 
Four representative planes of the covariance statistical map 
(SPM) are displayed (- I 6  mm, + 4 mm. 
+ 52 mm). The stereotactic grid from the Talairach 1242 atlas 
i s  superimposed t o  aid anatomical localization. The images are 
scaled t o  the individual maxima, and hence, the background col- 
ors vary between blue and green. With the reference pixel in the 
normal right thalamus, midline and lejit cerebellar structures 
(- 16 mm), other ipsilatwal thalamic nuclei i + 4 mm), ipsi- 
lateral motorsensory cortex and supplementary motor area (SMA) 
( + 52 mm) all covaqi strongly. With the reference pixel in the 
thalamus on the kft, midline, right, and le f t  cerebellar structures 
(- 24 mm), contralateral thalamus and bilateral insular struc- 
tures + 4 mm), bilateral inferior parietal regiom ( + 24 mm), 
bilateral sensorimotor cortices, and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAS M A  all cova ry markedly. 
Thus, cerebral regions associated with the motor system are 
shown t o  behave as a distributed, functionally integrated system 
that is organized predominantly unilaterally but that can re- 
spond bilaterally to compensate for functional disturbances caused 
by ischemic damage. 

24 mm, and 

The rCBF change in ipsilateral sensorimotor cortex 

and in contralateral cerebellum suggest that the later- 
&zed motor system controlling movements in the nor- 

mal fingers also participates in the execution of the 

motor task by the recovered fingers. No mirror but 
minor associated movements were observed in 1 pa- 

tient. Although electromyographic recordings were 

not performed and so subclinical or minor muscular 

activity in the normal hand cannot be absolutely dis- 

counted, the magnitude of rCBF changes found dis- 

putes the proposition that this was the reason for the 

ipsilateral activation recorded. Regardless, if such phe- 

nomena or overflow activity from axial muscles are 

responsible, they nevertheless represent a functional 

concomitant of the recovery process. 
The literature contains evidence for the existence 

and role of ipsilaterally projecting, descending motor 

pathways. The corticospinal tract is believed to be 
highly lateralized [28]. Ipsilateral projections exist, 

however, and have been anatomically identified 128, 
301. Most corticospinal fibers decussate in the medulla 

to form the contralateral, lateral corticospinal tract. 

Twenty-five percent of the fibers remain uncrossed, 

and of these, 15% continue as the ventral corticospinal 

tract, which decussates mainly in rhe spinal cord, to 

innervate the contralateral side. The remaining 10% of 

fibers remain uncrossed in the ipsilateral, lateral corti- 

cospinal tract 129, 31). Nathan and colleagues [32} 
demonstrated in patients with unilateral cordotomies 

that the interruption of ipsilateral motor pathways by a 

second cordotomy immediately reversed all the recov- 

ery of motor function that had occurred after the first 
lesion. An alternative explanation of this observation, 

however, was that the ipsilateral tract crossed below 

the site of the hemicordotomy. 
There are also physiological studies that support the 

participation of ipsilateral motor pathways in move- 

ment. Tanji and co-workers [33} showed in monkeys 
that unilateral movements of the hand are accom- 

panied by bilateral activity in cells of the primary 

motor cortex, and in SMA and premotor cortex. Glees 

and Cole [ 3  11 found ipsilateral deficits of grip strength 
after experimental lesions in the motor cortex of mon- 

keys. Further support for some ipsilateral contribution 

to the control and execution of movement also comes 

from studies in monkeys with suprapyramidal lesions 

134, 351, and from split brain studies 136, 37). Brodal 

151, in his case study, noted that the hand ipsilateral to 

a cortical lesion exhibited a discrete but genuine deficit 

expressed zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAas impaired handwriting. Colebatch and 

Gandevia 1141 studied 3 groups of subjects (14 normal 

volunteers, 10 hemiparetic patients, and 6 patients 
with hemiplegia). In hemiparetic and hemiplegic pa- 

tients, the strength of the ipsilateral muscles was also 
reduced compared with normal volunteers. Ipsilateral 

deficits have also been reported for more complex 
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motor tasks zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA15, 151. Jones and colleagues zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAClSl studied 

8 patients after a hrst unilateral motor deficit and 

tested motor function with sophisticated computerized 
tasks. They found that the normal arm, contralateral to 

the major deficit, showed subtle motor abnormalities. 
We have demonstrated the role of the ipsilateral 

sensorimotor cortex as a positive phenomenon, which 

may play a crucial role in the recovery of motor func- 

tion seen in some patients after ischemic stroke. It is 
now thought that the human central nervous system is 

capable of functional and structural reorganization af- 

ter injury. Various mechanisms that might mediate 

such functional recovery have been proposed. The 

mechanism of recovery may be provided by changes in 
synaptic efficiency or the use of new alternative con- 

duction pathways. Our results suggest that the synaptic 

input to ipsilateral sensorimotor cortex is increased, 
but how it does so remains to be determined. Our data 

indicate that the inferior parietal cortex is activated 

bilaterally when the recovered fingers are active. Ro- 
land and colleagues 116, 17} reported activation in this 

region previously in normal people and suggested that 

this area is a secondary somatosensory area. The region 

is anatomically connected to premotor cortex, which 
itself has input into the primary motor cortex. This 

therefore represents a possible route of activation of 

ipsilaterai motor cortex. A further such route may oc- 

cur by the insula (see Table zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 )  and its known anatomi- 

cal connections with premotor cortex {38). 
In summary, the reorganization of motor pathways 

that we have shown is a composite of results from 6 
patients with lesions at different sites and affecting 

motor function at a number of possible organizational 

levels. In any individual, any one or more parts of this 
system may be involved in the recovery process. Other 

experimental strategies must be devised to perform 

analyses of the functional anatomy of motor recovery 

in individual patients. 
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