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Objective: To investigate the activity of proprioceptive sys-
tems during early recovery of motor function after ischae-
mic stroke in a prospective, longitudinal, functional imaging 
study.
Methods: Ten patients with unilateral infarction of the 
posterior internal capsule were investigated using oxygen-
15-water positron emission tomography during passive ex-
tension of the index finger. Patients were assessed initially 
after stroke (mean 4.7 days) and again after rehabilitation. 
Changes in brain activation patterns were analysed.
Results: All patients showed significant improvement in mo-
tor function of the paretic limb. During passive finger move-
ment of the non-paretic index finger, significant increases 
in cerebral blood flow were observed in the somatosensory 
areas I and II (SI and SII) of the non-infarcted hemisphere. 
Additionally, significant activation of ipsilateral SII in the 
infarcted hemisphere was observed. After rehabilitation, ip-
silateral SII activation vanished and the normal activation 
pattern was restored. During passive movement of the paret-
ic index finger only SI and SII of the infarcted hemisphere 
were activated. During rehabilitation, additional recruit-
ment of SII in the non-infarcted hemisphere occurred.
Conclusion: Recovery from internal capsule infarction is 
accompanied by substantial changes in activity of proprio-
ceptive systems of the paretic and non-paretic limb. These 
changes may reflect an inter-hemispheric shift of attention to 
proprioceptive stimuli associated with recovery.
Key words: functional imaging, proprioception, attention, post-
stroke recovery.
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INTRODUCTION

Due to its outstanding significance for clinical rehabilitation, 
the investigation of motor systems employing active motor 
tasks has been the focus of several functional neuroimaging 

studies of post-stroke patients (1–4). Little, however, is known 
about the role of proprioceptive systems in stroke rehabilita-
tion, even in pure motor dysfunction. This is all the more 
surprising since physiotherapy, the therapeutic standard of 
hemiparesis rehabilitation, regularly makes use of propriocep-
tive facilitation strategies (5, 6) and the alteration of muscle 
tone in a paretic limb may have an impact on proprioceptors in 
muscles and tendons even if the fibre tracts of the propriocep-
tive system itself have not been affected by the brain lesion.

Few studies have so far investigated proprioceptive systems 
using functional imaging. Early positron emission tomography 
(PET) studies employing passive movement of a whole fore-
arm in normal subjects observed contralateral activation, not 
only of the primary (SI) and secondary (SII) somatosensory 
cortex, but also of the primary motor cortex (MI) (7). More 
sophisticated passive activation paradigms using purely iso-
metric stimulation of a single index finger, however, were able 
to demonstrate selective activation of contralateral SI and SII 
in normal subjects (8). 

A study in which passive movement was compared with 
the illusion of movement induced by tendon vibration (9) has 
shown that perception of passive movements and illusions 
of movements are associated with different patterns of brain 
activation. Increases in regional cerebral blood flow (rCBF) 
in SI/MI and supplementary motor area (SMA) were only 
observed in response to passive movement encompassing 
multiple peripheral sensory inputs. On the other hand, both 
perception of passive movements and illusory movements 
induced by tendon vibration activated SII (12) and parts of 
MI (10). Comparison of activation intensities under differ-
ent functional conditions indicates the involvement of SII in 
stimulus perception generation and of the SI/MI areas in the 
processing of proprioceptive input. 

Even fewer studies have investigated the role of the SI and 
SII in stroke recovery. In these chronic patients, redistribution 
of relative activity between SI and SII within a single hemi-
sphere (11), as well as shift of activity in SI and SII between 
both hemispheres (12), has been described in response to 
electrical stimulation. The only studies that have investigated 
passive movement of the forearm (13) or the wrist (14) in 
recovery from stroke have shown complex activation patterns 
encompassing contralateral sensorimotor cortex, bilateral 
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inferior parietal cortex and cingulum. It has been argued that 
these complex activation patterns in patients after stroke are, 
at least in part, caused by the large number of proprioceptors 
that were passively activated, as well as by attention of the 
subjects to the arm movement (15). 

The significance of these studies for actual rehabilitation 
treatment may, however, be limited, because all patients were 
investigated in a stable chronic phase. Most spontaneous re-
covery of motor function takes place within the first weeks and 
months after stroke and early stimulation of the patient seems to 
be crucial for a good outcome of rehabilitation treatment (16). 
Our study has thus been designed to characterize post-stroke 
plasticity of proprioceptive systems during the very early stages 
of recovery. We investigated 10 patients with very small and 
circumscribed infarctions of the posterior limb of the internal 
capsule, in a longitudinal study at a mean of 4.7 days and 17.6 
days after stroke. All suffered from paresis of the contralateral 
upper limb without impairment of tactile sensation. Since 
thalamocortical fibres projecting from the ipsilateral ventral 
thalamus to SI and SII also run through the posterior limb of 
the internal capsule, a modulatory effect on proprioceptive 
systems may be expected. We have chosen passively to extend 
the index finger of both the paretic and non-paretic hand in 
order to yield an activation that is very circumscribed in space, 
but highly intense due to the high density of proprioceptors 
in finger muscles and to minimize the differences in sensory 
input between resting and activation condition. 

METHODS
Patients
Ten patients (5 men, 5 women, age range 38–69, median 62.5 years) 
with first-time acute stroke were included in this study, which was 
approved by the ethics committee of Cologne University’s Medical 
Faculty. Computerized tomography (CT) and/or magnetic resonance 
imaging (MRI) performed within the first 3 days demonstrated a 
single ischaemic lesion in the posterior limb of the internal capsule 
on the right (n = 7) or left (n = 3) side. Intracranial haemorrhage or 
other causes of the neurological deficits were ruled out, occlusion or 
high-grade stenosis of neck or intracranial vessels were excluded by 
continous wave- and Duplex-Doppler as well as trans-cranial Dop-
pler sonography. Patients with severe internal disorders, and those 
who could not give informed consent to the study protocol, were 
not included in this study. All patients presented mild to moderate 
unilateral motor deficits without significant sensory loss. Patients 
with disturbances of higher brain function (e.g. aphasia, agnosia, 
neglect), of memory or of cognition were not included. Neurological 
deficits were assessed on initial clinical presentation and, on the days 
of activation studies, using the National Institutes of Health’s Stroke 
Score (NIHSS), Modified Rankin Score, Barthel Index, Rivermead 
Motor Assessment, Perdue Pegboard Test and a finger tapping task. 
All patients received 45 minutes of physiotherapy per day according 
to the Bobath method in an individual therapy session. 

Imaging
rCBF, at rest and during passive movement of the index finger of the 
affected and unaffected hand, was measured 4.7 (standard deviation 
(SD) 2.00) days and 17.6 (SD 3.34) days after stroke using intravenous 
single bolus injection of H2

15O (370 MBq, (17)) and a high-resolution 
PET scanner (ECAT EXACT HR, CTI/Siemens, Knoxville, TN, USA) 
in 3D mode (18), covering the whole brain including the cerebellum. 

Patients received 12 consecutive injections of H2
15O at each session; 

4 scans were acquired during rest, 4 during passive finger movement 
of the affected hand, and 4 of the unaffected hand. For passive finger 
movement, the paretic hand rested comfortably on a platform with the 
volar side down. The index finger was gently fixed on a splint and the 
tip of the splint was moved up and down by an eccentric motor, thus 
causing a dorsal extension of the finger in the metacarpo-phalangeal 
joint of 30° at a frequency of 0.7/second. During the control conditions 
the finger rested on the splint so that the sensory input over the skin 
of the finger was comparable between conditions, and differences in 
sensory input were minimized. Movement was started 10 seconds prior 
to tracer injection and was stopped at the end of the scan. Subsequent 
scans obtained in each patient were corrected for random coincidences, 
scatter and measured attenuation and reconstructed to 47 slices (3.125 
mm thickness, 128 × 128 matrix of 2.16 mm pixels) yielding images of 
rCBF. For localization of infarction and PET-measured CBF changes, 
MRI was performed on a 1.5T Philips Gyroscan Intera (Philips, Best, 
The Netherlands) using a 3D gradient-recalled echo sequence (TR 
700 ms, TE 8 ms) producing 256 trans-axial T1-weighted slices of 
1 mm thickness.

Statistical analysis
PET datasets of the 3 patients with left hemisphere infarct were mir-
rored across the mid-sagittal plane so that, in all patients, the infarct 
was located on the right side of the image volume. All PET images were 
realigned, smoothed (Gaussian filter, FWHM 12 mm) and normalized 
to Montreal Neurological Institute (MNI) space using statistical para-
metric mapping (SPM) 99 (19). Scans were normalized for differences 
in global CBF by proportional scaling to a global mean CBF of 50 units. 
Statistical parametric t-images were calculated using the SPM general 
linear model. Voxels were considered as significantly activated if they 
exceeded a threshold of p = 0.05, corrected for multiple comparisons. 
The locations of significantly activated voxels are reported in Talairach 
co-ordinates after conversion from MNI to Talairach space.

In order to exclude the possibility that changes in resting flow 
pattern during recovery were responsible for the observed stimula-
tion-associated changes in CBF, a set of volumes of interest (VOIs) 
was derived comprising left and right SI and SII by thresholding the 
parametric activation images at t = 3.13. CBF was measured in these 
VOIs and tested for differences between the initial and follow-up 
measurement.

Changes in motor performance and clinical outcome as well as cor-
relations between behavioural scores and activation magnitude were 
assessed using Wilcoxon’s paired signed rank test, paired t-test and 
Spearman’s rank correlation, respectively. All behavioural data are 
reported as means and standard deviation.

RESULTS

Mean volume of infarction in the posterior limb of the internal 
capsule was 1.7 ccm (SD 2.15 cm3). The mean time post-stroke 
of the initial PET measurement and behavioural assessment 
was 4.7 (SD 2.00) days and 17.6 (SD 3.34) days for the follow- 
up assessment.

Motor impairment was mild to moderate on initial testing 
(NIHSS 5.1 (SD 0.99), Rankin Scale 2.3 (SD 0.95), Barthel 
Index 94.5 (SD 1.58), Rivermead Motor Assessment 23.9 (SD 
8.27) and Pardue-Pegboard Test 25.5 (SD 8.17)). There was 
no significant correlation between initial clinical and motor 
scores and the infarct volume (Spearman’s rank correlation 
coefficient, p > 0.05). However, a significant negative corre-
lation between activation intensity and behavioural measures 
could be established for movement of the paretic hand in SI 
ipsilateral to the lesion (p < 0.001, r = –0.83) and SII ipsi-
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lateral (p = 0.054, r = 0.613). Infarct volume was correlated 
significantly with activation of SI (r = 0.93, p < 0.001) and 
SII (r = 0.77, p < 0.007) in the hemisphere contralateral to the 
lesion during movement of the non-paretic hand, demonstrat-
ing a linear effect of lesion size onto activity in the unaffected 
hemisphere (Fig. 1) 

Patients showed significant improvement (p < 0.05, Wil-
coxon’s paired signed-rank test) in all tests at follow-up 
indicating only mild residual impairment (follow-up NIHSS 
1.4 (SD 0.84), Rankin Scale 1.0 (SD 0.00), Barthel Index 100 
(SD 0.00), Rivermead Motor Assessment 32.2 (SD 4.61) and 
Pardue-Pegboard Test 30.1 (SD 8.13)). For a summary of 
results see Table I.

PET data

Stimulation of unaffected finger. Significant activations were 
found in the SI of the contralateral hemisphere in Brodmann 
area (BA) 3 (at x = –37, y = –28, z = 47) as well as the SII in 
BA40 and 39 (at x = –51, y = –26, z = 19) on the initial PET 
scan when comparing activation vs rest for the unaffected 
finger (Fig. 2a, Table II). Interestingly, activation within SII 
of the ipsilateral hemisphere during passive movement of the 
unaffected finger was observed (at x = 55, y = –28, z = 17). 
At follow-up, movement of the unaffected finger showed a 
persisting activation of the contralateral SI (at x = –45. y = –22, 
z = 48) and SII (at x = –59, y = –24, z = 17), but significant 
activation of ipsilateral SII was no longer observed (Fig. 2b, 
Table II).

Stimulation of affected finger. During passive movement of 
the affected finger at initial study, only significant activations 
of SI (at x = 49, y = –24, z = 45) and SII (at x = 51, y = –30, 
z = 18) in the contralateral hemisphere were observed (Fig. 
2c, Table II). A minor activation of SII in the ipsilateral hemi-
sphere did not reach significance. During movement of the 

Table I. Patients’ clinical data at initial and follow-up examination.

Patient 
no. Sex

Age  
(years)

Infarct NIHSS * mRS† BI‡ RMA§ PTT¶
side Vol (cm3) Initial Follow-up Initial Follow-up Initial Follow-up Initial Follow-up Initial Follow-up

1 M 38 Right 7.323 7 3 2 1 95 100 32 33 28 36
2 M 56 Left 0.558 5 2 3 1 95 100 31 32 31 35
3 F 65 Right 0.468 5 1 3 1 90 100 24 30 30 28
4 F 66 Left 0.359 6 1 2 1 95 100 21 37 21 21
5 F 69 Left 0.555 4 0 0 1 95 100 10 33 42 48
6 M 44 Right 2.616 4 2 2 1 95 100 32 38 30 28
7 F 69 Right 0.096 5 1 2 1 95 100 30 30 22 31
8 F 61 Right 1.169 5 1 3 1 95 100 24 25 16 20
9 M 64 Right 1.329 4 2 3 1 95 100 25 38 18 28

10 M 46 Right 2.007 6 1 3 1 95 100 10 26 17 26
               
Mean  57.80  1.65 5.1 1.4 2.3 1 94.5 100 23.90 32.20 25.50 30.10
SD  11.27  2.15 0.994429 0.84327 0.949 0 1.58 0 8.266 4.61399 8.17 8.13
Median  62.5  0.8635 5 1 2.5 1 95 100 24.50 32.50 25.00 28.00

Difference significant at *p = 0.002; †p = 0.01; ‡p = 0.002; §p = 0.004; ¶p = 0.02.
NIHSS: National Institutes of Health Stroke Scale; mRS: modified Rankin Scale; BI: Barthel-Index; RMA: Rivermead Motor Assessment; PPT: 
Pardue-Pegboard Test; SD: standard deviation.

Fig. 1. Statistical parametric maps of the 4 contrasts investigated in the 
study. Shown are voxels that are significantly (p = 0.05 corrected for 
multiple comparisons) activated during passive finger movement of the 
affected and unaffected hand during initial and follow-up examination. 
CBF: cerebral blood flow.
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affected finger at follow-up significant bilateral activation 
of SII occurred (Fig. 2d, Table II) (at x = 61, y = –22, z = 13 
and x = –61, y = –26, z = 19). Activation of contralateral SI 
was also observed in a more inferior position than before 
(at x = 39, y = –27, z = 27) but did not reach significance at 
voxel level.

In the VOI analysis no difference in relative resting CBF 
between the initial and follow-up scans for the 4 VOIs was 
detected (Fig. 3) after correction for multiple comparisons 
(p = 0.0125).

DISCUSSION

This study demonstrates that even a very simple stimulation 
paradigm, i.e. passive movement of the index finger of the 
affected (paretic) or the unaffected hand, elicits a complex 
activation pattern with bilateral cortical flow increases and 
spreading of activity beyond the cortical representation of 
the stimulated limb, as was repeatedly reported for various 
tasks in subacute and chronic subcortical strokes (20–22). In 
subcortical stroke, over-recruitment of motor and non-motor 
areas in both hemispheres was the main finding regardless of 
the type of stimulation. This was demonstrated in most active 
motor tasks (finger-to-thumb sequential opposition, thumb-to-
index tapping and other movements of the upper limb), but 
also in passive elbow flexion (13) and flexion/extension of the 
paretic wrist (14).

Longitudinal studies, usually performed in subacute (weeks) 
to chronic state (months) after stroke revealed dynamic 
changes of these activation patterns suggesting that recovery 
is in most instances accompanied by an approximation of the 
normal activation pattern. Over time, focalization of activation 
to ipsilesional SM1 (23–25) occurred. This observation was 
consistent with findings from longitudinal studies in a rat stroke 
model in which functional improvement was accompanied by 
reactivation of the ipsilesional cortex (26).

The present study is the first to demonstrate similar dynamic 
changes in the acute phase of recovery after subcortical stroke, 
i.e. between 4.7 (SD 2.00) and 17.6 (SD 3.34) days. The activa-
tion paradigm, targeted to selectively activate proprioception 
with a minimal contribution from tactile senses and avoiding 
active muscle involvement (8), induced activation patterns 
in patients with moderate motor deficits due to subcortical 
ischaemic strokes that were different from those observed in 
normal volunteers. In normal volunteers, passive finger move-

Fig. 2. Correlation between activation-related regional cerebral blood flow 
(rCBF) change in somatosensory areas I (SI) and somatosensory areas 
II (SII) of the unaffected hemisphere during passive movement of the 
unaffected finger and infarct volume. The greater the infarct, the greater 
the activity in the contralateral hemisphere.

Fig. 3. Resting regional cerebral blood flow (rCBF) in somatosensory 
areas I (SI) and somatosensory areas II (SII) of both hemispheres. No 
significant differences between initial and follow-up scans were observed 
(paired t-test, corrected for multiple comparisons, p = 0.0125).
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Table II. Activated brain regions for passive finger movement of affected 
and unaffected limb with t-values and Talairach coordinates.

Region

Talairach

t p (corrected)x y z

Movement unaffected finger initial scan
Right SII 55 –28 17 5.24 0.002
Left SI –37 –28 47 5.13 0.004
Left SII –51 –26 19 5.06 0.005

Movement unaffected finger follow-up
Left SI –45 –22 48 5.63 0.000
Left SII –59 –24 17 4.56 0.036

Movement affected finger initial scan
Right SI 49 –24 45 4.86 0.011
Right SII 51 –30 18 4.50 0.044

Movement affected finger follow-up
Left SII –61 –26 19 4.80 0.014
Right SII 61 –22 13 4.97 0.007
Right SI 39 –27 27 4.12 ns

SI: somatosensory areas I; SII: somatosensory areas II; ns: not 
significant.
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ment activated only the contralateral primary and secondary 
sensory areas (8). Passive finger movement of the unaffected 
side in the first week after stroke additionally activated SII on 
the side ipsilateral to stimulation (the affected hemisphere). 
Passive movement of a finger in the paretic hand in the first 
week after stroke induced marked activation in SI and SII in the 
affected hemisphere, but only slight activation of contralateral 
SII; a pattern comparable to that in healthy subjects. However, 
with clinical improvement between scans, activation in SI 
and in SII of the affected hemisphere remained unchanged 
and activation of SII in the contralateral hemisphere became 
prominent. This activation during movement of the affected 
finger at follow-up corresponds to the pattern observed by 
Nelles et al. (13) at his initial scan (which was around day 20 
after ictus, like our follow-up scan). 

The pattern observed with passive finger movement of the 
unaffected side normalized over time. 

Increased and extended activation in early reorganization 
was observed repeatedly in the first weeks after stroke (13, 27, 
28). The activation of SII, which has the function of a higher 
order somatosensory centre (29, 30) with a sensorimotor inte-
gration role (14, 31, 32), changes during recovery. Ipsilateral 
SII activation in response to stimulation might be driven by 
contralateral SII via transcallosal fibres (33), and SII of the 
affected hemisphere becomes activated more strongly than SI 
with improvement of function. This activation suggests parallel 
information processing in SII mediated by direct thalamocor-
tical input to SII maintained despite lower activation of the 
partly deafferented SI (11). 

It is difficult to explain the changing patterns of activation in 
SII by plasticity of the proprioceptive system: the time span is 
very short, and the involvement of the ipsilateral hemisphere 
by stimulation of the unaffected finger cannot be attributed 
to a lesion effect onto proprioceptive processing. One pos-
sible explanation for this sudden occurrence of the ipsilateral 
(contra-lesional) activity during passive movement of the unaf-
fected finger may be a reduction in transcallosal inhibition of 
the affected onto the intact hemisphere. The fact that activity 
in SI and SII of the unaffected hemisphere was correlated with 
volume size may also support this hypothesis. The existence 
of these mechanisms has recently been demonstrated by our 
group for the language system (34). However, in subcortical 
infarctions no differences in inter-hemispheric inhibition be-
tween control subjects and patients after stroke were found in 
studies with double pulse transcranial magnetic stimulation 
(35, 36). Only during the phase of movement preparation was 
an inhibitory influence from the intact onto the affected hemi-
sphere observed (36), a finding which is unique for subcortical 
infarcts and contrary to what is known from cortical infarcts. 
It is thus more likely that this finding indicates a disturbance 
of the cortical-basal ganglia loop for movement preparation 
(37) of the affected hemisphere and not a disturbance of tran-
scallosal inhibition because the transcallosal fibres are intact 
in patients with subcortical stroke. 

An alternative explanation for these changes in activation 
patterns might be attentional modulation of activity in SII 

(15). The observed pattern of activation is compatible with 
increased attention to proprioceptive input in the very early 
course after stroke. At that time, attention modulates only the 
activation pattern elicited by movement of the unaffected limb, 
since networks of the affected hemisphere are disturbed by the 
lesion. Later on, the effect of attention, expressed as activa-
tion of SII, may shift to movements of the affected limb and 
go along with early recovery and resolution of neglect. After 
this refocusing of attention to the paretic side, mechanisms of 
neuronal reorganization, as described, for example, by Nelles 
et al. (13) determine further recovery: The “less efficient re-
organization process” (2) involving the ipsilateral cortex (i.e. 
ipsilateral to the stimulated finger) may be replaced by the 
restitution of the activation patterns involving predominantly 
the sensorimotor area of the afflicted hemisphere. However, 
these mechanisms extend beyond the observation period in 
our study, and are described in the study by Nelles et al. (13). 
It has to be tested in future studies whether rehabilitation or 
pharmacological strategies can accelerate the attentional shift 
(38) and the reactivation of physiological activation patterns, 
and whether these interventions will improve rehabilitation of 
motor function after stroke.
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