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Abstract

Functional neuroimaging studies frequently demonstrated that stroke patients show bilateral 

activity in motor and premotor areas during movements of the paretic hand in contrast to a more 

lateralized activation observed in healthy subjects. Moreover, a few studies modeling functional or 

effective connectivity reported performance-related changes in the motor network after stroke. 

Here, we investigated the temporal evolution of intra- and interhemispheric (dys-) connectivity 

during motor recovery from the acute to the early chronic phase post-stroke. Twelve patients 

performed hand movements in an fMRI task in the acute (≤72 hours) and subacute stage (2 weeks) 

post-stroke. A subgroup of 10 patients participated in a third assessment in the early chronic stage 
(3–6 months). Twelve healthy subjects served as reference for brain connectivity. Changes in 

effective connectivity within a bilateral network comprising M1, premotor cortex (PMC), and 

supplementary motor area (SMA) were estimated by dynamic causal modeling. Motor 

performance was assessed by the Action Research Arm Test and maximum grip force. Results 

showed reduced positive coupling of ipsilesional SMA and PMC with ipsilesional M1 in the acute 

stage. Coupling parameters among these areas increased with recovery and predicted a better 

outcome. Likewise, negative influences from ipsilesional areas to contralesional M1 were 

attenuated in the acute stage. In the subacute stage, contralesional M1 exerted a positive influence 

on ipsilesional M1. Negative influences from ipsilesional areas on contralesional M1 subsequently 

normalized, but patients with poorer outcome in the chronic stage now showed enhanced negative 

coupling from contralesional upon ipsilesional M1. These findings show that the reinstatement of 

effective connectivity in the ipsilesional hemisphere is an important feature of motor recovery after 

stroke. The shift of an early, supportive role of contralesional M1 into enhanced inhibitory 

coupling might indicate maladaptive processes which could be a target of non-invasive brain 

stimulation techniques.

* Corresponding author. Max Planck Institute for Neurological Research, Gleueler Str. 50, 50931 Cologne, Germany. 
Christian.Grefkes@uk-koeln.de (C. Grefkes). 

HHS Public Access
Author manuscript
Neuroimage. Author manuscript; available in PMC 2021 April 19.

Published in final edited form as:
Neuroimage. 2011 April 01; 55(3): 1147–1158. doi:10.1016/j.neuroimage.2011.01.014.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Keywords

Motor cortex; Longitudinal; Effective connectivity; Impairment; Recovery

Introduction

Functional neuroimaging studies investigating stroke patients with motor deficits frequently 

reported that unilateral movements of the paretic limb are associated with a more bilateral 

activation pattern in primary motor and premotor areas as compared to neural activity 

assessed during unilateral hand movements in healthy subjects (Chollet et al., 1991; Grefkes 

et al., 2008b; Ward et al., 2003; Weiller et al., 1992). However, the neural processes 

underlying functional activity and their implication for motor recovery are still controversial 

(Bütefisch et al., 2005; Fridman et al., 2004; Gerloff et al., 2006; Johansen-Berg et al., 2002; 

Ward et al., 2003). Recent advances in modeling neural responses allow estimating effective 

connectivity within neural networks from functional neuroimaging time series (Friston et al., 

2003; Stephan et al., 2007, 2010). Effective connectivity is defined as the influence that one 

brain region exerts over another (Friston et al., 2003). Hence, changes in effective 

connectivity in a functional network after stroke might constitute one fundamental 

mechanism promoting cortical reorganization and recovery of function.

Brain regions engaged in unilateral hand movements in monkeys and humans are found 

along the precentral gyrus. The primary motor cortex (M1) is located on the rostral wall of 

the central sulcus and corresponds to Brodmann area (BA) 4 (Brodman, 1909) or area F1 in 

macaques (Rizzolatti et al., 2002). M1 is supposed to be the primary origin of fiber pathways 

descending to the spinal cord neurons which ultimately connect to peripheral muscles 

(Porter and Lemon, 1993). The premotor cortex (BA 6) is situated anterior to M1 within 

agranular cortex and may be classified into a number of subregions based on structural and 

functional criteria (Graziano et al., 2002; Rizzolatti et al., 2002; Schubotz and von Cramon, 

2003; Tokuno and Tanji, 1993). The premotor cortex within the interhemispheric fissure 

hosts the supplementary motor area (SMA, macaque area F3), which is engaged in the 

initiation of movements and sequential movements (Dum and Strick, 2002; Jenkins et al., 

2000; Passingham, 1997). Single-cell recording data showed that a large proportion of SMA 

neurons exclusively respond to contralateral hand movements (Kazennikov et al.,1999). 

Lateral parts of premotor cortex seem to be of particular relevance for the planning and 

execution of externally triggered movements, especially for the transformation of sensory 

stimuli into motor programs (Halsband et al., 1993; Johnson et al., 1996; Kawashima et al., 

1994; Lutz et al., 2000). Neurons in dorsal portions of lateral PMC (dPMC) are especially 

active during sensorimotor transformations underlying reaching movements, whereas 

neurons in ventral portions (vPMC) are involved in controlling hand and finger movements 

(Hoshi and Tanji, 2007; Schubotz and von Cramon, 2002). Invasive tract tracing studies in 

macaques showed that both vPMC and SMA have extensive projections toM1 and, 

therefore, might play an important role in motor recovery, for example, by facilitating the 

motor output of M1 neurons through corticocortical projections (Dancause et al., 2005; Dum 

and Strick, 2005; Shimazu et al., 2004). All premotor areas also have substantial direct 

projections to spinal motor neurons and may directly contribute to the motor output (Dum 
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and Strick, 1996; He et al., 1993). Furthermore, findings in macaques provide evidence for 

homotopic direct transcallosal projections between M1, vPMC, and SMA (Boussaoud et al., 

2005; Luppinoet al., 1993; Rouilleretal., 1994). These transcallosal projections might enable 

the engagement of the contralesional hemisphere into reorganization in the lesioned brain. In 

summary, motor areas such as SMA, vPMC, and M1 represent key motor areas underlying 

different aspects of planning and executing hand movements and, therefore, might play a 

pivotal role during cortical reorganization underlying recovery of hand motor function.

Previous studies on cortical connectivity in stroke patients have already revealed that neural 

coupling among these areas can be altered in the subacute or chronic stage after stroke 

(Grefkes et al., 2008b; Grefkes et al., 2010; Mintzopoulos et al., 2009; Sharma et al., 2009). 

For example, patients with pronounced motor deficits featured reduced positive connectivity 

within the affected (i.e., ipsilesional) hemisphere as well as enhanced inhibitory influences 

from M1 in the unaffected (i.e., contralesional) hemisphere to ipsilesional M1 (Grefkes et 

al., 2008b, 2010). However, the temporal dynamics of disturbed interactions among motor 

areas after stroke and their relationship to functional recovery remain to be elucidated. 

Longitudinal studies have shown that behavioral recovery mainly occurs during the first 3 

months after symptom onset. We, therefore, investigated changes in cortical connectivity 

from the acute and subacute stage to the early chronic stage post-stroke. At each session, 

patients performed a functional magnetic resonance imaging (fMRI) task consisting of 

visually paced rhythmic fist closures. Dynamic causal modeling (DCM) was then used to 

assess effective connectivity within a bilateral network comprising SMA, vPMC, and M1 

(Friston et al., 2003). According to previous connectivity studies (Grefkes et al., 2008b; 

Wang et al., 2010), we hypothesized that promoting influences of premotor areas onto 

ipsilesional M1 might be critically reduced in patients with severe motor impairments in the 

acute stage after stroke. Furthermore, we assumed that these influences will be re-

established concomitant to motor recovery based on findings from transcranial magnetic 

stimulation (TMS) studies demonstrating a supportive role of premotor areas for motor 

function (Fridman et al., 2004; Johansen-Berg et al., 2002; O’Shea et al., 2007). We, 

furthermore, sought to investigate the role of contralesional M1 for motor recovery because 

recent studies provided conflicting evidence for both promoting and inhibitory influences on 

ipsilesional M1 activity (Gerloff et al., 2006; Grefkes et al., 2008b; Lotze et al., 2006; 

Murase et al., 2004; Nowak et al., 2008).

Methods

Subjects

The study was approved by the local ethics committee (file no. 08–082). All subjects gave 

informed written consent. We examined 12 in-patients (8 males; mean age: 67±9 years; 

Table 1) after a first-ever ischemic stroke in the left (n=5) or right (n=7) middle cerebral 

artery territory with lesions affecting the corticospinal tract (n=9 with pure subcortical 

lesions and n=3 with both subcortical and cortical lesions) (Fig. 1). None of the lesions 

affected the M1 hand representation or any other region included into the DCM analysis (see 

Connectivity analysis section for details). All patients reported right-hand dominance before 

stroke. Patients were selected according to the following criteria: (1) unilateral hand motor 
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deficit, (2) onset of symptoms within 72 hours, (3) no clinical signs of mirror movements, 

severe aphasia, or neglect. The first fMRI session was assessed within 72 hours (median: 2 

days) after stroke (acute stage). All patients participated in a second assessment at 10–14 

(median: 11) days post-stroke (subacute stage). Since two patients died during the following 

months, a subgroup of ten patients was tested again at 3–6 (median: 4) months post-stroke. 

As up to 95% of spontaneous motor improvements have been shown to occur during the first 

3 months post-stroke (Duncan et al., 1992; Nakayama et al., 1994), we termed session 3 the 

early chronic stage. All patients received standard physiotherapy on the stroke unit of the 

Department of Neurology, University of Cologne, in the first 2 weeks after stroke. After 

their discharge, all patients underwent in-patient rehabilitation treatments for the following 6 

to 8 weeks. A single fMRI assessment of twelve age-matched right-handed healthy 

participants (6 males; 62±13 years) served as reference for brain connectivity. fMRI data 

from healthy subjects and ten patients in the acute stage were included in a previous 

publication (Rehme et al., 2010). However, whereas we previously investigated longitudinal 

changes in neural activity in the first 2 weeks after stroke, the present study focused on 

changes in effective connectivity from the acute to the chronic stage. Note that all 

experimental procedures were identical for all sessions and subjects.

Motor performance

Three clinical scores were assessed at each session: (1) the National Institutes of Health 

Stroke Scale (NIHSS), (2) the Action Research Arm Test (ARAT) (Lyle, 1981) score for the 

affected hand, and (3) the percent grip strength of the affected relative to the unaffected hand 

(measured by a vigorimeter). To compute composite scores for (1) motor performance at 

each session and (2) motor recovery between sessions, we entered ARAT and grip force 

scores into factor analyses with principal component extraction (principal component 

analysis, PCA; Statistical Package of the Social Sciences, SPSS17). The NIHSS scores were 

not included into the composite motor scores because the NIHSS measures global 

neurological impairment whereas the ARAT and the grip force index more specifically 

assess motor performance of the affected hand. The PCA with ARAT and grip force indices 

for each session as input variables yielded a one-factor solution explaining 90% of the 

variance of the two variables. As both variables loaded positively on this factor (i.e., 95%), 

factor values for each patient were defined as composite motor performance scores for each 

session (Fig. 2A). To yield recovery scores for different time intervals (i.e., session 1–

session 2, session 2–session 3, and session 1–session 3), we first computed the respective 

difference scores in the ARAT and the grip force indices which were then entered into three 

separate PCAs. Each PCA showed a one-factor solution explaining between 73% and 89% 

of the variance of the difference scores which loaded positively on the respective factor (i.e., 

85–95%). The factor values for each patient were hence defined as composite motor 
recovery scores. Note that negative values do not imply deterioration of motor performance 

but poorer motor performance or less motor improvement compared to the whole group.

Magnetic resonance imaging

The fMRI motor task consisted of visually cued rhythmic fist closures performed in blocks 

of moving either the left or the right hand (Grefkes et al., 2008a,b; Rehme et al., 2010). 

fMRI pilot scans showed that this task yielded more robust and stronger blood-oxygen-level-
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dependent (BOLD) signal changes as compared to finger tapping or sequential finger 

movements. As robust activations on single-subject level are an important prerequisite for 

DCM analyses, this task appeared to be most suited to investigate neural activity in stroke 

patients during recovery. The task was presented on a shielded thin-film transistor (TFT) 

screen at the rear end of the scanner which was visible via a mirror mounted to the MR head 

coil. Written instructions were displayed for 2 s indicating whether the left or the right hand 

had to be moved in the upcoming block of trials. The task consisted of 4 blocks per hand 

resulting in 8 blocks per session presented in a randomized sequence. Subjects were asked to 

perform fist closures at the frequency of a blinking circle (1 Hz) for 15 s until a black screen 

indicated to rest for 15 s (plus a temporal jitter of 1–2.5 s). Hence, a correct number of fist 

closures corresponded to 15 movements per block. Subjects were trained inside the scanner 

until they reached a stable performance in three successive trials. The number of fist closures 

per block was counted by an experimenter standing next to the scanner.

MR images were acquired on a Siemens Trio 3.0-T scanner (Siemens Medical Solutions, 

Erlangen, Germany). We used a gradient echo planar imaging (EPI) sequence with the 

following imaging parameters: TR=1630 ms, TE=30 ms, FOV=200 mm, 26 axial slices, 

voxel size=3.0×3.0×4.0 mm3, flip angle=72°, volumes=176 (4 dummy images). The slices 

covered a region extending from the vertex to lower parts of the cerebellum. At each session, 

diffusion-weighted images (DWI; TR=5100 ms, TE=104 ms, FOV=230 mm, 30 axial slices, 

voxel size=1.8×1.8×3.0 mm3) were acquired to assess location and extent of the ischemic 

lesion. In addition, we acquired high-resolution T1weighted structural images (TR=2250 ms, 

TE=3.93 ms, FOV= 256 mm, 176 sagittal slices, voxel size=1.0×1.0×1.0 mm3).

Image processing

Prior to data analysis, images from patients with right-sided lesions were flipped along the 

midsagittal plane. Image processing was performed using Statistical Parametric Mapping 

(SPM8, http://www.fil.ion.ucl.ac.uk/spm/). For control group comparisons, an equal number 

of healthy subjects were processed in the same manner. After realignment of the EPI 

volumes and co-registration with the anatomical T1 image, a lesion mask was constructed 

from the DWI volume showing the largest lesion extent (MRIcron; www.sph.sc.edu/comd/

rorden/MRicron). All volumes were spatially normalized to the standard template of the 

Montreal Neurological Institute (MNI, Canada) employing the unified segmentation 

approach with masked lesion (Ashburner and Friston, 2005). Finally, data were smoothed 

using an isotropic Gaussian kernel of 8-mm full width at half maximum. For statistical 

analysis, box-car vectors for each condition (i.e., affected hand movement, unaffected hand 

movement, instruction) were convolved with a canonical hemodynamic response function 

(HRF) to create the regressors of interest for the general linear model (GLM). Head 

movement estimates were used as confound regressors. For single subject analyses, voxels 

were identified as significant at a threshold of T=3.14 (p<0.001). For the group analysis, 

first-level contrast images of patients who attended all three assessments (n=10) were 

entered into a full factorial random-effects analysis (Friston et al., 1999, 2002) with the 

within-subject factors HAND and SESSION.
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Connectivity analysis

In DCM, the brain is regarded as a deterministic, dynamic input-state-output system. An 

important advantage of DCM over approaches such as structural equation modeling is that it 

does not work on the level of the fMRI signal, which is a slow and regionally 

inhomogeneous hemodynamic signal, but rather uses a biophysically validated 

hemodynamic model to decompose the measured data into underlying neuronal signal and 

hemodynamic effects (Friston et al., 2003). DCM, therefore, represents an advanced 

additional analysis for fMRI data that enables mechanistic inference on the interactions of 

areas of a network that drive functional activations. Moreover, DCM may actually be more 

robust in clinical populations than fMRI as the hemodynamic response is estimated 

specifically for each region (Friston et al., 2003; Stephan et al., 2007) allowing 

accommodating responses that are rather different from the standard canonical HRF.

In addition to the hemodynamic model, DCM estimates three sets of parameters. These are 

(i) endogenous coupling independent of the experimental condition (DCM A-matrix); (ii) 

parameters for context-dependent changes in coupling evoked by the experimental 

conditions, that is, changes in effective connectivity between two regions caused by the 

current task (DCM B-matrix); and (iii) the direct experimental input to the system that drive 

regional activity (DCM C-matrix). DCM is a hypothesis-driven approach to model effective 

connectivity between distinct regions where models are fitted to subject-specific regional 

fMRI time series (Friston et al., 2003). Therefore, we extracted the first eigenvariate of the 

effects-of-interest adjusted time series from all voxels within 8-mm spheres around local 

activation maxima of eight regions of interest. Local activation maxima were identified on 

the normalized SPMs of each subject and session. Regions of interest consisted of M1, 

SMA, and ventral PMC representing core regions of the cortical motor system engaged in 

fist closure movements (Eickhoff et al., 2008; Grefkes et al., 2008b). Furthermore, the 

primary visual cortex (V1) was defined as sensory input region as hand movements were 

triggered by a blinking visual cue. As individual activation maxima may vary across subjects 

(Eickhoff et al., 2009), we ensured comparability by selecting coordinates according to the 

following anatomical constraints: M1 on the rostral wall of the central sulcus at the “hand 

knob” formation, SMA on the mesial wall within the interhemispheric fissure between the 

paracentral lobule (posterior landmark) and the plane running through the anterior 

commissure (y<0), superior vPMC situated in the precentral sulcus at the level of the 

inferior frontal sulcus (z<51) (Tomassini et al., 2007), and the primary visual cortex (V1) 

within the calcarine sulcus. None of the patients had a lesion in one of these regions as 

reviewed by a neurologist (CG). Coordinates were defined for baseline contrasts at a 

threshold of p<0.001 uncorrected (i.e., left M1/SMA/PMC in the contrast for movements of 

the affected hand; right M1/SMA/PMC in the contrast for movements of the unaffected 

hand). V1 coordinates were specified from a conjunction analysis across both conditions. As 

the location of maximum activation may also vary between sessions, a dispersion of 

coordinates up to 8 mm, which is equivalent to the spatial smoothing kernel, was allowed 

between sessions to warrant within-subject consistency of anatomical areas. If there was no 

activation within 8 mm at p<0.001, the statistical threshold was lowered to p<0.05 

uncorrected. This was the case in two patients.
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Based on structural connectivity data derived from invasive studies in macaque monkeys, we 

assumed endogenous connections (DCM A-matrix) between SMA and ipsilateral and 

contralateral M1 (Rouiller et al., 1994), between SMA and ipsilateral (Luppino et al., 1993) 

as well as contralateral PMC (Boussaoud et al., 2005), between PMC and both ipsi- and 

contralateral M1 (Rouiller et al., 1994), as well as homotopic transcallosal connections 

between M1–M1 (Rouiller et al., 1994), SMA–SMA (McGuire et al., 1991; Rouiller et al., 

1994), and PMC–PMC (Boussaoud et al., 2005). As hand movements were triggered by a 

blinking visual cue, we assumed that activity in premotor areas (SMA, PMC) was driven by 

visual cortex activity (V1) (Fig. 3). Importantly, coupling parameters obtained from DCM 

refer to functional interactions but do not necessarily reflect direct axonal connections. 

While all the abovementioned areas represent key nodes of the cortical motor network, it 

should be noted that other brain regions may also contribute to task performance (e.g., 

cerebellar areas, basal ganglia, and frontoparietal areas). Furthermore, the relay of neural 

information by regions which were not explicitly modelled in DCM is implicitly captured in 

the coupling parameters between two regions (Friston et al., 2003; Stephan et al., 2010).

Bayesian model selection

Condition-specific modulations of interregional coupling may not necessarily affect all 

endogenous anatomical connections (Penny et al., 2004; Stephan et al., 2009). Based on the 

endogenous connectivity matrix (DCM A-matrix), we set up 17 alternative models of 

connectivity representing biologically plausible hypotheses on interregional coupling among 

regions of interest during the performance of left and right fist closures (DCM B-matrix). As 

the task was visually triggered, V1 was supposed to be directly driven by task-dependent 

influences (DCM C-matrix). Starting from a fully connected DCM B-matrix, we constructed 

17 models according to (i) the presence of interhemispheric connections and (ii) the 

lateralization of coupling towards M1 contralateral to the moving hand (Supplementary Fig. 

1). At first, we omitted heterotopic interhemispheric connections between premotor areas 

and M1 (models 2–5), then we removed homotopic connections between motor areas (i.e., 

SMA–SMA, PMC–PMC, M1–M1) (models 6–8). Finally, all interhemispheric connections 

were removed (model 9). Afterwards, the same approach was applied to lateralized models 

which contained connections only to M1 contralateral to the moving hand. We then applied 

Bayesian model selection (BMS) random-effects analysis to determine the most likely 

model given the data (Stephan et al., 2009).

Statistical analysis

The statistical analyses were carried out based on classical inference using analyses of 

variance (ANOVAs) and t-tests. Note that the arithmetic mean of each parameter closely 

approximated the averaged mean of the posterior distribution weighted by the averaged 

posterior covariances for each group and session. Therefore, group differences and 

longitudinal changes in averaged posterior means showed a similar pattern of results as the 

classical approach. Statistical significance of the derived coupling parameters for all 30 

connections of the most likely DCM was tested by means of one-sample t-tests for each 

session (p<0.05 false discovery rate (FDR)-corrected for multiple comparisons) (Benjamini 

and Hochberg, 1995). For comparisons between groups (between-subject factor GROUP, 

levels patients, controls), coupling parameters for all 30 connections (within-subject factor 
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CONNECTION) were entered into a mixed-design ANOVA for each session. Significant 

interaction effects between GROUP and CONNECTION were followed up by comparisons 

between patients and control subjects in all 30 connections. The significance level of p<0.05 

was corrected for the number of these 30 follow-up comparisons (Dunn, 1961). Coupling 

parameters which were significantly enhanced or reduced in patients compared to controls 

were then analyzed between sessions within the patients’ group using paired t-tests for 

different time periods (i.e., session 1–session 2 [n=12 patients], session 1–session 3 [n=10 

patients], and session 2–session 3 [n=10 patients]).

Correlation with motor performance and motor recovery

To investigate the relationship between abnormally altered coupling parameters and motor 

behavior, we computed Pearson’s correlations between coupling parameters of those 

connections, which showed significant differences compared to healthy controls, and the 

composite motor performance scores. In addition, significant changes in coupling 

parameters over time were correlated with the composite motor recovery scores. The 

significance threshold was defined at p<0.05 one-tailed because we assumed a unidirectional 

relationship, that is, the more pronounced the impairment the bigger the reduction in 

(positive or negative) coupling strength and the greater the amount of recovery the stronger 

the increases in coupling strength.

Prediction of motor performance and motor recovery

To identify coupling parameters that correlated with recovery and outcome at later stages, 

significantly altered coupling parameters as well as significant changes across sessions were 

correlated with the composite motor performance scores at (i) session 2 and (ii) session 3 as 

well as with composite motor recovery scores between (iii) session 1–session 2 and (iv) 

session 1–session 3.

Results

Behavioral and fMRI results

A repeated-measures ANOVA on composite motor performance scores at session 1 and 

session 2 showed a significant main effect of SESSION (F(1,11)=10.560, p=0.008) 

indicating significant improvements from the acute to the subacute phase (Fig. 2A). An 

ANOVA on composite motor performance scores for all three sessions showed a trend 

towards significance (F(2,18)=2.959, p=0.077). Hence, the greatest amount of recovery 

seemed to occur within the first 2 weeks.

The fMRI results from healthy subjects and the group of 10 patients who attended all 3 

sessions are shown in Fig. 2B and C. In healthy subjects, right or left fist closures increased 

the BOLD signal in a network comprising contralateral M1, SMA, dPMC and vPMC, 

postcentral gyrus (primary somatosensory cortex, S1), bilateral parietal operculum 

(secondary somatosensory cortex, S2) and frontal operculum, putamen and thalamus, and 

ipsilateral cerebellum. In patients, movements of the unaffected hand revealed similar 

activations as left- or right-hand movements in healthy subjects. Movements of the stroke-

affected hand were associated with additional BOLD signal increases in the ipsilateral (i.e., 
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contralesional) hemisphere with clusters of activation in dPMC and vPMC, S1, and M1 

which was most pronounced at session 2 (i.e., 10–14 days post-stroke).

BMS random-effects analysis

Model 1 representing a fully connected DCM B-matrix for movements of the left or right 

hand showed the best model fit across groups and sessions (Fig. 3; Supplementary Fig. 1). 

Expected posterior and exceedance probabilities are given in Supplementary Fig. 2. In 

summary, for the respective populations the subjects were drawn from, model 1 had a 

probability of 35–97% for being the most likely generative model given the observed data. 

The BMS analysis revealed similar results for healthy subjects and the patients’ group at 

sessions 2 and 3 as well as across all three sessions of the patients’ group.

Effective connectivity

Coupling parameters representing the coupling strength from one area over another 

correspond to rates in Hz (1/s). Positive coupling rates indicate that the source region exerts 

a promoting influence on the activity of the target area. Negative coupling rates indicate that 

the source region exerts a negative or inhibitory effect on the activity of a target region 

(Friston et al., 2003).

We focused our analysis on the coupling among areas in the context of affected hand 

movements (DCM B-matrix). Coupling estimates for movements of the unaffected hand (left 

hand in controls) were not different between patients and controls (mixed-design ANOVA, 

p>0.05) and did not change across time post-stroke (repeated-measures ANOVA, p>0.05). 

The analysis of endogenous coupling parameters (DCM A-matrix), which denote the neural 

coupling between areas independent of the effect of the task, yielded similar results as found 

for the modulatory influence during movements of the affected hand. Hence, these results 

are reported in the supplementary material (Supplementary text; Supplementary Fig. 3; 

Supplementary Tables 1 and 2).

Coupling parameters at sessions 1 and 2 were not significantly different between the whole 

group (n=12) and the subgroup of patients who attended all three assessments (n=10). 

Hence, results from 12 patients are reported for the first two sessions to increase the 

sensitivity of our analysis.

Changes in the ipsilesional hemisphere

At session 1 (≤72 hours post-stroke), coupling parameters for movements of the affected 

hand (right hand for controls) showed a significant interaction effect between GROUP and 

CONNECTION (F(29,638)=5.874, p<0.001). Positive influences from ipsilesional SMA and 

bilateral PMC onto ipsilesional M1 were significantly reduced compared to healthy controls 

(p<0.05 corrected for multiple comparisons; Table 2, Fig. 4A) and correlated positively with 

the composite motor performance scores at session 1. Hence, patients with more severe 

motor impairments showed a stronger reduction of positive influences from ipsilesional and 

contralesional premotor areas on ipsilesional M1 relative to controls (Fig. 4B). Importantly, 

these results remained significant after the exclusion of two patients who were not able to 

perform the requested number of fist closures in the scanner at the first session.
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At session 2 (10–14 days post-stroke), the interaction between GROUP and CONNECTION 

was again significant (F(29,638)=2.647, p<0.001; Table 2). Positive coupling of ipsilesional 

SMA with ipsilesional M1 remained significantly reduced. The repeated-measures ANOVA 

showed no significant differences compared to healthy subjects at session 3 (3–6 months 

post-stroke).

The coupling strength between SMA and M1 in the ipsilesional hemisphere increased 

significantly within 2 weeks (t(11)=2.404, p=0.035) as well as across the whole time period 

(t(9)=2.682, p=0.025). This significant increase correlated positively with the composite 

motor recovery score (Fig. 5A, B, C; Table 3).

In summary, the modulation of neural coupling during movements of the affected hand 

showed significantly weaker interactions between ipsilesional premotor areas and 

ipsilesional M1 early after stroke, particularly in patients with more severe initial 

impairment. Positive coupling towards ipsilesional M1 increased concomitant to motor 

recovery towards levels observed among healthy participants.

Changes in the contralesional hemisphere

Post hoc tests for the significant interaction between GROUP and CONNECTION at session 

1 (see above) also revealed attenuated negative influences from ipsilesional M1 to 

contralesional M1 as compared to controls, especially in severely affected patients (p<0.05 

corrected for multiple comparisons; Fig. 4A; Table 2). Furthermore, the negative coupling 

from ipsilesional SMA and ipsilesional PMC on contralesional M1 was significantly 

reduced. Again, results for the contralesional hemisphere remained unchanged after the 

exclusion of two patients who were not able to perform the requested number of fist closures 

in the scanner at session 1.

At session 2, follow-up tests for the interaction between GROUP and CONNECTION 

showed that negative coupling from ipsilesional M1, SMA, and PMC towards contralesional 

M1 remained significantly reduced relative to healthy controls. Importantly, patients now 

showed an additional positive influence from contralesional onto ipsilesional M1 which was 

not present in healthy subjects and which correlated negatively with the composite motor 

performance scores. At session 3, there was no significant difference in neural coupling 

between patients and healthy subjects.

Negative coupling from ipsilesional SMA and ipsilesional PMC towards contralesional M1 

increased from sessions 2 to 3 towards levels observed in healthy subjects (t(9)=3.668, 

p=0.005; t(9)= 3.159, p=0.012). Furthermore, parameters for the interhemispheric coupling 

from ipsilesional on contralesional M1 increased steadily from session 1 to session 3 

(t(9)=3.350, p=0.009). Across the whole group, the additional positive coupling between 

contralesional M1 and ipsilesional M1 significantly decreased to zero between sessions 2 

and 3 (t(9)=3.675, p=0.005; Fig. 5D; Table 3), and resembled levels observed in healthy 

controls.

In summary, we observed reduced inhibitory coupling from ipsilesional M1 and SMA to 

contralesional M1 after 2 weeks. At the same time, there was a positive, promoting influence 
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from contralesional to ipsilesional M1, especially in patients with poor motor performance. 

The transition from the subacute to the early chronic stage was characterized by a 

reinstatement of inhibitory influences of ipsilesional areas on contralesional M1 activity.

Prediction of motor performance and motor recovery

The composite motor performance score at session 2 correlated positively with the coupling 

strength from ipsilesional SMA and PMC towards ipsilesional M1 at session 1 (Fig. 6A). 

The composite motor performance score at session 3 correlated positively with an increase 

in coupling from contralesional to ipsilesional M1from sessions 2 to 3.This means that 

patients who developed strong negative influences originating from contralesional M1 

showed a relatively poorer outcome as compared to patients featuring a positive coupling 

(Fig. 6B).

The composite motor recovery score computed between sessions 1 and 2 correlated 

negatively with coupling estimates from ipsilesional SMA and PMC to ipsilesional M1 at 

session 1 (Fig. 6C). Hence, reduced positive influences towards ipsilesional M1 predicted a 

greater amount of recovery within the first 2 weeks post-stroke. Similarly, the composite 

motor recovery score between sessions 1 and 3 correlated negatively with the connection 

strength from ipsilesional SMA and PMC to M1 at session 1 (Fig. 6D).

In summary, motor recovery and motor performance in the subacute and early chronic stage 

depended upon the strength of positive influences from ipsilesional premotor areas onto 

ipsilesional M1. In contrast, motor performance in the early chronic stage was also 

determined by the influences exerted by contralesional M1.

Discussion

Spontaneous recovery from stroke-induced motor deficits typically occurs during the first 30 

days up to 3 months after symptom onset (Duncan et al., 1992; Nakayama et al., 1994). For 

this early post-stroke period, results from longitudinal fMRI studies in humans and rats 

showed that neural activity in ipsilesional sensorimotor cortex recovers whereas abnormally 

enhanced BOLD activity in contralesional sensorimotor areas decreases concomitant to 

behavioral improvements (Dijkhuizen et al., 2001; Dijkhuizen et al., 2003; Loubinoux et al., 

2003; Tombari et al., 2004; Ward et al., 2003; Weber et al., 2008). In the present study, the 

modeling of underlying neural responses from fMRI time series using DCM revealed 

disturbed neural coupling among motor areas of both hemispheres which provides an 

explanation for altered BOLD activity patterns after stroke and recovery of function over 

time (Fig. 4).

Reorganization in the ipsilesional hemisphere

Our results together with previous DCM findings in chronic stroke patients (Grefkes et al., 

2008b; 2010; Sharma et al., 2009) suggest that impaired motor performance early after 

stroke is influenced by abnormally weak neural coupling between higher order premotor 

areas as well as between premotor areas and ipsilesional M1. The relationship between 

ipsilesional M1 connectivity and motor recovery after stroke was also addressed by a recent 

longitudinal study using graph theoretical approaches (Wang et al., 2010). Here, motor 
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recovery was associated with an increase in information processing mediated by ipsilesional 

M1. Findings from other fMRI studies suggested that stronger BOLD signal in ipsilesional 

M1 and SMA predicts a higher level of recovery at later stages (Loubinoux et al., 2003; 

Loubinoux et al., 2007). We show here that also the coupling strength among these areas 

determines clinical outcome. Hence, the relationship between increases in ipsilesional 

SMA–M1 coupling and motor improvements suggests a supportive role of premotor areas 

for motor recovery up to the early chronic stage. However, neural coupling from bilateral 

premotor areas onto ipsilesional M1 did not exceed levels observed in healthy subjects 

indicating that recovery-related increases do not compensate for stroke-induced disturbances 

of the motor network but rather reflect a normalization of neural coupling. The account of a 

supportive role of ipsilesional premotor areas is confirmed by TMS studies showing that a 

disruption of ipsilesional dPMC activity leads to a deterioration of recovered motor function 

of the paretic hand (Fridman et al., 2004). Similarly, TMSinduced disruption of dPMC 

activity ipsilateral to the moving hand of healthy subjects (corresponding to the 

contralesional hemisphere in patients) impairs motor performance (O’Shea et al., 2007). 

This finding provides evidence for a compensatory role of dPMC. Our data show that the 

coupling between contralesional vPMC and ipsilesional M1 was significantly reduced in the 

acute stage but did not correlate with motor performance. This interhemispheric PMC–M1 

coupling subsequently returned towards levels observed in healthy subjects in the early 

chronic stage. Hence, our results show that the “dysconnectivity” of ipsilesional M1 in the 

acute stage not only includes reduced coupling with ipsilesional PMC and SMA but also 

reduced coupling with premotor areas of the unaffected hemisphere.

Reorganization in the contralesional hemisphere

The role of the unaffected hemisphere in cortical reorganization after stroke is still highly 

controversial (Bütefisch et al., 2005; Chollet et al., 1991; Fridman et al., 2004; Gerloff et al., 

2006; Weiller et al., 1992). TMS studies on interhemispheric inhibition suggested that 

contralesional M1 exerts enhanced inhibitory influences on ipsilesional M1 in some patients, 

thereby contributing to the motor deficit (Duque et al., 2005; Murase et al., 2004). In 

contrast, fMRI studies investigating resting state functional connectivity of the sensorimotor 

system provided evidence for a supportive role of the interhemispheric functional 

connectivity between sensorimotor cortices (Carter et al., 2010; van Meer et al., 2010). Van 

Meer et al. (2010) found that impaired motor performance in the first days after 

experimental stroke in rats was associated with a reduction of interhemispheric functional 

connectivity. Interhemispheric connectivity increased subsequently concomitant to 

sensorimotor improvements. These results are in accordance with findings of Carter et al. 

(2010) in human stroke patients. Here, the level of interhemispheric connectivity between 

homologous regions of the motor system correlated positively with motor performance 

whereas connectivity in the ipsilesional hemisphere was not related to behavior. Similar to 

the evidence provided by these functional connectivity studies, our data demonstrate that 

particularly patients with more severe motor impairments may benefit from an additional 

positive influence from contralesional onto ipsilesional M1 within 2 weeks after stroke (Fig. 

4). This finding suggests that contralesional M1 activity promotes the function of 

ipsilesional M1. At first sight, these results seem at odds with the results of Grefkes et al. 

(2008b) showing that contralesional M1 exerted additional inhibitory influences on 
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ipsilesional M1 in patients with incomplete motor recovery at the chronic stage post-stroke. 

However, different neural mechanisms may underlie changes of effective connectivity in the 

acute and chronic stage. A longitudinal fMRI study investigating recovery from aphasia also 

reported a transient upregulation of neural activity in homologous contralesional areas 

concomitant to language improvements (Saur et al., 2006). In line with this finding, we 

observed that inhibitory neural coupling from premotor areas onto contralesional M1 

normalized between the subacute and the early chronic stage suggesting a re-inhibition of 

contralesional M1activity concomitant to steady increases of promoting influences within 

the ipsilesional motor network. Furthermore, this normalization of neural coupling from 

contralesional to ipsilesional M1 was predictive for the behavioral outcome at the early 

chronic stage (Fig. 6B): patients with relatively poorer motor performance now featured 

enhanced inhibitory contralesional–ipsilesional M1 coupling. Note that in contrast to the 

study of Grefkes et al. (2008b), our group of patients showed milder levels of impairment 

after 3–6 months (Table 1). This might explain why we found abnormal inhibitory 

contralesional–ipsilesional M1 coupling only in patients who maintained stronger motor 

impairments. One speculation is that contralesional M1 activity initially supports the 

restitution of the ipsilesional motor network, whereas a persistent influence of contralesional 

M1 in the chronic stage might turn into enhanced inhibitory coupling indicating a negative 

influence on neural processing in the ipsilesional hemisphere. Such a conclusion is in line 

with non-invasive intervention studies which showed that reducing excitability of the 

contralesional M1 by means of repetitive TMS or transcranial direct current stimulation 

(tDCS) improves motor functions of the paretic hand (Grefkes et al., 2010; Hummel and 

Cohen, 2006; Nowak et al., 2008).

Limitations and conclusion

One limitation of the present study pertains to the low number of subjects. However, despite 

the small sample size, we found significant alterations in effective connectivity as compared 

to healthy subjects. Nevertheless, data from larger samples might have been more sensitive 

for even smaller differences between patients and controls. Furthermore, differential effects 

of factors such as the difference between left- or right-sided lesions or the anatomical 

location of structural damage on effective connectivity could be better addressed in studies 

with more extended cohorts.

Another limitation of the present study is that the BOLD signal could be altered in stroke 

patients due to vascular disease. However, Weber et al. (2008) reported evidence for a 

preserved coupling of the hemodynamic BOLD signal and neuronal activity after stroke in 

rats. None of our patients suffered from a significant artery occlusion causing reductions in 

blood flow. In addition, lesions were usually focal and mostly located in subcortical 

structures (Fig. 1) and changes in BOLD activity were also observed in the undamaged 

hemisphere (Fig. 2). Most importantly, in clinical populations DCM may actually be more 

robust than standard GLM analyses using a canonical HRF as the hemodynamic response is 

estimated specifically for each region (Friston et al., 2003; Stephan et al., 2007). However, 

some biophysiological and neurovascular processes are neglected in the current DCM 

implementation, probably because they may not be easily identified from fMRI data 

(Daunizeau et al., 2009). Nevertheless, DCM has been validated by simulation and 
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experimental studies in humans and animals (David et al., 2008a, 2008b; Moran et al., 

2008). Importantly, the studies of David et al. (2008ab) provide evidence for the validity of 

DCM for inferring network structure from fMRI data using simultaneous fMRI and 

electroencephalography (EEG) measurements in rodents with epileptic seizures.

The current study showed that the restitution of connectivity among ipsilesional areas 

constitutes an important predictor for motor recovery. As the sample size was rather small, 

results of this study alone may be insufficient to resolve the contradictions in the literature 

regarding the potential role of contralesional M1 in recovery after stroke. However, the role 

of contralesional M1 seems to depend on the factor time since stroke. Therefore, our data 

suggest that interventions aiming at a reduction of contralesional M1 activity have to be 

considered with caution early after stroke but may be useful in patients with persistent motor 

deficits at the chronic stage to reduce abnormally enhanced inhibitory M1–M1 coupling.

Supplementary materials related to this article can be found online at doi:10.1016/

j.neuroimage.2011.01.014.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
DWI lesion maps normalized to MNI space and superimposed on a canonical template as 

provided by MRIcron. Colour coding indicates lesion overlap. The greatest overlap was at 

the level of the posterior limb of the internal capsule (black circle).
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Fig. 2. 
(A) Mean composite motor performance scores (and SE) at different sessions post-stroke. 

The motor scores represent the factor values of the first principal component resulting from 

a PCA with the ARAT score and the grip force index as input variables. (B) BOLD signal 

changes in healthy subjects during movements of the left or right hand. (C) BOLD signal 

changes in patients during movements of the affected or unaffected hand at different stages 

post-stroke (p<0.05 FDR-corrected). The dashed line defines the course of the central 

sulcus.
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Fig. 3. 
Regions of interest and model showing the best model fit according to Bayesian Model 

Selection (BMS) (Stephan et al., 2009). (A) Connectivity model for endogenous (i.e., task-

independent) neural coupling (DCM A-matrix). (B) Task-dependent modulations of 

connectivity for movements of the right/affected and the left/unaffected hand (DCM B-

matrix). Connections between V1 and contralateral premotor areas (PMC, SMA) are not 

shown. M1, primary motor cortex; PMC, ventral premotor cortex; SMA, supplementary 

motor area; V1, primary visual cortex.
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Fig. 4. 
(A) Modulation of the cortical motor network during movements of the right hand in healthy 

subjects and the affected hand in stroke patients at different sessions post-stroke (left 

column) (p<0.05 FDR-corrected). The right column shows the difference in coupling 

strength between patients and controls at different sessions (p<0.05 corrected for multiple 

comparisons; Dunn, 1961). Positive coupling parameters (green arrows) indicate promoting 

influences, negative coupling parameters (red arrows) indicate inhibitory influences (Friston 

et al., 2003). Thickness of arrows corresponds to coupling strength. Note that a positive 
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difference in negative (i.e., inhibitory) coupling parameters between patients and control 

subjects denotes a reduction of inhibitory influences (“disinhibition”). (B) Pearson’s 

correlations between significantly altered coupling parameters as compared to healthy 

subjects and composite motor scores at session 1 and at session 2.
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Fig. 5. 
Longitudinal changes in significantly altered coupling parameters as compared to healthy 

subjects during movements of the affected hand in stroke patients. (A) Changes from session 

1 to session 3 (n=10). (B) Correlation between increase in ipsilesional SMA–M1 coupling 

and composite motor recovery scores (i.e., factor values of the first principal component 

resulting from a PCA of the differences in the ARAT score and the gripforce index between 

sessions 1 and 3). (C) Changes from session1 to session 2 (n=12). (D) Changes from session 

2 to session 3 (n=10).
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Fig. 6. 
Prediction of motor performance and motor recovery after stroke. (A) Correlations between 

composite motor scores at session 2 and coupling parameters at session 1. (B) Correlation 

between composite motor scores at session 3 and changes in coupling parameters from 

sessions 2 to 3. (C) Correlation between motor recovery from sessions 1 to 2 and coupling 

parameters at session 1. (D) Correlation between motor recovery from sessions 1 to 3 and 

coupling parameters at session 1.
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Table 3

Longitudinal changes in effective connectivity during affected hand movements in stroke patients for coupling 

parameters showing significant alterations compared to healthy subjects (see Table 2).

Connection modulated by affected hand 
movements

Mean (SD) coupling strength 

controls
a

Mean Δ in coupling (SEM) 
across time

Correlation with 
composite motor 

recovery score
b

Changes from session 1 to session 3 (n=10)

IL SMA–IL M1 +0.1717 (0.0346) Δ +0.064 (0.024) r=0.75 (p=0.007)

IL M1–CL M1 −0.0592 (0.0332)
Δ−0.030

d
 (0.009)

n.s.

Changes from session 2 to session 3 (n=10)

IL SMA–CL M1 −0.0783 (0.0565)
Δ−0.028

d
 (0.008)

n.s.

IL M1–CL M1 −0.0600 (0.0426)
Δ−0.015

d
 (0.006)

n.s.

IL PMC–CL M1 −0.0600 (0.0426)
Δ−0.018

d
 (0.006)

n.s.

CL M1–IL M1
−0.0142 (0.0326) n.s.

c
Δ−0.019

d
 (0.005)

n.s.

Changes from session 1 to session 2 (n=10)

CL PMC–IL M1 +0.1075 (0.0443) Δ +0.055 (0.017) n.s.

Changes from session 1 to session 2 (n=12)

IL SMA–IL M1 +0.1717 (0.0346) Δ +0.051 (0.021) n.s.

CL PMC–IL M1 +0.1075 (0.0443) Δ +0.051 (0.015) n.s.

CL, contralesional; IL, ipsilesional; M1, primary motor cortex; n.s., not significant, i.e., p>0.05 corrected; PMC, ventral premotor cortex; SEM, 
standard error of the mean; SMA, supplementary motor area.

a
Coupling parameters in healthy subjects are given as a reference frame: positive coupling parameters describe promoting influences, negative 

coupling parameters describe inhibitory influences.

b
Composite motor recovery scores represent the factor values of the first principal component resulting from a PCA of ARAT and grip force 

improvement scores for the respective time interval.

c
Coupling parameter was not different from zero in a one-sample t-test within the respective group (p<0.05 FDR-corrected).

d
Negative changes in inhibitory influences indicate an increase in inhibition (i.e., “re-inhibition”).
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