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Recovered grasping performance after stroke 
depends on interhemispheric frontoparietal 
connectivity
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Activity changes in the ipsi- and contralesional parietal cortex and abnormal interhemispheric connectivity between 
these regions are commonly observed after stroke, however, their significance for motor recovery remains poorly 
understood. We here assessed the contribution of ipsilesional and contralesional anterior intraparietal cortex 
(aIPS) for hand motor function in 18 recovered chronic stroke patients and 18 healthy control subjects using a multi-
modal assessment consisting of resting-state functional MRI, motor task functional MRI, online-repetitive transcra-
nial magnetic stimulation (rTMS) interference, and 3D movement kinematics. Effects were compared against two 
control stimulation sites, i.e. contralesional M1 and a sham stimulation condition.
We found that patients with good motor outcome compared to patients with more substantial residual deficits fea-
tured increased resting-state connectivity between ipsilesional aIPS and contralesional aIPS as well as between ipsi-
lesional aIPS and dorsal premotor cortex. Moreover, interhemispheric connectivity between ipsilesional M1 and 
contralesional M1 as well as ipsilesional aIPS and contralesional M1 correlated with better motor performance across 
tasks. TMS interference at individual aIPS and M1 coordinates led to differential effects depending on the motor task 
that was tested, i.e. index finger-tapping, rapid pointing movements, or a reach-grasp-lift task. Interfering with con-
tralesional aIPS deteriorated the accuracy of grasping, especially in patients featuring higher connectivity between 
ipsi- and contralesional aIPS. In contrast, interference with the contralesional M1 led to impaired grasping speed 
in patients featuring higher connectivity between bilateral M1.
These findings suggest differential roles of contralesional M1 and aIPS for distinct aspects of recovered hand motor 
function, depending on the reorganization of interhemispheric connectivity.
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Introduction
Stroke is a leading cause for long-term disability, causing persisting 
impairments in a majority of survivors.1,2 Neuroimaging and non- 
invasive brain stimulation studies have already been proven valu-
able to investigate the mechanisms of neural reorganization from 
a systems level perspective, with potential therapeutic applications 
arising from the possibility to modulate network reorganization by 
induction of neural plasticity to achieve more favourable out-
comes.3,4 Consistent findings across studies are altered brain acti-
vation levels5–7 and connectivity patterns8–10 within and across 
the hemispheres. For the motor system, especially activity of in 
perilesional cortex in the primary motor cortex (M1), the dorsal pre-
motor cortex (dPMC) and the anterior intraparietal sulcus (aIPS) 
were found to be enhanced when stroke patients move their 
stroke-affected hand.5

Repetitive transcranial magnetic stimulation (rTMS) allows us to 
investigate the causal contribution of one brain region for a given be-
haviour, when applied while participants perform a motor task.11–17

While most translational rTMS studies have focused on M1 when 
aiming to enhance the recovery in patients with hemiparesis, only 
few studies were published on the role of brain areas other than 
M1, such as the aIPS.18,19 Recent work has substantiated the idea of 
identifying new therapeutic stimulation targets outside the primary 
motor cortex, demonstrating the relevance of higher-order regions in 
the contralesional hemisphere, including the dPMC, the aIPS12,19 and 
the superior parietal lobule.15 Amongst these regions, the aIPS plays a 
key role in hand movements, given its involvement in visuomotor in-
tegration of hand motor tasks20,21 and goal-directed attention reallo-
cation.22 The aIPS is anatomically situated in the rostral part of the 
intraparietal sulcus close to its junction to the postcentral sulcus. It 
forms a central hub within the frontoparietal network for online con-
trol of actions integrating representations of oneself and the environ-
ment, including fine-grained hand-object interactions.13,23,24 These 
functions are essential for upper limb rehabilitation after stroke, 
when especially goal-directed movements and interactions with ob-
jects are trained in order to restore patients’ abilities to engage in 
meaningful actions.25 Together, given the consistent bilateral re-
cruitment of aIPS in paretic hand movements after stroke and its 
strategic position within frontoparietal regions involved in higher- 
level motor control and hand-object interaction in the healthy brain, 
the aIPS represents a target of interest for therapeutic neuromodula-
tion especially regarding goal-directed actions such as grasping.

The relevance of the aIPS during motor tasks early after stroke 
was recently examined using an online-rTMS interference approach, 
demonstrating that disrupting intrinsic activity of contralesional 
aIPS by means of TMS pulse series administered during (‘online’) 
task execution induces a transient improvement of hand motor per-
formance of the paretic hand.12,19 For example, we recently found 
that in the first days after stroke the influence of contralesional 
aIPS for movements of the stroke-affected hand was linked to the de-
gree of interhemispheric connectivity between contralesional aIPS 
with ipsilesional aIPS as well as with ipsilesional M1.12 These findings 
point to a detrimental influence of the contralesional aIPS on hand 
motor performance of the stroke-affected hand already relatively 
early after the infarct. In contrast, motor performance of chronic 
stroke patients was impaired when applying online-rTMS in the su-
perior parietal lobule,15 which in turn suggests a supportive role of re-
gions in proximity to the aIPS months after stroke. With regards to 
the ipsilesional hemisphere, ipsilesional aIPS-M1 connectivity has 
been found to be increased after stroke,26,27 indicating that the ipsile-
sional aIPS is involved in the reorganization of the motor network 

during post-stroke recovery. However, data on whether or not aIPS 
holds a causal role for recovered hand motor function after stroke re-
main scarce.

Notably, the functional implication of altered activation within 
contralesional motor areas during hand movements may differ 
considerably across stroke patients, depending on multiple factors, 
in particular the severity of stroke impairment and the connectivity 
between motor-related regions.28–30 Stroke patients with more se-
vere motor deficits typically feature enhanced motor activity al-
ready in the first few weeks after, but also return to normal 
activation levels in patients featuring successful motor recov-
ery.6,31 Interhemispheric connectivity strengths between motor- 
related regions have been associated with better clinical motor 
scores, indicated by early increases of resting-state functional con-
nectivity in patients with better motor outcome.10 On the other 
hand, dynamic causal modelling (DCM) revealed increased nega-
tive coupling from the contra- to the ipsilesional hemisphere in pa-
tients with poor recovery, and normalization of clinical 
performance accompanied by near to normal levels of connectiv-
ity.32 Yet, it remains to be elucidated if alterations of interhemi-
spheric connectivity are the cause or the consequence of motor 
recovery.28,33 Given the supportive influence of contralesional brain 
regions,15 it appears likely that abnormalities of interhemispheric 
connectivity are relevant for a favourable motor outcome.

Two main hypotheses emerge from the findings reported above. 
First, patients with near-to-normal longitudinal outcome com-
pared to patients with residual motor deficits show increased con-
nectivity between motor areas. Second, the critical role of the 
contralesional aIPS in goal- and object-directed movements post- 
stroke depends on its indirect influence on the ipsilesional regions 
via interhemispheric connections.

To test these hypotheses, we applied a multimodal experimental 
setup comparing functional MRI (fMRI) connectivity with rTMS ef-
fects on hand movements in (i) contralesional aIPS; (ii) ipsilesional 
aIPS; (iii) contralesional M1; and (iv) a sham stimulation condition ad-
ministered to the parieto-occipital vertex. Task fMRI was conducted 
to localize rTMS targets, resting-state fMRI allowed an assessment of 
functional connectivity between bilateral aIPS, M1 and dPMC, and 
online-rTMS during three different 3D-analysed hand movement 
tasks of increasing demands on hand object interaction (finger- 
tapping, pointing and grasping) characterized the effects caused by 
transient interference with the aforementioned target regions. To 
test our first hypothesis, functional connectivity between M1, aIPS 
and dPMC was compared between patients in order to detect differ-
ent patterns of network alterations in patients with near-to-normal 
motor outcome and patients with more substantial residual defi-
cits.10 These differences found in the functional connectivity domain 
were then used to test our second hypothesis, i.e. patients who 
showed better hand motor function were expected to depend more 
on the supportive influence of contralesional aIPS and M1, mediated 
via interhemispheric connectivity. As a result, transiently disrupting 
contralesional aIPS or M1 function by rTMS might result in the re- 
emergence of motor deficits. In particular, in patients with higher in-
terhemispheric connectivity between these regions (M1-M1 and 
aIPS-aIPS), we expected an rTMS-induced deterioration of motor per-
formance, given the putative recruitment of contralesional resources 
via transcallosal connections in patients with good motor outcome to 
maintain motor performance at the best possible level. We further 
expected that the roles of aIPS and M1, probed using online-rTMS de-
pended on the investigated tasks given that already in healthy parti-
cipants different tasks evoke different connectivity patterns between 
cortical areas.
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Materials and methods
Participants

Nineteen chronic stroke patients were recruited and examined at 
the Department of Neurology, University Hospital Cologne. 
Inclusion criteria were: (i) 40 to 90 years of age; (ii) one single event 
of an ischaemic stroke, defined as being more than 6 months post- 
onset,34 having resulted in; (iii) an unilateral hand motor deficit. 
Exclusion criteria were (i) contraindications to TMS; (ii) contraindi-
cations to MRI; (iii) cerebral haemorrhage; (iv) bihemispheric in-
farcts; and (v) the presence of severe aphasia, apraxia, or neglect. 
In our final sample, minor non-motor symptoms during enrolment 
were found in five patients, four reporting mild hypesthesia and 
one presenting with mild aphasia. No signs of neglect could be de-
tected in any of the patients.

One patient was unable to perform the motor tasks of the 
online-rTMS experiment as the hand motor deficit was stronger 
than expected. Consequently, this patient needed to be excluded. 
As a result, 18 right-handed patients [13 males, mean age 66.2 ± 
standard deviation (SD) 13.0, 30.4 ± 20.7 months post-stroke] were 
included in the final analysis (Table 1). As indicated by the 
National Institutes of Health Stroke Scale (NIHSS) hand items ob-
tained in the acute as well as in the chronic phase post-stroke, pa-
tients’ upper limb function had recovered from a median motor 
impairment of 2.5 (range 1–4) during the acute phase to 1 (range 
0–2) in the chronic phase (normal distribution was not assumed ac-
cording to Shapiro–Wilks Test P < 0.05). Note that a difference of 1 
represents a clinically meaningful improvement of arm motor abil-
ities (e.g. arm drift against gravity versus no drift). As a healthy con-
trol group, 18 age- and gender-matched healthy participants (12 
males; mean age 66.5 ± 7.2, P = 0.94) without neurological or psychi-
atric disease were recruited from our hospital’s database.

The following clinical scores were obtained on the day of the TMS 
session: stroke severity was assessed by the NIHSS,35 the Action 
Research Arm Test (ARAT) allowed us to rapidly and at the same 
time reliably assess upper limb function relevant for everyday move-
ments, including grasp, grip and finger-thumb opposition.36

Additionally, the maximum grip strength was determined by a rubber 
ball vigorimeter (KLS Martin Group).12,37–39 To quantify the amount or 
recovery from the acute stroke phase, we obtained the peak value of 
each patient’s NIHSS score from the medical records assessed during 
the first 4 days after stroke onset. It is important to note that the afore-
mentioned clinical measures were not considered sensitive enough to 
distinguish the behavioural response to online-rTMS, which we aimed 
to achieve with kinematic recordings of hand movements. Clinical 
scores allow us to relate patients of the present study to other cohorts 
or time points. In particular, the NIHSS is frequently obtained in the 
clinical routine featuring a high inter-rater reliability.40 In the present 
study the NIHSS was therefore used to compare stroke severity in 
the chronic phase to the initial motor impairment.

All participants provided informed written consent before in-
clusion. The study had been approved by the local ethics committee 
at the University of Cologne (file no: 17-244) and was performed fol-
lowing the Declaration of Helsinki (1969, last revision 2013).

Experimental strategy and stimulation targets

Based on our previous online-rTMS interference studies,12,16,19 we 
chose a single-blinded, randomized, control-group and control- 
stimulation controlled crossover study design. We used online-rTMS 
to interfere with each participant’s task fMRI-defined activation peaks 
in (i) ipsilesional; and (ii) contralesional aIPS; as well as (iii) the 

electrophysiological hot spot defined by TMS in contralesional M1 to 
examine changes of hand movement kinematics in tasks of different 
motor demands. The behavioural rTMS effects were finally related to 
fMRI functional connectivity acquired before the rTMS session.

The experiment was specifically designed to test our hypoth-
eses that ipsi- and/or contralesional aIPS play a role for the longitu-
dinal outcome of reaching and grasping movements. As a third 
stimulation target, we included the contralesional M1 as the yet 
most commonly used target of online-rTMS studies in 
stroke12,17,19,41; and furthermore (iv) a sham stimulation condition 
(see below). For each participant, the coordinates of the aIPS targets 
were defined individually by activity maps, derived from task fMRI 
data acquired before applying rTMS.12 As previous studies have 
shown that the TMS motor hot spot and fMRI activation maximum 
usually differ in the range of a few millimetres,42 we considered the 
motor hot spot to more directly represent the best location to inter-
fere with M1 activity using rTMS. Hence, the stimulation site in the 
contralesional M1 was defined by the motor hot spot, i.e. the coil 
position eliciting motor evoked potentials (MEP) of the highest am-
plitudes. The location used for sham stimulation was derived from 
skull landmarks, i.e. the parieto-occipital vertex (corresponding to 
Pz in the 10-20 EEG system), with the coil angled at 45°, touching 
the skull not with the centre but with the rim opposite the handle. 
This arrangement warranted a relatively larger coil–cortex distance 
so that the electromagnetic field was too weak to cause a substan-
tial modulation of cortical neurons, especially with respect to mo-
tor related processes.43,44

Data acquisition for each participant lasted in sum ∼4 h, includ-
ing screening for exclusion criteria and obtaining informed con-
sent, preparation before each visit (such as hardware check, 
preprocessing and upload of stimulation targets in neuronaviga-
tion software), clinical assessment, instruction with test trials, elec-
trophysiological examinations, fMRI acquisition, and application of 
online-rTMS. To prevent exhaustion of participants and to allow for 
sufficient time to define the stimulation targets based on the blood 
oxygen level-dependent (BOLD) activation maxima, the experiment 
was structured in two visits, a first fMRI session and a second 
online-rTMS session. On average, the time between both sessions 
was 4.2 days in patients (±1.8, range 3–6 days) and 4.2 days in 
healthy participants (±2.3, range 1–7 days).

Tasks and kinematic assessment

The contribution of the cortical regions of interest for motor per-
formance was probed by three tasks of increasing demands on 
hand object interaction, i.e. (i) finger-tapping; (ii) rapid pointing be-
tween to targets; and (iii) a reach-grasp-lift task (Fig. 1C).12,17,19 All 
patients performed the task with their stroke-affected hand, i.e., 
contralateral to the lesioned hemisphere. Notably, tapping tasks 
are relatively easy to implement under standardized experimental 
conditions, which is why most neuroimaging experiments em-
ployed tapping tasks to examining upper limb function after 
stroke.5 However, tapping performance does not necessarily reflect 
motor impairments under real world conditions.45 Hence, we im-
plemented the pointing and reach-grasp-lift tasks, which were ex-
pected to increasingly involve aIPS function and to probe hand 
motor performance resembling activities of daily living. All move-
ments were conducted with the impaired hand by patients or using 
the matched hand in healthy individuals.

Behavioural performance was assessed by recording 3D move-
ment kinematics using a high-resolution motion analyser system 
(Zebris). Each task was repeated 28 times per rTMS condition 
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(contra- and ipsilesional aIPS, contralesional M1, sham stimula-
tion), leading to 112 trials per task for the entire experiment. All 
trials were separated by breaks of 5.5 s to prevent fatigue and short- 
lasting carry-over effects of rTMS.46 Each movement was assessed 
with respect to four kinematic domains (i) efficiency; (ii) accuracy; 
(iii) smoothness; and (iv) speed.47 Details on each task and the kine-
matic assessment are provided in the Supplementary material.

Analysing four kinematic categories across three tasks yielded 
average performance values in 12 kinematic dimensions for each 
TMS condition. To compute an overall performance score across tasks 
and kinematic categories, we entered each participants’ 12 kinematic 
performance values (Fig. 2C) into a multiple factor analysis (MFA) using 
the FactoMineR package (version 1.39) implemented in R.48 In detail, 
assessing the mean efficiency, accuracy, smoothness and speed for 
three tasks (finger-tapping, pointing, reach-grasp-lift), resulted in 12 
input variables, which we aimed to reduce to a score reflecting overall 
motor performance. The resulting first weighted principal component 
hence was defined to represent the motor composite score summariz-
ing motor performance across tasks.49,50 Thereby, the MFA allowed us 
to quantify different dimensions of motor performance across tasks, 
which facilitated between-task comparisons. This analysis revealed 
that one dimension alone explained 47.1% of the total variance. 
Strikingly, this dimension was positively correlated with each kine-
matic feature—except for accuracy—across all tasks. In other words, 
participants with a high value in the first dimension performed more 
efficiently, smoother and faster, yet not more accurately. In contrast, 
the second and third dimensions did not reflect a clear pattern of mo-
tor performance, showing mixed correlations with kinematic features. 
We hence considered the first factor dimension as ‘kinematic motor 
composite score’ for all subsequent analyses.

Patient subgroups: good outcome versus persistent 
deficits

We computed a k-means clustering analysis based on the kine-
matic data recorded during the rTMS sham condition to distinguish 
between patients with persistent deficits and patients with 
near-to-normal motor function (R stats and factoextra packages, 
www.r-project.org, version 3.4.3, for more details see 
Supplementary material). Therefore, the 12 kinematic features ex-
tracted from each of the 36 participants were z transformed and en-
tered into a k-means clustering analysis with K = 2, aiming to 
differentiate patients with good motor outcome from patients 

with residual impairment based on their hand motor behaviour. 
Accordingly, a two cluster solution assigned nine patients into 
one cluster with all healthy participants representing a subgroup 
of patients with good motor outcome, whereas the nine remaining 
patients were grouped into a separate cluster, representing a sub-
group with residual motor deficits.

MRI acquisition

Magnetic resonance images were acquired using a 3 T Magnetom 
Prisma scanner equipped with a 64-channel head coil (Siemens 
AG). A gradient echo planar imaging (EPI) multiband sequence 
was used with the following parameters: repetition time = 0.81 s, 
echo time = 0.030 s, field of view (FOV) = 212 mm, 72 axial slices, 
2.0 mm3 isometric voxel size, flip angle = 52°. These parameters 
were equally used during the motor task (794 volumes) and resting- 
state (450 volumes). Stroke lesions were identified by T2-weighted 
images for all patients (repetition time = 3.2 s, echo time = 0.566 s, 
FOV = 241 mm, 208 axial slices, 0.94 mm3 isometric voxel size). 
Additionally, T1-images were acquired (MP RAGE, repetition time = 
2.5 s, echo time = 2.22 ms, FOV = 241 mm, 208 axial slices, 0.94 mm3 

isometric voxel size, flip angle = 7°) to screen for structural abnor-
malities and for EPI co-registration.

To localize individual activation maxima during finger-tapping 
with the stroke-affected hand, we employed a block design of 16 
blocks in total. The MRI task consisted of visually cued repetitive 
finger-tapping movements with the left (eight blocks) and right 
hand (eight blocks).51 Written instructions displayed for 2.5 s indi-
cated whether the left or right hand had to be moved in the upcom-
ing block of trials. Each finger-tapping block included three trials 
(each lasting 3.5 s with a 3.2 s break to prevent fatigue,51,52 in which 
a visually presented arrow instructed participants to perform con-
tinuous index finger-tapping at maximal speed with the respective 
hand). Note that the fMRI task was equivalent to the rTMS finger- 
tapping task to facilitate comparability. All blocks were followed 
by a 16-s period of rest. Before the experiment started, all partici-
pants were trained until correctly performing the task. The total 
duration of the fMRI task lasted ten minutes and 43 s.

For resting-state fMRI, lasting 6 min and 5 s, participants were 
asked to open their eyes fixating on a cross presented on a black 
screen. After the session, all participants confirmed that they did 
not fall asleep during resting-state fMRI. We have shown in the 
past that this experimental setup allows a robust estimation of 

Table 1 Sample characteristics

Stroke patients Healthy controls df P (t-test) P (U-test) P (χ2-test)

Age, years 66.2 ± 13.0 66.5 ± 7.2 26.7 0.937
Gender, male/female 13/5 12/6 0.717
Lesion side, left/right 8/10
EHI 0.89 ± 0.15 0.78 ± 0.24 27.9 0.119
Months post-stroke 30.4 ± 20.7
Relative grip strength 0.88 ± 0.20 1.02 ± 0.11 25.7 0.020
ARAT affected handa 55.5 (45.3–57.0) 57.0 (57.0–57.0) 17.0 0.007
ARAT unaffected handa 57.0 (57.0–57.0) 57.0 (57.0–57.0) n.a.
NIHSSa 1.5 (1.0–2.8) 0.0 (0.0–0.0) 17.0 <0.001
NIHSS (acute phase)a 7.0 (6.0–9.8)
NIHSS (hand recovery)a 1.5 (1.0–2.8)

ARAT = Action Research Arm Test; df = degrees of freedom; EHI = Edinburgh Handedness Inventory; n.a. = not applicable (due to identical values across all subjects and groups); 

NIHSS (hand recovery) = difference of peak NIHSS Hand item scores during the first 4 days post-stroke and examination in our study; NIHSS = National Institutes of Health 

Stroke Scale. P-values < 0.05 are highlighted in bold. 
aNon-parametric data are presented as medians (IQR).

http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac157#supplementary-data
http://www.r-project.org
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac157#supplementary-data
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resting-state connectivity in the motor system in stroke 
patients.38,44,53

Imaging data were preprocessed and analysed using Statistical 
Parametric Mapping (SPM12; The Wellcome Centre for Human 
Neuroimaging, London, UK, http://www.fil.ion.ucl.ac.uk) implemen-
ted in MATLAB version 2016b (The Mathworks Inc., MA, USA). 
Before preprocessing, the first five EPI scans were discarded as dum-
my images to prevent noise from magnetic field saturation. For all 
group analyses, images from patients with right-hemispheric lesions 
(n = 10) were flipped along the midsagittal plane so that the lesioned 
side corresponded to the left hemisphere in all participants.26,54

Correspondingly, data from nine healthy controls were flipped to ac-
count for systematic effects from hemispheric differences. Stroke le-
sions were delineated based on individual T2 maps using MRIcron 
(www.sph.sc.edu/comd/rorden/MRicron). To assess the lesion over-
lap across patients, lesion maps were co-registered and normalized 
into the MNI space using cost-function masking.

Analysis of task activation

Task fMRI data (794 volumes) were analysed on the single-subject 
level to localize individual activation peaks in both aIPS regions. 

Images were realigned, co-registered, and smoothed with a 
Gaussian filter of 4 mm full-width at half-maximum (FWHM). 
This filter size was used to identify the coordinates for the three 
TMS sites in individual participants.12 The general linear models 
(GLM) were computed using the six head motion parameters as cov-
ariates accounting for movement-related nuisance.

For the second level group analysis, task fMRI data were rea-
ligned, co-registered, spatially normalized to the standard template 
of the MNI, and smoothed by the default 8 mm FWHM Gaussian 
kernel to account for inter-subject anatomical variability. GLM con-
trast images were analysed at the second level using a full factorial 
ANOVA with the within-subject factor ‘Hand’ (levels affected, un-
affected). The resulting T-maps (Fig. 3A) were thresholded at the 
voxel level (cluster forming threshold P < 0.001) and cluster-level 
corrected for multiple comparisons at P < 0.05 (family-wise error, 
FWE).

Resting-state functional connectivity

Preprocessing of the resting-state data (445 volumes) and extrac-
tion of single-subject connectivity was performed using MATLAB 
(version 2016b) and SPM12. Group analyses were computed using 

Figure 1 Experimental setup. (A) Regions of interest for the connectivity analysis, drawn on an activation map of an example patient during paretic 
hand movements. (B) The online-rTMS session consisted of four rTMS conditions, each occurring in four blocks in a pseudo-randomized order. (C) 
In each block, participants performed three tasks: finger-tapping, pointing, and reach-grasp-lift an object. (D) Each task was performed in seven trials 
while rTMS was applied for 1.5 s after the onset of each trial. In total, each task was performed in 112 trials (28 trials per condition). Cl = contralesional; 
il = ipsilesional; GR = reach-grasp-lift condition; ISI = intertrial interval (5.5 s). Lesioned hemispheres are schematically marked by darkened lesion areas.

http://www.fil.ion.ucl.ac.uk
http://www.sph.sc.edu/comd/rorden/MRicron


Connectivity-dependent recovery post stroke                                                                      BRAIN 2023: 146; 1006–1020 | 1011

R (version 3.4.3). EPI volumes were spatially realigned to the mean 
image and co-registered with the structural T1-weighted image 
using SPM default parameters. Volumes were then corrected for 
head movement by affine registration using a two-pass procedure. 
The mean EPI image for each participant was spatially normalized 
to the MNI single-subject template55 using the ‘unified segmenta-
tion’ approach and applying the ensuing deformation to the indi-
vidual EPI volumes.56 Next, images were smoothed by a 5 mm 
FWHM Gaussian kernel to improve signal-to-noise ratio and ac-
count for residual anatomical variations, consistent with our previ-
ous resting-state analyses.57,58 Within-scanner movements were 
corrected via regression of 24 movement parameters including 
the six motion parameters derived from the image realignment 
and their first derivative from the realignment as first and second 
order term,59,60 before bandpass filtering between 0.01 and 
0.08 Hz.61 After preprocessing, resting-state functional connectiv-
ity was computed between regions of interest, i.e. M1, aIPS and 
dPMC, derived from an activation likelihood meta-analysis on 
hand movements after stroke.5 The six coordinates of this network 
comprising bilateral aIPS, M1, and dPMC were selected to define 
spherical seeds with a radius of 5 mm. Between these seeds, func-
tional connectivity was estimated based on full Pearson correla-
tions, which were subsequently z-transformed using the Fisher 
transformation of the r-values. Between these seeds, functional 
connectivity was estimated based on full Pearson correlations, 
which were subsequently z-transformed using the Fisher trans-
formation of the r-values. Tract-tracing studies in macaques and 

tractography studies in humans have reported structural connec-
tions between these regions, consistently showing transcallosal 
connections between bilateral M1,62,63 dPMC64 and aIPS.64,65 Yet, it 
should be noted that while direct anatomical connections between 
the seeds are anatomically plausible, fMRI-based connectivity can-
not exclude the possibility that the measured connectivity between 
two regions is mediated indirectly, via third-party regions.

Group comparisons of functional connectivity were performed 
by independent t-tests between patients and healthy controls and 
between both patient subgroups to identify motor performance- 
related connectivity patterns in stroke patients. Moreover, we com-
puted Pearson correlations between connectivity of all patients and 
the first dimension derived from the multiple factor analyses, re-
flecting patients’ motor performance across all investigated tasks 
and features. All analyses were false discovery rate (FDR) corrected 
for multiple comparisons.65 The ensuing connections (Fig. 4) re-
flected performance-related alternations of the motor network 
after stroke, which we used as priors to test whether stroke specific 
connectivity alterations were linked to patients’ behavioural re-
sponse to rTMS over contralesional M1 and aIPS.

Neuronavigated rTMS

TMS was applied using a Magstim® Super Rapid2 system (The 
Magstim Co. Ltd.) equipped with a Magstim® 70 mm Double Air 
Film Coil. Coil positions were navigated with a frameless computer-
ized stereotaxic system (Brainsight V.2.0.7, Rogue Research, Inc). 

Figure 2 Kinematic hand motor phenotypes. K-means clustering of hand kinematics yielded a two-cluster solution, (A) grouping healthy controls and 
patients with good motor outcome into the same cluster, in contrast to impaired patients. Participants are plotted based on reach-grasp-lift kinematics. 
(B) Examples of velocity profiles of one healthy participant (top), a patient with near-to-normal performance (middle), and one impaired patient (bottom). 
The dark blue lines indicate the mean velocity profile. (C) Parallel plot of all kinematic input variables entered into the clustering analysis, showing each 
participant’s performance for each scaled variable. FT = finger-tapping; PT = pointing; GR = grasping.
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Thereby, individual T1 images were co-registered with participants’ 
anatomical landmarks, increasing the precision of coil navigation 
about the stimulation targets.66–68 Resting motor thresholds 
(rMTs) were individually obtained for M1 ipsilateral to the hand in-
vestigated (i.e. contralesional M1 in patients and the stroke un-
affected hand). Importantly, the stimulation intensity below the 
rMT prevented the induction of motor-evoked potentials, which 
otherwise could have confounded task performance. During motor 
task performance, rTMS was applied at 90% of the rMT, at a fre-
quency of 10 Hz, time-locked to task execution at all stimulation 
conditions.12,17,19

The software Presentation® (Version 9.9, Neurobehavioral 
Systems, USA, http://www.neurobs.com) was used for stimulus 

presentation and triggering of rTMS.17 Each time a movement 
was performed, 16 rTMS pulses were applied at 10 Hz beginning 
after a visual and auditory start cue indicating the participant to 
start the respective motor task. The TMS coil position changed 
every seven trials in a pseudo-randomized order so that each of 
the locations was assessed for an equal number of trials during 
each quarter of the experiment to control for sequence and fatigue 
effects (Fig. 1).

Notably, in contrast to offline rTMS protocols, the chosen 
online-rTMS approach is considered to invariably interfere with 
the neural processing due to the relatively strong electromagnetic 
pulses administered at a high frequency, disturbing neural process-
ing, i.e. transiently inducing a ‘virtual lesion’ and thereby affecting 

Figure 3 Activation and lesion maps. (A) Group effects of BOLD activation indicating reduced activation in the ipsilesional M1 in impaired patients 
when tapping with the affected hand, whereas patients with good outcome show more activation of contralesional frontoparietal regions. Results 
were FWE cluster-level corrected at a threshold of P < 0.05 (cluster-forming threshold at the voxel level: P < 0.001). (B) Lesion overlap of stroke patients, 
based on T2 images. Lesion maps showed maximal overlap in the internal capsule in all patients as well as the two patient subgroups.

http://www.neurobs.com
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task performance.15,17,69–71 Further details on the rTMS parameters 
and the definition of rTMS targets are provided in the 
Supplementary material.

Statistics of online-rTMS effects

To assess regional contributions to motor performance in each par-
ticipant, mean values of each kinematic feature (efficiency, accur-
acy, smoothness, speed) during real rTMS (verum conditions: 
ipsilesional M1, ipsilesional aIPS, contralesional aIPS) were normal-
ized to kinematic measures of rTMS applied with the coil tilted over 
the parieto-occipital vertex (sham condition) using the formula 
VERUM−SHAM

SHAM × 100.12,16 To test our hypothesis of connectivity-related 
roles of ipsi- and contralesional aIPS as well as contralesional M1, 
the normalized rTMS effects were used to test for correlations 
with stroke-related connectivity involving each task’s respective 
stimulation site and kinematic features of each task (Fig. 5). 
Correlation analyses were FDR-corrected for multiple 
comparisons.65

To test for region-specific rTMS effects at the group-level, nor-
malized rTMS responses were entered into a four-way repeated 
measures ANOVA using the rstatix package (version 0.7.0) in R 
with the between-subject factor ‘Group’ (levels: ‘healthy controls’, 
‘patients with good motor outcome’, ‘patients with residual impair-
ment’) and the within-subject factors TMS ‘Region’ (three levels: 
‘contralesional aIPS’, ‘ipsilesional aIPS’, ‘contralesional M1’), 
‘Task’ (three levels: ‘finger-tapping’, ‘pointing’, ‘grasping’), and ki-
nematic feature (four levels: ‘efficiency’, ‘accuracy’, ‘smoothness’, 
‘speed’). We only considered interaction effects when including 
the factor ‘TMS region’ given our interest in region-specific stimula-
tion effects.

Data availability

The data collected and analysed in the present study comprising 
demographics, clinical scores, kinematic readouts under rTMS, 

and functional connectivity are available for academic purposes 
(https://github.com/LukasHensel/chronic_stroke_fc_tms).

Results
Sample

Motor performance of patients (n = 18) featured significantly lower ef-
ficiency, smoothness, and speed across all motor tasks, compared to 
healthy controls (Table 2). Only for accuracy, no between-group differ-
ences were found for pointing, and grasping movements. This indi-
cates that patients followed the experimental instruction to perform 
the task as accurate as possible with their stroke affected hand.

Clinical scores suggest that patients had experienced substan-
tial recovery, showing a significantly lower median NIHSS of 1.5 
[interquartile range (IQR) 1.8, 1.0–2.8] at study enrolment, compared 
to the acute phase after stroke (median 7.0, IQR 3.8, 6.0–9.8, depend-
ent Mann–Whitney Test: P < 0.001). Importantly, the ARAT scores 
obtained in the chronic phase still showed mild-to-moderate re-
sidual deficits of upper limb function (median 55.5, IQR 11.7, 45.3– 
57.0), indicating that recovery was good but not perfect.

Resting motor thresholds assessed in the unaffected hemi-
sphere did not differ between groups [patients: 50.6% maximum 
stimulator output (MSO) ± 7.9%; healthy controls 52.9% MSO ± 
12.7%, independent t-test, t(28.4) = 0.65, P = 0.524].

Highest lesion overlap was found at the level of the internal cap-
sule, i.e. a region with high density of corticospinal motor fibres 
(Fig. 3B). Lesions of each patient are displayed in the Supplementary 
Fig. 3.

Rating the degree of small vessel disease using the Fazekas 
score ranging from 0 (absence of lesions) to 3 (largely confluent 
white matter lesions)72 showed that most patients showed mild 
to moderate white matter changes with a median score of 1 (IQR 
1.85, 0.25–2), in line with findings of larger cohorts of stroke 
patients.73,74

Figure 4 Stroke-related connectivity alterations. Top: Higher frontoparietal and interhemispheric connectivity was found for patients with good motor 
outcome, compared to healthy controls and compared to patients with poor outcome. Bottom: Correlating connectivity with motor performance across 
tasks (dimension 1 of the multiple factor analysis) revealed similar connections related to motor performance after stroke. Solid lines indicate 
FDR-corrected results P < 0.05. Dotted lines indicate uncorrected results P < 0.05. Orange = impaired patients; blue = patients with good motor outcome.

http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac157#supplementary-data
https://github.com/LukasHensel/chronic_stroke_fc_tms
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac157#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac157#supplementary-data
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Patient subgroups based on hand kinematics

The optimal cluster solution favoured n = 2 subgroups (Fig. 2), discrim-
inating patients with motor performance similar to healthy controls 

(high performance) and patients with considerable residual deficits 

(low performance). Comparing all 12 kinematic features post hoc by in-

dependent t-tests, FDR-corrected for multiple comparisons, yielded 

higher efficiency (P < 0.003) and smoothness (P < 0.033) for all tasks in 

the high-performance compared to the low-performance patient sub-
group. Moreover, patients in the high-performance group showed 

higher movement speed during pointing (P = 0.017) and grasping 

(P = 0.017). No significant differences were found for accuracy during 

all tasks (P > 0.079) and speed of finger-tapping (P = 0.769). 

Correspondingly, clinical measures indicated differences between 

both groups. Subgroups differed in relative grip strength [high- 
performance group: 0.98 ± 0.14, low-performance group: 0.78 ± 0.2; 

independent t-test t(13.5) = 2.32, P = 0.036, Cohen’s d = 1.1].
Further, the degree of recovery in both subgroups could be de-

monstrated by the NIHSS upper limb motor score which are acquired 

as part of the clinical routine (0: no paresis; 1: slow drift of arm; 2: af-

fected arm can be held up with some effort but cannot be maintained 

at the same height as unaffected arm; 3: affected arm can be moved 
sideways, but not against gravity; 4: no movement at all). In the acute 

phase after stroke, NIHSS upper limb motor scores showed that all 
patients had originally experienced a clinically relevant paresis of 
the upper limb, which did not significantly differ between subgroups 
(Mann–Whitney Test: P = 0.316, high performance: median 3.0, IQR 
2.0, 2.0–4.0; low performance: median 2.0, IQR 1.0, 2.0–3.0). To calcu-
late the degree of recovery, we subtracted the NIHSS upper limb 
scores from the chronic phase with those obtained during the acute 
phase post-stroke (Supplementary Fig. 2). A non-paired, one-sided 
Mann–Whitney Test showed that patients with better kinematic per-
formance had undergone more substantial recovery compared to 
those with lower kinematic performance (high performance: 2, IQR 
2, 1–3; low performance: 1, IQR 1, 1–2; P = 0.033). Therefore, we con-
clude that the high-performance group featured a stronger amount 
of motor recovery compared to the low-performance group.

Comparing NIHSS upper limb motor scores in the chronic phase 
indicated a difference of motor outcome between both groups, in 
line with the kinematic data (Mann–Whitney Test: P = 0.045, high 
performance: median 0.0, IQR 1.0, 0.0–1.0; low performance: me-
dian 1.0, IQR 0.0, 1.0–1.0). Yet, since the NIHSS upper limb score 
does not take into account dexterity and thereby poorly discrimi-
nates mild-to-moderate hand deficits, it is not surprising that the 
ARAT score, including everyday hand movements such as pinch 
and grasp, demonstrated a clearer difference between patient 

Figure 5 Online-rTMS effects. Stroke-specific connections (top row, connections in light red) with each stimulation target were tested for correlations 
with patients’ performance changes of kinematics during rTMS. This analysis revealed interhemispheric connections (top row, connections in dark red) 
to be related to the modulation of grasping kinematics during rTMS over contralesional M1 and aIPS. **FDR-corrected correlations P < 0.05. *Uncorrected 
correlations P < 0.05.

http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac157#supplementary-data
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subgroups, showing a higher (i.e. better) ARAT score in the high- 
performance group (median 57.0, IQR 2.0, 55.0–57.0) compared to 
the low-performance group (median 44.0, IQR 19.0, 37.0–56.0) 
(Mann–Whitney test: P = 0.032). White matter changes rated by 
Fazekas scores did not differ between subgroups (Mann–Whitney 
test: high performance: 1, IQR 2, 0–2; low performance: 1, IQR 1, 
1–2; P = 0.85).

Stroke-related connectivity alterations

Comparing the entire group of patients with the healthy control 
group did not yield statistically significant differences in connectiv-
ity (PFDR > 0.340). However, when comparing the patient subgroups 
according to their residual deficits, we found that patients with 
good versus poor motor outcome featured higher resting-state 
functional connectivity between ipsi- and contralateral aIPS 
[t(15.4) = 4.15, P = 0.001, PFDR = 0.012, Cohen’s d = 1.96] and between 
ipsilesional aIPS and dPMC [t(15.6) = 3.27, P = 0.005, PFDR = 0.037, 
Cohen’s d = 1.54; Fig. 4, top right]. These findings indicate that the 
stroke impairment was related to connectivity alterations involv-
ing the aIPS. Correspondingly, connectivity between the ipsile-
sional aIPS and contralesional M1 correlated with motor 
performance across all patients—as reflected by the motor compos-
ite score derived from the MFA (Pearson r = 0.62, P = 0.0062, PFDR = 
0.046). Moreover, higher interhemispheric connectivity between bi-
lateral M1 (Pearson r = 0.62, P = 0.0059, PFDR = 0.046) was related to 
better hand motor performance after stroke (Fig. 4, bottom).

In summary, our findings indicate that aIPS connectivity did not 
only differentiate between patients with good motor outcome ver-
sus those with persistent motor deficits; but also that higher inter-
hemispheric aIPS-aIPS as well as M1-M1 connectivity were linked to 
better motor performance. To test the causal role of these areas for 
patients’ motor performance, we next correlated their connectivity 
strengths with behavioural responses to online-rTMS interference.

Connectivity-related rTMS effects

When comparing normalized rTMS responses of each region using 
a four-way ANOVA with the between-subject factor GROUP (levels: 
‘healthy controls’, ‘patients with good motor outcome’, ‘patients 

with residual impairment’) and the within-subject factors ‘TMS re-
gion’ (‘contralesional aIPS’, ‘ipsilesional aIPS’, ‘contralesional M1’), 
‘Task’ (‘finger-tapping’, ‘pointing’, ‘grasping’), and ‘Kinematic fea-
ture’ (‘efficiency’, ‘accuracy’, ‘smoothness’, ‘speed’), none of the in-
teractions including the factor ‘TMS region’ passed the threshold 
for statistical significance (all P > 0.05). This finding indicates that 
at the group level, TMS effects could not be explained by the re-
spective factors.

Given the group- and impairment-specific effects identified at 
the connectivity level reported above, we next aimed at linking 
TMS interference effects with the individual connectivity patterns. 
Hence, we correlated the region specific-rTMS responses with their 
respective patient-specific connectivity values. Regarding rTMS 
over aIPS, we observed a negative correlation between the rTMS ef-
fect on reach-grasp-lift accuracy and the interhemispheric con-
nectivity between ipsilesional and contralesional aIPS (Pearson r = 
–0.65, P = 0.003, PFDR = 0.040). Hence, stronger interhemispheric con-
nectivity between aIPS was linked to stronger rTMS effects upon 
contralesional aIPS interference for visuospatial grasp-to-lift per-
formance. Here, patients featuring stronger interhemispheric aIPS 
connectivity showed more pronounced decreases in motor func-
tion during aIPS interference (Fig. 6). Concerning rTMS over con-
tralesional M1, we found that that the alteration of grasping 
speed during rTMS was negatively correlated with the interhemi-
spheric connectivity between both M1 (Pearson r = –0.66, P = 0.003, 
PFDR = 0.046). In other words, patients with stronger interhemi-
spheric M1 connectivity were prone to a deterioration of grasping 
speed during rTMS applied to contralesional M1. None of the afore-
mentioned correlations were observed in the healthy control group. 
Taken together, we demonstrate that rTMS modulates different 
movement kinematics, depending on clinical impairment and in-
terhemispheric connectivity between bilateral M1 and aIPS, 
respectively.

Discussion
Combining fMRI-guided online-rTMS, resting-state connectivity 
and kinematic analyses of hand movements, our data speak 
for a connectivity-related influence of contralesional M1 and 

Table 2 Group differences of hand kinematics

Stroke patients Healthy controls P (t-test)a df Tb

Finger-tapping
Efficiency −252.22 ± 82.77 −173.58 ± 27.82 0.002 20.8 3.82
Accuracy −8.70 ± 3.49 −6.51 ± 2.28 0.041 29.3 2.22
Smoothness −2.14 ± 0.16 −2.04 ± 0.06 0.024 21.3 2.55
Speed 325.05 ± 93.54 428.22 ± 80.37 0.002 33.2 3.55

Reach-to-point
Efficiency −539.42 ± 213.46 −336.63 ± 63.01 0.002 19.9 3.87
Accuracy −20.47 ± 2.75 −20.08 ± 2.60 0.668 33.9 0.43
Smoothness −2.58 ± 0.65 −1.84 ± 0.37 <0.001 26.9 4.18
Speed 9.43 ± 2.47 12.54 ± 2.53 0.002 34.0 3.73

Reach-Grasp-Lift
Efficiency −906.60 ± 257.56 −600.53 ± 136.59 <0.001 25.9 4.45
Accuracy −23.47 ± 15.97 −19.46 ± 7.60 0.376 24.3 0.96
Smoothness −3.65 ± 0.92 −2.87 ± 0.26 0.003 19.8 3.47
Speed 7.79 ± 2.24 9.77 ± 2.01 0.012 33.6 2.80

Efficiency = inverted movement time (ms); accuracy = inverted error, measured by distance to target (mm); smoothness = inverted number of velocity peaks; speed = peak 
velocity (mm/s); df = degrees of freedom. P-values < 0.05 are highlighted in bold. 
aAll P-values are FDR-corrected for multiple comparisons. 
bT-value of Welch’s t-test.
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contralesional aIPS for motor performance in recovered stroke pa-
tients. While replicating the involvement of interhemispheric 
M1-M1 connectivity in motor performance, our findings suggest 
that a supportive influence of the contralesional aIPS for more com-
plex grasping movements after stroke relies on interhemispheric 
connectivity between bilateral aIPS, which differed significantly be-
tween patients with good versus poor motor outcome. Extending 
previous reports of altered interhemispheric connectivity in 
stroke,8,10,75 we here found higher levels of interhemispheric con-
nectivity between bilateral aIPS and between ipsilesional aIPS and 
dPMC in patients with better motor performance. Interhemispheric 
connectivity between bilateral M1 correlated with higher motor per-
formance after stroke as reflected by a motor composite score reflect-
ing kinematic data from tasks of varying complexity (finger-tapping, 
pointing, grasping). Online-rTMS interference applied to contrale-
sional aIPS resulted in impaired grasp-to-lift accuracy in patients 
with higher aIPS-aIPS connectivity, whereas rTMS applied to con-
tralesional M1 deteriorated grasping speed in patients with higher 
M1-M1 connectivity. Hence, our data provide evidence that contrale-
sional M1 and aIPS differentially support hand motor function in 
stroke patients with good motor outcome.

Performance-related connectivity after stroke

Longitudinal fMRI studies assessing functional connectivity after 
stroke have shown a complex, time- and impairment-dependent 
reorganization of functional connectivity after stroke.76,77 While 
most studies reported decreased connectivity between the 

hemispheres, especially in patients with chronic motor deficits sev-
eral months and years after stroke,8,10,71,74–78 functional connectiv-
ity has been found to be restored towards levels of healthy 
controls10,78–80 or even higher81 in patients experiencing motor re-
covery. Previous findings, therefore, suggest an overall beneficial 
role of increased resting-state interhemispheric connectivity for 
the course of stroke recovery. The present findings do not only sub-
stantiate this hypothesis in chronic stroke patients, but also extend 
previous work by demonstrating the relevance of interhemispheric 
connectivity for motor performance in chronic stroke. Notably, en-
hanced resting-state connectivity was not restricted to M1, but also 
included aIPS connectivity. While previous connectivity studies 
examining hemiparetic stroke patients usually focused on abnor-
mal connectivity in premotor regions and M1,76,77 a seed-to-whole 
brain analysis10 of functional connectivity showed that the ipsile-
sional M1 increasingly connects not only with contralesional M1 
but also with bilateral parietal cortex including aIPS in the first 
months post-stroke. This result is compatible with our finding 
that connectivity between aIPS and M1 is linked to motor perform-
ance in chronic patients, indicating a relevant role for motor 
recovery.

The superior parietal lobule, adjacent to the intraparietal sulcus, 
has already been linked to motor recovery after stroke. For ex-
ample, Wang and colleagues8 demonstrated that patients with 
higher connectivity between the contralesional superior parietal 
lobule and the ipsilesional dPMC were those with better recovery 
of the stroke-affected upper limb. Moreover, recent evidence from 
probabilistic tractography showed that the integrity of fibre tracts 
between the aIPS and the ventral premotor cortex correlates with 
motor function after stroke.82 Consistent with these findings, we 
here found higher levels of connectivity between both aIPS regions 
and between ipsilesional aIPS and dPMC in patients with good lon-
gitudinal outcome compared to lastingly impaired patients. 
Furthermore, interhemispheric connectivities between ipsilesional 
and contralesional M1 as well as between contralesional M1 and ip-
silesional aIPS were correlated with patients’ motor performance. 
Thus, besides linking parietofrontal connectivity with motor per-
formance after stroke, the present results indicate that the ipsile-
sional premotor cortex receives access to the contralesional 
motor-related system through an interhemispheric interaction be-
tween bilateral aIPS. This change in connectivity may help to ex-
plain previous evidence suggesting that the contralesional 
hemisphere reallocates resources to the ipsilesional hemisphere 
via cortico-cortical connections to facilitate the cortico-spinal out-
put of the lesioned hemisphere.83 In line with this notion, previous 
data from task-fMRI demonstrated higher activation in frontoparie-
tal regions including bilateral dPMC and aIPS during motor tasks al-
ready early after stroke84 This raises the question of whether 
bilateral recruitment of the parietal cortex reflects a potential com-
pensatory mechanism or rather is a consequence of interhemi-
spheric disinhibition.10 The present study allowed us to address 
this question by causally probing the roles of bilateral aIPS and re-
lating their responses to aIPS-related functional connectivity.

Connectivity-related rTMS effects

We found a correlation between the behavioral TMS effects upon 
contralesional M1 or aIPS interference and their respective con-
nectivity strengths with their ipsilesional counterparts. 
Accordingly, interfering with contralesional aIPS during grasping 
movements led to compromised accuracy during the grasp-to-lift 
task in patients with higher interhemispheric connectivity 

Figure 6 Connectivity-related rTMS effects. Top: Grasping speed was re-
duced during rTMS of contralesional M1 in participants with higher in-
terhemispheric M1-connectivity. Bottom: Accuracy in the grasp-to-lift 
movement was reduced during rTMS of contralesional aIPS in partici-
pants with higher interhemispheric aIPS-connectivity. Orange = im-
paired patients; blue = patients with good motor outcome.
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between bilateral aIPS. Our observation that the contralesional aIPS 
is implicated in grasping movements resonates well with the spe-
cialized role of the anterior aspects of intraparietal cortex in move-
ment planning,85 visuomotor processing,86 and computation of 
complex hand-object interactions.13,23,24,87 Disrupting the aIPS 
contralateral to the moving hand in healthy participants has been 
shown to disturb hand shaping, grip force adaptation88,89 and 
online-control of goal directed movements.90 While—in healthy 
participants—online control of grasping has been shown to be pri-
marily mediated by the aIPS contralateral to the moving hand (i.e. 
the ipsilesional aIPS),91 hand shaping during grasping could only 
be disturbed using bilateral rTMS over aIPS, providing evidence 
that dissociable features of unilateral grasping rely on a non- 
lateralized, effector-independent set of brain regions including 
aIPS.88,92 The non-lateralized nature of these areas coordinating 
synergies between hands, fingers and objects may be considered 
a promising basis for motor recovery after stroke, allowing con-
tralesional regions to contribute to paretic hand movements. The 
present study suggests that particulary contralesional regions con-
tribute to a favourable outcome of complex upper limb movements 
relevant for activities of daily living (pointing and grasping). Unlike 
in patients, rTMS responses of healthy participants did neither cor-
relate with motor performance nor functional connectivity, sug-
gesting that M1 and aIPS ipsilateral to the moving limb become 
increasingly relevant after stroke.

It should be noted that the aIPS represents one of the 
highest-order hubs connected to the motor system,93 which is in-
volved in a wide range of functions beyond grasping, including 
tool use,94 motor attention,95 skill learning96 and goal interpret-
ation in social context.97 Previous work by Carter and colleagues75

has provided first evidence that functional connectivity between 
parietal and frontal brain regions is related to motor performance 
after stroke. Strikingly, connectivity-related performance was not 
only found in visual attention tasks but also in motor tasks. In con-
trast, interhemispheric connectivity between primary sensori-
motor regions was more domain-specific, correlating with motor 
performance, but not attentional abilities. The authors concluded 
that connections between higher-level frontoparietal regions 
might not only reallocate resources to visual stimuli, but also motor 
effectors.98,99 The present study confirms and extends these find-
ings by probing the link between aIPS connectivity and motor per-
formance in stroke patients. In particular, we demonstrated that 
spatial accuracy during the grasp-to-lift movement deteriorated in-
creasingly in well performing patients with stronger bilateral aIPS 
connectivity when inducing a virtual lesion in the contralesional 
aIPS by rTMS. Thus, the present results reveal enhanced integrity 
between bilateral aIPS as a potential mechanism underlying a sup-
portive contralesional aIPS function for the visuospatial abilities of 
patients during hand-object interactions.

Notably, rTMS over M1 did not affect spatial aspects of grasping 
performance, but lift-to-grasping speed, depending on the M1-M1 
connectivity strengths (Fig. 5, left). One interpretation is that the 
contralesional M1 aids in normalizing the peak velocity of grasping 
in patients with higher bihemispheric M1 connectivity. Previous 
studies have examined hand motor performance applying rTMS 
over contralesional M1 during finger movements12,15,17 and point-
ing movements.19 Yet, while some of these studies indicate a detri-
mental influence of the contralesional M1 in the subacute phase 
after stroke,12,17 online-rTMS on M1 after three months post-stroke 
did not induce effects on tapping or pointing in most studies.17,19

Only data from Lotze and colleagues15 indicated a supportive role 
of M1 when observing more timing errors during complex finger 

movements during online-rTMS. By implementing tasks of varying 
demands, the present findings help to disentangle these contra-
dicting effects of contralesional M1, suggesting no significant con-
tributions during repetitive finger-tapping or pointing but during 
a more complex grasping task. Thus, our findings indicate a poten-
tially supportive influence of M1 in chronic stroke dependent on 
motor outcome and task difficulty.

Neither connectivity of contralesional aIPS nor contralesional 
M1 were linked to rTMS effects in the other tasks (pointing and 
finger-tapping). These findings imply that interhemispheric con-
nectivity with the contralesional M1 and aIPS is primarily relevant 
for movements with higher sensorimotor and visuospatial de-
mands such as grasping and object interactions. Interestingly, 
interference with the ipsilesional aIPS tended to induce faster index 
finger velocity during the tapping task while slowing the movement 
cycle (deteriorating tapping efficiency) in patients with more robust 
bilateral aIPS connectivity (Fig. 5, right). This finding did not survive 
FDR correction for multiple comparisons. However, the relation-
ship with rTMS effects on the rather simple finger-tapping task 
hints at a different contribution of interhemispheric connectivity 
to ipsilesional than contralesional aIPS.

Limitations

The study design requiring several repetitions of complex upper- 
limb movements excluded patients with severe hemiparesis or 
hemiplegia. Accordingly, our conclusion based on a sample with 
mild-to-moderate residual deficits cannot be transferred to pa-
tients with severe deficits. Furthermore, despite the fact that the 
sample size of the present study (n = 18) is among the largest re-
ported for online-TMS studies in stroke patients, it is still relatively 
small to fully capture the large variability of stroke-induced 
changes. Further, the extensive behavioural assessment, including 
3D kinematic recordings, fMRI, and online-rTMS, could only be per-
formed in the chronic phase after stroke, whereas the assessment 
of behavioural deficits during the acute phase was limited to rou-
tine clinical scores. To further improve our understanding of the re-
lationship between functional connectivity and the role of 
contralesional brain regions, longitudinal studies beginning in the 
acute phase after stroke are warranted.

Conclusion
The present study allowed to elucidate the behavioural roles of the 
contralesional M1 and aIPS for motor function after stroke in rela-
tion to elevated interhemispheric connectivity, thereby offering a 
mechanistic explanation of how these regions support higher mo-
tor abilities in chronic stroke patients with good motor outcome. 
These findings critically extend previous knowledge on the role of 
the aIPS in chronic stroke, indicating that higher-level resources 
from the contralesional aIPS are accessed via transcallosal connec-
tions, aiding complex hand movements in chronic stroke. Such in-
formation might help when aiming at identifying new therapeutic 
stimulation targets using non-invasive brain stimulation.
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