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ABSTRACT

Background: Studies examining the contribution of contralesional brain regions to motor recovery after
stroke have revealed conflicting results comprising both supporting and disturbing influences. Especially
the relevance of contralesional brain regions beyond primary motor cortex (M1) has rarely been studied,
particularly concerning the temporal dynamics post-stroke.
Methods: We, therefore, used online transcranial magnetic stimulation (TMS) interference to longitu-
dinally assess the role of contralesional (right) frontoparietal areas for recovery of hand motor function
after left hemispheric stroke: contralesional M1, contralesional dorsal premotor cortex (dPMC), and
contralesional anterior intraparietal sulcus (IPS). Fourteen stroke patients and sixteen age-matched
healthy subjects performed motor tasks of varying complexity with their (paretic) right hand. Motor
performance was quantified using three-dimensional kinematic data. All patients were assessed twice, (i)
in the first week, and (ii) after more than three months post-stroke.
Results: While we did not observe a significant effect of TMS interference on movement kinematics
following the stimulation of contralesional M1 and dPMC in the first week post-stroke, we found im-
provements of motor performance upon interference with contralesional IPS across motor tasks early
after stroke, an effect that persisted into the later phase. By contrast, for dPMC, TMS-induced deterio-
ration of motor performance was only evident three months post-stroke, suggesting that a supportive
role of contralesional premotor cortex might evolve with reorganization.
Conclusion: We here highlight time-sensitive and region-specific effects of contralesional frontoparietal
areas after left hemisphere stroke, which may influence on neuromodulation regimes aiming at sup-
porting recovery of motor function post-stroke.
© 2020 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

subjects, upper limb muscles are innervated by projections from
both the contralateral and ipsilateral motor cortex [6], and ipsilat-

Focal brain lesions as induced by stroke trigger a cascade of
cellular and biochemical processes [1]. Animal studies have
demonstrated that such changes are not limited to perilesional
tissue but extend to remote areas including the contralesional
hemisphere [2]. Using neuroimaging in stroke patients, similar
observations have been reported: Altered neural activation in
ipsilesional as well as contralesional brain regions typically ac-
companies impaired motor function after stroke [3—5]. In healthy
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eral brain regions also contribute to the coordination of upper limb
movements [7,8]. For post-stroke recovery, however, the contrale-
sional hemisphere is assumed to play a particular role. Yet, the
specific functional implications of altered neural activity still
remain controversial [9—11]. On the one hand, the vicariation hy-
pothesis suggests functional compensation by intact contralesional
brain regions. Likewise, neural activity gradually increases in both
hemispheres concurrent to early motor recovery [3,12,13]. On the
other hand, at the chronic post-stroke phase, persistent activity
increases in the contralesional hemisphere have been linked to a
less favorable motor outcome [9]. Additional information has been
derived from electrophysiological data obtained with transcranial
magnetic stimulation (TMS), which also challenge the assumption
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of contralesional compensation by unmasking maladaptive inter-
hemispheric competition. Here, particularly contralesional primary
motor cortex (M1) has been suggested to exert abnormally high
inhibitory influences upon ipsilesional M1, thereby hindering mo-
tor performance and recovery [14—16]. However, recent results
have suggested that these changes might also constitute a repre-
sentation of the underlying recovery processes rather than a cause
of poor motor recovery, given that abnormal interhemispheric in-
hibition emerges over time parallel to motor recovery [17]. Incon-
sistent results concerning the functional role of the contralesional
hemisphere have been attributed to differences between subacute
and chronic stroke, differences of mild, moderate, and severe motor
impairment, lesion size and location, or the functional integrity of
corticomotor pathways [1,9,10,18]. Likewise, patients with more
severe impairments and worse damage of ipsilesional white matter
tracts might rely more on contralesional activity than mildly
affected patients with functionally intact pathways [18].
Importantly, movements of the paretic hand have not only been
associated with enhanced activity of contralesional primary motor
cortex (M1), but likewise with activity changes of contralesional
premotor and superior parietal cortex [19—21], which can be
detected already in the first weeks post-stroke [12]. However, little
is known about the behavioral relevance of these areas in the early
post-stroke phase. At least in the chronic phase, a few TMS studies
provide the notion that contralesional frontoparietal regions sup-
port motor performance of the stroke-affected hand [22,23].
Therefore, probing the relevance of the contralesional hemisphere
should involve an extended motor network comprising also fronto-
parietal brain regions. Yet, it remains elusive whether these areas also
contribute to early motor recovery in the first few weeks after stroke
where patients usually achieve the most considerable amount of
functional recovery [24,25]. Furthermore, understanding the func-
tional contribution of the contralesional hemisphere early after a
stroke may have a direct impact on potential therapeutic neuro-
modulation approaches as this period might be especially critical for
supporting cortical reorganization and functional recovery [26,27].
Therefore, to elucidate the differential contribution of con-
tralesional frontoparietal areas to motor recovery, we applied
neuronavigated, online TMS interference both in the first week, and
after more than three months post-stroke to interfere with the
activity of contralesional (i) primary motor cortex (M1), (ii) dorsal
premotor cortex (dAPMC), and (iii) anterior intraparietal cortex (IPS).
As TMS interference effects might also depend on the motor task
under investigation, we assessed three motor tasks of different
complexity and visuomotor demands: (i) maximum finger-tapping,
(ii) maximum hand-tapping, and (iii) rapid alternating pointing.
We hypothesized that direct TMS interference with contrale-
sional frontoparietal cortex modulates task performance already in
the first week after stroke, given that for this period enhanced
activity has frequently been reported for all three cortical sites [12].
In case of a supportive role of the respective area, TMS interference
with activity of the stimulated region should deteriorate motor
performance. In contrast, an improvement of motor performance
during TMS-induced disturbance of neural activity indicates a
maladaptive influence. Moreover, given the time-dependency of
contralesional over-activity, we expected a longitudinal change of
TMS-induced effects during motor recovery with a supportive in-
fluence of frontoparietal areas at the later stage post-stroke [22,23].

Materials and methods
Subjects

Fourteen hospitalized stroke patients with first-ever ischemic
stroke in the left hemisphere were recruited from the Department

of Neurology, University Hospital of Cologne (Table 1). Patients had
to be able to perform the motor tasks at least in parts, limiting the
accessible cohort to patients with mild to moderate motor deficits.
Inclusion criteria were: (i) age: 40—90 years, (ii) left-hemispheric
ischemic stroke as verified by diffusion-weighted MRI (DWI), (iii)
within the first week post-stroke (<7 days from symptom onset)
(iv) unilateral hand motor deficit at admission and examination.
Exclusion criteria were: (i) any contraindication to TMS [28], (ii)
bihemispheric infarcts, (iii) cerebral hemorrhage, (iv) presence of
other neurological deficits at examination, i.e. aphasia, apraxia,
neglect, visual field deficits, somatosensory deficits.

Nine of the fourteen patients could be re-assessed after more
than three months post-stroke (average: 108.9 + 17.5 SD (range:
91-138) days post-stroke). All patients had experienced substantial
recovery as indexed by a decrease in the NIHSS over time (Table 1;
p = 0.02, Mann-Whitney-U-Test). The same effect was evident
when considering the motor score of the NIHSS only (NIHSS first
session: 3.2 + 1.4 SD (2—6); NIHSS second session: 1.4 + 1.3 SD
(0—4); p = 0.01).

Sixteen age-matched healthy participants without any history
of neurological or psychiatric disease (3 females, all right-handed,
mean age 65.1 + 9.1 SD (56—89) years) served as controls.
Although age did not significantly differ between groups (p = 0.14,
independent two-sided t-test), we included age as a covariate of no
interest in further analyses to account for residual differences in age
between groups.

All participants gave informed written consent before entering
the study, which was approved by the local ethics committee at the
University of Cologne and carried out following the Declaration of
Helsinki.

Experimental design

We used a single-blinded, sham-controlled mixed design to test
for the effects of TMS interference with three different contrale-
sional brain regions in the task of interest for which increased
neural activity during movements of the stroke-affected hand have
been repeatedly demonstrated after stroke [3,12,14]: (i) contrale-
sional M1, (ii) contralesional dPMC, and (iii) contralesional IPS
(Fig. 1). The criteria used for the anatomical identification of the
three TMS interference sites are described in the Supplementary
material. In all participants, a sham stimulation with the same in-
tensity served as a control condition to account for unspecific
stimulation effects like tactile and auditory sensation. Accordingly,
the coil was tilted over the parieto-occipital vertex in a posterior-
anterior direction paralleling the interhemispheric fissure, and
angled at 45°, touching the skull only with the rim opposite the
handle [16,29].

As all patients suffered from a left hemispheric stroke, all par-
ticipants performed the tasks with their right (dominant) hand. The
order of stimulation sites was pseudo-randomized per subject
before the experiment and balanced within subjects.

Protocol of TMS interference

TMS was performed using a Magstim Super Rapid? stimulator
(The Magstim Co. Ltd, Whitland, United Kingdom) equipped with
an Air Film Coil. The position of the coil was tracked and recorded
using a neuronavigation system throughout the whole TMS ses-
sions (BrainSight V.2.0.7; Rogue Research Ltd; Montreal, Canada).
TMS was applied at 90% of resting motor threshold (RMT) time-
locked to task execution [16]. A sub-threshold stimulation in-
tensity was chosen to prevent the induction of muscle twitches in
the contralateral hand, which may distract participants and impact
their performance.
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Table 1
Demographic and clinical parameters of stroke patients.

C. Tscherpel et al. / Brain Stimulation 13 (2020) 614—624

Patient Age Sex Handed-ness Lesion side Lesion location

Lesion volume [mm3] Days post-stroke NIHSS

Admission TMS session I TMS session II

1 74 F R L Internal capsule 1164.4 2 9 2 0

2 58 M R L Striatocapsular 2750.6 2 3 2 1

3 68 F R L Pons 556.9 7 4 2

4 50 M R L Thalamus, cortical (parietooccipital) 661776.0 2 6 5 1
5 77 M R L Thalamus 482.6 4 6 4 1

6 77 M R L Internal capsule 1113.8 3 3 3 0
7 56 F R L Basal ganglia 13007.3 6 14 5

8 79 F R L Thalamus 2490.8 6 8 6 3

9 75 F R L Basal ganglia 1650.4 5 9 7 4
10 72 M R L Cortical (postcentral gyrus) 16233.8 3 4 2 1
11 56 F R L Cortical (parietal, temporoparietal) 45410.7 3 2 2 1
12 82 M R L Cortical (precentral gyrus) 1508.6 2 3 2

13 79 M R L Cortical (frontal and temporal 5811.8 3 3 1

operculum, precentral gyrus)

14 52 M R L Cortical (precentral gyrus) 1613.3 3 2 1

Mean 70.3 3.6 54 3.1 14
SD 9.3 1.7 35 1.9 13

For all stroke patients age, sex (F: female, M: male), handedness (R: right, L: left), lesion side (R: right, L: left), lesion location and lesion volume, days post-stroke, and the NIHSS
score at the time of admission to the hospital, at the first examination and at the second examination are listed (NIHSS: National Institutes of Health Stroke Scale, F: female, M:

male, R: right, L: left, SD: standard deviation).

Brief trains of 10 Hz repetitive TMS (rTMS), which started with
the onset of a visual “go” signal presented on a computer monitor,
were used to interfere with brain activity concurrent to task
execution and lasted throughout the entire trial for about 2.0—2.5s
depending on the respective motor task (see below) [16,30,31]. The
software Presentation® (Version 9.9, Neurobehavioral Systems,
USA, http://www.neurobs.com) was used for both stimulus pre-
sentation and time-locked triggering of the TMS machine [16]. In
contrast to the more widely used approach of offline rTMS which

makes use of the after-effects following the application of several
hundreds of TMS pulses, online TMS interference uses the imme-
diate effects of rTMS on neuronal processing underneath the
stimulation coil, and thereby alters task performance concurrent
with the stimulation [16,22,23,31]. This technique is considered to
have no relevant carry-over effects, and hence, compared to offline
TMS, it is more flexible with respect to randomization of different
stimulation sites within a single session [16]. Importantly, online
rTMS interference is considered to invariably interfere with the

10 Hz 10 Hz 10 Hz
3.0 sec 2.0 sec 3.0 sec 2.5 sec
go signal wait signal go signal wait signal go signal
finger-tapping hand-tapping pointing

Fig. 1. Online TMS task design. A: Contralesional stimulation sites (i) right contralesional primary motor cortex (M1), (ii) right contralesional dorsal premotor cortex (dPMC), (iii)
right contralesional anterior intraparietal sulcus (IPS) and (iv) sham stimulation tilted over the parieto-occipital vertex. Each subject performed the tasks (C) under all four TMS
conditions in a single TMS session. B: By synchronously applying 10 Hz rTMS to the go-signal and covering the entire performance period, online TMS directly disturbs neural
activity during task performance without relevant carry-over effects. C: Employed motor tasks during online TMS: (i) index finger-tapping, (ii) hand-tapping, and (iii) rapid

alternating pointing movements between two targets.
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neural processing and thereby disturb task performance, in
contrast to offline rTMS protocols which can have both effects, i.e.
disturbing or enhancing neural activity [32—34]. Please see the
Supplementary material for further details on TMS parameters and
TMS interference.

Motor tasks

All participants performed three different motor tasks probing
different aspects of motor proficiency in a highly standardized
fashion, time-locked to the TMS trains (Fig. 1):

Index finger-tapping

This task tested fast isolated finger movements. Participants
performed repetitive vertical index finger-tapping movements as
fast as possible upon the appearance of a visual cue. A dice with a
height of 2.5 cm indicated the required tapping amplitude. Each
tapping trial lasted 2 s with a pause interval of 3 s to prevent fatigue
and rTMS carry-over effects.

Hand-tapping

The hand-tapping task was supposed to involve similar motor
components as the finger-tapping task mentioned above but
included more proximal muscle groups. Hence, this task was
considered to be easier to conduct particularly for stroke patients as
stroke-induced motor deficits are typically more pronounced for
more distal movements [35,36]. A cube of 7 cm height indicated the
target movement amplitude. Similarly to (i), one tapping trial lasted
2 s with a pause interval of 3 s.

Pointing task

The rapid pointing task strongly relied on visuomotor-
coordinated transformation processes and visuospatial attention
[37,38]. Subjects performed repetitive sagittal pointing movements
with their index finger between two targets. The distance between
the pointing targets was 15 cm in the sagittal plane and 3 cm in the
vertical plane. Each trial lasted 2.5 s followed by a pause interval of
3 s. To avoid interference with the visual target, movement onsets
were indicated by a brief acoustic tone.

The testing battery for each stimulation site consisted of nine
blocks, three blocks per task. One block was composed of five
repetitions of each motor task. Written instructions were displayed
for 3 s on a computer monitor centered in front of the subjects,
indicating the upcoming block of the motor task. The order of
blocks was pseudo-randomized. The entire experiment lasted
about 60 min (15 min per site). Before the TMS sessions, subjects
were trained in all tasks until they reached a steady performance
level as indexed by stable kinematic parameters in at least three
consecutive trials of each tasks.

3-D ultrasound movement kinematics

Motor performance was assessed via kinematic recordings using
the Zebris CMS20 motion analyser system (Zebris Medical Com-
pany, Isny, Germany) [38,39]. The 3D-tracking markers were fixed
onto the dorsal side of the distal interphalangeal joint of the right
index finger (marker I), the dorsal side of the third meta-
carpophalangeal joint (marker II), and between the styloid pro-
cesses of ulna and radius (marker III). The x-, y-, and z-directions of
the position marker coordinates referred to the medio-lateral,
antero-posterior, and vertical directions. Kinematic data were

continuously recorded throughout the entire experiment and
analyzed offline (offline data analyses: Supplementary Material).

Voxel lesion symptom mapping

To assess whether stimulation effects were associated with
lesion locations, we conducted voxel lesion symptom mapping
(VLSM) using the non-parametric mapping (NPM) software [40]
(see Supplementary material for further details).

Statistical analysis

Statistical analyses were performed using the software SPSS
(Statistical Package for the Social Science, version 23, IBM). In order
to compare baseline motor performance of patients in the first
week post-stroke and healthy subjects, we first computed repeated
measures analyses of variance (rm-ANOVA) on the performance in
the control condition for each of the three tasks with the factor
PARAMETER (two levels: velocity, amplitude/target deviation) and
GROUP (two levels: patients, healthy control.

To assess region-specific stimulation effects and in order to
control for unspecific TMS effects, we computed the difference
between the real (M1, dPMC, IPS) and the control (sham) condition
(REAL-SHAM). For each task, these values were then entered into
rm-ANOVA comparing the within-subject factor STIMULATION SITE
(three levels: M1, dPMC, IPS) and the between-subject factor
GROUP (two levels: patients, healthy controls). As mentioned
above, we included age as a covariate of no interest in all analyses to
account for residual differences in age between groups. Post-hoc
two-sided t-tests were used to elucidate significant effects
(p < 0.05). Results were Bonferroni-corrected.

Importantly, control subjects were assessed once only given that
both the tapping task and pointing task were reported to have
stable between session performance in healthy subjects [41,42].

Moreover, to assess whether effects observed in the first week
after stroke were still present after more than three months, we
computed additional rm-ANOVA comparing the within-subject
factor STIMULATION SITE (three levels: M1, dPMC, alIPS) and the
between-subject factor TIME (two levels: first week, three months)
including only the patients that could be re-assessed after three
months. To account for residual differences in RMT between ses-
sions, we included RMT as a covariate of no interest to this analysis.
Due to the reduced statistical power, data of the second assessment
were not Bonferroni-corrected. To account for a relationship be-
tween TMS effects and stroke severity as well as functional recov-
ery, TMS effects on movement kinematics were tested for
correlations with the NIHSS and subsequently with improvements
of the NIHSS score (d(x,y)=(x-y)/x). Of note, given that recovery
after stroke is known to be substantially influenced by the degree of
initial impairment [25,42,43], we have computed correlation ana-
lyses for recovery as partial correlations considering the initial
impairment.

Results
Behavioral group differences

First, we compared the motor performance of left hemispheric
stroke patients in the first week post-stroke (3.6 + 1.7 SD days post-
stroke) and healthy participants in the control condition (sham) as
an index of motor performance in the absence of a specific neural
perturbation. For all tasks we found a significant interaction effect
involving the factors PARAMETER x GROUP (finger-tapping:
F127) = 6.07, p = 0.02; hand-tapping: F(127) = 23.03, p < 0.001;
pointing: F127) = 9.99, p = 0.004). Post-hoc tests indicated that



618 C. Tscherpel et al. / Brain Stimulation 13 (2020) 614—624

patients compared to healthy controls featured reduced velocities
(finger-tapping: p = 0.04; hand-tapping: p < 0.001; pointing:
0.008) while tapping amplitudes or pointing deviation from target
did not differ significantly (p > 0.2), indicating sufficient accuracy
when performing the tasks.

TMS effects in the first week after stroke

Finger-tapping

Comparing the sham-normalized TMS data, the analysis of the
finger-tapping task did not reveal a significant main or interaction
effect for tapping velocity (p > 0.2). Hence, neither patients
compared to healthy controls nor patients compared to control
stimulation featured significantly different finger-tapping veloc-
ities due to TMS interference with any of the three contralesional/
ipsilateral stimulations sites (Fig. 2).

Hand-tapping

For the hand-tapping task, we found a significant interaction effect
for STIMULATION SITE x GROUP for hand-tapping velocity
(F2,52)=3.75, p = 0.03) (main effect STIMULATION SITE: F 57)= 0.58,
p = 0.56), indicating a group-dependent TMS effect for the three
stimulation sites. Post-hoc tests disclosed a between-group difference
for interference with contralesional IPS (p = 0.003), but not for M1 or
dPMC (p > 0.4). For healthy subjects, we found a decrease in hand-
tapping velocity, whereas stroke patients showed an increase in
tapping velocity upon interference with contralesional IPS (patients:
p = 0.048; healthy controls: p = 0.024) (Fig. 2). Plotting the individual
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effects revealed that compared to control stimulation and healthy
subjects, the majority of patients featured an increase of tapping ve-
locity upon contralesional IPS-interference (Fig. 2).

Pointing task

For the pointing task, we did not find a significant TMS effect
concerning pointing velocity (p > 0.7). By contrast, for the absolute
deviation from the target, as an index for movement accuracy, we
found a significant main effect involving the factor STIMULATION
SITE (Fi2,52) = 3.60, p = 0.034) and a significant interaction for
STIMULATION SITE x GROUP (F(252) = 5.51, p = 0.007). Post-hoc
tests revealed a between-group difference for interference with
contralesional IPS (p = 0.04). While disruption of contralesional IPS
improved the pointing accuracy of patients in the first week post-
stroke as indicated by a decrease in target deviation, controls
increased their deviation from the target upon ipsilateral IPS-
interference (Fig. 2).

TMS effects three months post-stroke

In the follow-up measurement after three months, we again did
not find a significant main or interaction effect concerning finger-
tapping velocity, similar to the first week post-stroke.

However, for the hand-tapping task after three months, a sig-
nificant main effect for tapping velocity involving the factor STIM-
ULATION SITE (F(2,44) = 3.37, p = 0.04) and a significant interaction
effect for STIMULATION SITE x GROUP (F2,44) = 7.08, p = 0.002) was
evident. Post-hoc t-tests showed that IPS-interference again caused
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Fig. 2. TMS effects in the first week after stroke. Effects of online TMS on the finger-tapping (A), hand-tapping (B), and pointing tasks (C) superimposed with the distribution of
individual data points. B: While we found a decrease in hand-tapping velocity for healthy subjects (grey columns), stroke patients (colored columns) showed an increase in tapping
velocity upon interference with contralesional IPS. C: Furthermore, for the pointing task, disruption of IPS improved the accuracy of patients as indicated by a decrease of target
deviation, whereas controls increased their deviation from target upon ipsilateral IPS-interference. In contrast, no significant stimulation effects were observed for the finger-
tapping task (A) or for pointing velocity (C). Note that sham-normalized TMS effects are presented in the figure; (*<0.05, **<0.01, two-sided t-test, error bars indicate standard
error of the mean, asterisks between columns indicate between-group differences, asterisks within columns indicate differences to sham).
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an increase in tapping velocity (p = 0.031) in stroke patients (Fig. 3).
Additionally, and in contrast to the first week post-stroke, disruption
of contralesional dPMC led to a slowing of hand-tapping velocity
(p = 0.030). Consistent with these results, comparing hand-tapping
velocity of patients between the two sessions revealed a significant
interaction effect for STIMULATION SITE x TIME (F230) = 4.58,
p = 0.018). Post-hoc tests featured a between-group difference for
dPMC (p = 0.031) with a slowing of hand-tapping velocity after more
than three months post-stroke, underlining the supportive influence
of contralesional dPMC in later stages but not early after stroke
(Fig. 3).

For the pointing task, we found similar effects as for the first
week-post stroke. Accordingly, while pointing velocity was not
influenced by TMS interference with any of the three stimulation
sites, we again found a significant interaction effect involving the
factor STIMULATION SITE x GROUP (F(242) = 3.50, p = 0.04), and a
significant post-hoc t-test for contralesional IPS (p = 0.033) (M1:
p = 0.70; dPMC: p = 0.63). While, as mentioned above, controls
increased their deviation from target upon ipsilateral IPS-
disruption, contralesional IPS-interference still decreased target
deviation of stroke patients (Fig. 3).

Relationship of TMS effects and impairment and functional recovery

To account for a relationship between TMS effects and patients’
impairment, significant TMS-induced effects on movement kine-
matics were tested for correlations with both the NIHSS and the
NIHSS motor subscore. Accordingly, impairment was not related to
the effects of TMS interference in early phase after stroke (all p-
values>0.2). However, after more than three months post-stroke,
the decrease of pointing target deviation upon IPS-disruption
correlated with the NIHSS obtained in the early post-stroke phase
(Spearman correlation: r = —0.86, p = 0.003) (Fig. 4). Consequently,
patients with greater initial impairment showed greater
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improvement with higher decreases of target deviation upon
contralesional IPS-interference in the later phase more than three
months post-stroke. Importantly, the same association was found
when considering only the motor subscore of the NIHSS (r = —0.84,
p = 0.005).

We subsequently aimed at relating the observed TMS-evoked
performance changes to functional recovery after three months
post-stroke. Here, improvements of the NIHSS score were identi-
fied to be linked with the change of pointing accuracy upon IPS-
disruption early after stroke (r = 0.75, p = 0.019) (Fig. 4). A
similar effect was identified when considering the NIHSS motor
subscore only (r = 0.76, p = 0.018), indicating that a TMS-evoked
decrease of target deviation in the early phase post-stroke, i.e., a
negative influence of contralesional IPS, was associated with less
favorable recovery. Furthermore, we found that the TMS effect of
contralesional dPMC on hand-tapping velocity after more than
three months was also related to functional recovery as indexed by
both the NIHSS difference score (r = —0.86, p = 0.003) and the
NIHSS motor subscore difference (r = —0.71, p = 0.031) (Fig. 4).
Hence, greater TMS-induced decreases of hand-tapping velocity,
i.e., a potentially supportive influence of contralesional dPMC in the
later post-stroke phase, were linked to greater neurological
recovery.

Voxel-based lesion symptom mapping

The highest overlaps of individual lesions were located in the
left superior parietal lobe (SPL) and left basal ganglia at the level of
the crus posterius of the internal capsule (Fig. 5).

For the first week after stroke, we did not find a significant
relationship between the TMS effect and lesion location. In
contrast, after more than three months post-stroke, VLSM anal-
ysis revealed that the enhancement of hand-tapping velocity
upon contralesional IPS-disturbance was associated with lesions
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in the postcentral gyrus and SPL (p < 0.05, FDR-corrected). The
decrease of hand-tapping velocity upon dPMC-interference was
related to lesions in the anterior intraparietal sulcus (p < 0.05,
FDR-corrected) (Fig. 6). Furthermore, the improvement in
pointing target deviation due to TMS applied over IPS was linked
to lesions of the crus posterius of the internal capsule (p < 0.05,
FDR-corrected) (Fig. 6).

Discussion

Interfering with contralesional neural activity during task per-
formance resulted in differential effects depending on time post-
stroke and stimulation site. A novel finding of our study is a
potentially disturbing impact of contralesional IPS on motor per-
formance, across different motor tasks and time points. In partic-
ular, while in acute left hemispheric stroke patients interference
with contralesional IPS increased velocity in the tapping task as
well as accuracy in the visuomotor task, both effects were still
present after more than three months after stroke. By contrast, the
data suggest that contralesional premotor cortex exerts a sup-
portive influence only in later stages after stroke and only on the
velocity in the tapping task. These differential effects concerning
region specificity and time points after stroke might reflect various
mechanisms occurring with post-stroke recovery such as responses
to structural damage or reorganization processes.

Contralesional primary motor cortex in the first week post-stroke

After stroke, neuroimaging studies have typically revealed
increased brain activity in the contralesional hemisphere during
movements of the affected hand which can be detected already
within the first days after stroke onset [3,21]. As the amount of
activity increase correlated with the degree of early functional re-
covery within the first two weeks post-stroke [12], contralesional
BOLD activity has been argued to be beneficial. Importantly, a shift
towards a more unilateral activation pattern, as observed in healthy
controls, has been associated with good recovery in the chronic
phase post-stroke, while bilateral activation is frequently observed
in patients with poor recovery [3,12]. However, functional neuro-
imaging studies face an inherent limitation as they cannot directly
assess the functional relevance of a region for motor performance
and recovery.

By contrast, online TMS interference allows a more direct
assessment of the functional significance of cortical brain regions
for behavior. Both online and offline TMS studies have challenged
theories that early after stroke contralesional areas hold a sup-
portive role for motor performance by emphasizing potentially
maladaptive influences from contralesional primary motor cortex
[16,45,46]. These findings are typically explained in the framework
of the interhemispheric competition model, in which contrale-
sional M1 is assumed to exert an inhibitory influence upon

Fig. 5. Lesion overlap. Stroke patients showed the maximum overlap in the left superior parietal lobe (SPL), the left crus posterius of the internal capsule, and the putamen.
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ipsilesional M1, thereby deteriorating motor function of the paretic
hand [14,15].

Interestingly, while so far contralesional M1 has predominantly
been in the focus of research, we here did not observe a significant
involvement of contralesional M1 for movement kinematics early
after stroke. Besides differences in the study designs and motor
tasks, another explanation is that disturbing effects of contrale-
sional M1 might evolve at later stages. Support for this hypothesis
stems stems from fMRI studies, which have shown that enhanced
activity of contralesional M1, as well as inhibitory influences from
contralesional M1, did not occur in the first days after stroke, but
rather at later subacute and chronic stages [12,14,47].

Contralesional intraparietal sulcus and the model of
interhemispheric competition

While numerous studies have addressed the relevance of the
contralesional hemisphere [3,12,14,16], data exceeding contrale-
sional primary motor cortex are scarce [22,23]. We here found that
particularly TMS-induced disturbance of contralesional IPS-activity
led to higher tapping velocity and higher target accuracy in the

pointing task in patients, compatible with a non-beneficial influ-
ence of this area for motor performance after stroke, irrespective of
time post-stroke. Importantly, for pointing movements, we even
found evidence that a more negative influence of contralesional IPS
for pointing movements in the early post-stroke phase is associated
with a less favorable recovery.

In healthy subjects, IPS is critically engaged in visuospatial as-
pects of visually guided or coordinated hand movements [48—50].
Accordingly, and in line with previous results [49,51], we found that
in healthy subjects interference with ipsilateral IPS impaired the
accuracy of reaching movements relying on visuomotor integra-
tion, and additionally decreased the velocity in a coordinated hand-
tapping task.

In left hemisphere stroke patients, we observed opposite effects,
which may result from disturbances in interhemispheric inhibition
at the level of parietal cortex: Similar to the primary motor cortex,
areas within the parietal lobes are strongly interconnected by
transcallosal pathways [52,53]. Compatible with the theory of
interhemispheric competition between bilateral M1 after stroke
[14,15], there is also evidence of interhemispheric imbalances be-
tween bilateral parietal regions [54,55]. A symptom that has
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frequently been associated with parietal cortex dysfunction and
over-activity of the contralesional hemisphere due to imbalanced
inhibitory interactions is neglect, which affects the awareness of
the side of space and body opposite the site of injury [56]. Thus,
inhibitory rTMS [57] or tDCS [58] exerted upon the contralesional
posterior parietal cortex have been shown to ameliorate neglect
symptoms after stroke, thereby paralleling findings obtained from
motor cortex inhibition for hand motor function [59]. Importantly,
none of our patients featured clinical symptoms of neglect at both
time points of examination. This is even less to expect as all patients
featured a left-hemispheric lesion. However, the restriction to the
left hemisphere simultaneously imposes a limitation of our study
as our conclusion might not necessarily apply to right-hemispheric
stroke.

Further evidence for the role of parietal regions in motor re-
covery stems from structural imaging. For example, Schulz and
colleagues have found that the parietal areas contribute to hand
motor function via corticocortical connections with premotor re-
gions, i.e. anterior IPS-premotor cortex connections of the superior
longitudinal fascicle [60]. This relationship could already be
observed for basic hand and arm motor functions [60]. Of note, the
VLSM analysis revealed a significant relationship between TMS-
induced improvements in hand-tapping and lesion location in the
superior parietal cortex, supporting the interpretation of disturbed
parietal interactions contributing to motor deficits.

Besides, fMRI studies have equally shown that in patients
suffering from motor stroke, functional connectivity between
ipsilesional M1 and contralesional parietal regions is diminished
[61,62], lending further support to the notion of a relevant contri-
bution of contralesional IPS.

Contralesional premotor cortex and its time-dependent relevance

Some studies have provided evidence for a time-dependent
functional contribution of the contralesional hemisphere after
stroke [12]. In line with neuroimaging studies revealing persistent
over-activity in the chronic phases post-stroke to be associated
with poor motor recovery [3,12], the notion of maladaptive in-
fluences is supported by TMS studies using inhibitory rTMS pro-
tocols upon contralesional M1 and revealing an improvement of
motor performance in chronic stroke patients [59].

However, for well-recovered chronic stroke patients, Lotze and
colleagues observed that interference with the contralesional
hemisphere, precisely M1, dPMC, and SPL, deteriorated patients’
performance during a complex finger sequence task [23]. We here
did not observe a supporting effect of contralesional M1 or IPS. In
fact, in the present study, TMS-induced improvements upon con-
tralesional IPS in the first week post-stroke were still detectable
after more than three months post-stroke, indicating a persisting
maladaptive role of contralesional IPS resulting in impaired motor
performance over time. There are several systematic differences
between studies that might explain conflicting findings: While
Lotze and colleagues investigated a selected sample of seven pa-
tients with lesions confined to the internal capsule, which were all
severely affected up to hemiplegia in the acute phase post-stroke,
we had a sample of mild and moderate affected patients with
more widespread and heterogeneous lesions. Besides, the finger
sequence task employed by Lotze and colleagues substantially
differs to our more basic motor tasks, which most likely impacts on
the susceptibility to TMS interference.

The disruption of contralesional dPMC-activity deteriorated
hand-tapping velocity only in the later stage post-stroke, indicating
a time-dependent beneficial role during motor recovery. As a
stronger supporting influence of contralesional dPMC was linked to
greater recovery, this region seems to hold a crucial role in

functional reorganization after stroke. Findings from previous
studies have equally suggested an essential role of premotor areas
in post-stroke recovery [3,12,22]. Thus, as dPMC is engaged in
movement preparation and motor control [63], the observed
contribution of contralesional dPMC to motor performance after
more than three months post-stroke may reflect neural reorgani-
zation processes promoting motor recovery in accordance with the
vicariation theory [64].

Limitations

The small and homogenous cohort bears some constraints that
may limit the interpretability and generalizability of the data:
Although a clinically homogeneous sample may reduce variance
and hence strengthen the robustness of the data, the recruitment
restriction to left hemisphere lesions raises concerns that right-
hemispheric strokes would behave similar upon rTMS interfer-
ence. As one main purpose of the present work has lain in assessing
the functional role of contralesional parietal corte, i.e., IPS, we
reduced the probability that attention deficits like visuospatial
neglect, a condition typically observed in patients with right-
hemispheric lesions, interfered with performance.

Furthermore, the experimental design with a spectrum of
different motor tasks required a certain level of residual motor
function limiting the accessible cohort to mildly and moderately
impaired patients. While the correlations indicated an association
of TMS effects with impairment and functional recovery, mecha-
nisms in more severely affected patients may profoundly differ. In
addition, research with larger samples is needed to confirm the
findings of our study. Although the assessment of acute stroke
patients requires specialized facilities and has to face a relevant
number of limitations constantly aiming at minimizing the efforts
and risks for patients, it forms the foundation to a profound un-
derstanding of cerebral reorganization which will further enable
therapeutic approaches aspiring to promote recovery of function.

Conclusion

In conclusion, we here provide evidence for a differential rele-
vance of contralesional frontoparietal areas for motor recovery after
left hemisphere stroke. Although the small sample size bears lim-
itations, our results extend existing theories regarding functional
implications of contralesional neural over-activity by suggesting
that it is primarily contralesional IPS rather than contralesional M1
that exerts detrimental influences on a patient’s motor perfor-
mance both early after stroke and after more than three months
post-stroke. At the same time, we observed evidence supporting
the notion that contralesional dPMC has a beneficial role in motor
recovery. Thus, our data strongly suggest that recovery of motor
function post-stroke is accompanied by regionally distinct and
functionally specific neural processes within the contralesional
hemisphere. Finally, these findings may have important implica-
tions with respect to future neuromodulatory approaches aiming at
promoting recovery of function. Given that we found evidence for a
maladaptive influence of contralesional IPS early after stroke that
was related to less favorable recovery, our data might inspire to
envisage IPS as a potential aim.
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