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ARTICLE INFO ABSTRACT

Keywords: Background: After a motor stroke, brain networks mediating reaching and grasping undergo functional reorga-
Stroke nization, particularly in the parietal cortex. Online repetitive transcranial magnetic stimulation (rTMS) can probe
Functional specialization ) the behavioral relevance of stimulated cortical territories. However, anatomical interpretation is limited because
Elr:::;ag:é magnetic stimulation the induced electric field is spatially distributed and may not correspond precisely to the nominal stimulation
Grasping target.
Objective: To investigate how individual rTMS-induced E-field distributions relate to interference effects of online
rTMS over the anterior intraparietal sulcus (IPS) on grasping in stroke patients and healthy controls.
Methods: Eighteen chronic stroke patients and eighteen matched controls performed a reach-grasp-lift task
during online rTMS of the IPS. Individual E-fields were modeled and correlated with rTMS-induced changes in 3D
kinematic measures. The overlap between E-field maxima and a meta-analytically defined grasping network, as
well as cytoarchitectonic parietal regions, was quantified.
Results: In both groups, spatial overlap between the induced E-field and the grasping-related network was linked
to r'TMS effects on movement smoothness. Changes in grip shaping and smoothness were associated with E-field
overlap in the IPS in healthy controls. In patients, the analogous association was observed for the inferior parietal
lobule (IPL) rather than the IPS, a pattern compatible with reorganization of parietal specialization after stroke.
Conclusions: E-field-based analyses may improve the interpretation of rTMS effects on grasping in healthy and
reorganized neural circuits. This can provide a framework for neuromodulation strategies that focus on indi-
vidually defined functional targets rather than standard landmarks.

1. Introduction

Grasping requires the dynamic integration of visual, proprioceptive,
and somatosensory input as well as motor output within a distributed
frontoparietal network [1-3]. Among the regions supporting this pro-
cess, the anterior portion of the intraparietal sulcus (IPS) plays a central
role in transforming visual information about object properties into
hand shape during prehension [4-7]. In addition, the primary somato-
sensory cortex (S1) contributes to grasp stabilization by integrating

* Corresponding author.
E-mail address: 1.ukas.Hensel@uk-koeln.de (L. Hensel).

https://doi.org/10.1016/j.brs.2026.103191

real-time feedback [8], while the inferior parietal lobule (IPL) and su-
perior parietal lobule (SPL) contribute to higher-order aspects of
sensorimotor control [9,10].

After a stroke, this system undergoes substantial reorganization,
altering structure-function relationships. One prominent framework for
understanding this process is the vicariation model. As the term, derived
from the Latin word vicarius (en: “substitute” or “acting in place of™),
suggests, this model proposes that intact brain regions may compensate
for functions of damaged areas [11,12]. Empirical evidence supports
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this notion, as stroke patients often exhibit increased activity in adjacent
areas to the intraparietal cortex and its contralesional homologue when
moving their stroke-affected hand [13-15]. Yet, the causal contribution
of grasping-related regions, specifically in the parietal cortex, for hand
movement performance remain unclear.

Transcranial magnetic stimulation (TMS) has emerged as a valuable
tool for non-invasively probing cortical function. When applied during
task execution (online-rTMS), it can transiently interfere with neural
processing in a targeted brain region, enabling causal inference about
the role of this brain region for the behavior of interest [13,16-18].
However, TMS effects are often highly variable, in part due to
inter-individual anatomical differences - such as cortical folding and
scalp-to-cortex distance - which influence the spatial distribution and
strength of the induced E-field [19-21]. These aspects are critical in
stroke populations, where variability is further amplified by lesion
heterogeneity, structural reorganization, and age-related changes in
brain morphology [22-25].

To address these limitations, individualized modeling of TMS-
induced E-fields based on high-resolution structural MRI allows the
estimation of stimulation strength across cortical tissues [26-28]. By
quantifying the effective stimulation volume, E-field modeling may
improve the interpretability of TMS experiments and enables more ac-
curate mapping of structure-function relationships, especially when
TMS is applied in stroke-affected individuals.

In the present study, we analyzed data from an online-rTMS exper-
iment targeting the aIPS during a reach-grasp-lift task in individuals
with chronic stroke and age-matched healthy controls [29]. Using
individualized E-field simulations, we tested whether functional task
impairment induced by rTMS could be explained by the spatial distri-
bution of the E-field across frontoparietal regions. Kinematic markers of
grasping performance were recorded using high-resolution motion
tracking and analyzed in relation to both functionally (meta-analytic)
and structurally (cytoarchitectonic) defined grasp-related regions. This
approach was chosen to move beyond the assumption of nominal
stimulation targets, testing whether the functional consequences of
rTMS depended on the degree of spatial overlap between the
rTMS-induced E-field and the IPS or whether, consistent with the
vicariation model, stroke patients show altered sensitivity toward
distinct regions.

We formulated two hypotheses. First, in healthy participants, rTMS
interference during grasping correlates with the degree of E-field over-
lap in the IPS, reflecting its well-investigated role in visuomotor inte-
gration [1,3,4,7,30]. Second, in stroke patients, this relationship was
expected to be altered, such that online-rTMS effects become less spe-
cifically linked to IPS but more related to neighboring or distant
grasping-related regions due to neural reorganization.

2. Materials and methods
2.1. Participants

We analyzed data from 18 participants with chronic ischemic stroke
(mean age + SD: 66.2 + 13.0 years; 13 male) and 18 healthy, age-
matched participants (66.5 + 7.2 years; 12 male), who had previously
taken part in a TMS study investigating frontoparietal contributions to
hand motor control [29]. All stroke patients had a unilateral hand motor
deficit due to a single ischemic stroke occurring more than six months
earlier. Exclusion criteria were contraindications for TMS or MRI, his-
tory of cerebral hemorrhage, bihemispheric infarcts, and severe aphasia,
apraxia, or neglect. Patients underwent substantial recovery, indicated
by the upper limb subscore of the NIH Stroke Scale (NIHSS), which
decreased from a median of 2.5 (IQR: 2.0-3.0) in the acute phase to 1.0
(IQR: 0.0-1.0) in the chronic phase. A score of 2-3 in the acute phase
corresponds to moderate to severe arm weakness, i.e., patients were
mostly unable to hold the stroke-affected arm against gravity. In
contrast, a score of 0-1 indicates the ability to hold the arm against
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gravity with no or only mild impairment in the chronic phase. To assess
more complex hand motor functions, the Action Research Arm Test
(ARAT) was used at study enrollment, indicating mild to moderate re-
sidual deficits in the chronic phase (median score: 55.5 out of 57.0; IQR:
45.3-57.0).

The present study focused on rTMS effects over the anterior intra-
parietal sulcus in the ipsilesional hemisphere. Accordingly, only sessions
targeting the anterior IPS contralateral to the moving hand (ipsilesional
for stroke patients) were entered in the current analysis. Stimulation
targets were in the left hemisphere for 8 patients and in the right
hemisphere for 10 patients; healthy controls were correspondingly
balanced (9 left, 9 right). All participants had provided written informed
consent. The study was approved by the local ethics committee at the
University of Cologne (file no: 17-244) and conducted in accordance
with the Declaration of Helsinki.

2.2. Online-rTMS

The experiment consisted of two sessions conducted within one
week. In the first session, participants underwent structural MRI (T1-and
T2-weighted). In the second session, participants performed a visually
cued fMRI finger-tapping task to localize individual peak activation in
the anterior IPS for neuronavigated rTMS [29]. Further, online-rTMS
was applied to test the behavioral response to interfering with a brain
region such as the anterior IPS. Therefore, participants performed three
motor tasks—finger-tapping, pointing, and reach-grasp-lift—in
pseudo-randomized order while receiving 10 Hz online-rTMS (16 pulses
per trial) to one of four conditions: ipsilesional anterior IPS, contrale-
sional anterior IPS, contralesional M1, or a sham control site. For sham
stimulation, the coil was tilted over the parieto-occipital vertex to avoid
effective cortical stimulation while preserving auditory and somato-
sensory input. For the current study, only trials involving stimulation of
the ipsilesional anterior IPS (i.e., contralateral to the moving hand) and
sham were analyzed.

rTMS was delivered at 90% of resting motor threshold using a
Magstim Super Rapid2 stimulator and a 70 mm Double Air Film Coil.
Coil positions were navigated with a frameless computerized stereotaxic
system (Brainsight V.2.0.7, Rogue Research, Inc). Stimulation was time-
locked to movement onset, cued by an audiovisual signal, and controlled
via Presentation® software (Version 9.9, Neurobehavioral Systems,
USA). Each task was performed within a fixed time window—1.6 s for
finger-tapping and 2.0 s for both pointing and reach-grasp-lift—fol-
lowed by a 5.5-s inter-trial interval. Stimulation sites were pseudo-
randomized every seven trials to counterbalance order effects. Each
participant completed 28 trials per task and condition: 28 reach-grasp
lift trials during rTMS over anterior IPS and 28 during sham rTMS.
Data analysis focused exclusively on the reach-grasp-lift task, which was
expected to respond most sensitively to anterior IPS disruption [6,
31-34].

2.3. Behavioral assessment

Motor performance was recorded using a high-resolution motion
capture system (Zebris, Isny, Germany). Markers were placed on the
dorsum of the index finger and the thumb to capture movements in x
(left-right), y (anterior-posterior), and z (vertical) directions. Raw ki-
nematic data were preprocessed using Python 3.8 and the SciPy library
(https://www.scipy.org). Trajectories were smoothed using a second-
order, 12 Hz low-pass Butterworth filter applied in forward and
reverse directions (resulting in a fourth-order filter). Grasping move-
ments were assessed while participants grasped a wooden block. 3D
kinematic data were segmented based on fingertip velocity: movement
onset was defined as exceeding 5% of peak velocity, and offset at the
local minimum of velocity at the position of the wooden block. We
extracted three kinematic features closely linked to core functions of the
anterior IPS [4,9,35]:
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(i) Number of velocity peaks, reflecting movement subunits as an
indicator for online motor control [29];
(ii) Maximum grip aperture, normalized to finger position during
grasping, and
(iii) Time to maximum grip aperture, normalized to the movement
cycle, both capturing visuomotor integration essential for object-
oriented hand shaping during reach-to-grasp actions.

To evaluate whether online TMS differentially affected patients and
controls, we performed separate one-way ANOVAs on each kinematic
parameter. Of note, maximum grip aperture and time to maximum grip
aperture have not been examined previously in this dataset, and none of
the extracted parameters have been reported in relation to E-field
modeling.

2.4. Electric field (E-field) estimation

E-field simulations were performed for each participant using Sim-
NIBS v4.0.0 (www.simnibs.org) [27]. To generate realistic head models,
we applied the CHARM segmentation pipeline [36] which uses
high-resolution T1l-and T2-weighted MRI scans to create 15-tissue
head-meshes optimized for E-field modeling. To account for the
altered conductive properties of lesioned tissue in patients, each indi-
vidual stroke lesion was delineated on the T2-weighted image using

Step 1: Estimating the electric field (E-field)

Segmentation

Add coil position

Brain Stimulation 19 (2026) 103191

MRIcron [37] and incorporated into the corresponding head model as an
additional tissue compartment with CSF-like conductivity via the add_-
tissues_to_upsampled function in SimNIBS, ensuring that enlarged CSF
spaces and cystic transformations were represented with appropriate
conductive properties during E-field estimation (simulated with the
conductivity of 1.654 S/m; [38]. All segmentations were manually
reviewed. All lesion masks are presented in Supplementary Fig. S3.

The TMS coil position and orientation were defined using individual
neuronavigation data from the experimental session. Specifically, we
used the recorded Brainsight coil log files to reconstruct the exact
stimulation coordinates and coil orientation relative to anatomical
landmarks (coil direction: CPz). Stimulation intensity was set at 90% of
the resting motor threshold (rMT), consistent with the parameters used
during the rTMS session. This yielded each participant's stimulator
output, which was further converted to the rate of change of the coil
current (dI/dt) using the coil-specific maximum determined for the
Magstim D70 coil of dI/dtmax = 114.7 A/ps [39]. Global peak E-field
magnitudes did not differ between healthy controls (mean
785 + 19.6 V/m; median 75.8 V/m) and patients (mean
74.8 £ 13.2 V/m; median 75.9 V/m; Welch's t-test: t = 0.66, df = 29.8,
p = 0.52, Fig. S2).

The TMS hotspot was defined as the cluster of voxels within the
cortical surface that received the strongest E-field exposure, determined
through a stepwise percentile approach [40,41]. E-field percentiles were

E-field modeling Normalization

Step 2: Estimate overlap between E-field (hotspot area) and grasping network

Grasping-related regions Hotspot area

Step 3: Test for subregion-specific effects

Hotspot area in
Grasping regions

% cyto area in
hotspot area

% Target covered by hotspot

step-wise hotspot thresholding

% Hotspot voxels overlapping with area

Fig. 1. Illustrates the analysis pipeline starting at (Step 1, top) E-field estimation, (Step 2) testing for overlap with functional networks associated with grasping and

(Step 3) testing for region-specific overlap with the E-field.
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computed from 99.0 to 99.9 in 0.1 percentile increments, generating a
graded set of high-intensity E-field maps (Fig. 1). For each percentile
step, we quantified the percentage of the hotspot overlapping with a
region of interest (ROI). For each participant, the mean overlap across
all percentile steps was used for subsequent analyses to estimate
TMS-induced E-field overlap with the ROIs.

2.5. Overlap with regions of interest (ROIs)

Two approaches were used to quantify spatial overlap between the E-
field hotspot and cortical targets: (i) a functional network-analysis, and
(ii) a structure-based cytoarchitectonic analysis.

In the function-based analysis, the hotspot was tested for overlap with
a grasping-related network derived from a Neurosynth meta-analysis of
studies associated with the term “grasping” (https://neurosynth.org/)
[42]. The resulting uniformity map (downloaded 11/2022, illustrated in
Fig. 1, step 2) shows activation which has been most frequently reported
in studies on grasping. This network included bilateral frontoparietal
regions known to support visually guided hand movements [43,44].

The structure-based analysis aimed to increase anatomical interpret-
ability by testing for overlap between the E-field hotspot and probabi-
listic cytoarchitectonic maps from the Julich Brain Atlas [45] within the
grasping network derived from Neurosynth (Fig. 1, step 3). In the
original study, coil positions were defined using fMRI to localize acti-
vation maxima in the anterior intraparietal sulcus [29]. Therefore, we
tested for overlap of the E-field hotspot with all regions closest to the
original target, namely the intraparietal sulcus (IPS) [33], primary
sensorimotor area (S1) [46-48], the inferior parietal lobule (IPL) [49],
and the superior parietal lobule (SPL) [50,51]. The accuracy of the
subject-to-MNI mapping was visually quality-checked for each partici-
pant by inspecting the MNI-normalized outputs/overlays (major
anatomical landmarks and perilesional cortex in patients) to rule out
gross transformation errors. Heatmaps of normalized hotspot maps are
depicted in the supplementary material (Fig. S1).

In addition to these population-derived maps, we performed a
complementary analysis in which the E-field hotspot was tested for
overlap with each participant's individual task-fMRI activation map,
acquired to guide neuronavigation [29]. Details and results of this
analysis are provided in the supplementary material.

2.6. Relating E-field to behavior

To assess how individual differences in E-field targeting predicted
behavioral rTMS effects, two complementary linear modeling ap-
proaches were implemented for the function- and structure-based
analyses.

For the function-based model, we examined whether the degree of
overlap between the E-field hotspot and a functionally defined grasping
network was associated with motor deterioration during online-rTMS
compared with sham rTMS. A linear regression model was fitted with
rTMS-induced change in motor performance as the dependent variable
and functional overlap, Group (stroke vs. control), and their interaction
as predictors.

TMSperformance = Po + P1-Group + Po-Overlap + B3-(Group x Over-
lap) + ¢

TMSperformance: TMS-induced change in motor performance.

Group: healthy control or stroke.

Overlap: percentage overlap between the E-field hotspot and the
grasping network.

Group X Overlap: interaction term testing whether the effect of
overlap differs by group.

€: error term.

For the structure-based model, we analyzed how E-field magnitude
in cytoarchitectonic regions within the grasping network related to
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motor impairment. A multiple linear regression model was used entering
the mean E-field intensity in each region as predictors, along with Group
and their interaction terms. This model tested whether stimulation of
specific anatomical subregions explained greater behavioral variance
and whether these effects differed between patients and controls.

All models were implemented in Python using the statsmodels
package. Interaction terms were explicitly modeled to test for group-
dependent effects. For post-hoc correlations, false discovery rate (FDR)
correction was applied to control for multiple comparisons across ROIs.

TMSperformance = fo + P1-Group + P2-Region; + ... + py-Region, +
Bnr1-(Group x Regionj) + ... + By + m'(Group x Overlapy) + €
TMSperformance: TMS-induced change in motor performance.

Group: healthy control or stroke.

Overlapg; ... Overlapgry: percentage overlap between the E-field
hotspot and each anatomical region (IPS, IPL, SPL, SI).

Group x Overlapy: interaction effects between each regions E-field
exposure and group

€: error term.

We computed both models for three dependent variables reflecting
different aspects of motor performance changes induced by online-
rTMS, namely the number of velocity peaks, maximum grip aperture
and time to maximum grip aperture.

2.7. Data availability

The functions used to model E-fields based on anatomical MRI and
coil positions are publicly available in the SimNIBS toolbox (www.simni
bs.org). The kinematic data from real and control TMS conditions, along
with each particioant's and demographic and clinical scores are avail-
able at https://github.com/LukasHensel/chronic_stroke_fc_tms.

3. Results
3.1. Grasping behavior

We assessed grasping behavior using three kinematic features: the
number of velocity peaks, the maximum grip aperture, and the time to
maximum grip aperture.

The number of velocity peaks differed significantly between groups.
Healthy participants showed fewer velocity peaks (mean = 1.741,
SD = 0.256) than stroke patients (mean = 2.289, SD = 0.668), indicating
smoother reach trajectories (t(34) = —3.25, p = 0.004). Moreover, this
feature was highly correlated with patients’ upper-limb function, as
measured by the ARAT score (Pearson r = —0.82, p < 0.001). No sig-
nificant group differences were observed for maximum grip aperture
(Healthy: 1.220 + 0.089, Patient: 1.191 + 0.133, p = 0.457) or time to
maximum grip aperture (Healthy: 0.694 =+ 0.059, Patient:
0.688 + 0.073, p = 0.809). Likewise, these features did not correlate
with ARAT scores (p > 0.6).

These observations align with prior findings that movement
smoothness is a sensitive marker of post-stroke motor deficits and re-
covery, detecting deficits even in relatively well recovered patients as in
the present cohort [52,53].

3.2. Online-rTMS effects on grasping

To assess whether TMS effects differed between patients and healthy
controls, we conducted separate one-way ANOVAs for each kinematic
parameter. No significant group differences were found for the number
of velocity peaks (F(1, 34) = 0.97, p = 0.331, n2 = 0.028), maximum
grip aperture (F(1, 34) = 3.19, p = 0.083, n2 = 0.086), or time to
maximum grip aperture (F(1, 34) =2.16, p =0.150, nz =0.060) (Fig. 2).
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Group Differences in TMS-Effects
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Fig. 2. Boxplots showing percentage performance change from sham during
online-rTMS for the number of velocity peaks (NVP), the maximum grip aper-
ture (MGA) and the time to maximum aperture (TMGA). One-way ANOVAs did
not detect significant group differences between rTMS effects.

3.3. Hotspot-related TMS-effects

3.3.1. Modulation of functional networks

To assess whether behavioral alterations from online-rTMS were
driven by stimulation of a task-relevant functional network, we exam-
ined the relationship between E-field overlap and a grasping-related
meta-analytic network and grasping performance during rTMS.

The linear model predicting TMS effects on the number of velocity
peaks was statistically significant (R? = 0.341, p = 0.004), indicating
that greater overlap was associated with more velocity peaks, i.e., less
smooth movements (f = 0.80, p = 0.003). No main effect of group
(p = 0.269) nor an interaction (p = 0.445) was found, indicating that the
effect of network overlap was consistent across stroke patients and
healthy controls. Correspondingly, post-hoc Pearson correlations
showed significant associations between E-field exposure in the grasping
network and the number of velocity peaks in both patients (r = 0.59,
p = 0.010) and healthy controls (r = 0.56, p = 0.016; Fig. 3).

In contrast, the corresponding models for maximum grip aperture
(p=0.142, R? = 0.154) and time to maximum grip aperture (p = 0.052,
R? = 0.211) did not reach statistical significance.

Taken together, these results suggest that the degree of overlap be-
tween the induced E-field and the grasping network was related to
induced changes in movement smoothness (number of velocity peaks),
but not to grip-shaping parameters (maximum grip aperture, time to
maximum grip aperture). This finding was consistent in both healthy
individuals and stroke patients, suggesting that smooth execution of
grasping relies on the integrated activity of a distributed frontoparietal
network, even after cortical reorganization.

Complementing the population-based analyses, overlap between the
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Fig. 3. Correlation of rTMS-induced modulation on the number of velocity
peaks and overlap between the E-field hotspot overlap and the grasping
network. Patients: Pearson r = 0.59 p = 0.010; Healthy: r = 0.56 p = 0.016.

E-field hotspot and each participant's individual task-fMRI activation
was likewise associated with the rTMS-induced change in movement
smoothness (number of velocity peaks; R2=0.33, p = 0.005), without a
group difference (overlap x group: p = 0.22), whereas no association
was found for maximum grip aperture or time to maximum grip aperture
(Supplementary Fig. S5).

3.3.2. Modulation of anatomical regions

To examine whether rTMS effects were linked to stimulation of
specific cytoarchitectonic regions, multiple linear regressions were
computed separately for each kinematic parameter. Each model
included the E-field hotspot overlap and cytoarchitectonically defined
regions of interest (IPS, IPL, SPL, and S1), as well as group and inter-
action terms. For all three kinematic parameters, the overall regression
models showed a significant fit (FDR-corrected model p-values < 0.048,
Table 1), indicating that E-field exposure in parietal regions jointly
explained a significant proportion of variance in TMS-induced grasping
changes. Examination of individual regression coefficients revealed that
the E-field overlap with IPS was the only regional predictor that showed
consistent, significant associations with rTMS effects in healthy partic-
ipants. The E-field overlap with the IPS was associated with the TMS-
induced decline of smoothness (increased number of velocity peaks,
= +58.91, p < 0.001), which was specific for healthy participants
(Group x IPS: B = —57.61, p = 0.005). Similarly, greater IPS overlap
significantly reduced maximum grip aperture in healthy participants (8

Table 1
E-field related TMS effects on distinct kinematic features
NVP MGA TMGA

R? 0.575 0.508 0.442
Adjusted R? 0.428 0.338 0.248
F-statistic 3.915 2.984 2.284
p-valueppg (model) 0.009 *** 0.021 * 0.048 *
Degrees of Freedom 9.26 9.26 9.26
AIC 257.0 208.1 229.7
BIC 272.8 224.0 245.5

Model summary for multiple linear regressions relating TMS-induced alterations
of grasping from regional E-field exposures. Columns show results of models
computed for the number of velocity peaks (NVP), maximum grip aperture
(MGA) and time to maximum aperture (TMGA). All models identified E-field
hotspot overlap in the IPS as the most relevant predictor in healthy participants.
A detailed overview on post-hoc correlations is shown in Table 2. Pgpg show p-
values FDR-corrected for multiple comparisons.
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= —25.85, p = 0.002), with a trend toward group-specificity (Group x
IPS: B = +19.04, p = 0.054). Finally, greater IPS overlap delayed the
time to maximum grip aperture in healthy controls (p = —28.45, p =
0.009), but not in stroke patients (Group x IPS: § = +38.86, p = 0.005).
This reflected an overlap-dependent modulation in healthy individuals,
such that lower IPS overlap was associated with preserved or improved
performance, whereas higher overlap was linked to performance
deterioration.

In contrast, stroke patients showed no significant associations with
IPS overlap. Instead, E-field overlap with IPL was related to changes in
movement smoothness, as indicated by a significant Group x IPL
interaction (f = +3.34, p = 0.049). This suggests that, after stroke,
structure-function relationships may differ, such that grasping
smoothness becomes more strongly associated with IPL rather than IPS
involvement. Detailed post-hoc correlations are shown in Table 2.

Taken together, these results indicate that in the healthy brain,
grasping kinematics are specifically modulated by the extent of IPS
involvement, as evidenced by E-field-dependent TMS effects. After a
stroke, this relationship is altered, with grasping smoothness showing
stronger associations with IPL than with IPS. These findings suggest a
reorganization of structure—function relationships following stroke.

4. Discussion

This study demonstrates that the effects of online-rTMS on hand
motor function were linked to the spatial distribution of the induced E-
field relative to frontoparietal cortical regions and that these effects
differed between healthy individuals and individuals with reorganized
networks due to chronic stroke [29]. In healthy controls,
stimulation-induced behavioral changes were specifically associated
with the E-field overlap in the IPS, whereas in patients an analogous
association was observed for the IPL rather than the IPS. This provides
proof of concept that individualized E-field modeling can improve the
interpretation of online-rTMS effects and may more sensitively reveal

Table 2
Correlations between TMS effects and regional E-field exposure

Feature Region Group R P PFDR
Velocity Peaks IPS Healthy 0.75 0.0003 0.0036 i
(NVP) 1PS Patient 0.43 0.0763 0.2921

IPL Healthy 0.36 0.1434 0.3824

IPL Patient 0.62 0.0056 0.0444 *

SPL Healthy -0.01 0.9634 0.9838

SPL Patient —0.03 0.9182 0.9838

S1 Healthy 0.40 0.1052 0.3156

S1 Patient 0.42 0.0852 0.2921
Max. Grip Aperture IPS Healthy —0.79 0.0001 0.0024  **
(MGA) IPS Patient —0.11 0.6648 0.9385

IPL Healthy —0.34 0.1657 0.3901

IPL Patient 0.23 0.3563 0.588

SPL Healthy —0.04 0.8624 0.9838

SPL Patient —-0.43 0.0736 0.2921

S1 Healthy -0.14 0.5762 0.8643

S1 Patient 0.00 0.9838 0.9838
Time to Grip IPS Healthy —0.61 0.0074 0.0444 *

Aperture

(TMGA) IPS Patient -0.07 0.7741 0.9838

IPL Healthy —0.23 0.3675 0.588

IPL Patient —0.32 0.198 0.396

SPL Healthy 0.07 0.7909 0.9838

SPL Patient —0.26 0.3048 0.5627

S1 Healthy —0.03 0.8995 0.9838

S1 Patient -0.33 0.1788 0.3901

Post-hoc correlations between TMS effects on kinematic features (NVP: number
of velocity peaks; MGA: maximum grip aperture; TMGA: time to maximum
aperture) and E-field exposure in different parietal regions. prpr shows all re-
sults FDR-corrected for multiple comparisons. IPS: intraparietal sulcus; IPL:
intraparietal lobule; SPL: superior parietal lobule; S1: primary somatosensory
cortex.
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cortical reorganization after stroke.
4.1. Specificity of IPS in healthy adults

For smoothness, indicated by the number of velocity peaks, and grip
shaping, indicated by the maximum grip aperture and the time to
maximum grip aperture, we observed significant associations between
the magnitude of rTMS-induced motor interference and the degree of E-
field overlap with cytoarchitectonically defined IPS in healthy partici-
pants (Fig. 4). These findings are consistent with the well-investigated
role of the IPS as a critical node processing reaching and grasping in
the healthy brain. During reaching and grasping, as performed in the
present study, the IPS may contribute by distinct subregions, especially
the anterior IPS, transforming visual object properties into motor com-
mands for grasp shaping [4,5] and the mid-IPS contributing to trajectory
planning [6,31,54].

Combining neuronavigated rTMS, E-field modeling and 3D kine-
matics, this study extends prior work by providing evidence that inter-
fering with parietal cortex affects distinct aspects of hand motor control
during reaching and grasping, and that the magnitude of this interfer-
ence tracks the estimated E-field overlap with the IPS. E-field modeling
improved the estimation of the likely cortical engagement [27,36],
explaining substantial inter-individual variance in motor outcomes
(Table 1) and underscoring the relevance of accounting for anatomical
variability when defining neuromodulation targets. The present results
further highlight that interference with IPS specifically modulates grip
shaping, indicated by the (time to) maximum grip aperture. In contrast,
the online control of the reaching trajectory, indicated by the number of
velocity peaks, was not only associated with regional interference in the
IPS but also a wider distributed grasping network (Fig. 3).

Collectively, these findings suggest that the quality of hand-shaping
during grasping may require precision of rTMS in parietal subregions,
whereas smooth execution of reach-to-grasp movements may depend
more on interference with the frontoparietal grasping network.

4.2. Grasping smoothness and hand shape

Among the kinematic features, the number of velocity peaks (indi-
cating reaching smoothness and online motor control) emerged as the
most sensitive behavioral readout, distinguishing patients from controls
and correlating strongly with upper-limb function as measured by
ARAT. This finding is consistent with number of velocity peaks indexng
movement smoothness as a clinically established marker of upper-limb
impairment after stroke [55]. As a behavioural measure, however, it is
not specific to parietal grasp processing. For example, reduced
smoothness may equally reflect compensatory strategies, proximal arm
control, or residual impairment [56,57]. In our data, calculating the
rTMS-induced change in motor performance (real vs. sham) aimed to
isolate the contribution of the transiently perturbed network from po-
tential confounds. Consistent with this, rTMS-induced change of
smoothness was associated with E-field exposure across an extended
frontoparietal network, reflecting the sensorimotor integration required
for real-time control of reach-to-grasp actions [35,52,53].

In contrast, the grasp-specific hand-shaping measures (maximum
grip aperture and time to maximum grip aperture) neither differed be-
tween groups nor related to clinical impairment. In healthy participants,
these markers demonstrated that E-field models could reveal region-
specific rTMS effects in the IPS, consistent with the role of the IPS in
grip shaping [32,58].

Taken together, the convergence of rTMS responsiveness and clinical
relevance points at smoothness as a reliable behavioural marker for
future E-field-informed rTMS studies on reach-to-grasp movements.

4.3. Cortical reorganization after stroke

In contrast to the region-specific effects observed in healthy
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Functional: Grasping Network

Network x NVP: 0.56* (healthy) NVP: 0.59* (patients)
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Velocity (mm/s)
8 8
3 3

8

0 20 40 60 80 100
% Movement Cycle

IPS x NVP: 0.75** MGA:-0.79** TMGA:-0.61* (healthy)
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Fig. 4. Summary of associations between the E-field hotspot overlap with functional (top) and structural (bottom) ROIs. For each region linked to rTMS effects, right
panels show correlation coefficients for kinematic features: number of velocity peaks (NVP), maximum grip aperture (MGA), and time to maximum grip aperture
(TMGA). Single-subject reach-to-grasp kinematic data are plotted as examples for healthy participants (top, middle) and a participant with stroke (bottom, red: real,
blue: sham rTMS, median performance plotted as bold line). *pgg,;<0.05, **pgg,;<0.01, see Table 2 for correlations.

participants, stroke patients did not show significant modulation of
motor performance linked to E-field overlap with IPS, but with IPL, a
region supporting sensorimotor integration and attentional control [49,
59,60]. Because lesions in our sample spared the IPS (Fig. S3), this
absence of specificity is unlikely to reflect direct damage to the parietal
cortex. Instead, both observations, the absence of IPS specificity and the
observation of an IPL-linked effect may reflect two facets of an under-
lying mechanism, namely the disruption of the frontoparietal network
into which the intact IPS is embedded.

This pattern links two classical concepts of post-stroke reorganiza-
tion. The absence of functional specialization in IPS may correspond to
diaschisis, in which a lesion produces abnormal function in remote but
intact regions through disrupted connectivity rather than direct injury
[61,62]. Subcortical lesions such as those in our cohort, with maximal
overlap in the internal capsule [29] damage the corticospinal tract,
indirectly resulting in an upstream dysfunction of the sensorimotor
network [63]. Beyond such outflow effects, subcortical lesions can also
disrupt long cortico-cortical association fibres, as shown for frontopar-
ietal pathways in the attentional domain [64,65]. Regarding motor re-
covery, increasing evidence suggests that such connections with parietal
regions play a critical role for motor recovery [66,67].

Whereas diaschisis may account for the reduced specificity of the
intact IPS, the IPL-linked effect may reflect vicariation, a complementary
process within the same network, whereby spared regions partially as-
sume the roles of disconnected ones [12,68,69]. Experimental work
supports the capacity for remote corticocortical reorganization after

focal motor injury. In non-human primates, lesions of the M1 hand area
induced axonal sprouting in ventral premotor cortex and the formation
of novel connections with somatosensory cortex, demonstrating that
structurally intact regions remote from the lesion may undergo sub-
stantial anatomical reorganization [69]. Although these findings pro-
vide a mechanistic precedent for vicariation, they do not demonstrate a
specific transfer of function from IPS to IPL. In humans, the increase of
parietofrontal and interhemispheric connectivity after subcortical stroke
has been linked to successful motor recovery [15,70]. The present data
are compatible with this hypothesis, showing rTMS-effects on grasping
smoothness for a distributed grasping network in patients (Fig. 4, top
panel), indicating that grasp control remains processed by spared fron-
toparietal resources even as its subregional architecture in the parietal
cortex appears to be reorganized.

Of note, the interpretation of the present findings is limited by the
sample size of 18 patients with heterogeneous lesions, which is under-
powered to probe which lesion locations preferentially induce such
reorganization. Addressing this question will require lesion- and
disconnection-network mapping in larger samples [67,71].

4.4. Outlook

Although our data cannot answer the question of why reorganization
occurs, it does suggest some direct implications for future rTMS appli-
cations when targeting the motor system after a stroke. The present
study shows that the behavioural impact of stimulation tracks the



L. Hensel et al.

modeled cortical engagement rather than the nominal coil target, and
that responses in subregions IPS and IPL can differ after stroke. This
suggests that E-field modelling can be used to control for interindividual
variability after stroke, allowing a more precise interpretation of results.
The present findings thus serve as a proof of principle, generating
anatomically specific, testable hypotheses for future work. Because in-
dividual E-field estimates can also be used prospectively to optimise
target selection [40] the same approach may help tailor personalised
neuromodulation studies in stroke populations.

5. Conclusion

This study shows that E-field modeling enhances our understanding
of online-rTMS effects on grasping and, thereby, may help characterise
how parietal contributions to grasp control differ after stroke. In the
chronic phase after stroke, we found an altered regional motor response
depending on the rTMS-induced field in the parietal cortex. While
interference with the IPS disrupted grasp control in healthy individuals,
stroke patients showed this association only for the IPL, consistent with
concepts of adaptive cortical reorganization. These findings demon-
strate how E-field-informed analysis can improve models to guide more
accurate interpretations of cortical contributions to motor behavior after
stroke.
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