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Somatosensory function plays an important role for upper limb motor learning. However, knowledge about underlying mecha-

nisms of sensorimotor therapy is lacking. We aim to investigate differences in therapy-induced resting-state functional connectivity

changes between additional sensorimotor compared with motor therapy in the early-phase post stroke. Thirty first-stroke patients

with a sensorimotor impairment were included for an assessor-blinded multi-centre randomized controlled trial within 8 weeks

post stroke [13 (43%) females; mean age: 67 6 13 years; mean time post stroke: 43 6 13 days]. Patients were randomly assigned to

additional sensorimotor (n 5 18) or motor (n 5 12) therapy, receiving 16 h of additional therapy within 4 weeks. Sensorimotor

evaluations and resting-state functional magnetic resonance imaging were performed at baseline (T1), post-intervention (T2) and

after 4 weeks follow-up (T3). Resting-state functional magnetic resonance imaging was also performed in an age-matched healthy

control group (n 5 19) to identify patterns of aberrant connectivity in stroke patients between hemispheres, or within ipsilesional

and contralesional hemispheres. Mixed model analysis investigated session and treatment effects between stroke therapy groups.

Non-parametric partial correlations were used to investigate brain2behaviour associations with age and frame-wise displacement

as nuisance regressors. Connections within the contralesional hemisphere that showed hypo-connectivity in subacute stroke

patients (compared with healthy controls) showed a trend towards a more pronounced pre-to-post normalization (less hypo-con-

nectivity) in the motor therapy group, compared with the sensorimotor therapy group (mean estimated difference 5

20.155 6 0.061; P 5 0.02). Further, the motor therapy group also tended to show a further pre-to-post increase in functional con-

nectivity strength among connections that already showed hyper-connectivity in the stroke patients at baseline versus healthy con-

trols (mean estimated difference 5 20.144 6 0.072; P 5 0.06). Notably, these observed increases in hyper-connectivity of the con-

tralesional hemisphere were positively associated with improvements in functional activity (r 5 0.48), providing indications that

these patterns of hyper-connectivity are compensatory in nature. The sensorimotor and motor therapy group showed no significant

differences in terms of pre-to-post changes in inter-hemispheric connectivity or ipsilesional intrahemispheric connectivity. While

effects are only tentative within this preliminary sample, results suggest a possible stronger normalization of hypo-connectivity and

a stronger pre-to-post increase in compensatory hyper-connectivity of the contralesional hemisphere after motor therapy compared

with sensorimotor therapy. Future studies with larger patient samples are however recommended to confirm these trend-based pre-

liminary findings.
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Introduction
Stroke is generally known to affect both local and remote

brain areas, thereby severely compromising brain func-

tion. In the past decade, resting-state functional magnetic

resonance imaging (rs-fMRI) has emerged to investigate

the effect of stroke on functional connectivity between re-

mote brain areas.1 Previously, changes in resting-state

fMRI (rs-fMRI) connectivity have been reported to be

associated with functional outcome such as neglect or

motor function. For example, lower connectivity values

in patients after stroke were associated with more motor

impairments or more severe neglect.2–5 Additionally,

improvements in motor function related to an interven-

tion or recovery have been shown to be associated with

alterations in functional connectivity towards normative

levels within and between functional brain networks (re-

view, see Thiel and Vahdat6).

Importantly, aside motor impairments, somatosensory

impairments are highly common post stroke. In the acute

phase, up to 89% of the patients with upper limb

impairments present with a somatosensory impairment in

one or more modalities.7 In a study of 19 acute stroke

patients, lower interhemispheric and ipsilesional intrahe-

mispheric functional connectivity within the somatosen-

sory network has been identified in the subgroup of

patients displaying more severe compared with mild to

moderate somatosensory impairments in the upper limb.8

Furthermore, in a longitudinal study from 1 to 6 months

post stroke, improvement in touch sensation due to spon-

taneous recovery was shown to be associated with

increased connectivity between inferior parietal cortex

and middle temporal gyrus with contralesional secondary

somatosensory cortex (S2), and between contralesional

thalamus and cerebellum.9 Next to normalization of func-

tional connectivity related to severity of impairment or to

natural recovery, also changes related to therapy-induced

improvements are reported in literature. A variety of dif-

ferent therapy approaches does exist within stroke re-

habilitation, generally described under the name ‘motor’,

‘somatosensory’ or ‘sensorimotor’ therapy. The aim of

these therapy approaches is to improve movement, soma-

tosensation or the integration of both, respectively.

Nevertheless, this literature mainly focusses on effect of

therapy on clinical (motor) outcome and to a lesser ex-

tent on functional connectivity or somatosensory or sen-

sorimotor outcomes.

After somatosensory therapy, improvements in somato-

sensory function have been reported to be associated

with changes towards normalization of functional con-

nectivity in both rodent and human stroke patients10 (re-

view, see Thiel et al.11). However, upper limb therapy

should not only be focussed on improving somatosensory

or motor deficits. An integrated approach of somatosen-

sory and motor, i.e. sensorimotor therapy may be war-

ranted since both elements are key components of motor

learning.12–14 In a case study with two chronic stroke

patients, improved upper limb function after sensorimotor

therapy was shown to be associated with a neural re-

organization. This neural reorganization indicated a re-

duction in deactivation of contralesional pre- and post-

central gyri for one patient and increased activity in con-

tralesional postcentral gyrus, supplementary motor area

and ipsilesional inferior frontal area for the other pa-

tient.15 Vahdat et al.,16 showed that in 10 patients in a

late phase post stroke, a single session of robotic reach-

ing and proprioceptive training induced significant

changes in functional connectivity. In particular, increases

between bilateral supramarginal gyri and ipsilesional pri-

mary motor cortex as well as between contralesional pri-

mary somatosensory cortex and bilateral supplementary

motor areas, primary motor cortex and premotor cortex

were shown. These neural changes were associated with

improved clinical motor and somatosensory function. To

date, studies have provided limited insights into sensori-

motor therapy and related neural reorganizations in

patients in the chronic phase post stroke. Little is known

with regard to the effects of sensorimotor therapy on

functional reorganizations in the earlier phase post stroke,

and when directly compared with motor therapy.

Therefore, we aimed to conduct a randomized con-

trolled trial (RCT) comparing the effect of an additional

4-week sensorimotor therapy versus motor therapy pro-

gram on clinical outcomes and neural changes in func-

tional connectivity at the level of the sensorimotor

network in patients in the early rehabilitation phase, i.e.

within 8 weeks post stroke. Primary outcome of our

RCT was the clinical motor outcome, which is discussed

in another paper.17 This paper will focus on the second-

ary resting-state functional connectivity outcome measure.

We aim to investigate aberrations in resting-state func-

tional connectivity of the sensorimotor network in stroke

patients compared with healthy age-matched controls.

Additionally, we aim to investigate the therapy-induced

effects on these resting-state functional connectivity altera-

tions associated with clinical improvements of function.

We expected aberrant functional connectivity patterns in

patients after stroke compared with healthy controls in

the sensorimotor network both in and between hemi-

spheres. Further, we hypothesize that in stroke patients,

patterns towards normalization of functional connectivity

will be present to a greater extent after receiving sensori-

motor therapy compared with receiving motor therapy

alone. Furthermore, pre-to-post normalizations in func-

tional connectivity patterns are hypothesized to be associ-

ated with clinical improvements.

Materials and methods
Methods of this assessor-blinded multicentre RCT are

described elsewhere18 but a summary is provided below.

Ethical approval was obtained from the ethical committee
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of UZ/KU Leuven (s60278) and the trial is registered at

clinicaltrials.gov (NCT03236376).

Participants

Stroke participants were recruited at admission to four

rehabilitation wards in Flanders, Belgium: UZ Leuven

(Pellenberg), Jessa hospitals (Herk-de-Stad), Heilig Hart

Hospital (Leuven) and RevArte (Antwerp) with following

inclusion criteria: first stroke and recruited within 8 weeks

post stroke, sensorimotor upper limb deficit defined as

<52 out of 57 on Action Research Arm Test (ARAT)19

and sensory composite score <0.00,20 aged 18 years or

older and with sufficient cooperation. Patients were

excluded if other neurological or musculoskeletal disor-

ders were present affecting the upper limb, if patients

had severe cognitive or communication deficits, showed

contra-indications to perform magnetic resonance imaging

(MRI) or did not provide informed consent. Healthy,

age- and handedness-matched controls were recruited

from the community. Exclusion criteria were neurological

disorders, presence of somatosensory or motor impair-

ment in the upper limb and contra-indications for MRI-

scan. When an unknown neurological disorder seemed to

be apparent at the research MRI, this subject was

excluded from analysis anyway.

Procedure

All stroke participants were assessed at three time points:

Baseline (T1), post-intervention (T2) (4 weeks after base-

line) and 4 weeks after post-intervention (T3) with an ex-

tensive test battery of motor and somatosensory outcome

measures (see Table 1 for overview) and a neuro-imaging

scanning protocol consisting of an anatomical and rest-

ing-state MRI scan. The MRI scan protocol was per-

formed at the same MRI scanner at the KU Leuven,

Belgium, for all subjects (healthy controls and stroke par-

ticipants). ARAT at T2 was set as the primary clinical

end-point. Healthy controls were assessed once using the

same MRI protocol.

Intervention

Stroke participants were block randomized and stratified

for severity of motor impairment (ability to perform wrist

and finger extension against gravity or not), type of

stroke (ischaemic/haemorrhagic) and presence of neglect.

Patients were allocated to an experimental group receiv-

ing sensorimotor therapy or control group receiving

motor therapy, both in addition to usual inpatient re-

habilitation care. Both groups received 16 training ses-

sions of 1 h over 4 weeks. Sensorimotor therapy

consisted of 30 min of sensory retraining based on the

SENSe training program20 and 30 min somatosensory

integrated motor exercises such as sliding over different

textures. The control group received 30 min of cognitive

tabletop games and 30 min of similar motor exercises

without any emphasis on somatosensation such as sliding

over always the same surface of a table. A more detailed

description of the therapy content can be found in our

protocol.18

Brain imaging data acquisition and
preprocessing

Functional MRI scans (fMRI) of all subjects (stroke

patients and healthy controls) were acquired on the same

3.0 Tesla Philips MR scanner (Best, the Netherlands)

with a 32-channel phased-array head coil at UZ Leuven

hospitals. Scan sessions consisted of anatomical images: a

T1- and a T2-weighted fluid-attenuated inversion recovery

imaging (FLAIR); and a 7-min rs-fMRI scan. During the

resting-state scan, patients were instructed to lay relaxed

in supine position (but not sleep), fixate a white cross

and think of nothing in particular.

MRI scanning parameters

T1 anatomical scan was acquired with the following

parameters: 182 coronal slices covering the whole brain,

repetition time (TR) ¼ 9.6 ms, echo time (TE) ¼ 4.6 ms,

field of view (FOV) ¼ 250�250 mm2, slice thickness ¼
1.2 mm and no interslice gap. T2 FLAIR images were

acquired with following parameters: 321 transverse slices

covering the whole brain, TR ¼ 4800 ms, TE ¼ 351 ms,

Table 1 Outcome measures

Motor Primary: ARAT Action research arm test19: grasp, grip, pinch and gross movement of the affected upper limb

Secondary: FMA-UE Fugl-Meyer motor assessment—upper extremity21: overall motor impairment of the affected upper limb:

shoulder, arm, wrist, hand and fingers

SULCS Stroke upper limb capacity scale22: upper limb capacity

Somatosensory Em-NSA Erasmus modified Nottingham sensory assessment23: light touch, pressure, sharp, sharp-dull discrimination,

position sense of the upper limb

PTT Perceptual threshold of touch24: light touch

TDT Texture discrimination test25: texture discrimination

WPST Wrist position sense test26: position sense

fTORT Functional tactile object recognition test27: recognition of object by touch

Table adapted from De Bruyn et al.18
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inversion time ¼ 1650 ms, FOV ¼ 250� 250 mm2, slice

thickness ¼ 1.12 mm and interslice gap ¼ 0.56 mm. rs-

fMRI parameter settings were: TR ¼ 1700 ms, TE ¼
33 ms, flip angle ¼ 90�, FOV ¼ 230� 230, slice thick-

ness ¼ 4 mm, matrix ¼ 64� 62, 250 functional volumes

without interslice gap, duration ¼ 7.15 min.

MRI data preprocessing

For each assessment point, lesion mapping was based on

both T1 and FLAIR images and performed semi-automat-

ically using the clusterize toolbox28 for statistical para-

metric mapping (SPM) 12 combined with manual

inspection and corrections in MRIcron. Preprocessing was

performed using SPM12 (Welcome Department of imag-

ing Neuroscience, London, UK) and the CONN function-

al connectivity toolbox 17.f29 implemented in MATLAB

R2019b (mathworks). Preprocessing consisted of coregis-

tration of the anatomical T1 and resting-state image to

the Montreal Neurological Institute (MNI) template, core-

gistration of resting-state image to T1 image, realignment

of the resting-state image, segmentation and normalisa-

tion. To take into account the effect of the lesion, clinical

toolbox30 for SPM was used for segmentation and en-

antiomorphic normalization to the elderly brain MNI

template provided into the clinical toolbox. In order to

normalize the resting-state images, transformation matrix

of the anatomical image was then applied to the resting-

state image.

Further analyses were performed with the CONN func-

tional connectivity toolbox 17.f implemented in

MATLAB R2019b. Realignment parameters were mod-

elled as regressors of no interest. The implemented

CompCor strategy31 in CONN toolbox was applied to

remove white matter and cerebrospinal fluid as con-

founds. Bandpass filtering (0.009<f< 0.08 Hz) was then

applied on the residual time series.

Given the potential confounding effects of micro-move-

ments on resting-state functional connectivity,32,33 all

reported analyses were performed on ‘scrubbed’ data,33

censoring frames displaying more than 0.5 mm frame-

wise displacement (FD) or frame-wise changes exceeding

more than 50D% BOLD. Approximately, 35% of the

frames were removed per stroke participant. At baseline

(T1), significant differences in head motion were evident

between healthy controls and stroke patients with higher

mean FD and percentage of scrubbed frames for the

stroke patients (mean difference¼ 0.176; SE¼ 0.059;

T(43) ¼ 2.8; P¼ 0.01 and mean difference 18.52;

SE¼ 8.157; T(45) ¼ 2.27; P¼ 0.03, respectively).

However, no group differences between both therapy

groups were evident at the post-intervention (T2) or fol-

low-up session (T3) for mean FD [T2: Mean differ-

ence¼ 0.28; SE¼ 0.15; T(19)¼ 1.87, P¼ 0.08 and T3:

Mean difference¼ 0.18; SE: 0.14; T(21)¼ 1.29; P ¼ 0.21]

nor for the percentage of scrubbed volumes [T2: Mean

difference¼ 12.78; SE¼ 14.05; T(22)¼ 0.91, P¼ 0.37 and

T3: Mean difference¼ 16.87; SE¼ 12.30; T(22)¼ 1.37;

P¼ 0.18] (see Supplementary Fig. 1). To account for po-

tential effects of head motion, all further analyses were

performed with mean FD included as a nuisance regres-

sor. This practice has previously been shown to provide

substantial additional clearing of motion-related effects.34

Definition of connections-of-interest
based on baseline differences
between stroke and healthy control
participants

Whole-brain explorative functional connectivity analyses

were performed to assess between-group differences

(stroke versus healthy) in baseline (T1) functional con-

nectivity between all regions of the cortical (n¼ 92) and

subcortical (n¼ 14) Harvard�Oxford atlas. Notably,

regions of the cerebellum were not included since this

area was not captured fully into the field of view for the

majority of patients. For each region, the mean time ser-

ies were extracted and bivariate correlation coefficients

between the mean time series were extracted as Fisher z-

transformed r values resulting in a 106�106 connection

matrix. Next, these connection matrices were compared

between healthy controls and stroke patients (baseline

scan). Exploratory two-sided P-values were set at 0.01

with seed-level false discovery rate (FDR) corrections for

multiple comparisons (and mean FD included as nuisance

regressor).

Connections between regions of the Harvard�Oxford

atlas showing significant differences (two-sided) in con-

nectivity between healthy controls and stroke patients at

baseline were selected as connections-of-interest for fur-

ther exploring the differential effect of sensorimotor ver-

sus motor therapy on functional connectivity patterns.

Two groups of connections could be identified: (i) con-

nections that showed significant lower functional connect-

ivity in the stroke patients compared with controls (FDR

seed-level correction P¼ 0.01, two-sided), which are fur-

ther referred at as hypo-connected (S<H); (2) connec-

tions that showed significant higher functional

connectivity in the stroke patients compared with controls

(FDR seed-level correction P¼ 0.01, two-sided), which

are further referred at as hyper-connected (S>H). A full

list of the identified regions showing connections-of-inter-

est is provided in Supplementary Fig. 2 and Table 1a. In

short, a wide-spread network of cortical and subcortical

connections, both between and within the contra- and

ipsilesional hemispheres were identified (see Results sec-

tion). Healthy controls were only included in this analysis

to define connections of interest, further analysis were

performed on stroke patients.

Accounting for stroke lesions

Stroke lesions were mapped onto the FLAIR image using

the semi-automated clusterize toolbox28 for SPM and
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manually modified using MRIcron by an experienced re-

searcher (N.D.). Lesions were accounted for during pre-

processing as well as during further ROI-to-ROI analysis.

During preprocessing, segmentation and enantiomorphic

normalization was performed using the clinical toolbox30

in SPM taking into account the lesion maps during these

steps. To take into account the lesions into the ROI-to-

ROI analysis, voxels located into the lesion were masked

out of the ROIs of the Harvard�Oxford atlas used for

these analyses for each lesion individually. So the ROI-to-

ROI atlas file used was subject-specific for each stroke

participant.

Calculation of functional
connectivity indexes

In order to decrease multiple comparison, we have cre-

ated six index values. Further detail about the rationale

is provide in the discussion. For each of the selected con-

nections-of-interest [showing aberrant (hypo- or hyper-)

connectivity in the stroke versus the control sample], the

mean time series were extracted for each region and bi-

variate correlation coefficients between these mean time

series were extracted as Fisher z-transformed r values for

each stroke participant and each test session. Next, it

was assessed whether the applied therapies (sensorimotor

versus motor) induced different pre-to-post or pre-to-fol-

low-up changes in functional connectivity between or

within the ipsi- and contralesional hemispheres. To do so

(i) an interhemispheric, (ii) an ipsilesional intrahemi-

spheric and (iii) a contralesional intrahemispheric con-

nectivity index was calculated separately for each stroke

patient at each assessment session (T1, T2, T3). The

interhemispheric connectivity index was calculated as the

average of the z-transformed r values of all connections

between the left and right hemispheres that showed aber-

rant connectivity in the stroke patients, compared with

healthy controls. Note that separate indices were calcu-

lated for connections displaying hypo-connectivity (S<H:

number of connections included into this index: n¼ 12

connections) or hyper-connectivity (S>H n¼ 2).

Intrahemispheric functional connectivity indexes were cal-

culated as the average of z-transformed r values of all

connections within the lesioned (ipsilesional) (S<H n¼ 8

connections; S>H n¼ 3) or unaffected (contralesional)

(S<H n¼ 4 connections; S>H n¼ 12) hemisphere that

showed aberrant connectivity in the stroke patients com-

pared with healthy controls. Regions could be involved in

both hyper- and hypoconnected connections. In this case,

only connections showing hyper-connectivity with these

regions were included into the hyper-connectivity index

and similar for the connections showing hypo-connectiv-

ity. Note that definition of hyper- and hypo-connectivity

is only based on the previous described stroke versus

healthy controls analysis. (Therapy-induced) changes in

connectivity indexes are used for interpretation of the

treatment effect and are only indicating the direction. In

order to take into account the lesion location, voxels

located in the individual lesioned area (Fig. 2) were

masked out of the respective regions contributing to con-

nections-of-interest (as listed in Supplementary Fig. 1),

creating an individualized region map for each respective

stroke patient, depending on lesion location.

Statistical analysis

Baseline characteristics

Participants and baseline characteristics of the behaviour-

al assessments are reported as group averages, numbers

and percentages. Mann�Whitney U, Chi-square and

Fisher exact tests are used to assess between-group differ-

ences at baseline (healthy controls compared with stroke

patients as well as between both therapy groups).

Healthy controls were only included in the analysis to de-

fine connections of interest, further analysis were only

performed on stroke patients.

Treatment-related effects

In order to investigate between-group differences in ther-

apy-induced pre-to-post or pre-to-follow-up changes in

functional connectivity, mixed model analysis with treat-

ment (sensorimotor or motor therapy) as the between-

group factor were obtained. Separate analyses were per-

formed for assessing changes in connectivity for each

index value from baseline (T1) to the post-session (T2)

immediately after treatment; and for assessing changes

from baseline (T1) to the follow-up session, 4-weeks

post-treatment (T3). Since age and head motion (mean

FD) significantly differed at baseline between therapy

groups, analyses were performed with age and mean FD

as nuisance regressors (note that mean FD scores were

averaged over the included sessions, e.g. average over T1

and T2, in the model assessing changes from session T1

to T2).

All statistics were performed with SPSS version 26

(IBM statistics). The significance level was set to

P< 0.05. Bonferroni correction was applied for multiple

testing over three assessment times, for the six different

index values. The corrected P-value was P< 0.003.

Association with behavioural improvements

Correlation analyses were performed to explore relation-

ships between treatment-induced changes in connectivity

indices, and clinical improvements. Spearman partial cor-

relation analyses were performed to correct for the nuis-

ance regressors age and mean FD. Correlation analyses

are reported within therapy groups.

As reported in more detail in De Bruyn et al.17 We

previously explored treatment effects on clinical somato-

sensory and motor outcome measures in the same patient

sample. In short, improvements in motor function were

evident immediately after treatment and were still present

at 4 weeks follow-up. Between group differences were

found in favour of the group receiving motor therapy,
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showing better motor improvements compared with the

sensorimotor therapy group. No significant differences in

improvements were found for somatosensory function

(see Supplementary Table 2).

Secondary analyses

To check robustness of results, all analyses were per-

formed with and without masking out lesioned voxels

and with and without correction for age (Supplementary

Results).

Adaptations to the protocol

After trial preregistration and protocol publication, some

adaptations occurred. Two additional rehabilitation

centres were included due to slow recruitment. However,

only a limited number of participants were recruited

from these centres. Further, too many patients were not

able to perform the nine hole peg test due to severity of

upper limb impairment. Thus, nine hole peg test was not

included in further analysis. Also, no differences were

found in cognition between groups and only three

patients scored impaired on the star cancellation task,

therefore no subgroup analysis based on cognition or

neglect were performed.

Data availability

The data that support the findings of this study are avail-

able on request from the corresponding author (N.D.).

The clinical data consisting of raw brain imaging and

demographic data are not publicly available due to priv-

acy restriction. Other data consisting of analysis scripts,

preprocessing scripts and behavioural and extracted brain

imaging data without demographic data are made avail-

able in openscience framework (https://osf.io/zkhp8/?

view_only¼28675d8015274c598b98fa110a040550)

Results

Participant characteristics and
behavioural outcome

Between September 2017 and December 2019, 30 stroke

patients were recruited to our trial and underwent the

brain imaging protocol. Of these 30 patients, 18 were

allocated to the sensorimotor group and 12 to the motor

group. Two patients did not complete the 4 weeks of

additional therapy and were lost at post-intervention (T2

and T3) due to acute sickness and readmission to the

acute hospital. They were only included into the healthy

versus stroke analysis. Two other patients were lost at

follow-up (T3) due to acute sickness (n¼ 1) and a decline

to participate (n¼ 1) (see Fig. 1 for flow diagram). The

majority of the other patients that were screened were

not eligible due to not having a first-ever stroke or

showing other neurological or musculoskeletal disorders

affecting the upper limb.

Nineteen healthy controls with mean age 65 (SD¼ 10)

years were included of which 12 females (63%) and who

were mainly right-handed (84%). No healthy controls

were excluded based on unknown neurological disorder

that seemed to be apparent at the research MRI scan.

One healthy control was excluded due to low data qual-

ity and technical problems with preprocessing.

Participant characteristics are presented in Table 2. As

shown, baseline patient characteristics were overall simi-

lar across the two treatment groups except for education-

al level, lateralization and age. Patients of the

sensorimotor group were significantly older, had lower

educational level and showed more right hemisphere

lesions. Baseline performance was not significantly differ-

ent between both groups except for perceptual threshold

of touch (PTT). The sensorimotor group showed signifi-

cantly higher and thus more impaired PTT compared

with motor group (P¼ 0.04). Most patients had ischae-

mic stroke (n¼ 23; 77%) with combined subcorti-

cal�cortical involvement. Overview of lesion location is

mapped in Fig 2. Baseline differences between stroke par-

ticipants and healthy controls are also presented in

Table 2. As expected, significant differences were found

for all sensorimotor outcome measures.

Detailed description of behavioural results from mixed

models corrected for age can be found in our previous

paper.17 In short, significant differences were found in fa-

vour of the motor group on FMA for improvements

from baseline to post-intervention (P¼ 0.01) and to fol-

low-up (P¼ 0.003). Trends towards differences in favour

of the motor group were found on ARAT for improve-

ment between all assessment time points (P¼ 0.04–0.08)

and on SULCS for improvements from baseline to post-

intervention (P¼ 0.08) and to follow-up (P¼ 0.02). No

differences were found for somatosensory assessments

(see Supplementary Table 2).

Baseline differences in functional
connectivity between stroke
patients and healthy controls

Connections for stroke patients and healthy controls at

baseline that showed significantly altered functional con-

nectivity (FDR seed-level correction P¼ 0.01, two-sided)

are shown in Fig. 3 and presented in Supplementary

Table 3. These ROI-to-ROI connections, showing differ-

ences at baseline, were selected for further index analysis

and will be referred to as connections-of-interest showing

(i) hypo-connectivity if functional connectivity was signifi-

cantly lower in stroke patients compared with healthy

controls (hypoconnections in stroke < healthy) and (ii)

connections-of-interest showing hyper-connectivity if func-

tional connectivity was significantly higher in stroke

Sensorimotor brain connectivity post stroke BRAIN COMMUNICATIONS 2021: Page 7 of 16 | 7

https://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcab074#supplementary-data
https://osf.io/zkhp8/?view_only=28675d8015274c598b98fa110a040550
https://osf.io/zkhp8/?view_only=28675d8015274c598b98fa110a040550
https://osf.io/zkhp8/?view_only=28675d8015274c598b98fa110a040550
https://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcab074#supplementary-data
https://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcab074#supplementary-data
https://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcab074#supplementary-data


Figure 1 CONSORT 2010 flow diagram.

Figure 2 Lesion overlay map of stroke lesion location of patients with available magnetic resonance imaging (MRI) scan

(n 5 30) displayed for sensorimotor group (A) and motor group (B) separately. Colour indicates increasing number of patients with

inclusion of that voxel into the lesion from orange to yellow (low number: orange; high number: yellow). Figure adapted from De Bruyn et al.17
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patients compared with healthy controls (hyperconnec-

tions in stroke > healthy).

Differential pre-to-post changes in functional

connectivity after sensorimotor therapy versus

motor therapy

Connections within the contralesional hemisphere with

hypo-connectivity in stroke patients (compared with

healthy controls) showed a (non-significant) trend to-

wards normalization (less hypo-connectivity) in the motor

group, whereas in the sensorimotor group a further de-

cline of connectivity (stronger hypo-connectivity) after

therapy was found (mean estimated difference ¼
�0.155 6 0.061; P¼ 0.02). Further, the motor therapy

group also tended to show a further pre-to-post increase

in functional connectivity strength among connections

Table 2 Participant’s characteristics

Sensorimotor group Motor group P-valuea Healthy controls P-valueb

n % n % n %

Centre (n, %)

Jessa Hospitals, Herk-de-Stad 10 33 6 20 0.56c

UZ Leuven, Pellenberg 7 23 6 20

Heilig Hart Hospital, Leuven 1 3 0 0

Severity of motor upper limb impairment (n, %)

Mild to moderate 9 30 5 17 0.71c

Severe 9 30 7 23

Age (at stroke onset) (mean, SD) 72.47 (12.45) 60.58 (10.34) 0.01d 65.21 (10.10) 0.47d

Days post stroke (mean, SD) 43.22 (12.21) 42.83 (14.58) 0.94d

Gender (n, %)

Male 11 37 6 20 0.72c 7 36.8 0.12c

Female 7 23 6 20 12 63.2

Education (n, %)

Lower secondary education 9 30 1 3 0.03c

Higher secondary education 4 13 7 23

Higher tertiary education - bachelor 1 3 3 10

Higher tertiary education - master 3 10 1 3

Unknown 1 3 0

Type of stroke (n, %)

Ischaemic 15 50 9 30 0.67e

Bleeding 3 10 3 10

Lateralization (n, %)

Left hemisphere lesion 3 10 7 23

Right hemisphere lesion 15 50 5 17 0.05e

Handedness (n, %)

Left 3 10 3 10 0.67e 3 15.8 1e

Right 15 50 9 30 16 84.2

Hours additional therapy received (median, IQR) 15 (13 to 16) 16 (15–16) 0.27c

Baseline performance

Motor function (median; IQR)

ARAT/57 8 (0 to 41) 6.5 (0–31) 0.72d

FMA -UE/66 29 (8 to 45.5) 16 (11–39) 0.68d

SULCS/10 3 (1 to 7) 3 (1–6) 0.76d

Somatosensory function (median; IQR)

Em-NSA/40 36.5 (28.5 to 39) 38 (37–40) 0.29d 39 (39–40) 0.04d

PTT 7.4 (4.7 to 9.5) 4.85 (3.6–5.8) 0.04d 2.5 (2.2–3.3) 0d

TDT-AUC 13.6 (�5.3 to 35.5) 24.0 (8.3–36.1) 0.49d 59.1 (48.8–69.5) 0d

WPST-total error (degrees) 218 (203 to 274) 317 (227–410) 0.09d 157 (123–258) 0.01d

WPST-mean error (degrees) 10.9 (10.1 to 13.7) 15.9 (11.4–20.5) 0.09d 8.1 (5.7–12.5) 0.01d

fTORT/42 31 (11.8 to 36) 37 (16.75–41) 0.08d 41 (39–42) 0d

Cognitive function (median; IQR)

MOCA/30 22 (19.5 to 27) 25 (20.5–27) 0.47d

aP-value indicating differences between sensorimotor and motor group.
bP-value indicating differences between whole stroke group and healthy controls.
cChi-square test
dMann�Whitney U test.
eFisher’s exact test.

ARAT ¼ action research arm test; AUC ¼ area under curve; Em-NSA ¼ Erasmus modification of Nottingham sensory assessment; FMA-UE ¼ Fugl-Meyer assessment upper ex-

tremity section; fTORT ¼ functional tactile object recognition test; IQR ¼ interquartile range; MOCA ¼ Montreal cognitive assessment; n ¼ number; % ¼ per cent given for the

whole stroke group or the whole healthy group; PTT ¼ perceptual threshold of touch; SD ¼ standard deviation; SULCS ¼ stroke upper limb capacity scale; TDT ¼ texture discrim-

ination test; WPST ¼wrist position sense test.
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that already showed hyper-connectivity in the stroke

patients (compared with healthy controls at baseline)

(mean estimated difference ¼ �0.144 6 0.072; P¼ 0.06).

The sensorimotor and motor therapy group showed no

significant differences in terms of pre-to-post (T1 to T2)

changes in inter-hemispheric connectivity or ispilesional

intrahemispheric connectivity. At the follow-up session

(T3), no significant differences between therapy groups

were evident. An overview of between-group differences

in change scores can be found in Fig. 4 and

Supplementary Table 4. All results were interpreted in

the light of Bonferroni corrected P-value (P< 0.003).

Associations between functional
connectivity changes and clinical
sensorimotor improvements

Brain�behaviour relationships across treatment groups

were only explored for pre-to post-connectivity in the

contralesional intrahemispheric connectivity indexes, since

only these showed a trend towards between-group

differences.

In the motor therapy group, the observed normalization

of hypo-connectivity (less hypo-connectivity) in the con-

tralesional hemisphere was non-significantly associated

with clinical improvements in functional activity as meas-

ured with ARAT (hypoconnected: r¼ 0.37, P¼ 0.37,

df¼ 6) or SULCS (hypoconnected; r¼ 0.50, P¼ 0.26;

df¼ 5) and motor impairments as measured with FMA

(hypoconnected: r¼ 0.75, P¼ 0.05, df¼ 5). These trend

level associations might indicate reduced motor impair-

ment in patients with stronger normalizations of hypo-

connectivity. Similar, a moderate non-significant correl-

ation was found with clinical improvements of proprio-

ception measured with WPST (r ¼ �0.67, P¼ 0.07;

df¼ 6).

Further, pre-to-post increases in functional connectivity

in the motor therapy group among connections that al-

ready showed hyper-connectivity at baseline were also

associated with clinical improvements, providing indica-

tions that these patterns of hyper-connectivity were com-

pensatory in nature. In particular, clinical improvements

in functional activity (hyperconnected: r¼ 0.48,

P¼ 0.005, df¼ 30), as assessed with SULCS were most

pronounced in patients with greater pre-to-post increases

in hyper-connectivity within the contralesional hemi-

sphere. Similar moderate (non-significant) correlations

were found for improvements on ARAT (hyperconnected:

r¼ 0.34, P¼ 0.41, df¼ 6) and FMA-UE (hyperconnected

r¼ 0.62, P¼ 0.14, df ¼ 5). Only very low-to-low associa-

tions were found with somatosensory outcome measures

in the motor therapy group.

While (compensatory) increases in hyper-connectivity

were overall less pronounced in patients receiving sensori-

motor therapy, also within this group, inter-individual

differences in connectivity changes were associated with

clinical improvements. In particular, patients of the sen-

sorimotor group that showed relative pre-to-post

increases in hyper-connectivity in the contralesional hemi-

sphere also showed the strongest improvements in motor

activity measured with SULCS (hyperconnected: r¼ 0.38,

P¼ 0.03, df¼ 30) and somatosensory function as meas-

ured with Em-NSA (hyperconnected: r¼ 0.76, P¼ 0.01,

df¼ 9) and TDT (hyperconnected: r¼ 0.54, P¼ 0.06;

df¼ 11). In contrast, decreases in hyper-connectivity of

the contralesional hemisphere were associated with

improvements of stereognosis as measured with fTORT

(hyperconnected: r ¼ �0.69, P¼ 0.01, df ¼ 11) within

this group.

Normalization of hypo-connectivity within the sensori-

motor therapy group was moderately associated with

improvements in functional activity (hypoconnected:

r¼ 0.45, P¼ 0.12, df¼ 11). Non-significant low to mod-

erate associations were found with improvements in som-

atosensory function measured with Em-NSA

(hypoconnected: r¼ 0.19, P¼ 0.58), PTT (r ¼ �0.29;

P¼ 0.34), TDT (r¼ 0.22; P¼ 0.48) and WPST (r¼ 0.57,

P¼ 0.06).

Figure 3 Connections showing differences in functional

connectivity between healthy and stroke participants at

baseline (T1) with mean FD as regressor of no interest.

Colour of lines and ROIs indicate strength of difference in

functional connectivity: Blue (lower connectivity, lowest

z-transformed r value: -6.24) to red (higher connectivity, highest

z-transformed r value 6.24) in stroke participants compared with

healthy controls. Abbreviations of region of interest (ROI) labels

can be found in Table 1. A detailed overview of involved

connections and their strengths can be found in Supplemenatry

Tables 3a (for hypoconnected regions) and 3b (for hyperconnected

regions).
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Scatterplots of raw values with Spearman rho correl-

ation coefficients corrected for age and mean FD are

visualized in Fig. 5 for outcome measures showing signifi-

cant and trend-level relations and are presented in full in

Supplementary Table 5.

Secondary analysis

Similar results were found for secondary mixed model be-

tween-group analysis without mean FD or age as covari-

ate. Associations between index and clinical change score

show similar results, however less pronounced when not

correcting for age and mean FD or correcting only for

age.

No significant results were found for between-group

nor brain2behaviour associations in unmasked ROIs

(Supplementary Table 6).

Discussion
In this exploratory pilot RCT, we identified differences in

functional connectivity between healthy controls and

stroke participants in the early rehabilitation phase post

stroke. These differences included both connections show-

ing hyper- as well as connections showing hypo-connect-

ivity in stroke participants compared with healthy

controls. Improvements of functional connectivity towards

normalization were not significantly different between

both therapy groups. However, trends towards a stronger

increase in functional connectivity after motor therapy

compared with sensorimotor therapy were identified. This

may suggest that improvements in functional connectivity

are associated with improvements in behavioural func-

tional activity.

We have contrasted whole brain ROI-to-ROI functional

connectivity of stroke patients with healthy controls and

found significant differences in several connections with

both patterns of hypo- and hyper-connectivity.

Interestingly, regions showing functional hypo-connectiv-

ity in stroke patients were mostly located outside the typ-

ical sensorimotor network. In particular, most of these

regions were located close to the secondary somatosen-

sory cortex, which is in line with previous literature.

Figure 4 Differences in functional connectivity between stroke patients receiving sensorimotor versus motor therapy at

baseline (T1), post-intervention (T2) and follow-up (T3) for each index with age and mean FD as nuissance regressors. (A)

Index values of connections showing hypo-connectivity. (B) Index values of connections showing hyper-connectivity. Estimated marginal means

with measurement error are visualized.
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Decreased functional connectivity in the temporal and oc-

cipital lobe was reported in stroke patients with somato-

sensory impairments compared with healthy controls35

Further, the left superior lingual gyrus was reported to

show increases in brain activity between healthy controls

and stroke patients during a shape discrimination task

(task fmri).36 Co-activation of the inferior frontal gyrus

during movement is related to disruption of the segrega-

tion of motor and attention related areas.37 On the other

hand, connections showing functional hyper-connectivity

Figure 5 Non-parametric partial correlations of pre2post-intervention improvements with alterations in contralesional

intrahemipsheric functional connectivity indexes. Scatterplots of raw change scores, rho-value indicates non-parametric (Spearman)

partial correlation coefficient with correction for age and mean FD. Normalization of hypo-connectivity (due to pre-to-post increase in

connectivity) in the contralesional hemisphere is associated with clinical improvements as assessed with SULCS for the sensorimotor group.

Further, pre-to-post increases in contralesional functional connectivity among regions that already showed hyper-connectivity at baseline (stroke

> healthy) were also associated with clinical improvements as assessed with SULCS for the motor therapy group, indicating that these patterns

of hyper-connectivity were compensatory in nature. P< 0.1 indicated in bold; ARAT, action research arm test; SULCS, stroke upper limb capacity

scale; fTORT, fucntional tactile objec recognition test.
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were mainly located within the sensorimotor network.

Notably, insular cortex showed both decreased and

increased connections, indicating that insular connectivity

may display an extensive pattern of reorganization after

stroke. Previous research from our group already identi-

fied the insular cortex as a key region associated with

somatosensory impairments post stroke using voxel-based

lesion symptom mapping.38 Also a meta-analytic cluster-

ing approach39 identified the insular cortex as an import-

ant hub between sensorimotor areas and frontal and

temporal areas.

Furthermore, we have contrasted changes in functional

connectivity between both therapy groups and found that

both groups might show a different therapy-induced ef-

fect. This was not in line with our hypothesis. For

regions that showed hypo-connectivity in the stroke

patients compared with controls, it might show that this

pattern of hypo-connectivity was stabilized in the motor

group after therapy. Importantly, these differences in

alterations of functional connectivity were only found to

be trending towards significance within the contralesional

hemisphere. Within previous literature, the role of the

contralesional hemisphere is inconclusive. On one hand,

hyperactivity of the contralesional hemisphere was related

to the absence of inhibitory activity of the lesioned hemi-

sphere resulting in interhemispheric disbalance, which

was associated with poor recovery.40 On the other hand,

the contralesional hemisphere is described to have a sup-

portive role into the recovery of function.41,42 Based on a

longitudinal study, the role of the contralesional hemi-

sphere is even described to be changing over time. A re-

covery-supportive role of the contralesional hemisphere is

suggested at 2 weeks after stroke, changing to an inhibi-

tory factor for recovery in the chronic phase post

stroke.43 Hence, our findings from patients in the early

rehabilitation phase may contribute to the supportive role

of the contralateral hemisphere for motor recovery, and

thus may provide new insight that this time window may

be extended until the first months post stroke.

Group results suggest that the patients receiving sen-

sorimotor therapy showed less pronounced normalisations

of hypo-connectivity and (compensatory) increases in

hyper-connectivity. However, also within this group, in-

ter-individual differences in connectivity changes were

associated with clinical improvements. Overall, changes in

functional connectivity in the sensorimotor group may

have been less pronounced due to some confounding fac-

tors induced by this therapy program. For example, the

integration of somatosensory and motor function during

sensorimotor therapy could induce cognitive sensorimotor

interference in stroke patients. Competition between stim-

uli due to the engagement of the same neural circuits in

both tasks could interfere with task performance and

thus interfere with functional connectivity changes associ-

ated with task performance.44 Based on our between-

group clinical findings, which suggests that the motor

group might show significant better improvements in

motor function compared with the sensorimotor group,

we may suggest that the underlying brain recovery mech-

anism of the motor group is coherent with our clinical

findings.

Finally, we investigated the brain2behaviour relation-

ship between contralesional intrahemispheric functional

connectivity changes and improvements in motor and

somatosensory function. We found that the contralesional

intrahemispheric connectivity index, which showed hyper-

activity in stroke patients compared with healthy con-

trols, may show the strongest associations with

behavioural function, which can be expected since most

of these regions were located within the sensorimotor net-

work. Previous literature has shown that improvements

in functional connectivity are restricted to the network of

the specific function.45 Differences between both therapy

groups could be identified with stronger associations with

motor assessments for the motor therapy group and

stronger associations with somatosensory assessments for

the sensorimotor group. However, better improvements

of clinical function were found for the motor group

which could suggest the superiority of the underlying re-

covery mechanism for the motor group. Nevertheless,

these results should be interpreted with caution due to

small sample sizes of both therapy groups (n¼ 18 and

12).

An important element in rs-fMRI analysis in stroke

patients is how to deal with the lesion. Previous studies

often bypass this problem by investigating only brain

regions, which are certainly unaffected, such as the con-

tralesional hemisphere, or by only investigating patients

with subcortical strokes.16,42,46 In this study, we included

mainly patients with mixed cortical-subcortical strokes

and took the lesion into account in two steps. First step

was by applying enantiomorphic transformation during

normalisation, which is a non-linear registration method

that corrects the distorted signal of the brain lesion by

using information from the contralesional undamaged

homologous brain region.47 Secondly, we created two

sets of ROIs, one set without taking into account the

lesioned voxels (¼unmasked) and one masked set, taking

out all voxels of an ROI which were located into the

lesioned area. Our findings were found in masked but

not in the unmasked ROIs, which supports the role of

lesioned voxels into the ROI. These lesioned voxels will

impact more the averaged ROI value and thus reflect the

overall impact of lesion on the functional impairment.

Additionally, brain2behaviour associations were stronger

in masked ROIs. This can implicate the role of the pen-

umbra consisting of neighbouring voxels, which can take

over the function of the lesioned voxels.48 Recovery of

these non-lesioned neighbouring voxels could be the

underlying mechanism of clinical recovery of upper limb

function.48

Another important point to discuss it he choice to

work with index values rather than specific connections.

The rationale to create six index values (three for both
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hypo- and hyper-connectivity) is to reduce multiple com-

parison. We are aware of the limitations of this approach

possibly overshadowing a strong effect of one specific

connection. However, due to the small sample size, the

large number of connections and the rather small changes

in connectivity, we have decided not to perform an ex-

ploratory post hoc analysis investigating the relation be-

tween behavioural outcome changes and individual

relevant connections. Performing this post hoc analysis

would require a correction for multiple comparison,

which will not reveal any significant result, even when

taken very liberal, Furthermore, only connections that do

show significant differences between healthy controls and

stroke patients were selected for the inclusion into the

index values and divided into hypo- or hyper-connectivity

connections to overcome the problem of averaging out

the effect. Since in literature a different role is described

for both hemispheres independently (intrahemispheric)

and interhemispheric, we also created these three subcate-

gories.6,40–43 Additionally, differences were observed be-

tween connections that showed hyper- and hypo-

connectivity in terms of location. The connections show-

ing hyper-connectivity were mostly located into the sen-

sorimotor network and those showing hypo-connectivity

outside the sensorimotor network. In this way, we per-

formed some kind of region-specific analysis.

We have to take into account some limitations of this

study. First, we had a rather small sample size, however,

this was in line with previous phase II proof of mechan-

ism studies in literature. Therefore, subgroup association

analysis should be interpreted with caution (n¼ 9 and

15). To further deal with the power issue, we created

index values limiting multiple testing. Second, we have

measured patients at admission to rehabilitation centre,

which can induce selection bias and we do not have a

fixed time point at which every patient was assessed.

However, we limited the selection bias by only recruiting

patients within the first 8 weeks post stroke in order to

include all patients within the same early rehabilitation

time window. Third, differences in baseline mean FD

were found between healthy controls and both stroke

therapy groups which could have influenced the results.

However, we have corrected for mean FD in all analysis

to minimize the effect of these differences. Forth, differen-

ces were found at baseline for age and lesion side be-

tween both therapy groups. The sensorimotor group was

older and showed more right hemispheric lesions. Since

age has been shown to be an influencing factor for recov-

ery after stroke and the impact of lesion side is still in-

conclusive, we have corrected for age but not for lesion

side.49 Finally, despite the evidence for the role of the

cerebellum into sensorimotor function, we were not able

to include cerebellar regions in our analyses due to tech-

nical limitations of the resting-state scanning protocol

(i.e. cerebellum was only partially included in the field of

view). Further research should include both cortical, sub-

cortical as well as cerebellar regions into their analysis.

To conclude, we found that stroke patients showed

both hyper- and hypo-connected functional connectivity

within the contralesional intrahemispheric network com-

pared with healthy controls. Stronger normalization of

hypo-connectivity and a stronger increase in compensa-

tory hyper-connectivity of the contralesional hemisphere

were found after motor therapy compared with sensori-

motor therapy. This underlying recovery mechanism

could be suggested as the upper limb motor recovery

strategy for patients within the first months’ post stroke.

Supplementary material
Supplementary material is available at Brain
Communications online.

Acknowledgements
We would like to acknowledge the effort of all physiothera-

pists, occupational therapists and nursing staff of the neuro-

rehabilitation wards of UZ Leuven, campus Pellenberg; Jessa

hospitals Herk-de-Stad; Heilig Hart Hospital Leuven; and

RevArte, Antwerp. More specifically, we would like to ac-

knowledge Anne-Leen Hindrikx, Elke Janssens, Peter

Popelier, Margreet Van Dijk, Bea Slaets, Walter Habils,

Sabine Vermeiren and Karen Deceuninck who helped with

the practical side of recruitment and scheduling of therapy

and assessment. Further, Christophe Lafosse, Marc

Michielsen, Hilde Beyens, Fabienne Schillebeeckx are

acknowledged for their administrative support and approval

and Clara De Somer is acknowledged for her practical sup-

port within the research project. Finally, MSc students David

Bryon, Gert Vangilbergen, Silke Francken, Lien Francken,

Jana De Smeyter and Justine Cools are acknowledged for

their practical support during MRI scanning sessions.

Funding
This work was supported by Flanders Research Fund (FWO)

(1189819N and 1519719N).

Competing interests
The authors report no competing interests.

References
1. Lee MH, Smyser CD, Shimony JS. Resting-state fMRI: A review of

methods and clinical applications. AJNR Am J Neuroradiol. 2013;

34(10):1866–1872.
2. Carter AR, Astafiev SV, Lang CE, et al. Resting interhemispheric

functional magnetic resonance imaging connectivity predicts per-
formance after stroke. Ann Neurol. 2010;67(3):365–375.

14 | BRAIN COMMUNICATIONS 2021: Page 14 of 16 N. De Bruyn et al.

https://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcab074#supplementary-data


3. Baldassarre A, Ramsey L, Rengachary J, et al. Dissociated func-

tional connectivity profiles for motor and attention deficits in acute
right-hemisphere stroke. Brain. 2016;139(Pt 7):2024–2038.

4. Park CH, Chang WH, Ohn SH, et al. Longitudinal changes of

resting-state functional connectivity during motor recovery after
stroke. Stroke. 2011;42(5):1357–1362.

5. Rehme AK, Eickhoff SB, Rottschy C, Fink GR, Grefkes C.
Activation likelihood estimation meta-analysis of motor-related
neural activity after stroke. NeuroImage. 2012;59(3):2771–2782.

6. Thiel A, Vahdat S. Structural and resting-state brain connectivity
of motor networks after stroke. Stroke. 2015;46(1):296–301.

7. Meyer S, De Bruyn N, Krumlinde-Sundholm L, et al. Associations

between sensorimotor impairments in the upper limb at 1 week
and 6 months after stroke. J Neurol Phys Ther. 2016;40(3):

186–195.
8. De Bruyn N, Meyer S, Kessner SS, et al. Functional network con-

nectivity is altered in patients with upper limb somatosensory

impairments in the acute phase post stroke: A cross-sectional
study. PLoS One. 2018;13(10):e0205693.

9. Bannister LC, Crewther SG, Gavrilescu M, Carey LM.
Improvement in touch sensation after stroke is associated with
resting functional connectivity changes. Front Neurol. 2015;6:165.

10. Hakon J, Quattromani MJ, Sjölund C, et al. Multisensory stimula-
tion improves functional recovery and resting-state functional con-

nectivity in the mouse brain after stroke. NeuroImage Clin. 2017;
17:717–730.

11. Thiel A, Aleksic B, Klein J, Rudolf J, Heiss WD. Changes in pro-

prioceptive systems activity during recovery from post-stroke hemi-
paresis. J Rehabil Med. 2007;39(7):520–525.

12. Vidoni ED, Acerra NE, Dao E, Meehan SK, Boyd LA. Role of the

primary somatosensory cortex in motor learning: An rTMS study.
Neurobiol Learn Mem. 2010;93(4):532–539.

13. Ito M. Mechanisms of motor learning in the cerebellum. Brain
Res. 2000;886(1-2):237–245.

14. Borich MR, Brodie SM, Gray WA, Ionta S, Boyd LA.

Understanding the role of the primary somatosensory cortex:
Opportunities for rehabilitation. Neuropsychologia. 2015;79(Pt

B):246–255.
15. Borstad AL, Bird T, Choi S, Goodman L, Schmalbrock P, Nichols-

Larsen DS. Sensorimotor training and neural reorganization after

stroke: A case series. J Neurol Phys Ther. 2013;37(1):27–36.
16. Vahdat S, Darainy M, Thiel A, Ostry DJ. A single session of

robot-controlled proprioceptive training modulates functional con-
nectivity of sensory motor networks and improves reaching accur-
acy in chronic stroke. Neurorehabil Neural Repair. 2019;33(1):

70–81.
17. De Bruyn N, Saenen L, Thijs L, et al. Sensorimotor vs. motor

upper limb therapy for patients with motor and somatosensory
deficits: A randomized controlled trial in the early rehabilitation
phase after stroke. Front Neurol. 2020;11(1598):597666.

18. De Bruyn N, Essers B, Thijs L, et al. Does sensorimotor upper
limb therapy post stroke alter behavior and brain connectivity dif-
ferently compared to motor therapy? Protocol of a phase II

randomized controlled trial. Trials. 2018;19(1):242.
19. Lin JH, Hsu MJ, Sheu CF, et al. Psychometric comparisons of 4

measures for assessing upper-extremity function in people with
stroke. Phys Ther. 2009;89(8):840–850.

20. Carey L, Macdonell R, Matyas TA. SENSe: Study of the effective-

ness of neurorehabilitation on sensation: A randomized controlled
trial. Neurorehabil Neural Repair. 2011;25(4):304–313.

21. Fugl-Meyer AR, Jaasko L, Leyman I, Olsson S, Steglind S. The
post-stroke hemiplegic patient. 1. A method for evaluation of
physical performance. Scand J Rehabil Med. 1975;7(1):13–31.

22. Roorda LD, Houwink A, Smits W, Molenaar IW, Geurts AC.
Measuring upper limb capacity in poststroke patients:

Development, fit of the monotone homogeneity model, unidimen-
sionality, fit of the double monotonicity model, differential item
functioning, internal consistency, and feasibility of the stroke

upper limb capacity scale, SULCS. Arch Phys Med Rehabil. 2011;

92(2):214–227.
23. Stolk-Hornsveld F, Crow JL, Hendriks EP, van der Baan R,

Harmeling-van der Wel BC. The Erasmus MC modifications to the

(revised) Nottingham Sensory Assessment: A reliable somatosen-
sory assessment measure for patients with intracranial disorders.

Clin Rehabil. 2006;20(2):160–172.
24. Eek E, Engardt M. Assessment of the perceptual threshold of touch

(PTT) with high-frequency transcutaneous electric nerve stimula-

tion (Hf/TENS) in elderly patients with stroke: A reliability study.
Clin Rehabil. 2003;17(8):825–834.

25. Carey LM, Oke LE, Matyas TA. Impaired touch discrimination

after stroke: A quantitative test. J Neurol Rehabil. 1997;11(4):
219–232.

26. Carey LM, Oke LE, Matyas TA. Impaired limb position sense
after stroke: A quantitative test for clinical use. Arch Phys Med
Rehabil. 1996;77(12):1271–1278.

27. Carey L, Nankervis J, LeBlanc S, Harvey L. A new functional tac-
tual object recognition test (fTORT) for stroke clients: Normative

standards and discriminative validity. In Proceedings of the 14th
International Congress of the World Federation of Occupational
Therapists, Sydney. Australia 23–28 July, 2006.

28. de Haan B, Clas P, Juenger H, Wilke M, Karnath HO. Fast semi-
automated lesion demarcation in stroke. NeuroImage Clin. 2015;

9:69–74.
29. Whitfield-Gabrieli S, Nieto-Castanon A. Conn: A functional con-

nectivity toolbox for correlated and anticorrelated brain networks.

Brain Connect. 2012;2(3):125–141.
30. Rorden C, Bonilha L, Fridriksson J, Bender B, Karnath HO. Age-

specific CT and MRI templates for spatial normalization.

NeuroImage. 2012;61(4):957–965.
31. Behzadi Y, Restom K, Liau J, Liu TT. A component based noise

correction method (CompCor) for BOLD and perfusion based
fMRI. NeuroImage. 2007;37(1):90–101.

32. Van Dijk KR, Sabuncu MR, Buckner RL. The influence of head

motion on intrinsic functional connectivity MRI. NeuroImage.
2012;59(1):431–438.

33. Power JD, Barnes KA, Snyder AZ, Schlaggar BL, Petersen SE.
Spurious but systematic correlations in functional connectivity
MRI networks arise from subject motion. NeuroImage. 2012;

59(3):2142–2154.
34. Fair DA, Nigg JT, Iyer S, et al. Distinct neural signatures detected

for ADHD subtypes after controlling for micro-movements in rest-
ing state functional connectivity MRI data. Front Syst Neurosci.
2012;6:80.

35. Goodin P, Lamp G, Vidyasagar R, McArdle D, Seitz RJ, Carey
LM. Altered functional connectivity differs in stroke survivors

with impaired touch sensation following left and right hemisphere
lesions. NeuroImage Clin. 2018;18:342–355.

36. Van de Winckel A, Wenderoth N, De WW, et al. Frontoparietal

involvement in passively guided shape and length discrimination:
A comparison between subcortical stroke patients and healthy con-
trols. Exp Brain Res. 2012;220(2):179–189.

37. Siegel JS, Ramsey LE, Snyder AZ, et al. Disruptions of network
connectivity predict impairment in multiple behavioral domains

after stroke. Proc Natl Acad Sci U S A. 2016;113(30):
E4367–E4376.

38. Meyer S, Kessner SS, Cheng B, et al. Voxel-based lesion-symptom

mapping of stroke lesions underlying somatosensory deficits.
NeuroImage Clin. 2016;10:257–266.

39. Cauda F, Costa T, Torta DME, et al. Meta-analytic clustering of
the insular cortex: Characterizing the meta-analytic connectivity of
the insula when involved in active tasks. NeuroImage. 2012;62(1):

343–355.
40. Buetefisch CM. Role of the contralesional hemisphere in post-

stroke recovery of upper extremity motor function. Front Neurol.
2015;6:214.

Sensorimotor brain connectivity post stroke BRAIN COMMUNICATIONS 2021: Page 15 of 16 | 15



41. Grefkes C, Fink GR. Connectivity-based approaches in stroke and

recovery of function. Lancet Neurol. 2014;13(2):206–216.
42. Zhang Y, Li KS, Ning YZ, et al. Altered structural and functional

connectivity between the bilateral primary motor cortex in unilat-

eral subcortical stroke: A multimodal magnetic resonance imaging
study. Medicine (Baltimore). 2016;95(31):e4534.

43. Rehme AK, Eickhoff SB, Wang LE, Fink GR, Grefkes C. Dynamic
causal modeling of cortical activity from the acute to the chronic
stage after stroke. NeuroImage. 2011;55(3):1147–1158.

44. Li KZH, Bherer L, Mirelman A, Maidan I, Hausdorff JM.
Cognitive involvement in balance, gait and dual-tasking in aging:
A focused review from a neuroscience of aging perspective. Front

Neurol. 2018;9:913.

45. Baldassarre A, Ramsey LE, Siegel JS, Shulman GL, Corbetta M.

Brain connectivity and neurological disorders after stroke. Curr
Opin Neurol. 2016;29(6):706–713.

46. Grefkes C, Nowak DA, Eickhoff SB, et al. Cortical connectivity

after subcortical stroke assessed with functional magnetic reson-
ance imaging. Ann Neurol. 2008;63(2):236–246.

47. Nachev P, Coulthard E, Jager HR, Kennard C, Husain M.
Enantiomorphic normalization of focally lesioned brains.
NeuroImage. 2008;39(3):1215–1226.

48. Lo EH. A new penumbra: Transitioning from injury into repair
after stroke. Nat Med. 2008;14(5):497–500.

49. Coupar F, Pollock A, Rowe P, Weir C, Langhorne P. Predictors of

upper limb recovery after stroke: A systematic review and meta-
analysis. Clin Rehabil. 2012;26(4):291–313.

16 | BRAIN COMMUNICATIONS 2021: Page 16 of 16 N. De Bruyn et al.


	tblfn1
	tblfn2
	tblfn3
	tblfn4
	tblfn5
	tblfn6
	tblfn7



