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Introduction: Stroke can result in a wide range of impairments, with

sensorimotor dysfunction being among the most common, particularly when

the sensorimotor network (SMN) is a�ected. As the SMN plays a critical role in

movement control and coordination, understanding the changes in this network

post-stroke is essential for informing recovery and rehabilitation strategies.

Methods: A systematic reviewwas conducted following PRISMA guidelines. Two

electronic databases, PubMed and Scopus, were searched for relevant studies

investigating the e�ects of stroke on the SMN across di�erent phases of recovery.

Reference lists of selected articles were also reviewed using Google Scholar. A

total of 20 eligible studies involving 618 stroke patients and 606 healthy controls

were included.

Results: The review revealed consistent findings of altered functional

connectivity within the SMN following stroke. Despite initial impairments, most

studies reported improvement in SMN connectivity over time, attributed to

compensatory mechanisms, cortical reorganisation, and functional rewiring.

Stroke location significantly influenced recovery outcomes. Supratentorial

strokes were associated with poorer motor assessments and slower recovery,

while infratentorial strokes had comparatively better outcomes. Lesions in the

pontine region were found to cause severe disturbances in both sensory and

motor functions depending on lesion extent.

Discussion: The findings underscore the brain’s capacity for neuroplasticity and

reorganisation following stroke. Understanding the temporal and spatial changes

in the SMN post-stroke can inform more targeted and e�ective rehabilitation

strategies. These insights are crucial for tailoring interventions that align with

individual stroke profiles and promote optimal functional recovery.
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Highlights

• Themotor cortex, integral to the sensorimotor network (SMN)

is directly affected by stroke, contributing to muscle weakness

and challenges in executing specific motor tasks.

• The correlation between motor deficiencies and altered brain

activity across multiple neural networks showed potential

dysfunctions in complex motor behaviors even in well-

recovered patients.

• Disruptions in connections within the SMN contribute to a

global alteration in the functioning of this neural network.

• Activation patterns in the contralateral and ipsilateral SMC

and premotor cortex may signify variances in cortical

reorganization during the chronic phase.

1 Introduction

A stroke is a medical emergency caused by disruption of

blood supply due to blood vessel occlusion or bleeding due to

burst blood vessels, resulting in the death of brain cells. After a

stroke, changes in the brain’s neuronal network connectivity have

been observed (1). Studies have shown that the brain network

may evolve to a more complex and random mode during the

process of rehabilitation after a stroke (1–3). This evolution

involves the production of new connections to compensate for

damaged connections and nerves, as well as the reorganization

of functional network connectivity, which is central to the

process of rehabilitation. The sensorimotor network (SMN) plays

a crucial role in daily functioning, encompassing the integration of

sensory and motor formation to execute purposeful movements.

These networks include the primary motor cortex (M1), the

somatosensory cortex, the premotor cortex (PMC), and the

supplementary motor area (SMA).

The SMN is responsible for the planning, execution, and

control of voluntary movements, and the somatosensation (4).

The SMN is also involved in the processing of proprioceptive

information, which is essential for the perception of body

position and movement (5). The SMN is connected to wider

functional networks that coordinate the activity of separate cortical

regions. These pathways link the SMN to other brain regions

involved in higher-order cognitive processes, such as attention,

memory, and decision-making (6, 7) The SMN is also connected

to subcortical structures, including the basal ganglia and the

cerebellum, which is pivotal in motor control and learning (8).

Therefore, it is important to evaluate the post-stroke changes

and the recovery mechanism particularly strokes that involve

this SMN.

Research has shown that the impact of stroke depends on the

location of the stroke (9, 10). Stroke can lead to sensorimotor

deficits, affecting the ability to incorporate sensory inputs for

motor output, thereby compromising goal-directed functional

movements and motor abilities (11–13). The significance of SMN

in daily functioning is evident in the context of stroke, as they

are essential for activities of daily living and overall quality

of life. Stroke survivors often experience motor and sensory

impairments, cognitive deficits, and emotional disorders, which

can significantly impact their independence and wellbeing (14).

Stroke-induced damage to the M1 can result in weakness or

paralysis of the contralateral limbs. However, the brain can undergo

reorganization and plasticity to compensate for the damage,

leading to the recruitment of alternative motor pathways and

the development of new connections between brain regions (15).

The recovery process after stroke involves multiple mechanisms,

some of which are still not fully understood. This includes the

resolution of harmful local factors and neuroplasticity. The neural

reorganization is the most critical driver of functional recovery

post-stroke (16–19). However, a clearer understanding of the

mechanisms underlying cerebral reorganization is required to

develop more effective strategies to enhance the human brain’s

response to injury. The degree to which mechanisms underlying

cerebral reorganization are successful is likely to depend on the

functional state of the brain, the chronicity of the stroke, and the

degree of damage.

The principal aim of this systematic review is to evaluate the

existing literature on alterations in SMN in stroke patients, with

a specific emphasis on delineating the repercussions of stroke on

sensorimotor integration and its consequences on daily functioning

throughout the different stages. Functional magnetic resonance

imaging (fMRI) plays a crucial role in this evaluation, as it

provides detailed insights into the brain’s activity and connectivity

patterns. fMRI studies have demonstrated that stroke can lead

to significant changes in the SMN, affecting both structural

and functional connectivity. These alterations can manifest as

impaired sensorimotor integration, which can hinder the patient’s

ability to perform daily tasks effectively. By analyzing fMRI data

across different stages of stroke recovery, researchers can better

understand the dynamic changes in SMN and their impact on

motor and sensory functions, thereby informing rehabilitation

strategies to improve patient outcomes.

2 Methodology

2.1 Search strategy and study selection

This systematic review was conducted in compliance with

Preferred Reporting Items for Systematic Reviews and Meta-

Analyses (PRISMA) (20) and previous studies (21–24) are used as

the reporting guidelines.

The National Center for Biotechnology Information (PubMed)

and Scopus electronic databases were searched on April 2024,

using the following keywords: “sensorimotor” or “motor cortex”

or “supplementary motor area” or “sensorimotor network” and

“stroke” or “acute stroke” or “ischemic stroke” or “hemorrhage

stroke” and “functional MRI” or “fMRI”. Advanced search keyword

chains in PubMed and Scopus used are in Supplementary Table S1.

The references of the selected studies were cross-checked using

Google Scholar. One independent reviewer (N.S.A.S) performed

the systematic search and screened the title and abstract of

the articles, with duplicates being removed. The full text

of eligible papers was carefully read to decide whether the

eligibility criteria were met. The second and third reviewers

(H.A.M and N.Y) verified the findings and any possible

discrepancies were solved if necessary. Associated articles in

references and citations weremanually checked through the Google

Scholar database.

Frontiers inNeurology 02 frontiersin.org

https://doi.org/10.3389/fneur.2025.1456146
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Sahrizan et al. 10.3389/fneur.2025.1456146

TABLE 1 PICOS strategy for the selection of the study.

PICOS Criteria

Population Adult stroke patients (age >18 years old)

Intervention Functional magnetic resonance imaging of sensorimotor network

and Fugl-Mayer Assessment

Comparison Healthy controls

Outcome Motor deficits measured by clinical assessment and fMRI

Study All studies related to stroke patients assessed with fMRI except

case report, case series, all types of review, letter to editor

Inclusion criteria to select the studies: (a) adult patients with

stroke (age >18 years old), (b) motor assessment using Fugl-

Mayer Assessment (FMA) whole extremity. FMA is a widely used

tool for assessing motor function in patients with stroke. The

average FMA score is calculated based on the total score obtained

from the assessment, which ranges from 0 to 226, with higher

scores indicating better motor function (89). The FMA consists of

five domains: motor function, sensory function, balance, range of

motion, and joint pain. The FMA is a crucial tool in stroke studies

due to its comprehensive, reliable, and standardized approach to

evaluating motor function and other critical domains affected by

stroke. Its ability to track changes over time, predict outcomes, and

compare the effectiveness of interventions makes it indispensable

for both clinical practice and research in stroke rehabilitation. (c)

assessment using functional magnetic resonance imaging (fMRI)

post-stroke, (d) comparison with healthy controls (HC), (e)

original studies in English reported in peer-reviewed journals.

Pre-clinical studies, reviews, articles that are not in English, and

articles without full text were excluded. Articles that utilized

other imaging modalities such as computed tomography (CT),

positron emission tomography (PET), ultrasound, and navigated

transcranial magnetic stimulation (nTMS) were also excluded. The

summary of the inclusion criteria is tabulated in Table 1, PICOS

strategy for the selection of the study.

The PRISMA flow diagram (Figure 1) illustrates the screening

process. The electronic search identified 1999 records after

removing duplicate articles, 2 other results were added through

alternative sources. Thousand seven hundered and sixty-two were

excluded after title and abstract screening based on the exclusion

criteria. From the 237 articles selected, 219 of them were removed

for not meeting the eligibility criteria, finally, 20 articles were

included in this study. This systematic review was registered

under the International Prospective Register of Systematic Review

(PROSPERO). The tabulated data in all the tables were assessed to

fulfil our primary objective. The information included (1) average

FMA score at different time points and one-time points, and (2)

fMRI findings after stroke onset.

2.2 Data extraction

After the selected articles were considered suitable for

inclusion, one reviewer (N.S.A.S) extracted the following

information: (a) study author(s), (b) year of publication, (c)

country of origin, (d) number of participants, (e) mean age of

participants ± standard deviation, (f) type of strokes, (g) post-

stroke onset, (h) lesion location, (i) motor assessments, and (j)

analysis of fMRI (Table 2). The second and third reviewers (H.A.M

and N.Y) verified the information and any possible discrepancies

were discussed and solved if necessary.

2.3 Quality assessment

Assessment tools from the National Heart, Lung and Blood

Institute—Quality Assessment Tool for Observational Cohort and

Cross-Sectional Studies—have been used to assess the quality of

included studies. Details of the study selection assessment can be

found in the Supplementary Table S2.

3 Results

A total of 20 studies that match the PICOS criteria were selected

in this study. Tables 3, 4 summarize the study’s characteristics;

investigating the alterations of SMN due to stroke. The selected

studies comprise 1,224 participants: 618 patients with different

types and locations of stroke, and 606 healthy controls (HC).

Generally, all the selected studies have moderate and high quality,

as shown in Supplementary Table S2. The sample data collection

techniques, and study designs used in the selected studies adhere

to the established standards. All studies involved adult patients

with stroke in various locations and used reliable and valid data

collection methods.

3.1 Study details

Table 2 provides a summary of the study characteristics and

demographic data. Most of the studies were conducted in China

(n = 16), while other studies were conducted in South Korea (n

= 2), Japan (n = 1), and the United States of America (n = 1).

Participants included in the studies have an age range between 18

and 80 years old. Most studies matched the age and gender of the

HC. Additionally, none of the studies conducted separate analyses

based on age and gender.

Most studies reported ischaemic stroke, while only two

studies included patients with hemorrhagic stroke (25, 26). Lesion

locations were reported in multiple brain areas with basal ganglia

being the most common location reported (n = 9), followed by

internal capsule (n= 8) and, corona radiata (n= 6). Other locations

include the temporal lobe, pontine, thalamus, and parietal lobe.

The research included nine longitudinal studies with follow-up

periods ranging from 10-days post-stroke to 6 months (27–34).

Four cross-sectional studies recruited patients with <2-week

post-stroke onset (25, 26, 33, 35), two studies with patients within

3 months post-stroke onset (36, 37), and the remainder reported

patients up until after 6 months post-stroke onset (38–43).

Seven studies provided reports on multiple scanning and

motor assessment at different time points, Four studies featured

other motor assessments aside from FMA, which include Wolf

motor, box and blocks, grip strength, Trail Making Test, Flanker
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FIGURE 1

Flow diagram of the PRISMA study selection process.

Task, Number back Task, and Spatial back Task (32, 40, 42, 43),

Additionally, fMRI analysis used in each study includes Voxel-

based Morphometry, General Linear Model, Seed-based Analysis,

Independent Component Analysis, Degree Centrality, and Intra-

and Inter-networks analysis.

.

3.2 Fugl-Mayer Assessment

3.2.1 Within 2 weeks of stroke
Seven studies observed moderate motor impairment within

2 weeks of stroke onset (26, 28, 31–35), while two studies

reported severe motor impairment at the same timeframe (27, 30).

Noteworthy is Lee et al. (30), found that patients with supratentorial

stroke exhibited slightly lower average FMA scores compared

to patients with infratentorial stroke. The details tabulation of

correlation between FMA and brain activity is in Table 5. On the

other hand, Wei et al. (33) demonstrated that patients with left

pontine stroke hadmarginally lower average FMA scores compared

to their right pontine stroke counterparts. The number of studies

reporting FMA scores at different time points is detailed in Figure 2.

3.2.2 1-month stroke onset
Five studies documented patients’ average FMA scores,

revealing significant improvement compared to scores within the

initial 2 weeks post-stroke onset (27, 28, 31–33).

Furthermore, four studies documented that despite significant

improvement, patients’ average scores continue to reflect moderate

motor impairment (28, 31, 32). Park et al. (27) reported sustained

severe motor impairment within the first month after stroke onset.

Two studies showed that left-sided lesion patients have lower

average FMA scores compared to right-sided lesion patients

(25, 33).

3.2.3 3-months stroke onset
Six studies documented a significant improvement in patients’

average scores compared to earlier assessments (27, 28, 30–33).

However, only two studies categorized patients as having mild

motor impairment (31, 33). Notably, Wei et al. (33) observed that

left pontine stroke patients still displayed consistently lower average

scores than their counterparts while Chen et al. (36) reported

slightly lower scores for patients with pontine stroke compared to

those with basal ganglia stroke.
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TABLE 2 Demographic of selected studies.

No. Author (year): country No of
participants

Mean age ± SD
(age range)

Female (%) Type of stroke Post-stroke
onset (days)

Study type Lesion location Motor
assessments

fMRI
analysis

1 Li et al. (2022): China 28 PT, 42 HC 54.6 (30–70) 17.9 Ischemic <7 Cross-sectional BG FMA SBA

2 Chen et al. (2018a): China 76 PT, 55 HC NR 43.5 Ischemic, hemorrhage 7–30 Cross-sectional CR, IC, BG, thalamus, pons,

cerebellum

FMA SBA

3 Park et al. (2011): South Korea 12 PT, 11 HC 58.4 (47–74) 58.3 Ischemic <14 Longitudinal

(2-week, 1-month,

3-month, 6-month)

Middle cerebral artery, CR,

anterior cerebral artery,

striatocapsular

FMA NR

4 Liu et al. (2015): China 22 PT, 22 HC NR (34–75) 36.4 Ischemic <7 Longitudinal

(1-week, 1-month,

3-month)

Left hemisphere FMA ALFF, cortical

thickness

5 Chen et al. (2019): China 31 PT, 20 HC NR (40–80) 32.3 Ischemic >30 Cross-sectional BG, pontine FMA SBA

6 Cheng et al. (2015): China 12 PT, 16 HC 61.5 (47–77) 33.3 Ischemic <90 Longitudinal

(10-day. 2-week,

1-month, and

3-month)

BG, parietal lobe, CR, lateral

ventricle

FMA ROI-based

7 Wang et al. (2022): China 47 PT, 56 HC 57.8 (40–80) 44.7 Ischemic >180 Cross-sectional Pontine FMA, FT, NBT, SBT,

TMT

ICA, intra- and

inter-network

8 Lee et al. (2018): South Korea 40 PT, 24 HC NR (33–79) 37.5 Ischemic >14 Longitudinal

(2-weeks,

3-months)

Supratentorial, infratentorial FMA ROI-based

9 Lu et al. (2019): China 17 PT, 17 HC 52.0 (18–65) 5.8 Ischemic 7–90 Longitudinal

(1-week, 1-month,

3-month)

IC FMA ICA, ROI-based,

intra-network

10 Diao et al. (2020): China 86 PT, 75 NR (40–75) 25.6 Ischemic >180 Cross-sectional IC, BG, thalamus FMA, TMT SBA

11 Wang et al. (2014): China 25 PT, 22 HC 56.2 (42–72) 28.0 Ischemic >180 Cross-sectional IC, CR, BG, thalamus FMA ICA, intra- and

inter-network

12 Miyai et al. (2001): Japan 18 PT, 5 HC NR (38–71) 38.9 Ischemic <140 Cross-sectional IC FMA ROI-based

13 Liu et al. (2020): China 25 PT, 22 HC 56.2 (42–72) 28.0 Ischemic >180 Cross-sectional IC, CR LN, thalamus, Cau FMA ROI-based

14 Li et al. (2020): China 25 PT, 26 HC 52.7 (NR) 28.0 Ischemic <180 Longitudinal

(7-day, 2-week,

1-month, 3-month,

6-month)

BG FMA, grip strength Voxel-based, LI

15 Chen et al. (2023): China 34 PT, 44 HC 56.5 (30–75) 26.4 Ischemic <10 Longitudinal

(2-week, 3-month,

6-month)

BG, CR FMA DC

16 Wei et al. (2020): China 20 PT, 20 HC NR (40–80) 45.0 Ischemic <7 Longitudinal

(1-week, 1-month,

3-month, 6-month)

Pontine FMA SBA

17 Kalinosky et al. (2019): USA 10 PT, 21 HC 66.7 (NR) 40.0 Ischemic <180 Cross-sectional Temporal lobe, pons, IC, CST,

pre-CG, post-CG

FMA, Wolf motor,

box and blocks

ICA

18 Chen et al. (2018b): China 42 PT, 55 HC 57.9 (40–80) 50.0 Ischemic, hemorrhage <14 Cross-sectional CR, IC, BG thalamus FMA SWB

19 Hong et al. (2022): China 36 PT, 38 HC 56.7 (NR) 8.3 Ischemic >90 Cross-sectional Sub-cortical FMA ROI-based

PT, patient; HC, healthy controls; SD, standard deviation; NR, not recorded; BG, basal ganglia; CR, corona radiata; IC, internal capsule; CG, central gyrus; FMA, Fugl-Mayer Assessment; FT, Flanker Task; NBT, Number back Task; SBT, Spatial back Task; TMT, Trail

Making Test; VBM, voxel-based morphometry; GLM, general linear model; SBA, seed-based analysis; ROI, region of interest; ICA, independent component analysis; DC, degree centrality; SWB, sliding-window based analysis.
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TABLE 3 Motor assessments and fMRI findings in di�erent time points.

Author(s) Average FMA score (range) fMRI findings

1–2 weeks
post-stroke

1-month
post-stroke

3-months
post-stroke

6-months
post-stroke

Park et al. (2011): South Korea 24.2 (8–52) 30.8 (8–59) 50.5 (17–100) 53.8 (21–100) Increased connectivity of

ipsilesional M1 with cerebellum,

thalamus and MFG since onset

Cheng et al. (2015): China 72.8 (50–95) 77.1 (53–95) 81.4 (57–99) NR Several functional connections

strongly correlated with recovery

time

Lee et al. (2018): South Korea STS: 44.5 (11–83)

ITS: 44.8 (12–75)

NR STS: 66.8 (24–100)

ITS: 71.7 (26–100)

NR Network distance and

interhemispheric connectivity were

significantly disrupted in STS

group after stroke onset

Lu et al. (2019): China 72.4 (NR) 81.0 (NR) 95.0 (NR) NR Altered intra-network observed in

PT compared to HC

Li et al. (2020): China 64.3 (NR) 68.4 (NR) 69.2 (NR) 73.2 (NR) PT exhibit increased FC in MPFC

and MFG

Wei et al. (2020): China LPI: 73.9 (NR)

RPI: 83.2 (NR)

LPI: 85.9 (NR)

RPI: 96.3 (NR)

LPI: 89.6 (NR)

RPI: 98.4 (NR)

LPI: 91.2 (NR)

RPI: 99.0 (NR)

Altered CBF and FC found in PT

FMA, Fugl-Mayer Assessment; fMRI, functional magnetic resonance imaging; NR, not recorded; PT, patients; STS, supratentorial stroke; ITS, infratentorial stroke; LPI, left pontine infarction;

RPI, right pontine infarction; HC, healthy controls; MFG, middle frontal gyrus; FC, functional connectivity; MPFC, middle prefrontal cortex; CBF, cerebral blood flow.

TABLE 4 Motor assessments and fMRI findings in one-time point.

Author(s) Average FMA scores (range) fMRI findings

Li et al. (2022): China 77.03 (NR) PT had frequency-specific alterations in FC

Chen et al. (2018): China Right-sided PT: 76.53 (NR)

Left-sided PT: 72.24 (NR)

Patterns of both static FC and dynamic FC changed after stroke

Chen et al. (2019a): China Pontine: 89.14 (NR)

BG: 91.00 (NR)

Different patterns of FC damage observed in PT

Wang et al. (2022): China 94.89 (NR) Altered inter-network and intra-network observed in PT

Diao et al. (2020): China Right-sided PT: 87.1 (28–100)

Left-sided PT: 92.9 (19–100)

PT with left-sided lesion exhibit stronger global- and long-range FC in SMC

Wang et al. (2014): China 98.8 (94–100) Altered inter-network and intra-network observed in PT

Liu et al. (2020): China 98.8 (94–100) SMA subregions and preSMA showed decreased rsFC

Chen et al. (2023): China 74.9 (NR) Altered dynamic centrality observed in PT in comparison to HC

Chen et al. (2019b): China 76.4 (NR) Pattern of intrinsic brain activity is altered in PT compared to HC

FMA, Fugl-Mayer Assessment; fMRI, functional magnetic resonance imaging; NR, not recorded; PT, patients; BG, basal ganglia; FC, functional connectivity; SMC, sensorimotor cortex; SMA,

supplementary motor area; rsFC, resting-state functional connectivity; HC, healthy controls.

Four studies indicated the persistence of moderate motor

impairment in patients (25, 28, 30, 32). Lee et al. (30) found that

supratentorial stroke patients had lower average recovery scores

than those with infratentorial strokes, with the latter showing

significant improvement within the first 2 weeks. In contrast, Park

et al. (27) reported lingering severe motor impairment 3 months

post-stroke, although acknowledging a substantial improvement

compared to the first month.

3.2.4 6-months stroke onset
Among the seven studies longitudinal studies, only three

studies followed up patients up to the 6-month mark post-stroke

(27, 32, 33). Two studies, although reported improvement in FMA

scores during this period remained in the same category, Park et al.

(27) in severe group while Li et al. (32) in the moderate group.

In studies employing one-time point assessments, four studies

identified mild motor impairment in patients (36, 41–43).

Wei et al. (33) found near-normal motor recovery in right

pontine stroke patients, while Diao et al. (42) reported slightly

better outcomes for left-sided strokes.

3.3 Resting state-FMRI analysis

FMRI analysis used includes General Linear Model (n = 1),

Seed-based Analysis (n = 10), Independent Component Analysis
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TABLE 5 Correlation between FMA and brain activity.

Authors Stroke stages Correlation fMRI
findings with clinical
assessment

Chen (2018a) Sub-acute Contralesional

Negative correlation between M1

and FMA

Chen (2018b) Positive correlation between SMA

and FMA

Liu (2015) Acute to chronic Positive correlation between SMC

and FMA

Wei (2020) Acute to chronic Negative correlation between SMA

and FMA

Li (2022) Acute No correlation between FC and

FMA

Chen (2023) Subacute to chronic Positive correlation between

precentral gyrus and FMA

Cheng (2015) Acute to chronic Ipsilesional

Positive correlation between FC for

SMN and FMA

Wu (2017) Chronic Negative correlation between

aGMV and FMA

Lu (2019) Acute to chronic No correlation between SMN FC

and FMA

Miyai (2001) Chronic

Wang (2014) Subacute No correlation mentions between

region and FMA

Chen (2019)

Kalinosky

(2019)

Chronic No correlation between region and

FMA

Liu (2019) Chronic No correlation mention

Diao (2020) Chronic No correlation between SMN FC

strength and FMA

Li (2020) Acute to chronic No correlation between FC

strength and FMA

Wang (2022) Chronic

Park (2011) Chronic Positive correlation between SMN

region and FMA

Lee (2018) Subacute to chronic Positive correlation between

altered network and FMA

FMA, Fugl-Meyer Assessment; SMA, supplementary motor area; PMC, premotor cortex; FC,

functional connectivity; SMC, supplementary motor cortex; _R, right side; _L, left side; TH,

thalamus; aGMV, average gray matter volume

(n = 5), Degree Centrality (n = 1), and Intra- and Inter-networks

analysis (n= 3).

Two studies revealed asymmetrical resting-state connectivity

and altered functional connectivity (26, 27). Three studies

mentioned diminished functional connectivity (FC) in multiple

locations and several networks, including intra-hemispheric

networks (32, 40, 43) and one study reported a decreased degree of

centrality in multiple supratentorial locations in basal ganglia and

corona radiata stroke (34). The decreased functional connectivity

locations were found in the inferior occipital gyrus, medial

prefrontal cortex, and middle frontal gyrus in the left basal ganglia

stroke, and ipsilesional hemisphere in supratentorial stroke (32).

On the other hand, one study showed an increased degree

of centrality (34) and six studies reported increased functional

connectivity in multiple networks and different locations of strokes

(28, 31, 32, 37, 38, 43). Cheng et al. (28) observed an initial in FC at

the acute stage followed by a gradual decrease during the subacute

phase of motor recovery. This finding was supported by Miyai et al.

(38) demonstrating contralateral SMC activation in early subacute

patients. Moreover, Liu et al. (29) also observed increased ALFF in

bilateral PMC at 12 weeks post-stroke.

Li et al. (32) observed diminished functional connectivity

(FC) strength in the calcarine and inferior occipital gyrus

(IOG) regions, coupled with heightened FC in the medial

prefrontal cortex (MPFC), middle frontal gyrus (MFG), and insula

among patients with left basal ganglia stroke. Moreover, the FC

strength pronounced lateralization between the bilateral cerebral

hemispheres, favoring the contralesional hemisphere in patients.

This is supported by Wang et al. (43) that identified diminished

intra-network FC in primary perceptual and higher cognitive

control networks, including the SMN, visual network (VIS), DMN,

and salience network. Reduced inter-network FC was also observed

in the primary perceptual (VIS-SMN) and higher cognitive control

networks (43). Moreover, there was decreased intra-network FC

in three left hemispheric brain regions (left paracentral lobule,

left praecuneus, and left middle cingulum (43) and within the

frontoparietal network and anterior DMN compared to HC (39).

Kalinosky et al. (40) also found decreased inter-network FC

between the ipsilesional SMC and the contralesional cerebellum

which notably correlated with task performance, specifically hand

function scores in the box and blocks scores. Subsequently, Park

et al. (27) also showed decreased connectivity with the SMC,

occipital cortex, and MFG could persist over 6 months after stroke.

On the other hand, Lu et al. (31) reported heightened intra-

network FC in two right hemispheric regions (right PreCG and

right paracentral lobule) among patients compared to HC. Wang

et al. (39) also found that stroke patients had increased intra-

network FC in the SMN, VIS, auditory network, dorsal attention

network, and DMN. This finding is supported by Cheng et al.

(28) who observed an initial increase in FC at the acute stage,

followed by a gradual decrease during the sub-acute phase of motor

recovery, andMiyai et al. (38) who demonstrated contralateral SMC

activation in early subacute patients, accompanied by frequent

ipsilateral SMC activation. Two other studies also supported the

findings: Hong et al. (37) identified specific FC increases between

the cerebellar anterior lobe and cerebellar posterior lobe with

cerebral regions in chronic stroke patients compared to HC, and

Liu et al. (29) showed an increased amplitude of low-frequency

fluctuations (ALFF) was observed only in bilateral M1 and only

at 12 weeks post-stroke, as also reported by Chen et al. (26)

about significant altered dynamic ALFF in various brain regions

in patients compared to HC. Then, Park et al. (27) also showed

a persisting findings for increased connectivity in the cerebellum,

thalamus, and posterior parietal cortex over 6 months after stroke.

Liu et al. (41) reported distinct functional reorganization

patterns within the SMA, with the SMA proper exhibiting increased

resting-state FC (rs-FC) with the primary sensorimotor area and

caudal cingulate motor area, while the preSMA showed increased
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FIGURE 2

The number of studies revealing FMA scores at di�erent time points.

rs-FC with the rostral cingulate motor area of the motor control

network. Moreover, both SMA subregions displayed decreased rs-

FC with the fronto-insular cortex (41). Then, Chen et al. (34) noted

an increased degree of centrality in the right superior temporal

gyrus and the left praecuneus, while decreases were observed in

the right inferior temporal gyrus, right IOG, right PreCG, and

right SMA.

3.4 Correlation analysis

Several studies performed correlation analysis between

neurophysiological assessment and fMRI findings, particularly

emphasizing the precentral gyrus (PreCG) and supplementary

motor area (SMA) as key components of the SMN. Notably,

conflicting reports exist regarding its relationship with the

FMA scores: one study found a negative correlation with the

contralesional PreCG (25), while another study reported a positive

correlation (34). Additionally, two studies reported positive

correlations between SMC-M1 connectivity with the FMA scores

(27, 29). The SMA also demonstrated mixed results: one study

reported a positive correlation (26), while another found a negative

correlation (33). These discrepancies suggest a complex and

context-dependent role for the PreCG and SMA in sensorimotor

functions and recovery.

Furthermore, seven studies reported no correlation between

the SMN and the FMA scores (31, 32, 35, 39, 40, 42) indicating

variability across different populations or methodologies.

Moreover, additional studies have linked fMRI findings with

other neurophysiological measures. For instance, Wang et al.

(43) found a negative correlation between FC and attention,

working memory, and overall memory scores. Lee et al. (30)

identified a positive correlation between motor function and

altered network measures in both supratentorial and infratentorial

strokes, underscoring the importance of network dynamics in

understanding motor recovery.

3.5 Lesion location analysis

3.5.1 Basal ganglia lesion
The studies by Li et al. (32), Li et al. (35), and Chen et al. (36)

all investigate functional connectivity (FC) changes in patients with

basal ganglia strokes, finding that the frontal cortex is particularly

affected. Chen et al. (36) reported decreased FC in specific brain

regions, including the left precuneus, right SMA, and right SFG. Li

et al. (35) focused on frequency-specific FC changes, finding that

different frequency bands (conventional, Slow-4, Slow-5) exhibited

distinct patterns in FC between motor and visual regions. They

consistently observed higher FC between bilateral M1 and bilateral

medial SFG and lower FC with bilateral lingual gyrus across

multiple frequency bands, compared to healthy controls. They also

employed SVM analysis, achieving high accuracy in predicting

stroke patients using combined features from the Slow-4 and Slow-

5 bands. In contrast, Li et al. (32) explored longitudinal changes

in FC, showing that stroke patients exhibited stronger FC in the

contralesional middle prefrontal cortex (MPFC) over 6 months

post-stroke, with initially stronger FC in the middle frontal gyrus

(MFG) shifting to the insula at 6 months.

3.5.2 Pontine lesion
Wei et al. (33), Chen et al. (36), andWang et al. (43) all examine

FC alterations in pontine stroke patients, consistently reporting

decreased FC in key brain networks, particularly in language and

visual networks. Both Chen et al. (36) and Wang et al. (43) showed

reduced FC in the DMN. Wang et al. (43) further identified

decreased intra-network FC in the DMN, VIS, and SAN networks.

as well as decreased FC between perceptual and motor networks
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(VIS-SMN) and increased FC between perceptual and cognitive

control networks (VIS-DMN, VIS-frontoparietal) were found.

A study by Wei et al. (33) uniquely explored differences in

cerebral blood flow (CBF) and FC changes between left and right

pontine stroke patients. In left pontine stroke patients, changes

during the follow-up period were observed in regions associated

with language and visual networks, specifically the contralesional

supramarginal gyrus (SpMG) showed decreased CBF with time.

These patients also demonstrated a recovery pattern where FC

between the contralesional SpMG and the contralesional middle

temporal gyrus (MTG), middle occipital gyrus (MOG), and inferior

frontal gyrus (IFG) decreased until 3 months post-stroke before

increasing. In contrast, right pontine stroke patients exhibited CBF

changes in integrative brain regions, including increased CBF in the

contralesional cingulate gyrus andmiddle occipital gyrus over time,

while CBF in the ipsilesional SMA was initially high, decreased at 1

month, and then increased again.

3.5.3 Supratentorial vs. infratentorial lesion
Lee et al. (30) found that patients with supratentorial

strokes showed disrupted interhemispheric balance, with increased

network distance and reduced interhemispheric connectivity

strength compared to healthy controls. Infratentorial stroke

patients, by contrast, exhibited minimal disruption in these

measures. During recovery, only the infratentorial stroke group

showed improvements, with decreased network distance and

increased interhemispheric connectivity.

3.5.4 Left vs. right lesion
Three studies, along with the results from Wei et al. (33)

described in the pontine section, examined the effects of left-

vs. right-sided lesions. Diao et al. (42) found that patients

with left-sided strokes exhibited a significant increase in FC

strength and long-range FC strength within the ipsilesional SMC.

Additionally, left-sided stroke patients showed increased global-

range FC between the ipsilesional SMC and contralesional MFG,

whereas right-sided patients did not exhibit significant differences

compared to healthy controls in any analysis.

A study by Chen et al. (25) found no difference between

left- and right-sided stroke patients in terms of static FC

increases in sensorimotor network (SMN) regions. However, when

dynamic FC was analyzed, right-sided stroke patients exhibited

significant increases in FC between SMN and task-positive regions,

particularly the ipsilesional MOG and contralesional PreCG or

MFG. Left-sided lesions, in contrast, showed increased FC between

SMN and DMN regions, specifically the ipsilesional precuneus and

calcarine gyrus. The increased dynamic FC was suggested to be due

to rewiring in the perilesional zone.

4 Discussion

The studies reviewed report significant alterations in functional

connectivity (FC) in various brain regions following a stroke,

with notable lateralization differences between hemispheres (32).

Post-stroke, dynamic FC changes are linked to task performance

during recovery, highlighting the importance of connections both

within and between the SMN and other networks. Distinct patterns

emerge based on lesion location, where basal ganglia lesions affect

SMN connections with frontal areas, and pontine lesions impact

connections with the visual and language networks. Additionally,

supratentorial strokes lead to more significant SMN disruptions

than infratentorial strokes, and left-hemisphere lesions disrupt

SMN connectivity more than right-hemisphere lesions.

4.1 Motor deficits related to FC changes in
sensorimotor networks

Both the initial stroke lesion and subsequent changes in FC

contribute significantly tomotor impairments. Stroke disrupts local

neural circuits and broader connectivity across brain networks,

diminishing the brain’s capacity to coordinate motor functions.

Alterations in FC within the SMN are common post-stroke and

lead to symptoms like muscle weakness, poor coordination, and

abnormal muscle tone (32, 44). These changes in FC fluctuate

over time and are linked to motor performance improvements,

reflecting the brain’s dynamic recovery processes (28, 40).

Core regions within the SMN, such as the M1, are heavily

impacted by stroke, leading to motor impairments (45, 46).

Additionally, reduced FC between the DLPFC and SMN has

been linked to improved processing speed and decreased reliance

on cognitive-motor functions in chronic stroke survivors (47).

Rehabilitation targeting both motor and cognitive domains is

essential for addressing the complex effects of these SMN

adaptations on motor recovery (90).

4.2 Regions important for motor function
recovery

The SMA and M1 (also referred to as PreCG) have been

consistently reported to correlate significantly with FMA scores,

emphasizing their role in motor recovery. Several studies also

found that improvement in functional outcomes is often linked to

increased activation and connection with M1 and SMA, providing

a valuable marker for evaluating therapeutic interventions (48–

50). These highlights the need of therapeutic strategies that

engage these regions to promote neuroplasticity (51). For instance,

physical therapy exercises targeting M1 can enhance strength and

coordination (52, 53), while interventions focused on SMA aid in

retraining movement sequencing and planning (54).

However, challenges persist, particularly in cases of unilateral

damage where contralesional M1 activation may increase,

potentially complicating recovery (25, 28). Notably, early changes

in FC within contralesional motor networks can significantly

influence recovery in severe cases, with interhemispheric network

adjustments playing a key role in motor function restoration

(55, 56).

The interplay between the SMN and other resting-state

networks in the brain is complex, with alterations in one network

exerting influence on other networks due to their interconnected

nature (7, 57, 58). Beyond the SMN, stroke also affects connections
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between the SMN and other networks, with recovery potentially

linked to restoring these inter-network connections. Wang et al.

(43) and Javaheripour et al. (59) reported disrupted FC both

within the SMN and between other networks post-stroke, which

is associated with motor deficits and broader cognitive effects. In

cases where the motor network is significantly damaged, cognitive-

related networks play a vital role in supporting motor recovery

(58). Additionally, research found that motor rehabilitation

enhances synergy among motor, default mode, and executive

control networks, further promoting recovery and emphasizing the

importance of network collaboration (60). Furthermore, stronger

baseline FC and more efficient network reconfigurations have been

correlated with improved long-term motor recovery in stroke

patients (61).

4.3 Comparison of stroke location

The impact of stroke on sensorimotor integration, the process

of incorporating sensory inputs to shape motor output (62–64), is

contingent on the lesion’s location. Evident in this review when

fMRI findings are separated according to the lesion location.

This review found that basal ganglia lesions prominently affect

frontal regions, aligning with reports that symptoms in patients

with basal ganglia lesions are associated with disruptions in non-

motor frontal subcortical circuits (65). Several studies found that

basal ganglia dysfunction can interfere with motor planning and

execution by disrupting normal frontal lobe functions (66), as well

as contribute to imbalances between facilitatory and inhibitory

processes in the frontal cortex (67). This disruption can lead to

deficiencies in higher-order motor control and affect the emotional

and motivational components of movement (68, 69).

Pontine stroke patients on the other hand seemed to affect

the visual and language network connecitivity with DMN to

some extrent. Potentially due to pontine is in pathways that

connect cortical areas to the cerebellum (the pontocerebellar

fibers), which is essential for integrating sensory input between

the cerebellum and contralateral cortical areas; lesions here lead to

reduced coordination in motor and sensory processing, impacting

language functions and eye movement control (70). Alteration

in the DMN indicated that pontine damage is also associated

with higher cognitive processes, potentially affecting attention,

language processing, and sensory integration (36). Additionally,

the severity of cognitive decline due to pontine infarcts has been

linked to changes in SMA activation, highlighting the phenomenon

of diaschisis, where remote brain areas—particularly cortical and

cerebellar regions—are affected by the injury (71).

Furthermore, alterations in intra- and inter-hemispheric

sensorimotor coupling post-stroke significantly influence the

planning and execution of voluntary movements (72). Notably,

a study by Lee et al. (30) highlighted lower interhemispheric

connectivity strength in patients with supratentorial stroke

compared to those with infratentorial stroke. Recovery dynamics

differed, with infratentorial stroke patients demonstrating

improved interhemispheric connectivity over time, contrasting the

static nature observed in supratentorial stroke cases (30). Lesions

in supratentorial structure have been associated with poorer

functional outcomes and persistent cognitive dysfunction (10, 73).

4.4 Recovery mechanisms after stroke

Following a stroke, there is a dynamic evolution in FC

within the brain, characterized by distinct phases. In the

acute stage, immediate neural impacts disrupt FC, leading to

motor impairments (1). The insult triggers excitotoxicity, causing

neuronal death in affected regions (74). An ensuing inflammatory

reaction exacerbates damage, disrupting normal neural network

functioning and causing loss of FC in other brain regions (75, 76).

During the sub-acute phase, characterized by recovery and

repair, the inflammatory response diminishes, providing a more

stable environment for neural tissue repair (77). Neuroplasticity

becomes more noticeable as neurons in nearby regions undergo

both structural and functional modifications to make up for the

functions that have been lost (78). This results in the creation

or fortification of connections, which is evident in the changes

in FC patterns and enhancements in motor abilities, language, or

cognitive functions (78).

In the initial 1–2 weeks post-stroke, patients exhibit severe

to moderate motor impairment based on the FMA score (27, 28,

30–33, 35). Subsequently, during the sub-acute phase, significant

improvement occurs, influenced by factors such as lesion size,

location, individual variability, and the efficacy of rehabilitation

interventions. A study reported restored connectivity between

contralateral regions in the language network during the sub-

acute stage (79). Changes in FC, particularly in the contralesional

hemisphere, are proposed compensatory mechanisms for motor

impairment (55, 56). Temporal variability analysis revealed

increased dynamic FC, notably in the perilesional zone, indicating

compensatory reorganization and integration of rs-FC (25, 80).

These findings underscore the temporal dynamics of FC alterations

post-stroke, emphasizing the potential for enhance neural plasticity

during early rehabilitation (30, 81–83).

In stroke recovery, the early sub-acute phase occurs from 7 days

to 3 months post-stroke, characterized by significant spontaneous

neurological recovery and high neuroplasticity. Whereas, the late

sub-acute phase spans from 3 to 6 months post-stroke, where

neurological recovery stabilizes, and the rate of improvement slows.

In the late sub-acute phase post-stroke, the cerebral adaptive

processes persist, albeit at a potentially decelerated rate compared

to the earlier sub-acute period (19). Behavioral assessment using

FMA indicates continued patient improvement, though there were

no significant changes in average scores between the late and

early sub-acute phases (27, 28, 30–33). This stabilization in FMA

scores during the late sub-acute phase may be attributed to the

gradual attenuation of the initial rapid improvements observed

in the preceding sub-acute period. Compensatory changes in FC,

instigated during the sub-acute phase, may persists, or undergo

further refinement during the late sub-acute phase. The brain relies

on these modified connectivity patterns, particularly in regions

proximal to the stroke-affected area (84).

In the chronic phase of stroke, the cerebral landscape undergoes

substantial adaptive transformations, culminating in a more
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stabilized state of recovery (85). During this period, FC achieves

a state of stability, indicative of a settled pattern within the neural

network organization (85). Although the tempo of neuroplasticity

tends to decelerate compared to earlier phases, the brain retains

a discernible degree of plasticity during the chronic phase (86).

Late recovery may manifest in some individuals during the

chronic phase, attributed to multifaceted factors such as sustained

rehabilitation endeavors, lifestyle adjustments, or spontaneous

improvements in neural functionality. A study by Park et al.

(27) observed that patients in this phase exhibited moderate

motor impairment, yet alterations in connectivity endured for up

to 6 months post-stroke onset. Additionally, asymmetry in FC

demonstrated a dynamic shift, increasing until 1 month after the

stroke, followed by a subsequent decrease, implying an evolving

connectivity pattern during the initial stages of recovery (27).

Miyai et al. (38) contributed insights by noting that activation

patterns in contralateral and ipsilateral SMC and PMC may signify

variances in cortical reorganization during this chronic phase.

Notably, patients with Wallerian degeneration despite achieving

similar functional outcomes might necessitate more substantial

cortical reorganization for motor recovery (38).

Moreover, within this phase, a considerable number of

patients attain noteworthy recovery; nevertheless, some may

endure enduring deficits attributed to the initial damage extent

or individual variabilities in recovery capacity (64). It is also

worth noting that compensatory movement patterns have the

potential to impede or obstruct genuine recovery, fostering

the formation of maladaptive motor programs (87, 88). Such

maladaptive programs may contribute to a deficiency in limb-

girdle mobility, consequently exerting a detrimental influence on

the comprehensive recovery trajectory (87, 88).

4.5 Limitations and challenges

While this study provides valuable insights into the relationship

between SMN alterations and motor recovery in stroke patients,

several limitations must be acknowledged to provide a balanced

interpretation of the findings.

A significant limitation is the geographical and ethnic bias in

the literature reviewed. The majority of studies were conducted

in Asian populations, raising concerns about the generalizability

of the findings to other ethnic groups. Differences in genetic

predisposition, stroke risk factors, rehabilitation accessibility,

and cultural influences on recovery behavior may lead to

variations in FC patterns and recovery trajectories. Future research

should incorporate multi-center, cross-cultural studies to enhance

external validity.

Secondly, stroke is inherently heterogeneous, with considerable

variability in lesion size, location, and severity, which complicates

direct comparisons across studies. Lesions affecting different

regions—such as the motor cortex, basal ganglia, or pontine

areas—may lead to distinct recovery patterns due to differences in

neuroplastic potential. While our review attempts to account for

these variations, a more systematic classification of lesion-specific

FC alterations is necessary to refine predictive models for motor

recovery. Additionally, although our review focuses on ischemic

stroke, differences between ischemic and hemorrhagic stroke could

still introduce inconsistencies, as underlying pathophysiological

mechanisms and recovery trajectories differ. Future research should

explore whether shared or distinct neuroplasticity mechanisms

govern motor recovery in different stroke subtypes.

Thirdly, a major challenge in synthesizing findings across

studies is methodological heterogeneity, including variations in

imaging protocols, FC analysis techniques, sample sizes, and

statistical approaches. Differences in MRI acquisition parameters,

preprocessing pipelines, and functional connectivity metrics (e.g.,

seed-based vs. independent component analysis) can lead to

variability in reported outcomes, making direct comparisons

difficult. Furthermore, small sample sizes in some studies may limit

statistical power and increase the risk of false-positive findings.

There is a pressing need for larger, well-controlled longitudinal

studies to track FC changes over time and differentiate between

transient and long-term neuroplasticity effects. Establishing

standardized reporting guidelines and harmonized imaging

protocols across studies could help improve reproducibility and

robustness in future research.

Fourthly, despite significant progress, several fundamental

questions remain unanswered. The precise temporal dynamics

of FC changes during different phases of stroke recovery are not

fully understood. While some studies suggest early disruptions

in SMN connectivity followed by later-stage compensation, the

critical time windows for targeted interventions remain unclear.

Additionally, the interaction between motor and cognitive

networks in stroke recovery is an area that warrants deeper

exploration, particularly in patients with co-occurring cognitive

impairment or aphasia. Moreover, the potential clinical translation

of FC findings remains a major challenge. While FC alterations

provide valuable insights into brain plasticity, their direct

applicability in guiding personalized rehabilitation protocols is still

evolving. AI-driven predictive models, multimodal neuroimaging

integration (e.g., DTI + rs-fMRI), and neuromodulation

techniques (e.g., TMS, tDCS) should be further investigated

to bridge the gap between theoretical findings and practical

therapeutic applications.

Finally, our database search was restricted to PubMed and

Scopus, which, while comprehensive, may have excluded relevant

studies indexed in other databases such as Web of Science or

Embase. However, to mitigate this limitation, we cross-referenced

Google Scholar to identify any additional relevant studies that were

not captured in our primary search.

5 Conclusion

The findings from the selected literature underscore the

complex interplay between sensorimotor network (SMN)

alterations and motor deficits in stroke patients, highlighting

the critical role of the stroke location in shaping sensorimotor

integration and recovery trajectories. The evidence suggests that

functional connectivity (FC) undergoes dynamic reorganization

post-stroke, with compensatory mechanisms facilitating adaptive

neuroplasticity. However, the extent and effectiveness of these

compensatory changes appear to be influenced by multiple

factors, including lesion site, stroke severity, and pre-existing
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neural reserve. These findings have significant implications for

rehabilitation strategies, as a deeper understanding of SMN

reorganization could enable the development of personalized,

targeted interventions that optimize motor recovery. Despite

these insights, challenges remain in translating these findings

into clinically viable therapeutic approaches. Current limitations

include the heterogeneity of patient responses, the variability in

neuroimaging methodologies, and the need for longitudinal studies

to track the evolution of FC changes over time.

Future research should focus on integrating multimodal

imaging techniques, such as diffusion tensor imaging (DTI), task-

based fMRI, and electrophysiological assessments, to provide a

more comprehensive understanding of SMN plasticity and its

interaction with cognitive recovery mechanisms. Additionally,

the potential of AI-driven predictive models and brain-computer

interface (BCI)-based rehabilitation strategies should be explored

to enhance recovery outcomes. Further studies should also

investigate the role of non-invasive neuromodulation techniques,

such as transcranial magnetic stimulation (TMS) and transcranial

direct current stimulation (tDCS), inmodulating SMN connectivity

and promoting neuroplasticity. By advancing our knowledge of

the neurobiological underpinnings of post-stroke recovery, future

research can bridge the gap between neuroscientific discoveries and

clinical application, ultimately improving functional outcomes and

quality of life for stroke survivors.
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