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Abstract
Introduction It has been demonstrated that rehabilitative in-
terventions can promote motor function recovery in stroke
patients. However, little is known regarding the neural mech-
anisms that underlie the rehabilitation treatments. The aim of
this study was to investigate the plasticity of intrinsic func-
tional connectivity patterns that are associated with rehabilita-
tion intervention in chronic stroke patients.
Methods Twelve chronic stroke patients with subcortical le-
sions in the left motor pathway participated in a 4-week reha-
bilitation intervention and underwent resting-state functional
magnetic resonance imaging (fMRI) scanning before and after
the intervention. Both functional connectivity analyses of the
ipsilesional (left) primary motor cortex (M1) and measure-
ments of the lateralization index of the connectivity patterns
were performed in both the stroke patients and healthy con-
trols (HC).

Results Compared with the HC, the decreased connectivity of
the ipsilesional M1 with the contralesional sensorimotor cor-
tex (SMC), bilateral supplementary motor areas, and inferior
parietal lobule due to stroke were remarkably restored after the
intervention. More specifically, the lateralization index of the
bilateral SMC tends to be the normal level. Moreover, com-
paring post- with pre-intervention, we observed significantly
increased connectivity of ipsilesional M1 with the
contralesional M1 and medial superior frontal gyrus (mSFG).
Additionally, the index of pre-intervention connectivity with
the contralesional mSFG was positively correlated with motor
improvement.
Conclusion The impact of rehabilitation intervention on in-
trinsic functional connectivity patterns throughout the brain
was measurable on resting-state fMRI, and systematic assess-
ment of resting-state functional connectivity can provide prog-
nostic insight for later motor improvement.

Keywords Resting state . Function connectivity . Motor
recovery . Rehabilitation intervention . Stroke

Introduction

Stroke is the leading cause of long-term disability worldwide,
and more than 50% of the stroke patients are left with residual
motor deficits [1] that significantly reduce the quality of daily
life. Over the past few years, many studies have attempted to
understand the neural mechanisms of motor recovery follow-
ing stroke in the hope that understanding these mechanisms
will improve our ability to accelerate the recovery process.
Although it is well accepted that cortical reorganization un-
derlies the restoration of motor function following stroke
[2–6], the precise restoration mechanisms have not been un-
derstood completely. As a non-invasive in vivo neuroimaging
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technique, functional magnetic resonance imaging (fMRI) has
undoubtedly played an important role in investigating the neu-
ral mechanisms that underlie motor recovery following stroke.
Task-based fMRI studies have reported various patterns of
cerebral reorganization that contribute to the restoration of
motor function following stroke [7–10]. However, many fac-
tors puzzle investigators when determining the patterns of
cerebral reorganization, including task-induced head motion,
differences in task performance, the inhomogeneity of the
patients recruited (e.g., variation in age, gender, location,
and scope of the lesion), the degree of functional deficit, and
the time after stroke. In particular, it is difficult for severely
disabled patients to perform the selected tasks.

In recent years, there is growing interest in resting-state
fMRI, which mainly focuses on low-frequency blood oxy-
gen level-dependent (BOLD) signal fluctuations (0.01–
0.08 Hz) during rest periods. These fluctuations reflect
spontaneous neural activity, and temporal correlations
have also been identified between functionally related re-
gions, such as motor, default mode, language, visual, at-
tentional, and salience networks [11–14], which are typi-
cally called intrinsic functional networks. In particular, it
has been shown that alterations in these intrinsic fluctua-
tions can be used as a marker of network dysfunction in
stroke patients [15–17]. In contrast to task-based fMRI, the
advantage of resting-state fMRI is that it can be performed
without an overt task or external input, and thus, it pro-
vides an ideal tool for studying patients who are unwilling
or unable to adhere to task paradigms.

The most often-used method for investigating intrinsic
functional connectivity with resting-state fMRI is the Bseed-
based^ approach [11]. At present, seed-based functional con-
nectivity analysis of primary motor cortex (M1) is usually
employed in stroke brain reorganization research because it
can successfully identify the motor executive network [17,
18]. The previous longitudinal studies mainly focused on ce-
rebral reorganization following spontaneous motor recovery
[18, 19]. Numerous therapies have been developed for stroke-
related motor deficits, such as movement training, pharmaco-
therapy, acupuncture, constraint-induced movement therapy
(CIMT) [20], motor imagery training (MIT) [21], and so on.
However, little is known concerning the neural mechanisms
underlying these rehabilitation interventions. In this study, we
selected a homogeneous group of chronic stroke patients and
performed resting-state functional connectivity analysis of the
ipsilesional M1. We hypothesized that the functional connec-
tivity changes in motor-related network would be associated
with the 4-week rehabilitation intervention in those chronic
stroke patients. Furthermore, we also investigated neural cor-
relates associated with motor recovery after intervention. This
brain–behavior correspondence can make a unique contribu-
tion in the rehabilitation field and possibly help to evaluate
new treatment regimens that assist motor recovery.

Materials and methods

Participants

We recruited 12 subcortical stroke patients (12 males, age
±SD 58.67±10.26 (years)) with puremotor deficits from both
outpatient and inpatient services at Huashan Hospital, which
is affiliated with Fudan University, and 12 healthy controls
(HC) (9 males and 3 females, age±SD 57.25±9.37 (years))
who were from local communities. The two groups are com-
parable for age and gender. And, all of the subjects gave their
informed consent prior to being included in this study. Both
the mini-mental state examination (MMSE) and the upper
limb section of the Fugl–Meyer Scale (FM-UL) were admin-
istered to all of the stroke patients. The inclusion criteria for
the stroke patients were as follows: (1) only one stroke (infarct
or hemorrhage); (2) the time post-stroke (≥3 and ≤6 months)
prior to the study enrollment; (3) all of the participants had
sufficient cognitive abilities (MMSE ≥27); (4) the ages of the
participants were between 18 and 80 years; (5) pure motor
hemiplegia, as evaluated according to a modified Brunnstrom
classification, of both the paretic arm and hand is lower than
grade IV [22]; and (6) right handed prior to stroke as deter-
mined by the Edinburgh Handedness scale [23]. The exclu-
sion criteria were as follows: (1) any contraindications to MRI
testing or claustrophobia; (2) excessive pain in the affected
arm, as measured by a score of >4 on a 10-point visual analog
scale; (3) excessive spasticity, defined as a score of >2 on the
Modified Ashworth Spasticity Scale (4) severe aphasia, ne-
glect, and sensory disturbances; (5) participation in any exper-
imental rehabilitation or drug studies; (6) major artery occlu-
sion or severe tenosis; (7) active malignant disease or renal,
liver, or cardiac failure; (8) other neurological disease or de-
pression; and (9) receiving drugs such as benzodiazepine, an-
tidepressants, or antiepileptics. Additionally, one patient was
excluded due to incomplete fMRI data. The clinical and de-
mographic data of the remaining 11 patients are summarized
in Table 1, and the lesion with the maximum area for each
stroke patient is shown in Fig. 1. The protocol for this pro-
spective study was approved by the institutional ethics com-
mittee of local university.

Behavioral assessment

The upper limb section of the Fugl–Meyer Scale [24] was
used to assess motor impairment in the upper extremities be-
fore and after the 4-week rehabilitation intervention period.
The FM-UL scores are acquired in the form of a 3-point ordi-
nal scale (0= cannot perform at all; 1= can perform partially;
2=can perform perfectly) that is applied to each item, and the
items are summed to provide a maximum score of 66. The
larger the FM-UL scores are, the better the motor function.
The assessment was performed by the same experienced
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doctor from the Department of Rehabilitation Medicine,
Huashan Hospital, who was blind to the patient’s group
allocation.

Rehabilitation intervention

All 12 patients underwent a 4-week rehabilitation interven-
tion. More specifically, 6 of 12 patients underwent only the

conventional rehabilitation intervention, which included phys-
ical and occupational therapy of the upper limbs (passive or
active movement), electrical stimulation, Chinese acupunc-
ture, and massage for 3 h per day, 5 days per week, for a total
of 4 weeks in addition to drug therapy every day; the other six
patients underwent the above conventional rehabilitation in-
tervention to which we also added MIT of the impaired upper
extremity 30 min per day, 5 days per week, over four

Table 1 Clinical and
demographic data of 11
subcortical stroke patients
enrolled in this study

Case Gender Age
(years)

Location of
lesion

Days after
stroke

Handed FM-UL ΔFM-UL

PRE POST POST-PRE

01 M 27 L, BGa 107 R 9 30 21

02 M 61 L, BG, CR 91 R 9 26 17

03 M 62 L, BG 115 R 27 33 6

04 M 65 L, IC 97 R 38 42 4

05 M 59 L, BG 143 R 16 20 4

06 M 65 L, BGa 136 R 26 48 22

07 M 56 L, Tha 138 R 54 57 3

08 M 63 L, BG 104 R 36 46 10

09 M 61 L, Tha 138 R 8 11 3

10 M 61 L, BG, CR 148 R 10 29 19

11 M 62 L, BGa 155 R 9 24 15

Mmale, L left, BG basal ganglia, IC internal capsule, Th thalamus,CR coronal radiate,FM-UL upper limb section
of the Fugl–Meyer Scale, PRE pre-intervention, POST post-intervention
a The character of the lesion is hemorrhage; others are ischemia

Fig. 1 T2-weighted images show
the lesion (red arrow) of each
stroke patient at the axial cross
section with the largest area.
Arabic numbers denote the case
numbers of the stroke patients. L
left, R right
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consecutive weeks. Therapy was administered one on one by
an experienced clinical therapist in the same environment.
Extended methodological details of the rehabilitation inter-
vention can be found in previously published papers [9].

Data acquisition

Resting-state fMRI data were acquired for stroke patients be-
fore and after intervention. For healthy subjects, we obtained
one-time resting-state fMRI data. All of the subjects underwent
structural and functional MRI scans in a single session using a
Siemens Trio 3.0 Tesla MRI scanner (Siemens, Erlangen, Ger-
many) at Key Laboratory of Magnetic Resonance. Foam pads
were used to limit the head motion and reduce the scanner
noise. All of the images were acquired parallel to the anterior
commissure–posterior commissure line with an auto-align tech-
nique. Whole-brain, resting-state fMRI data were collected
using an echo-planar imaging (EPI) sequence: repetition time
(TR) =2000 ms, 30 axial slices, echo time (TE) =30 ms,
thickness = 4 mm, gap= 0.8 mm, matrix = 64× 64, flip an-
gle=90°, and a field of view=220×220 mm. During the col-
lection of the EPI data, the participants were instructed to re-
main awake, remain motionless, and relax with their eyes
closed and attempt not to think about anything in particular.
For each participant, the scanning lasted for 8 min and 6 s;
the first 6 s was consumed on the dummy scan. Thus, we
collected a total of 240 image volumes. Three-dimensional
structural images of T1-weighted images covering the entire
brain were obtained in a sagittal orientation at the beginning
of each session by employing magnetization prepared by rapid
gradient echo sequence (MPRAGE): TR=1900 ms, 192 slices
per slab, TE=3.42 ms, thickness=1 mm, gap=0.5 mm, field
of view=240×240 mm, and a matrix=256×256. To identify
the location of the lesion, T2-weighted images were collected
using a turbo-spin-echo sequence: TR=6000 ms, 30 axial
slices, TE = 93 ms, thickness = 5 mm, no gap, field of
view=220×220 mm, and a matrix=320×320.

Pre-processing of the functional MRI data

Image pre-processing was performed using statistical para-
metric mapping (SPM8, http://www.fil.ion.ucl.ac.uk/spm)
implemented in a MATLAB suite (Mathworks, Inc.,
Natick, Massachusetts). The first 10 volumes of each
function time series were discarded because of the
instability of the initial MRI signal and the adaptation of
the subjects to the circumstances, thus leaving 230 images
that were corrected for the acquisition delay between the
slices and for head motion. Motion was estimated by the
values of translation and rotation for each of the 230
volumes. Excessive motion was defined as more than 2.
5 mm of translation or greater than a 2.5° rotation in any
direction. Following the motion correction, each of the

participant’s structural images was co-registered to the
mean functional image using a linear transformation. Each
structural image was then segmented into gray matter
(GM), white matter (WM), and cerebrospinal fluid (CSF)
images using the SPM8 Bnew segment^ tool, and the de-
formation field was calculated. This deformation field was
applied to each of the functional images to transform them
into Montreal Neurological Institute (MNI) standard space
and then resampled to a 3-mm isotropic voxel. Finally, the
normalized images were smoothed using an isotropic
Gaussian filter at full width at a half maximum (FWHM)
of 4 mm.

Functional connectivity analysis

Following pre-processing, the smoothed images of all of the
remaining 11 patients were further processed using the Resting-
State fMRI Data Analysis Toolkit (REST, http://restfmri.net)
[25]. First, we removed the linear trend and conducted the
temporal band pass (0.01–0.08 Hz) filtering to reduce the
low-frequency drift and high-frequency respiratory and cardiac
noise [26]. Subsequently, we selected the seed region of interest
(ROI) in the ipsilesional M1 (left side in our study) at the MNI
coordinate of −38, −22, 56, as used in previous report [27]. The
radius of 6 mmwas used to define the spatial extent of the ROI.
We then used the seed ROI to perform functional connectivity
analysis for both the stroke patients and healthy controls.

The functional connectivity of each individual partici-
pant was calculated as follows. First, several sources of
variance for the resting-state data were obtained as follows:
(a) six head motion parameters, (b) global mean signal, (c)
WM signal, and (d) CSF signal. Second, the reference time
course was calculated by averaging the time series of all of
the voxels in the seed ROI. Third, Pearson correlation anal-
ysis was performed based on the voxel between the refer-
ence time course and the time series of each voxel in the
brain using the global signal, WM signal, CSF signal, and
the six parameters of head motion as nuisance covariates.
Finally, the resulting correlation coefficients were trans-
formed into z-scores using Fisher’s z-transformation in
such a way that their distributions could better satisfy nor-
mality [28]. Subsequently, a two-tailed, one sample t test
was conducted on the z-maps of stroke patients (pre- and
post-intervention) and HC, respectively, and two sample t
tests were then conducted to compare the z-FC maps be-
tween the stroke patients (pre- and post-intervention) and
HC. Paired t tests were also performed to identify changes
between pre- and post-intervention. Multiple comparisons
correction was performed using AlphaSim program in
AFNI (see AlphaSim in AFNI, http://afni.nimh.nih.gov/
pub/dist/doc/manual/AlphaSim.pdf), and a corrected
threshold of p< 0.05 was utilized, with a combined cutoff
value of p< 0.01 and a minimum cluster size of 486 mm3
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(18 voxels). The statistically significant differences in the
functional connectivity between each pair of stroke
patients (pre- and post-intervention) and HC overlapped
on the rendered views.

Lateralization index

As a quantitative measure, the lateralization index (LI) was
calculated to provide a specific description of the symmetry of
the functional connectivity pattern. Previous studies have sug-
gested that stroke recovery mostly focused on the bilateral
sensorimotor cortex (SMC) [29–31]. The SMC was defined
as the combination of the pre-central and post-central gyri.
Therefore, the LI of bilateral SMC was calculated for each
correlation map in our study, according to the following def-
inition: (number of connected voxels in the ipsilesional SMC
−number of connected voxels in the contralesional SMC) /
(number of connected voxels in the ipsilesional SMC+num-
ber of connected voxels in the contralesional SMC). If the
functional connectivity of the ipsilesional M1 with any voxel
of bilateral SMC had a p value <0.001 [32], then the voxel was
considered to be connected. Thus, the LI could range from
−1.0 (contralesional connectivity only) to 1.0 (ipsilesional
connectivity only), and values close to 0 referred to the sym-
metrical connectivity. The LI of the patients (pre- and post-
intervention) was assessed and compared with that of the HC.

Correlation analysis between the index of functional
connectivity and FM-UL scores

Recent findings have indicated that there is an association
between the index of function connectivity and upper extrem-
ity control in patients with stroke [33], which indicated mak-
ing two correlations during the analyses. The first action was
to detect whether the increments in the index of function con-
nectivity (ΔFC) varies with increments in FM-UL scores
(ΔFM-UL), and the second action was to assess whether the
pre-intervention function connectivity can predict motor im-
provement after intervention. The two regions (including the
contralesional M1 and medial superior frontal gyrus (mSFG))
that showed significant differences in connectivity with the
ipsilesional M1 between pre- and post-intervention were ex-
amined. The correlation analysis steps were as follows: The
mean of the functional connectivity of the ipsilesional M1
with all of the voxels of the contralesional identified clusters
was extracted from each pre- and post-intervention stroke pa-
tient. Subsequently, ΔFC and ΔFM-UL across all of the
stroke patients after intervention made a non-parametric
Spearman correlation for the first detection; the index of pre-
intervention function connectivity and ΔFM-UL after inter-
vention also made a non-parametric Spearman correlation for
the second detection. We determined the significance using a
p value <0.05 (uncorrected).

Results

Clinical status and motor recovery

We found no significant differences in age between the stroke
patients and HC (stroke patients, 58.36±10.71 and HC, 57.25
±9.37, p=0.793). In addition, we observed significant im-
provement in the FM-UL scores after a 4-week rehabilitation
intervention (post-intervention, 33.27 ±13.63 vs. pre-inter-
vention, 22.0±15.49, p=0.001).

Comparison of the functional connectivity
of the ipsilesional M1 between the patients and HC

Compared with the HC, the patients at pre-intervention
displayed reduced connectivity of the ipsilesional M1 with
the bilateral supplementary motor area (SMA), bilateral infe-
rior parietal lobule (IPL), contralesional SMC, cerebellum,
posterior cingulate gyrus, and middle occipital gyrus. After
intervention, the connectivity with the bilateral SMA and
IPL was largely restored, and with contralesional SMC, it
was partially restored. On the other hand, the stroke patients
displayed increased connectivity with regions of the bilateral
middle frontal gyrus, middle temporal gyrus, ipsilesional basal
ganglia, and thalamus before intervention, compared with the
HC. After the intervention, there was increased connectivity
of the ipsilesional M1 with the ipsilesional superior and infe-
rior frontal gyrus, middle temporal gyrus, basal ganglia and
thalamus, and contralesional cerebellum in comparison with
the HC. Furthermore, we detected significantly increased con-
nectivity with the contralesional M1 and mSFG after interven-
tion compared with pre-intervention in the stroke patients. In
addition, no regions were observed to have reduced connec-
tivity with ipsilesional M1 after intervention compared with
pre-intervention (Fig. 2, Fig. S1, and Table 2).

Changes in the lateralization index

Figure 3 showed the changes in the LI together with corre-
sponding maps of the functional connectivity. The functional
connectivity of the ipsilesionalM1with the bilateral SMCwas
almost symmetrical for HC (the mean LI was 0.08± 0.09,
which was close to 0). Before the intervention, the LI of the
patients was dramatically increased and the standard deviation
is huge (the mean LI was 0.35±0.32), in such a way that it
differentiates significantly from that of HC. In contrast, it de-
creased, with a tendency to that of HC (the mean LI was 0.15
±0.21) after intervention.

Brain and behavior correlation

The correlation between the increments in the index of func-
tion connectivity (ΔFC: including the contralesional M1 and
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mSFG) and increments in theΔFM-UL were not statistically
significant (r=0.16, p=0.64; r=−0.03, p=0.94; respective-
ly). However, a significant positive correlation between the
index of pre-intervention functional connectivity with the
contralesional mSFG and ΔFM-UL was revealed (r=0.68,
p=0.02) (Fig. 4).

Discussion

In the current study, we investigated the plasticity of a motor-
related network associated with the 4-week rehabilitation in-
tervention by resting-state fMRI. Our results demonstrated the
characteristic of asymmetry in the resting-state functional con-
nectivity of the ipsilesional M1 in subcortical stroke patients,
and the dominant effect of a 4-week rehabilitation intervention
was to restore inter-hemispheric symmetry; in addition, good
recovery would involve improving motor preparation and mo-
tor execution circuits simultaneously. This study further ex-
amined whether changes in the motor-related cortex connec-
tivity might correlate with motor improvement and found that

the functional connectivity with the contralesional mSFG be-
fore intervention was positively correlated with increments in
the FM-UL scores, which could be a prognostic value in
predicting the efficiency of rehabilitation intervention.

Previous studies [17, 18, 27] have consistently reported
reduced connectivity between the ipsilesional M1 and the
contralesional SMC after a unilateral subcortical stroke. In
agreement with previous studies, our findings have revealed
a loss of functional connectivity between the ipsilesional M1
and contralesional SMC regions before intervention, which
further suggests a breakdown in the normal interactions be-
tween the bilateral hemispheres, caused by the ipsilateral le-
sions. As expected, the functional connectivity of the
ipsilesional M1 with the contralesional SMC regions was par-
tially restored after intervention. The SMC, especially M1, is
the primary origin of corticospinal neurons, and hence, the
restored connectivity related to these areas in the unaffected
side could indicate recruitment of the uncrossed corticospinal
tract that originated from the contralesional hemisphere. This
conduit could provide a route by which signals from the un-
affected hemisphere could reach the muscles controlled by the

Fig. 2 Comparison of the functional connectivity of the ipsilesional M1
between stroke patients (at both pre- and post-intervention) and HC. a
PRE versus POST, b PRE versus HC, and c POST versus HC. The
threshold was set at a combined cutoff value of p< 0.01 and a minimum
cluster size of 486 mm3 (18 voxels) to yield a corrected threshold of

p< 0.05 (AlphaSim corrected). Clusters with significant differences over-
lapped on rendered views (posterior-anterior (row 1), right-left (row 2),
inferior-superior (row 3)), Color scale = t values. HC healthy controls,
PRE pre-intervention, POST post-intervention
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affected hemisphere, to compensate for damage in the
ipsilesional corticospinal tract. The increased connectivity of
the ipsilesional M1 with contralesional SMC suggests that the
motor execution circuits were enhanced. Otherwise, the role
of M1 in the unaffected hemisphere remains controversial.
Several tasks related to functional imaging studies have re-
ported the activation of the contralesional M1; specifically,
the posterior part of M1 activated was more evidently corre-
lated with a poorer outcome in the long-term stroke patients

[34]. Recent studies have also argued for a beneficial role of
the SMC of the contralesional hemisphere in some aspects of
effectively recovered motor behavior [35, 36]. In fact, we
found no significant correlation between the increments in
functional connectivity with the contralesional M1 and the
increments in the FM-UL scores after intervention. The pos-
sible other reasons could be as follows: First, the motor recov-
ery was associated with a redistribution of the motor function
throughout the whole network rather than focused within a

Table 2 The significant
differences of functional
connectivity of the ipsilesional
M1 between stroke patients (at
both pre- and post-intervention)
and HC

Between-group comparison and
regions

BA MNI coordinates Peak
score

Number of voxels

x y z

PRE < HC

Cerebellum (CL) 18 −57 −45 4.54 56

Posterior cingulate (CL) 23, 31 3 −57 18 4.95 41

Middle occipital gyrus (CL) 19 39 −72 21 4.57 52

Pre-central gyrus (CL) 6 45 −3 45 5.98 209

Post-central gyrus (CL) 3, 5 21 −30 54 5.76 157

Supplementary motor areas (CL) 6 6 6 54 4.49 58

Supplementary motor areas (IL) 6 −9 0 54 3.86 17

Inferior parietal lobule (CL) 40 45 −27 24 4.47 34

Inferior parietal lobule (IL) 40 −48 −33 33 4.69 28

PRE > HC

Middle temporal gyrus (IL) 20, 21 −54 −30 −18 4.82 30

Middle temporal gyrus (CL) 21 69 −39 3 5.09 36

Middle frontal gyrus (IL) 10 −36 63 0 4.83 18

Middle frontal gyrus (CL) 10 27 66 0 3.69 16

Basal ganglia (IL) −6 24 3 5.17 32

Thalamus (IL) −6 −24 15 4.68 9

POST < HC

Pre-central gyrus (CL) 4 45 −3 48 4.76 29

Post-central gyrus (CL) 1, 2, 3, 5 21 −30 57 5.25 98

Middle occipital gyrus (IL) 18, 19 −27 −81 30 5.69 77

Middle occipital gyrus (CL) 19, 39 30 −75 33 5.71 116

Superior temporal gyrus (CL) 22 48 −3 15 5.77 19

POST > HC

Middle temporal gyrus (IL) 21 −51 −9 −24 5.07 35

Basal ganglia (IL) −18 −27 21 4.65 43

Thalamus (IL) −9 −9 12 4.01 20

Superior frontal gyrus (IL) 10, 9 −12 60 30 4.01 24

Inferior frontal gyrus (IL) 11, 45, 47 −48 30 −6 4.03 45

Cerebellum (CL) 42 −81 −39 4.12 30

PRE < POST

Medial superior frontal gyrus (CL) 8 9 33 51 6.58 25

Precentral gyrus (CL) 4 33 −21 57 3.93 19

Between-group analysis was performed using a two-tailed, two sample t test (patients vs. HC) and paired t test
(PRE vs. POST). The threshold was set at a combined cutoff value of p< 0.01 and a minimum cluster size of
486 mm3 (18 voxels), which yielded a corrected threshold of p < 0.05 (AlphaSim corrected)

HC healthy controls, PRE pre-intervention, POST intervention, IL ipsilesional, CL contralesional, BA
Brodmann’s area
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few regions, as is typically observed in the previous study
[27]; second, it is well acknowledged that stroke lesions
would induce motor behavior obstacles associated with func-
tional impairments in the SMC, but the extent to which

functional connectivity impairments of motor-related brain
cortices accounting for the severity of motor performance dys-
function will be an important topic for future studies.

In terms of the LI-SMC, it was much higher than the
healthy controls before intervention, which means that the
functional connectivity between the ipsilesional M1 and bilat-
eral SMC was more highly lateralized to the ipsilesional M1
with the greatest asymmetry; however, it reduced quickly and
was close to that of HC after a 4-week intervention, which
implies a trend to restore relatively symmetrical connectivity.
The restored pattern related with the SMC suggested that the
sensorimotor cortex regions of bilateral hemispheres have
established a balance to accelerate motor improvement by
intervention, which reflects that good inter-hemispheric coher-
ence is quite important for normal motor function in the sen-
sorimotor system [37, 38]. Therefore, first, our present study
verified the notion that the bilateral brain hemisphere will be
restored toward the patterns of HC with motor improvement;
second, the results of this study are distinctive to reveal func-
tional connectivity changes induced by the intervention; how-
ever, they cannot be considered to correspond with the rear-
rangements of activation over the bi-hemispheric sensorimo-
tor system in task-based fMRI. The basic reason is that motor
task-related changes measured from functional activities
might simply reflect changes in the motor behavior when

Fig. 3 The lateralization index
(LI) of SMC changed in a resting-
state functional connectivity pat-
tern. The LI was compared be-
tween stroke patients (both at pre-
and post-intervention) and HC. In
the graph of the LI, the points
represent the means, error bars
represent the SDs, and stars rep-
resent the significant differences
between the two groups at a
threshold of p< 0.05. L left, R
right, HC healthy controls, PRE
pre-intervention, POST post-
intervention

Fig. 4 Index of functional connectivity of the ipsilesional M1 with
contralesional mSFG before intervention, correlated with increments in
Fugl–Meyer Scale (ΔFM-UL) scores. M1 primary motor cortex, mSFG
medial superior frontal gyrus
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performing the tasks, but the functionally related resting-state
motor network is engaged in the absence of an overt behavior.
In other words, motor task-related activities can be regarded as
the resting-state motor network’s response to an overt motor
behavior stimulation [39]. Of course, they are comparable
with one another by a plausible association between resting-
state connectivity and motor task activation. The functional
connectivity changes in the current study could also help us to
better understand the cortical activation patterns (increases in
or focusing of recruitment to the contralesional SMC region)
that presented in previous task-based fMRI study [9]. It be-
comes possible to understand the inconsistency between good
hand motor recovery and the persistent abnormal brain acti-
vation that occurs in some stroke patients [6]. Here, we should
emphasize the importance of observing the reestablished sym-
metry between the bilateral cerebral hemisphere, not measur-
ing quantitative changes of functional activations that were
evoked by motor tasks or functional connectivity purely in
one side of the brain, to evaluate the efficiency of rehabilita-
tion intervention.

We also found a decreased connectivity of the ipsilesional
M1 with bilateral SMA and IPL before intervention in com-
parison with the HC. Functionally, SMA is involved in the
performance of difficult tasks and of tasks that demand high
levels of accuracy [40], and IPL is related not only to higher
order processing of sensory information but also to sensori-
motor integration [41]. As important parts of secondary sen-
sorimotor areas, both of these areas returned to be normal after
intervention, which implies that the intervention makes these
secondary sensorimotor areas superior to the primary motor
area to recover. The enhancement connectivity with the two
areas could of course positively influence the motor recovery
of the affected hand. Furthermore, changes in the functional
connectivity during stroke recovery did not involve all of the
brain regions to the same extent, which suggests that there is a
heterogeneous plasticity of the overall network structure.

The prefrontal lobe is not regarded as a primary or second-
ary sensorimotor region but as a region that is associated with
high-level executive functions and decision-related processes.
Before the intervention, the enhanced connectivity with the
bilateral middle frontal gyrus possibly implied that motor cog-
nitive manipulation had become stronger because of the short-
age of motor output affected by the stroke lesion. However,
the increased connectivity with the ipsilesional superior fron-
tal gyrus after intervention could be related to motor improve-
ment of the affected hand. More specifically, the connectivity
magnitude of the ipsilesional M1 with the contralesional
mSFG before the intervention was proportional to the incre-
ments in the FM-UL scores after intervention across all of the
stroke patients, which suggests that the recruitment of mSFG
could be helpful in reinforcement of the management of the
cognitive load that is required for motor performance (motor
preparation or motor planning) [42]. Notably, the ipsilesional

inferior frontal gyrus appeared to have increased connectivity
after intervention, which is possibly related to the direct effect
of the motor imagery therapy, as six patients in our study
adopted conventional therapy plus motor imagery training.
The internal simulation of an action during motor imagery
has been considered the core element of motor planning
[43]. Moreover, the decreased connection with the
contralesional cerebellum before intervention was consistent
with the previous study, which reported decreased cerebellar
activation in clinically stable stroke patients [8]. In contrast,
the significantly increased connectivity with the contralesional
cerebellum after intervention could be related to the ongoing
relearning of motor skills induced by a 4-week intervention
[44]. Otherwise, the subcortical structures (e.g., the basal gan-
glia and thalamus) sustained increased connectivity after in-
tervention, which possibly reflects functional compensation
around the ipsilateral lesions. In summary, we provide here
the first description of the modulation of specific resting-state
networks by rehabilitation intervention, which reveals a novel
association between the neural plasticity mechanisms of the
rehabilitation and the sensorimotor system resting-state activ-
ity. Our approach could provide a powerful tool for explora-
tion of the systems that are involved in functional reorganiza-
tion following a stroke.

There are some limitations of this study. First, because the
rehabilitation intervention included physical and occupational
therapy of the upper limbs, electrical stimulation, Chinese
acupuncture, massage, and MIT, we could not detect the spe-
cific effect of any one treatment according to our current re-
sults. Thus, it is necessary to further subdivide the patients by
rehabilitation therapies to make certain the specific relation-
ships between the changes of brain functional connectivity
and rehabilitation intervention. Second, consistent results
were a dynamic reorganization that went along with recovery;
it is impossible to fully understand the dynamic changes in the
patterns of functional connectivity following a stroke due to
our shorter intervention time. Finally, in this study, we focused
on identifying the functional connectivity changes of the
motor-related network, especially of the motor executive and
motor cognitive manipulative cortices that were affected by
intervention. However, recent studies have indicated that the
disrupted functional connectivity was also related to injuries
in white matter tracts that were measured by diffusion tensor
imaging [45, 46]. Further study combining functional connec-
tivity with anatomical research is required to better understand
the neural mechanisms of rehabilitative intervention.

Conclusions

Our findings revealed that the rehabilitation intervention con-
tributed to restoring symmetry of the functional connectivity
pattern between the left and right SMC and simultaneously
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increasing the connectivity with the motor cognitive cortices.
We also found that systematic assessment of resting-state
functional connectivity may provide prognostic insight for
later motor improvement. This study not only shed light on
the neural mechanisms of rehabilitative intervention after
stroke but also provided a useful approach for evaluating ther-
apeutic strategies of motor rehabilitation.
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