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Abstract
Motor functions are supported through functional integration across the extended motor system

network. Individuals following stroke often show deficits on motor performance requiring coordi-

nation of multiple brain networks; however, the assessment of connectivity patterns after stroke

was still unclear. This study aimed to investigate the changes in intra- and inter-network functional

connectivity (FC) of multiple networks following stroke and further correlate FC with motor per-

formance. Thirty-three left subcortical chronic stroke patients and 34 healthy controls underwent

resting-state functional magnetic resonance imaging. Eleven resting-state networks were identified

via independent component analysis (ICA). Compared with healthy controls, the stroke group

showed abnormal FC within the motor network (MN), visual network (VN), dorsal attention net-

work (DAN), and executive control network (ECN). Additionally, the FC values of the ipsilesional

inferior parietal lobule (IPL) within the ECN were negatively correlated with the Fugl-Meyer

Assessment (FMA) scores (hand1wrist). With respect to inter-network interactions, the ipsile-

sional frontoparietal network (FPN) decreased FC with the MN and DAN; the contralesional FPN

decreased FC with the ECN, but it increased FC with the default mode network (DMN); and the

posterior DMN decreased FC with the VN. In sum, this study demonstrated the coexistence of

intra- and inter-network alterations associated with motor-visual attention and high-order cogni-

tive control function in chronic stroke, which might provide insights into brain network plasticity

following stroke.
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1 | INTRODUCTION

Stroke often results in persistent disability, particularly due to motor

impairments (Stinear, 2010). Patients typically show hemiplegia, and

more than 50% of patients are left with residual motor deficits, espe-

cially deficits affecting an upper limb (Duncan, Goldstein, Matchar,

Divine, & Feussner, 1992). However, exactly how stroke lesions lead to

persistent motor impairments remains difficult to understand, and this

limits the clinical assessment and restricts the ability to select homoge-

nous groups for targeted clinical treatments.

Abnormalities of brain function following stroke have previously

been demonstrated using a range of neuroimaging techniques (Calautti

& Baron, 2003; Elsner, Kugler, Pohl, & Mehrholz, 2013; Finnigan,

Walsh, Rose, & Chalk, 2007). Previous task-based functional magnetic

resonance imaging (fMRI) studies of stroke and motor impairments

have often focused on differences in brain activity associated with the

performance of motor demanding tasks (Cramer et al., 1997; Pineiro,

Pendlebury, Johansen-Berg, & Matthews, 2002; Sun et al., 2013). As*Zhiyong Zhao and Jie Wu contributed equally to this work.
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patients are often impaired on this type of task, the neural changes

have generally been interpreted as representing an adaptive or com-

pensatory response to the effects of brain injury, namely, motor func-

tion reorganization. Although primary sensorimotor areas are the most

frequently reported regions involved in the reorganization of motor

function, higher order cognitive control regions, such as frontal and

parietal regions, are often affected after a subcortical motor pathway

stroke. For example, fMRI studies showed overactivations in the pre-

frontal and posterior parietal regions with the movement of a paretic

hand, and these overactivations decreased in parallel with motor recov-

ery (Marshall et al., 2000; Ward, Brown, Thompson, & Frackowiak,

2003). However, many stroke survivors with severe motor deficits can-

not complete even the simple tasks, and the results may be con-

founded due to differences in movement performance.

Resting-state fMRI has the advantage that it does not require the

performance of any specific tasks during functional neuroimaging

acquisition. Therefore, a growing number of studies are employing this

technique to map the spatio-temporal covariance structure of networks

of spontaneous brain activity to investigate the reorganization of motor

function following stroke (Golestani, Tymchuk, Demchuk, Goodyear, &

Group, 2013; Wang et al., 2010; Yin et al., 2012). Many resting-state

studies have accordingly shown the altered functional connectivity of

both sensorimotor and higher order cognitive control regions (Liu, Tian,

Qin, Li, & Yu, 2016; Park et al., 2011; Zhao et al., 2016). In addition,

many previous studies that described tasks and seed-based FC

engaged more than basic sensorimotor processes, such as the abnormal

activation or FC in temporal and occipital regions (Park et al., 2011;

Ward et al., 2003; Zhao et al., 2016). However, the link between senso-

rimotor regions and these nonsensorimotor regions in motor deficits

after stroke remains unclear. In particular, it is impossible to determine

which affected nonsensorimotor regions contribute to which network

based on conventional task and seed-based FC research.

Motor dysfunction in stroke survivors may be viewed as a system-

level disruption of brain networks based on previous network studies

in patients with stroke (Wang et al., 2010, 2014a; Yin et al., 2014). The

interaction between brain regions within a network (i.e., their functional

connectivity), and the interactions between networks are both impor-

tant for efficient motor function. It now appears that a detailed under-

standing of these networks may be particularly important for

understanding motor reorganization following stroke. Furthermore, in

combination with behavioral analyses, it is possible to determine which

connections in a widely distributed brain network are most relevant for

clinical outcome and neurorehabilitation.

Two approaches are commonly used to construct functional brain

networks. One is a seed-based FC analysis approach that measures the

similarity between the time series of a given seed and that of other brain

regions in an ROI-wise (region of interest, ROI) way (Rosazza, Minati,

Ghielmetti, Mandelli, & Bruzzone, 2012; van de Ven, Formisano, Prvu-

lovic, Roeder, & Linden, 2004). However, this method needs to identify

the ROIs based on prior knowledge. In contrast, independent component

analysis (ICA) is a data-driven approach to delineating spatially independ-

ent patterns of coherent signals (Roosendaal et al., 2010; Skidmore et al.,

2012; Smith et al., 2009; Wang et al., 2014b). Compared with seed-

based FC analysis, the distinct advantage of ICA is that it allows a direct

and fairly straightforward measure of interactions within and between

multiple brain networks. It has been demonstrated to be efficient for

investigating the intra- and inter-network connectivity patterns in

patients with Alzheimer’s disease, Parkinson’s disease, and so on (Song

et al., 2013; Tessitore et al., 2012). However, relative to a priori seed-

based FC studies, ICA studies of both intra- and inter-network connec-

tivity changes ofmotor deficits following stroke have rarely been investi-

gated. Wang et al. (2014a) first reported functional connectivity

alterations in and between multiple networks by using ICA, but their

enrolled subjects were a group of subcortical stroke patients with well-

recovered motor function. The interactions of multiple networks in

stroke patients who are suffering severe motor impairments are

unknown. More importantly, the clarification of the impairment and

compensation patterns of multiple networks in strokemotor dysfunction

would provide valuable information for more targeted treatments.

This study is an exploratory analysis that tests the following

hypotheses. First, subcortical stroke with pure motor deficits is associ-

ated with abnormalities of FC in multiple brain networks, including the

sensorimotor network and motor cognitive networks that support

motor function. Beyond these intra-network changes, inter-network

FC alterations are also associated with motor dysfunction as a result of

stroke. Last, changes in FC are correlated with impairments in motor

function, which we test by investigating whether intra- and inter-

network FC changes correlate with abnormalities in upper limb motor

performance. Taken together, our results, for the first time, reveal

abnormalities in intra- and inter-network FC that describe motor

deficits after motor stroke and demonstrate how sustained changes in

network function relate to the adaption of motor behavior.

2 | METHODS

2.1 | Subjects

A total of 35 first-episode left subcortical stroke patients were recruited

from Huashan Hospital, which is affiliated with Fudan University. In

addition, 34 age-, gender-, and handedness matched control subjects

were selected from the local community. All patients underwent clinical

assessments, including the Mini-Mental State Examination (MMSE) and

the Fugl-Meyer Assessment (FMA). All patients fulfilled the following

inclusion criteria: (a) first-ever left subcortical stroke; (b) at least 3

months had passed since the stroke; (c) normal cognitive ability with a

score of �27 on the MMSE; (d) pure motor deficits; and (e) right hand-

edness. Global cognition of all participants was evaluated by an experi-

enced therapist using the Mini-Mental State Examination (MMSE) on

the admission day. To assess the motor performance of patients, a bat-

tery of motor-specific scales, which have been validated for each stage

in stroke survivors, was administered. The FMA scale evaluates the abil-

ity to isolate movements at each joint and the influence of unwanted

synergies during movement execution, which represents a reduction in

impairment rather than in compensatory pattern. Thus, the changes in

impairment reflect substantial recovery at neurobiological and behav-

ioral levels. Only the hand and wrist domain in FMA (FMA-HW), which

includes 5 wrist items and 7 hand items (the maximal score is 24), was

selected as one of our primary outcome measures.
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Exclusion criteria for all subjects were as follows: (a) a contraindica-

tion to MRI (pacemaker, metallic foreign bodies, and severe claustro-

phobia); (b) severe quadriplegia; (c) a history of neurological and

psychiatric disorders; and (d) a history of hand dysfunction.

Two patients were excluded due to excessive motion during the

MRI scanning. The final subjects included 33 patients (29 males and 4

females, age6 SD: 59.8868.60 (years)) and 34 control subjects (26

males and 8 females, age6 SD: 59.76610.05). We manually outlined

the profiles on T2-weighted images slice by slice using the software

MRIcron (www.mricro.com). Additionally, a map of the lesions over-

lapped across all stroke patients is shown in Figure 1. In addition to

descriptive purposes, the lesion masks were used to evaluate the lesion

volume of the stroke patients. Moreover, the individual masks were

used to exclude intralesion voxels from ICA. There were no significant

differences between the two groups in age (t50.05, p5 .96) or gender

(t51.48, p5 .22). The stroke volume was not correlated with the

FMA-HW scores across all patients (Spearman correlation: r52.083,

p5 .647). The clinical characteristics and demographic data are sum-

marized in Supporting Information, Table I.

This study was approved by the Institutional Ethics Committee of

East China Normal University, and all participants signed informed con-

sent forms before undergoing the MRI examination.

2.2 | MRI data acquisition

All data were acquired with a Siemens Trio 3.0 Tesla MRI scanner (Sie-

mens, Erlangen, Germany) at the Shanghai Key Laboratory of Magnetic

Resonance, East China Normal University. We used a 12-channel

phased-array head coil with foam padding and headphones to restrict

head motion and scanner noise. Resting-state functional images were

acquired using an echo-planar imaging (EPI) sequence (30 transverse

slices, slice thickness/gap54 mm/0.8 mm, matrix564 3 64, repeti-

tion time52,000 ms, echo time530 ms, flip angle5908, field of

view5220 mm 3 220 mm, number of volumes5240). T1-weighted

anatomical images in a sagittal orientation were obtained using mag-

netization prepared by rapid gradient echo sequence (MPRAGE) (192

slices covered the whole brain, slice thickness/gap51 mm/0.5 mm,

repetition time51,900 ms, echo time53.42 ms, field of

view5240 mm 3 240 mm, matrix5256 3 256). To identify the

location of the lesion, T2-weighted images were collected using a

turbo-spin-echo sequence: (30 axial slices, thickness55 mm, no gap,

repetition time56,000 ms, echo time593 ms, field of view5220 mm

3 220 mm, matrix5320 3 320). During the resting-state functional

MRI collection, the participants were instructed to close their eyes but

to remain awake while trying not to think about anything specific. All

images were visually inspected to ensure that they did not contain MRI

artifacts or excessive movement before analysis.

2.3 | Preprocessing of fMRI data

Preprocessing of the imaging data was performed using Statistical Para-

metric Mapping (SPM8, http://www.fil.ion.ucl.ac.uk/spm) and Data

Processing Assistant for Resting-State fMRI (DPARSF, http://resting-

fmri.sourceforge.net). The following steps were adopted: (a) the first 10

volumes were discarded to allow the signal to reach equilibrium and

the participants adapt to the environment, leaving 230 images for fur-

ther process; (b) the time delay between slices and rigid-body head

movement during scans were corrected. Excessive motion was defined

as more than 2.0 mm of translation or greater than a 2.08 rotation in

any direction and two patients were excluded, thus 33 patients and 34

control subjects were included for further analysis; (c) structural images

of each subject were then co-registered to the mean functional image,

and segmented into gray matter, white matter, and cerebrospinal fluid;

(4) the functional images were normalized to the Montreal Neurological

Institute space following motion correction using a lesion mask (Ander-

sen, Rapcsak, & Beeson, 2010) and unified segmentation with both a

linear affine transform and a nonlinear deformation (Ashburner & Fris-

ton, 2005) and, and they were then resampled to a 3-mm isotropic

voxel; (5) the normalized images were then smoothed using a 6 mm

full-width half-maximum Gaussian kernel.

2.4 | Identification of resting-state networks

We conducted ICA via MICA (http://www.nitrc.org/projects/cogicat/),

which implements Subject Order-Independent Group ICA (SOI-GICA).

The traditional temporal concatenated ICA adopts three steps of princi-

ple component analysis (PCA) for data reduction, which could result in

inconsistent and variable components when different subject orders are

used. The SOI-GICA fixes the problem by implementing the algorithm

FIGURE 1 The map of lesions overlapped across 33 stroke patients. The color bar indicates the number of subjects with lesions in each
voxel. Z axis from Z 5 218 to Z536 in MNI coordinates, with an incremental interval of 6. L5 left; R5 right [Color figure can be viewed
at wileyonlinelibrary.com]

ZHAO ET AL. | 33390 ZHAO ET AL.



Exclusion criteria for all subjects were as follows: (a) a contraindica-

tion to MRI (pacemaker, metallic foreign bodies, and severe claustro-

phobia); (b) severe quadriplegia; (c) a history of neurological and

psychiatric disorders; and (d) a history of hand dysfunction.

Two patients were excluded due to excessive motion during the

MRI scanning. The final subjects included 33 patients (29 males and 4

females, age6 SD: 59.8868.60 (years)) and 34 control subjects (26

males and 8 females, age6 SD: 59.76610.05). We manually outlined

the profiles on T2-weighted images slice by slice using the software

MRIcron (www.mricro.com). Additionally, a map of the lesions over-

lapped across all stroke patients is shown in Figure 1. In addition to

descriptive purposes, the lesion masks were used to evaluate the lesion

volume of the stroke patients. Moreover, the individual masks were

used to exclude intralesion voxels from ICA. There were no significant

differences between the two groups in age (t50.05, p5 .96) or gender

(t51.48, p5 .22). The stroke volume was not correlated with the

FMA-HW scores across all patients (Spearman correlation: r52.083,

p5 .647). The clinical characteristics and demographic data are sum-

marized in Supporting Information, Table I.

This study was approved by the Institutional Ethics Committee of

East China Normal University, and all participants signed informed con-

sent forms before undergoing the MRI examination.

2.2 | MRI data acquisition

All data were acquired with a Siemens Trio 3.0 Tesla MRI scanner (Sie-

mens, Erlangen, Germany) at the Shanghai Key Laboratory of Magnetic

Resonance, East China Normal University. We used a 12-channel

phased-array head coil with foam padding and headphones to restrict

head motion and scanner noise. Resting-state functional images were

acquired using an echo-planar imaging (EPI) sequence (30 transverse

slices, slice thickness/gap54 mm/0.8 mm, matrix564 3 64, repeti-

tion time52,000 ms, echo time530 ms, flip angle5908, field of

view5220 mm 3 220 mm, number of volumes5240). T1-weighted

anatomical images in a sagittal orientation were obtained using mag-

netization prepared by rapid gradient echo sequence (MPRAGE) (192

slices covered the whole brain, slice thickness/gap51 mm/0.5 mm,

repetition time51,900 ms, echo time53.42 ms, field of

view5240 mm 3 240 mm, matrix5256 3 256). To identify the

location of the lesion, T2-weighted images were collected using a

turbo-spin-echo sequence: (30 axial slices, thickness55 mm, no gap,

repetition time56,000 ms, echo time593 ms, field of view5220 mm

3 220 mm, matrix5320 3 320). During the resting-state functional

MRI collection, the participants were instructed to close their eyes but

to remain awake while trying not to think about anything specific. All

images were visually inspected to ensure that they did not contain MRI

artifacts or excessive movement before analysis.

2.3 | Preprocessing of fMRI data

Preprocessing of the imaging data was performed using Statistical Para-

metric Mapping (SPM8, http://www.fil.ion.ucl.ac.uk/spm) and Data

Processing Assistant for Resting-State fMRI (DPARSF, http://resting-

fmri.sourceforge.net). The following steps were adopted: (a) the first 10

volumes were discarded to allow the signal to reach equilibrium and

the participants adapt to the environment, leaving 230 images for fur-

ther process; (b) the time delay between slices and rigid-body head

movement during scans were corrected. Excessive motion was defined

as more than 2.0 mm of translation or greater than a 2.08 rotation in

any direction and two patients were excluded, thus 33 patients and 34

control subjects were included for further analysis; (c) structural images

of each subject were then co-registered to the mean functional image,

and segmented into gray matter, white matter, and cerebrospinal fluid;

(4) the functional images were normalized to the Montreal Neurological

Institute space following motion correction using a lesion mask (Ander-

sen, Rapcsak, & Beeson, 2010) and unified segmentation with both a

linear affine transform and a nonlinear deformation (Ashburner & Fris-

ton, 2005) and, and they were then resampled to a 3-mm isotropic

voxel; (5) the normalized images were then smoothed using a 6 mm

full-width half-maximum Gaussian kernel.

2.4 | Identification of resting-state networks

We conducted ICA via MICA (http://www.nitrc.org/projects/cogicat/),

which implements Subject Order-Independent Group ICA (SOI-GICA).

The traditional temporal concatenated ICA adopts three steps of princi-

ple component analysis (PCA) for data reduction, which could result in

inconsistent and variable components when different subject orders are

used. The SOI-GICA fixes the problem by implementing the algorithm

FIGURE 1 The map of lesions overlapped across 33 stroke patients. The color bar indicates the number of subjects with lesions in each
voxel. Z axis from Z 5 218 to Z536 in MNI coordinates, with an incremental interval of 6. L5 left; R5 right [Color figure can be viewed
at wileyonlinelibrary.com]

ZHAO ET AL. | 3

multiple times with randomized initial values and different subject

orders. Then, the multiple results were integrated to form the final out-

put. The toolbox supports a GICA approach that first concatenates the

individual data across time and subsequently computes the subject-

specific components and time courses. The toolbox performed the analy-

sis in three stages: (a) data reduction, (b) application of the ICA algorithm,

and (c) back-reconstruction for each individual subject. We performed

the GICA 100 times, and the data were decomposed into 30 compo-

nents; 11 components were identified as RSNs, which were described

previously via visual inspection and spatial correlation coefficients

between the selected components and the templates reported (Smith

et al., 2009). For each given template, a spatial cross-correlation coeffi-

cient between each thresholded component volume and the template

was calculated using Pearson correlation. The per-component correla-

tion coefficients obtained this way were sorted in decreasing order, and

the three component candidates with the highest correlation coefficient

scores were presented to the researcher together with the correspond-

ing volume slices. Single subject time courses and spatial maps of compo-

nents were then computed through back-reconstruction and converted

into z scores, which reflect the degree to which the time series of a given

voxel correlates with the mean time series of the component to which it

belongs (Wang et al., 2014a).

2.5 | Intra-network functional connectivity analysis

Each component of all subjects, including both patients and healthy

controls, was entered into a one-sample t test using FDR correction

(p< .005) and a cluster size of >100 to create a sample-specific com-

ponent map and a network mask. A two-sample t test was then con-

ducted to compare the intra-network FC difference between the two

groups for each component within the corresponding network mask

(Wang et al., 2014b; Zhang et al., 2015) in a voxel-wise manner with

stroke volume as a covariate (AlphaSim corrected significance level of

p< .05 was obtained by clusters with a minimum size of 70 voxels and

individual voxel height threshold of p< .01 according to a Monte Carlo

simulation (1000 simulations, FWHM512 mm) within the network

mask using dpabi software (Yan, et al., 2016).

2.6 | Inter-network functional connectivity analysis

To examine the pattern of FC changes between functional networks, the

temporal correlation among different RSNswas computed. First, the time-

course of each RSNwas extracted from the ICA procedure. Then, the time

courses of each pair of the 11 RSNs were used to calculate the temporal

correlation, namely the functional network connectivity (FNC), and nor-

malizedwith Fisher r-to-z transformation. A two-sample t test was used to

compare group differences in the FNCs (p< .05, uncorrected).

2.7 | Correlation analysis

To determine the relationship between FCs with significant between-

group differences and clinical assessments, we performed a nonpara-

metric Spearman correlation analysis between the FCs and FMA-HW

scores in stroke patients. Specifically, for the intra-network FC, those

brain regions based on the location of voxels showing significant differ-

ences in FC between the two groups were extracted as masks. Then by

averaging the z scores of the FC value of each voxel within the mask,

the FC value for each brain region was obtained and correlated to the

corresponding FMA-HW scores of the stroke patients. For the inter-

network FC, correlation analysis was performed between the FNCs

with significant between-group differences and FMA-HW scores across

all patients. A value of p< .05 was considered statistically significant.

3 | RESULTS

3.1 | Resting-state networks

Out of 30 components, 11 components were identified, which were in

line with the previous studies (Wang et al., 2014b; Zhao et al., 2017;

Zuo et al., 2010) (Figure 2). The sensorimotor network (SMN) mainly

includes the bilateral precentral gyrus (PreCG) and postcentral gyrus

(PostCG). The motor network (MN) mainly includes the bilateral PreCG

and supplementary motor areas (SMA). The medial visual network

(MVN) mostly encompasses the occipital pole. The lateral visual net-

work (LVN) is composed of the bilateral part of the occipital lobe. The

auditory network (AN) primarily includes the bilateral superior temporal

gyrus. The dorsal attention network (DAN) includes the interparietal

sulcus and the junction of the precentral superior frontal sulcus bilater-

ally. The anterior default mode network (aDMN) mainly involves the

medial prefrontal (mPFC) and anterior cingulate cortex (ACC), and the

posterior DMN (pDMN) primarily includes the posterior cingulate cor-

tex (PCC)/precuneus (Pcu), as well as the bilateral lateral parietal cortex.

The left and right frontoparietal network (L/RFPN) involves the dorso-

lateral PFC and posterior parietal cortex. In addition, the executive con-

trol network (ECN) mainly involves the bilateral dorsolateral PFC and

the lateral parietal cortex.

3.2 | Altered FC within RSNs

Compared with healthy controls, patients showed significant FC differ-

ences in multiple RSNs (Figure 3 and Table 1). For theMN, FC decreased

in the contralesional precentral (M1) and postcentral gyrus (S1) (Figure

3a). For the MVN, FC decreased in the bilateral cuneus/calcarine (Figure

3b) but increased in the ipsilesional fusiform/lingual gyrus (Figure 3c); FC

decreased in a similar region (ipsilesional fusiform/lingual gyrus) of the

LVN (Figure 3d). For the ECN, FC increased in the ipsilesional IPL (Figure

3e). For the DAN, FC decreased in the ipsilesional IPL (Figure 3f).

3.3 | Altered inter-network FC

In stroke patients, decreased FNC was detected between the MN and

LFPN, between the DAN and LFPN, between the MVN and pDMN,

between the LVN and pDMN, and between the RFPN and ECN. In

contrast, increased FNC was detected between the RFPN and aDMN,

and between the RFPN and pDMN (p< .05, uncorrected). No FNCs

survived when the p values were corrected for multiple comparisons

(FDR, p< .05). Between-group differences in inter-network FC are

shown in Figure 4 and Table 2.
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3.4 | Correlation between FC and FMA-HW scores

In the stroke group, a significant negative correlation between the FC

of the IPL within ECN and FMA-HW scores was revealed (uncorrected,

r52.382, p5 .028; Figure 5). There were no significant correlations

between FNCs with significant between-group differences and FMA-

HW scores across all patients.

Additionally, we also used a predetermined network atlas (https://

brainnexus.com/resting-state-fmri-templates/) to reanalyze the intra-

network FC and the correlation between FC and FMA-HW scores in a

voxel-based way. The results were consistent with our main findings

except for the bilateral precentral (M1) gyrus within SMN (Supporting

Information, Figures 1 and 2).

FIGURE 3 Brain regions with significant differences in intra-network functional connectivity (FC) between stroke patients and controls (a–
f). Warm and cold colors indicate regions with higher or lower intranetwork FC in stroke patients compared with healthy controls (p< .05,
AlphaSim corrected). The colored bars indicate the T values of the two-sample t test. MN, motor network; MVN, medial visual network;
LVN, lateral visual network; DAN, dorsal attention network; ECN, executive control network [Color figure can be viewed at wileyonlineli-
brary.com]

FIGURE 2 Cortical representations of resting-state networks identified via independent component analysis. The color bar indicates the T
values ranging from 2 to 10. SMN5 sensory motor network; MN5motor network; MVN5medial visual network; LVN5 lateral visual net-
work; AN5 auditory network; DAN5dorsal attention network; aDMN5 anterior default mode network; pDMN5 posterior default mode
network; LFPN5 left frontoparietal network; RFPN5 right frontoparietal network; ECN5 executive control network [Color figure can be
viewed at wileyonlinelibrary.com]
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4 | DISCUSSION

To our knowledge, this is the first exploratory study to investigate

intra- and inter-network FC and their correlations with hand motor def-

icits in patients with subcortical stroke. Using an ICA approach, 5 of

the 11 well-known RSNs were found to be abnormal and involved vis-

ual, attention, motor and motor executive control. Moreover, the FC

values of the ipsilesional IPL within the ECN showed a negative corre-

lation with FMA-HW scores across all patients with chronic stroke. On

the other hand, chain alterations of the inter-network functional cou-

pling in motor-visual attention and high-order cognitive control net-

works were found in stroke patients. These findings support our

hypothesis and are particularly important for understanding the patho-

physiology of stroke because motor reorganization is a common

TABLE 1 Brain regions with significant differences in intra-network functional connectivity (FC) between stroke patients and healthy controls

MNI coordinates

Regions Side
Brodmann
area X Y Z

Peak T
value

Cluster
size

MN

Precentral gyrus R BA4 48 29 51 24.94 76

Postcentral gyrus R BA3 50 214 51 24.37 43

MVN

Cuneus/calcarine L/R BA18/17 3 296 15 25.08 215

Fusiform/lingual gyrus L BA18/19 230 263 23 5.04 78

LVN

Fusiform/lingual gyrus L BA19/18 218 284 212 25.73 191

DAN

Inferior parietal lobule L BA40 257 227 42 24.54 95

ECN

Inferior parietal lobule L BA40 236 245 57 5.08 98

Note. Abbreviations: DAN5 dorsal attention network; ECN5 executive control network; LVN5 lateral visual network; MVN5medial visual network;
RFPN5 right frontoparietal network; SMN5 sensory motor network.

FIGURE 4 Inter-network connectivity differences between stroke patients and healthy controls. The dashed lines indicate decreased inter-
network functional connectivity in stroke patients. The solid lines denote increased connectivity in stroke patients (p< .05, uncorrected).
MN5motor network; MVN5medial visual network; LVN5 lateral visual network; DAN5 dorsal attention network; ECN5 executive
control network; aDMN5 anterior default mode network; pDMN5 posterior default mode network; RFPN5 right frontoparietal network;
LFPN5 left frontoparietal network [Color figure can be viewed at wileyonlinelibrary.com]
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mechanism of cortical injury following subcortical stroke, which dis-

rupts the related networks that support motor behavior.

Our connectivity analysis revealed dysfunction after subcortical

lesions in the motor network. The most consistent finding in previ-

ous resting-state studies is that patients with motor impairment

after stroke show decreased interhemispheric connectivity of the

ipsilesional M1 with the contralesional SMC (Park et al., 2011;

Zheng et al., 2016). Compared to our previous M1-based resting-

state FC study (Yin et al., 2012), although both studies enrolled

stroke patients with a similar left motor pathway dysfunction, the

FC changes in the pattern of the MN are somewhat different, which

is possibly due to the adoption of different FC analysis methods.

The ROI-based FC analyses focus on FC of other brain regions with

the seed of M1, while the data-driven ICA approach focuses on the

entire complexity of the network.

With the exception of the MN, alteration of FC also appeared in

another sensory network (i.e., the visual network). The visual cortex

receives top–down modulation from frontal and parietal areas in rela-

tion to visual attention (Bressler, Tang, Sylvester, Shulman, & Corbetta,

2008), and transcranial magnetic stimulation (TMS) showed that the

disruption of top-down signals from frontal and parietal regions to the

visual cortex during spatial attention can cause behavioral deficits in

healthy subjects (Ruff et al., 2006, 2008). In previous motor-task fMRI

and FC studies, the abnormal activity of visual occipital regions has

been generally regarded as a noneffective compensatory reorganization

in motor deficits after stroke or has been ignored (Park et al., 2011;

Ward et al., 2003). Our previous study using effective connectivity

analysis reported a higher influence from the ipsilesional M1 to the

ipsilesional occipital lobe in the stroke group with more severe paralysis

and regarded it as compensation for the impaired connectivity to the

ipsilesional somatosensory cortex (Zhao et al., 2016). We also found

reduced FC of the ipsilesional inferior parietal lobule within the DAN,

further suggesting that the disruption of the attention network contrib-

uted to the impairment of the motor function. Here, FNC changes

between the MN, VN and DAN may provide strong evidence that the

motor-visual attention function was disrupted in stroke patients.

Besides, the motor-visual attention network also decreased the interac-

tion with higher order cognitive motor control networks, as the inter-

network FNC analysis showed that stroke patients exhibited weak

inter-network FC between the MN, and DAN and LFPN, and between

the VN and pDMN. Together, our results support the view that sensory

information from proprioception and vision plays an important role in

guiding and adjusting movement by providing bottom–up and top–

down control (Fogassi & Luppino, 2005), which deepens our under-

standing of the importance of eye–hand coordination for upper

extremity motor recovery and may enhance the rehabilitation of sub-

jects after stroke.

The ECN is thought to exert control over posterior sensorimotor

representations and to maintain relevant data in the mind until actions

are selected (Seeley et al., 2007). Higher FC was presented in the ECN

in patients compared to controls, which may represent a compensatory

reorganization due to the impairment of the sensorimotor and visual

attention circuit. This result is consistent with previous findings that

some cognitive control regions demonstrated higher activity in the

acute phase of stroke and in the process of motor recovery (Marshall

et al., 2000; Ward et al., 2003). Additionally, increased FC in the ipsile-

sional IPL within the ECN was negatively correlated with FMA-HW

scores, indicating that the higher the FC of the IPL within the ECN, the

worse the hand motor function. An intriguing finding is that the ipsile-

sional IPL region (BA40) in the ECN showed higher FC in patients than

controls; conversely, the ipsilesional IPL region (BA40) in the DAN

showed lower FC in patients. We also note that the Fusiform/Lingual

Gyrus (BA18/19) of the ipsilesional occipital lobe exhibited completely

different FC within the MVN and LVN. These types of complex func-

tional alterations in one brain area may suggest that a functionally

defined brain cortex may exist beyond its anatomically defined cortex,

which is worthy of further investigation in future studies.

Consistent with previous research, this study revealed lateralized

networks of FPN via ICA, although the regions were symmetric in

healthy controls. We found that inter-network FC decreased between

the ipsilesional FPN (LFPN) and the MN and DAN in stroke patients,

which further suggested impairment of the dorsolateral prefrontal cor-

tex management of cognitive load required for motor-visual attention

functions. We speculated that the increased inter-network FC between

TABLE 2 FNCs showing the significant differences between patient
group and healthy groups (HCs)

Network HCs (mean6 std) Patient group p value t value

MN-LFPN 20.0660.21 20.1860.21 .02 22.28

LVN-pDMN 0.3560.30 0.186 0.26 .01 22.42

MVN-pDMN 0.3860.27 0.246 0.25 .03 22.19

DAN-LFPN 0.0360.24 20.1260.21 .01 22.60

aDMN-RFPN 0.1760.23 0.316 0.24 .02 2.37

RFPN-pDMN 0.2560.22 0.436 0.23 .002 3.21

RFPN-ECN 0.3960.21 0.206 035 .01 22.62

Note. Abbreviations: aDMN5 anterior default mode network;
DAN5dorsal attention network; ECN5 executive control network;
FNC5 functional network connectivity; LFPN5 left frontoparietal net-
work; LVN5 lateral visual network; MN5motor network; MVN5medial
visual network; pDMN5 posterior default mode network; RFPN5 right
frontoparietal network.

FIGURE 5 Correlation results between altered FC within the ECN
and the FMA-HW scores of the stroke patients. The vertical axis
indicates the mean z-score of FC, and the horizontal axis indicates
the FMA (hand1wrist) scores [Color figure can be viewed at
wileyonlinelibrary.com]
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the contralesional RFPN and DMN might be a compensatory reorgan-

ization due to the decreased inter-network FC between the pDMN

and VN in stroke patients. On the other hand, our findings showed that

positive connectivity between the RFPN and ECN decreased in stroke

patients, and the ECN exhibited seemingly no direct altered interaction

with the DMN or motor-visual attention networks. These serial inter-

network changes appear to support that the FPN may have a closer

connection to the reinforcement of the management of cognitive load

required for motor performance. Therefore, the importance of the

cooperation of the FPN with other related networks, which may deter-

mine the outcome of motor recovery, should be emphasized.

The DMN, a set of brain regions that typically deactivate during

performance of cognitive tasks, has been considered to be involved

in the integration of primary perception and high cognitive process-

ing (Andrews-Hanna, 2012; Broyd et al., 2009; Raichle et al., 2001).

Previous studies have suggested that resting-state DMN dysfunc-

tion is related to cognitive impairment in stroke patients (Dacosta-

Aguayo et al., 2014, 2015). In this study, not surprisingly, there were

no regions that showed significant FC differences within the DMN

in the stroke patients, as the enrolled subjects had good general cog-

nitive function. FC alterations within the DMN were observed in

both acute and chronic stroke patients without cognitive impairment

(Ding et al., 2014). Altered intra- and inter-network FC in the DMN

has even appeared in well-recovered subcortical stroke patients

(Wang et al., 2014a). The inconsistent results among these studies

might be related to different inclusion criteria for stroke patients

with motor impairments. In this study, the relative homogeneity of

the samples was carefully controlled; our patients exhibited pure

motor deficits from subcortical stroke, and most lesions occurred at

the ipsilesional BG regions of the left motor pathway. Although

these might be the strictest inclusion criteria for stroke patients with

motor impairments, our patients showed greater inter-network FC

between the RFPN and the aDMN and pDMN. We reasoned that

this might reflect a comparison response to the inter-network

impairments between the pDMN and the MVN and LVN. In general,

the inter-network alterations of the DMN in this study could repre-

sent the disruption of its integrative function as a counterpoint

between the primary perceptional system and the advanced cogni-

tive system (Andrews-Hanna, 2012; Broyd et al., 2009). More stud-

ies are necessary to clarify the role of the DMN in motor deficits

after stroke. Taken together, the existence of alterations both in

motor-visual networks and in other high-order motor cognitive net-

works (including the RFPN, DMN, and ECN) in chronic stroke may

be further helpful for understanding the possible mechanisms under-

lying the beneficial effects of intervention on motor recovery.

Several limitations should be considered in this study. First, this

current study had only a cross-sectional design. It would be more help-

ful for us to examine the dynamic changes in multiple network func-

tional connectivity to understand the mechanism of motor recovery,

but because of our study design, we are unable to comment on this.

Further studies should focus on the acute or subacute effects of stroke

on multiple network function and investigate longitudinally whether

these predict long-term motor function. Second, we recruited highly

specific patients who formed a homogeneous group in terms of the

nature of the deficit (pure motor deficit) and the location of the lesion

(subcortical lesion, involvement of a similar BG region). As a result, cau-

tion should be taken in extending the findings of this study to patients

with complex motor deficits following stroke. Third, the total sample

size of stroke patients is relatively small, and the further subdivision of

stroke patients may exhibit a more detailed relationship between the

patterns of functional connectivity and function outcomes in hand

function. Finally, we did not assess cognitive functions, which may help

to clarify the functional role of our findings. Future studies are needed

to validate these interpretations of our results.

In conclusion, we demonstrated that brain plasticity in chronic

stroke patients with motor deficits is not restricted to the sensorimotor

network, but rather spreads to other neural networks. The intra- and

inter-network FC alterations involved both the primary perceptional

system and higher order cognitive control networks and demonstrated

the brain pathway reorganization of motor behavior after subcortical

stroke. Moreover, the different FC alteration patterns in the ipsilesional

IPL may reflect the coexistence of impairment of the DAN and com-

pensation by the ECN for hand motor deficits. The findings of this

study can provide complementary evidence to further understand the

neural substrates of improving motor function after stroke.
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