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Abstract

This study investigated local and global changes in the motor network using longitudinal resting-state functional magnetic
resonance imaging (rs-fMRI). Motor impairment was measured in 81 stroke patients using Fugl-Meyer assessment on the
same day as rs-fMRI acquisition at both 2 weeks and 3 months post-stroke. The relationships between network measures
and motor function scores were assessed. With regard to local connectivity, interhemispheric connectivity was noticeably
altered at each time point. Interhemispheric connectivity was also related to residual motor function and improvement in
motor function. The anterior intraparietal sulcus and other well-known primary and secondary motor-related regions played
important roles in motor function. Changes in global connectivity according to stroke type and initial severity were investi-
gated. In global connectivity, interhemispheric connectivity was disrupted at 2 weeks post-stroke regardless of stroke type
and initial severity. During the recovery period, interhemispheric connectivity recovered well in patients with hemorrhagic
stroke or low severity. In contrast, there were no significant between-group and within-group alterations in intrahemispheric
connectivity. Intrahemispheric connectivity of the inferior frontal cortex (IFC) exhibited opposite alterations compared to
other connections. There were no differences between groups in IFC connectivity alterations; however, decreasing ipsilesional
IFC connectivity and contralesional IFC during recovery were noticeable in patients with mild to moderate impairments and
patients with severe impairments, respectively. These results may be helpful in understanding the network changes that occur
after stroke and could have important implications for treatment strategy development in future studies.

Keywords Stroke - Functional connectivity - Interhemispheric connectivity - Intrahemispheric connectivity - Inferior
frontal cortex - Anterior intraparietal sulcus
Introduction

Numerous brain functions are associated with specific brain
regions, but are also generated by interactions among mul-
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Chen et al. 2015; He et al. 2007a). The physiological influ-
ences of neurological disorders are better assessed over an
entire network rather than at the local site of damage (Carter
et al. 2010; He et al. 2007a; Honey and Sporns 2008). In
recent neurologic research, a connectivity-based approach
has been widely used to emphasize the fundamental role
of distributed neural networks, and to investigate changes
in network structure and relationships between network
measures and motor functions (Buma et al. 2010; Carter
et al. 2010; He et al. 2007b; Rehme and Grefkes 2013; Wang
et al. 2010; Westlake et al. 2012). There have been many
findings regarding local and global connectivity analysis in
previous studies. The most consistent finding was the sig-
nificant change in interhemispheric connectivity between
motor-related regions, with the strength of the connectiv-
ity associated with residual motor function. In contrast to
interhemispheric connectivity, the role of intrahemispheric
connectivity remains controversial, especially with regard
to whether contralesional changes are beneficial or non-
beneficial for motor recovery (Buetefisch 2015; Dodd et al.
2017; Rehme et al. 2010). Previous connectivity studies used
regions of interest (ROIs) obtained from predefined brain
structural atlases or a few functional studies. As a result, the
ROIs used varied in each connectivity study. Previous stud-
ies also had small sample sizes with a heterogeneous patient
population with different stroke types and initial severity.
Therefore we extracted the motor network using multiple
ROIs that showed consistent activation during upper limb
movements by stroke patients from 36 neuroimaging studies
(Rehme et al. 2012) and investigated alteration and role of
local and global connectivity in the network using a sub-
stantial amount of longitudinal resting-state fMRI data (81
stroke patients at 2 weeks and 3 months after stroke onset).
Investigation of global changes was also performed through
stratified analysis according to stroke type and initial sever-
ity of patients and the role of connectivity of several ROIs
such as the anterior intraparietal sulcus (alPS) and the infe-
rior frontal cortex (IFC), which has not been established in
previous stroke studies, was investigated in the study.

Materials and Methods
Participants

We recruited 81 patients (41 males and 40 females, age
56.40 + 12.38 years) according to the following inclusion
and exclusion criteria (Table 1). We included patients diag-
nosed with first-onset unilateral stroke (ischemic or hemor-
rhagic stroke) whose onset was within 2 weeks or less, and
who were 19 years or older at stroke onset. Patients were
excluded if they exhibited any clinically significant or unsta-
ble medical disorders, any neuropsychiatric comorbidity
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Table 1 Patient characteristics and motor function
Age (years)
Mean +SD 56.40+12.38
Sex (n)
Male 41
Female 40
Side of lesion (n)
Right 41
Left 40
Bilateral 0
Location of lesion (n)
Supratentorial 66
Infratentorial 15
Type of stroke (1)
Hemorrhagic 22
Ischemic 59
Initial severity (n)
Mild & Moderate (FMA > 55) 24
Severe (FMA <55) 57
Time post-stroke (days), mean+SD
Ist time point 14.46+6.28
2nd time point 95.69+11.07
Fugl-Meyer assessment scores, mean + SD
Ist time point 40.54+26.70
2nd time point 63.78 +29.63

other than stroke, or any contraindication to magnetic reso-
nance imaging (MRI). All patients underwent resting-state
functional MRI (fMRI) scans twice. An age-matched con-
trol group of 55 healthy subjects (21 males and 34 females,
age 54.40 + 13.73 years) without a history of psychiatric or
neurological problems underwent resting-state fMRI scan
once. This study was conducted in accordance with the prin-
ciples of the Declaration of Helsinki. Ethical approval was
obtained from the Institutional Review Board of Samsung
Medical Center. All participants understood the experimen-
tal procedures and signed a consent form.

Experimental Design

This experiment was designed as a longitudinal observa-
tional study of repeated fMRI experiments. The participants
underwent resting-state fMRI and behavioral assessment at
2 weeks and 3 months after stroke onset. Motor impairments
were measured using Fugl-Meyer assessment scores (Fugl-
Meyer et al. 1974) on the same day as fMRI data acquisition.

Data Acquisition

All patients participated in the first fMRI session approxi-
mately 2 weeks after stroke onset (14.46 +6.28 days) and
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the second session about 3 months (95.69 + 11.07 days)
after onset. Participants were instructed to keep their
eyes closed and to remain motionless during the resting-
state fMRI scan. fMRI data were acquired using a Philips
ACHIEVA® MR scanner (Philips Medical Systems, Best,
The Netherlands) operating at 3 T. During each session, 100
whole-brain images were collected using a T2*-weighted
gradient echo-planar imaging (EPI) sequence with the fol-
lowing metrics: 35 axial slices, slice thickness =4 mm, no
gap, matrix size =128 X 128, repetition time =3000 ms,
echo time =35 ms, flip angle=90°, and field of
view =220x 220 mm. T1-weighted MP-RAGE images were
also acquired with the following settings: 124 axial slices,
slice thickness =1.6 mm, no gap, matrix size=512x512,
and field of view =240 x 240 for atlas transformation.

Data Pre-processing

Image pre-processing was performed using the SPM8 pack-
age (Welcome Trust Centre for Neuroimaging, University
College London, London, U.K.). Pre-processing consisted
of several steps: slice timing correction, correction for head
motion by realigning all consecutive volumes to the first
fMRI image using six rigid-body transformation, coreg-
istration of a mean image of the realigned fMRI images
and a T1-weighted structural image, spatial normalization
into Montreal Neurological Institute (MNI) template space
(resampling to a 2-mm isotropic voxel size), and spatial
smoothing using a 6-mm full-width half-maximum Gauss-
ian Kernel.

Several nuisance sources were removed using the linear
regression of nine nuisance parameters. The parameters were
obtained from head motion correction (spatial realignment)
and global, white matter, and ventricle signals. Band-pass
filtering between 0.009 and 0.08 Hz was performed to
remove constant offsets and linear trends. Nuisance regres-
sion and band-pass filtering were processed using MATLAB
(Mathworks, Inc.).

fMRI Data Analysis

A network consists of a set of nodes and edges between
pairs of nodes. In our study, ROIs were obtained from
Rehme et al. (2012), who performed meta-analyses on 54
experimental contrasts for movement of the paretic upper
limb (472 patients, 452 activation foci) and on 20 experi-
ments comparing activation between patients and healthy
controls (177 patients, 113 activation foci) from 36 neuro-
imaging studies of stroke patients among PubMed search
results published up to January 2011. We used “affected
upper limb movement vs. rest in stroke patients” results in
this study. Regions in these results were not symmetric. To
obtain network measurements under the same conditions
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in bilateral hemispheres, we added the contralesional infe-
rior frontal gyrus (IFG), the inferior frontal sulcus (IFS),
the rostral cingulate zone (RCZ), and the ipsilesional aIPS,
and constructed a symmetrical network. The 24 ROIs were
defined as 10-mm-diameter spheres around the predefined
MNI coordinates (Table 2, Supplementary Fig. 1). The
lesion area was masked and connections of the motor net-
work were calculated using Pearson’s correlation between
the mean time courses of each of the 24 ROIs. The cor-
relation coefficient indicates the strength of connectivity
in the study. A one-sample 7 test (p <0.01) was conducted
to identify significant connections.

To investigate indirect influences on the motor net-
work by stroke onset, motor networks of healthy controls
and stroke patients were compared 2 weeks post-stroke.
Two-sample 7 tests were conducted to identify significant
differences in motor networks between healthy subjects
and stroke patients at 2 weeks post-stroke, and paired ¢
tests were performed to identify significant changes in
motor networks of stroke patients between 2 weeks and 3
months after onset (during the recovery period). Relation-
ships between network measures and residual motor func-
tions, and between initial connectivity and improvement in
motor function during the recovery period were examined
using a linear regression model.

A seed-based approach was used to investigate unob-
served connections among specific regions in the whole
brain because the motor network constructed using 24
predefined ROIs restricted the number of regions that
could be analyzed. The correlation coefficients were
calculated between the time course of a specific region
and the time course of every voxel in the brain. The cor-
relation coefficient was converted to Gaussian distrib-
uted values through Fisher z-transformation defined by
z=1/2)In(1 + r)/In(1 —r).

To examine unobserved connections of the aIPS related
to residual motor function in the whole brain (beyond prede-
fined ROIs), voxel-wise connectivity maps (z-statistic maps)
of the alPS for all patients were obtained using a seed-based
approach, and relationships between z-values in a voxel for
all patients and their residual motor functions was investi-
gated using a linear regression model.

Global changes in interhemispheric and intrahemi-
spheric connectivity in the motor network and changes
in intrahemispheric connectivity between the IFC (IFS
and IFG) and motor-related regions were investigated.
To compare global changes in the motor network accord-
ing to stroke type (‘Ischemic’ or ‘Hemorrhagic’) and ini-
tial severity (‘Mild & Moderate’ or ‘Severe’), two-way
repeated-measures analysis of variance (repeated-meas-
ures ANOVA) was used. With regard to initial severity,
patients were classified into two groups (initial FMA <55,
‘Severe’; initial FMA > 55, ‘Mild & Moderate’) based
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Table 2 Regions of interest in

No. Region Side MNI coordinates
the motor network of stroke
patients X y z

1 Precentral gyrus (M1) IL —-38 —-24 58
2 Precentral gyrus (M1) CL 42 -14 52
3 Medial superior frontal gyrus (SMA) IL -4 -6 54
4 Medial superior frontal gyrus (SMA) CL 4 -6 54
5 Postcentral gyrus (S1) IL -36 -30 60
6 Postcentral gyrus (S1) CL 40 -28 52
7 Cerebellum (lobule VI) IL —-24 —-60 -22
8 Cerebellum (lobule V and VI) CL 20 -50 -22
9 Medial superior frontal gyrus (pre-SMA) IL -2 6 54
10 Medial superior frontal gyrus (pre-SMA) CL 2 2 56
11 Dorso-lateral precentral gyrus/sulcus (PMd) IL -42 -10 58
12 Dorso-lateral precentral gyrus/sulcus (PMd) CL 42 -6 56
13 Ventro-lateral precentral gyrus/sulcus (PMv) IL —46 -10 48
14 Ventro-lateral precentral gyrus/sulcus (PMv) CL 42 -6 48
15 Parietal operculum (S2) IL —48 —18 22
16 Parietal operculum (S2) CL 50 -28 28
17 Inferior frontal gyrus (IFG) IL —48 6 6
18 Inferior frontal gyrus (IFG) CL 48 6 6
19 Inferior frontal sulcus (IFS) IL -50 8 34
20 Inferior frontal sulcus (IFS) CL 50 8 34
21 Rostral cingulate zone (RCZ) IL -8 14 36
22 Rostral cingulate zone (RCZ) CL 8 14 36
23 Anterior intraparietal sulcus (alPS) IL —42 —-40 50
24 Anterior intraparietal sulcus (alPS) CL 42 —40 50

IL ipsilesional side, CL contralesional side

on criteria obtained from a severity classification study
according to FMA scores (Duncan et al. 1994).

Results
Altered Local Connectivity in the Motor Network

Alterations in connectivity were investigated between
healthy controls and stroke patients 2 weeks post-stroke
and local changes in connectivity between at 2 weeks and
3 months post-stroke (Fig. 1, Supplementary Tables 1, 2).
Most altered connections were weakened 2 weeks post-
stroke compared to healthy controls and strengthened for
3 months after the onset. Interhemispheric connections
comprised mostly altered connections. In contrast, several
intrahemispheric connections of the IFS and IFG were
strengthened at 2 weeks post-stroke compared to healthy
controls and weakened during the recovery period, the
opposite pattern of other connections.

Functional Connectivity Related to Motor Function

The relationships between network measures and FMA
scores were investigated to search for implications related
to motor impairments. Table 3 shows significant correlations
between connection strength and FMA score. The results
show positive correlations: 13 of 15 connections were inter-
hemispheric. Connections among bilateral M1, S1, and pre-
motor areas showed a significant relationship with residual
motor function. Connections between these regions com-
posed the majority of connections related to motor function.

In this study, the aIPS also played a significant role. The
interhemispheric connections between the bilateral aIPS
and M1 or S1 were correlated with residual function. The
bilateral aIPS was additionally analyzed using a seed-based
approach to investigate unobserved connections related to
residual motor function. The aIPS was mostly connected
with the parietal and occipital lobes, and around the cen-
tral sulcus. Figure 2 is the -map (uncorrected p <0.001)
constructed by analyzing the correlation between the results
from our seed-based approach and motor function scores.
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Fig.1 Differences in connectivity between healthy controls and
stroke patients at 2 weeks post-stroke (a) and changes in connectivity
between 2 weeks and 3 months post-stroke (b). This figure was drawn
using BrainNet Viewer software (http:/nitrc.org/projects/bnv/). The

CL

&IPS

Lhl

red edge represents an increase in the strength of the connection, and
the blue edge represents a decrease in the strength of the connection
(p<0.05). IL ipsilesional side, CL contralesional side

Table 3 Relationship between

. A No. Region Side Region Side t value p value
connection strength and residual
motor function score 1 Ml IL Ml CL 276 0.0067
2 M1 IL S1 CL 2.89 0.0045
3 Ml IL PMv IL 3.44 <0.001
4 M1 CL S1 IL 2.66 0.0088
5 Ml CL PMd IL 2.87 0.0048
6 Ml CL PMv IL 3.27 0.0014
7 Ml CL alPS IL 3.91 <0.001
8 S1 IL S1 CL 2.67 0.0085
9 S1 IL S2 CL 2.69 0.0084
10 S1 IL alPS CL 3.17 0.0019
11 S1 CL PMd IL 3.95 <0.001
12 S1 CL PMv IL 3.60 <0.001
13 S1 CL alPS IL 321 0.0017
14 pre-SMA CL PMv CL 3.18 0.0018
15 alPS 1L alPS CL 3.29 0.0013

Only connections with a significant relationship to residual motor function scores are listed (p <0.05)

M1 primary motor cortex, pre-SMA pre-supplementary motor area, PMd dorsal premotor cortex, PMv ven-
tral premotor cortex, S/ primary somatosensory cortex, S2 secondary somatosensory cortex, alPS anterior
intraparietal sulcus, /L ipsilesional side, CL contralesional side

Only interhemispheric connections connected with M1 and
S1 (ipsilesional alPS-contralesional M1, peak MNI coor-
dinates [30, — 12, 52], t=4.46; contralesional alPS-ipsile-
sional M1, peak MNI coordinates [— 34, — 10, 54], t=5.35;
contralesional alPS-ipsilesional S1, peak MNI coordinates
[—40, —22, 52], t=5.35) were observed. We verified that
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the interhemispheric connections between the bilateral alPS
and the primary sensorimotor regions played an important
role in motor function.

Baseline network measures associated with motor func-
tional recovery were also investigated. The relationship
between initial local connection strength and change in
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Fig.2 The regions connected with a the contralesional alPS and b
the ipsilesional aIPS are related to motor function. The regions indi-
cate significant connections correlated with residual motor function
among all connections of the aIPS in the whole brain. The #-maps

motor function score during the recovery period was exam-
ined (Table 4). Several connections between the M1, S1,
pre-SMA, S2, and alPS were correlated with improvement
of motor function scores. The majority of the connections
were composed of interhemispheric connections.

Altered Global Connectivity in the Motor Network

Alterations in the average strength of interhemispheric
and intrahemispheric connectivity were investigated
using stratified analysis according to stroke type and
initial severity (Fig. 3; Table 5). Overall and homotopic
interhemispheric connectivity at 2 weeks post-stroke
was significantly disrupted compared to healthy controls
regardless of stroke type and initial severity. However,
ipsilesional and contralesional intrahemispheric connec-
tivity did not show any significant differences compared
to healthy controls. During the recovery period, changes
in interhemispheric connectivity were more distinct than

t-value

(p<0.001) are axial views (MNI coordinate, z=52). Interhemi-
spheric connections between primary sensorimotor regions and the
alPS were correlated with residual motor function. /L ipsilesional
side, CL contralesional side

those in intrahemispheric connectivity. Global connectiv-
ity showed different alterations according to stroke type
and initial severity. There were significant differences
of alterations in overall and homotopic interhemispheric
connectivity according to stroke type (type X time; over-
all, F=4.34, p=0.0404; homotopic, F=8.59, p=0.0044).
Interhemispheric connectivity was significantly increased
in the Hemorrhagic group (overall, t=—3.56, p=0.0018;
homotopic, t=-3.57, p=0.0018) compared to the
Ischemic group. There was no difference between groups
according to severity. However, overall interhemispheric
connectivity was significantly increased in the Mild and
Moderate group (¢=—3.25, p=0.0036). In contrast to
interhemispheric connectivity, ipsilesional and contral-
esional intrahemispheric connectivity did not exhibit
significant differences between groups or within groups.
However, contralesional connectivity had a tendency to
increase in the Mild & Moderate group and to decrease
in the Severe group although differences in contralesional

Table 4 Relationship between

I R No. Region Side Region Side t value p value

initial connection strength and

change in motor function score 1 M1 CL PMv IL 242 0.0183

over 3 months 2 s1 IL PMd CL 2.09 0.0411
3 S1 CL PMd IL 2.21 0.0309
4 S1 CL PMv IL 2.98 0.0040
5 pre-SMA 1L S2 CL 2.52 0.0146
6 pre-SMA CL S2 CL 2.88 0.0056
7 alPS IL alPS CL 2.25 0.0280

Only connections significantly related to improvement of motor function scores are listed (p <0.05)

M1 primary motor cortex, pre-SMA pre-supplementary motor area, PMd dorsal premotor cortex, PMv ven-
tral premotor cortex, S/ primary somatosensory cortex, S2 secondary somatosensory cortex, a/PS anterior
intraparietal sulcus, IL ipsilesional side, CL contralesional side
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Table5 Two-way repeated- Connectivity Source df MS F p value
measures ANOVA tables for
alter.ations in.interhfamispheric Overall interhemispheric Time 1 0.0326 8.84 0.0039
gﬁ;g?i‘i‘z‘y‘“sl’her‘c Type xtime I 00160 434 0.0404
Severity X time 1 0.0075 2.04 0.1570
Error 78 0.0037
Homotopic interhemispheric Time 1 0.0337 13.14 0.0005
Type X time 1 0.0220 8.59 0.0044
Severity X time 1 0.0009 0.36 0.5504
Error 78 0.0026
Ipsilesional intrahemispheric Time 1 0.0001 0.03 0.8560
Type X time 1 0.0018 0.48 0.4896
Severity X time 1 2.78x1073 0.01 0.9307
Error 78 0.0036
Contralesional intrahemispheric Time 1 0.0009 0.26 0.6138
Type X time 1 8.07x 1073 0.02 0.8826
Severity X time 1 0.0110 2.99 0.0876
Error 78 0.0037
df degrees of freedom, MS mean squares

connectivity changes were not significant according to
severity (severity X time, F=2.99, p=0.0876).

Most connections were weakened at 2 weeks post-stroke
compared to healthy controls and strengthened during
the recovery period. However, the IFS and IFG connec-
tions showed an opposite tendency (Fig. 1, Supplementary
Tables 1, 2). The alterations in intrahemispheric connectivity
between IFC regions and remaining motor-related regions in
the motor network (IFC intrahemispheric connectivity) were
investigated (Fig. 4; Table 6). IFC intrahemispheric con-
nectivity was generally strengthened at 2 weeks post-stroke
compared to healthy controls and weakened during the
recovery period. There were no group differences according
to stroke type or initial severity. However, ipsilesional IFC
connectivity was significantly decreased during the recov-
ery period in the Hemorrhagic group (¢=2.36, p=0.0279)
and decreases in the connectivity of the Hemorrhagic and
Mid & Moderate groups were noticeable. Contralesional
IFC connectivity was significantly decreased in the Severe
group (t=2.05, p=0.0448). Decreased contralesional IFC
connectivity in the Hemorrhagic and Severe groups was also
noticeable compared to other groups.

Discussion

Changes in the motor networks of stroke patients were
investigated by observing local and global measures. Inter-
hemispheric connectivity significantly decreased at 2 weeks
post-stroke compared to that of healthy controls, and then
increased during the recovery period. Disruptions of inter-
hemispheric interactions are related to an imbalance between

bilateral hemispheres after stroke onset and interhemispheric
interactions are increased by the rebalancing of bilateral
hemispheric networks during the recovery period. Inter-
hemispheric connectivity were also correlated with residual
motor function and improvement in motor function during
the recovery period. Interhemispheric connectivity was
mainly composed of primary and secondary motor-related
regions. This implies that more interactive conditions for
motor-related brain activity between both hemispheres indi-
cate better motor function and recovery. Interhemispheric
connectivity in stroke patients is an important indicator
established in previous studies (Carter et al. 2010; Park et al.
2011; Rehme and Grefkes 2013; Wang et al. 2010). This
study confirmed the importance of interhemispheric con-
nectivity through analysis of a considerable amount of data.

The majority of connections related to motor function
were interhemispheric connections including M1, S1, pre-
motor areas and alPS. Several connections with M1, S1,
and premotor areas were found to play important roles in
previous stroke studies (Carter et al. 2010; Park et al. 2011;
Wang et al. 2010). However, the connections in the aIPS
were not primarily investigated in other stroke studies. In
healthy subject studies, the aIPS contributed to hand grip
function (Davare et al. 2011; Ehrsson et al. 2001). The aIPS
also provides motor-related regions with visual information
about objects, as well as influencing grasp-related and mus-
cle-specific M1-premotor cortex interactions (Davare et al.
2009; Olivier et al. 2007; Reichenbach et al. 2010; Tunik
et al. 2005). Recently, connections between M1 and the alPS
have been described in humans (Koch et al. 2010), and the
proportional fractional anisotropy values of the ipsilesional
and contralesional tracts between the premotor cortex and
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Fig.4 Altered IFC intrahemispheric connectivity in the motor network. a The strength of ipsilesional IFC intrahemispheric connectivity. b The
strength of contralesional IFC intrahemispheric connectivity. Error bars represent standard deviation (*p <0.05)

Table 6 Two-way repeated-
measures ANOVA tables

for alterations in IFC
intrahemispheric connectivity

Connectivity Source df MS F p value

Ipsilesional IFC intrahemispheric Time 1 0.0525 6.82 0.0108
Type X time 1 0.0110 1.42 0.2363
Severity X time 1 0.0091 1.18 0.2803
Error 78 0.0077

Contralesional IFC intrahemispheric Time 1 0.0253 3.34 0.0713
Type X time 1 0.0062 0.82 0.3680
Severity X time 1 0.0040 0.53 0.4680
Error 78 0.0076

IFC inferior frontal cortex, df degrees of freedom, MS mean squares

the alPS have been shown to contribute to motor function
using structural connectivity data in chronic stroke patients
(Schulz et al. 2015). In our functional connectivity study,
the bilateral aIPS also played an important role; interhemi-
spheric connections between the alPS and primary sensori-
motor areas contributed to motor function in stroke patients.

Changes in the several intrahemispheric connections of
the IFC in both hemispheres contrasted with those of other
connections in the study. Compared to healthy controls,
intrahemispheric connections in the IFC were strengthened
at 2 weeks post-stroke and weakened during the recovery
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period. In a meta-analysis (Rehme et al. 2012), the IFC was
activated during upper limb movements by stroke patients.
Interestingly, this region was activated during affected and
unaffected upper limb movements by stroke patients, but was
not activated during movement by healthy subjects in the
meta-analysis. Such inverse alterations in IFC connectivity
may be related to disruption and recovery of network segre-
gation. In this sense, disruption and recovery of interhemi-
spheric connectivity in the motor network can be also related
to disruption and recovery of interhemispheric integration.
Functional networks of healthy subjects exhibit segregation
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and integration properties (Bullmore and Sporns 2012;
Sporns 2013; Tononi et al. 1994). However, the properties
are disrupted by stroke onset (Deco et al. 2015; Gratton et al.
2012). The IFC is a part of the ventral attention system and
is included in the attention network (Bledowski et al. 2004,
Corbetta et al. 2008; Corbetta and Shulman 2002; Lin-
den et al. 1999). Because of the blurry within-hemisphere
boundaries between the attention and motor networks related
to disruption of network segregation, the intrahemispheric
connections between the IFC and motor-related regions
can be abnormally increased compared to healthy controls.
After the recovery period, these connections can be some-
what decreased. Recently, an increase of ipsilesional con-
nectivity between the default mode network and the dorsal
attention network caused by disruption of network segrega-
tion was reported in subacute stroke patients compared to
healthy controls (Siegel et al. 2016). The IFC region can be
co-activated during movements in stroke patients because of
abnormally strong connectivity with motor-related regions
related to disruption of network segregation.

In functional terms, enrollment of the IFC during move-
ment in stroke patients can also be considered to be related
to their attention. This region is an important part of the ven-
tral attention system, which is associated with response to
detection of a behaviorally relevant target (Bledowski et al.
2004; Corbetta et al. 2008; Corbetta and Shulman 2002;
Linden et al. 1999). Patients have difficulty moving their
limbs due to motor impairments caused by stroke and must
pay much more attention during movements in comparison
with healthy subjects. Therefore, connections between the
IFC and motor-related regions may become stronger in the
subacute stage due to co-activation between the IFC and
motor-related regions. Compared to the subacute stage, less
attention is required during chronic stage because motor
impairment is typically reduced and due to patient adapta-
tion. As a result, these connections between the IFC and
motor-related regions may weaken.

Alterations in global connectivity were investigated
according to stroke type and initial severity. Changes in
interhemispheric connectivity were prominently observed
compared to intrahemispheric connectivity. This result
was consistently reported in previous studies (Carey et al.
2013; Rehme and Grefkes 2013; Siegel et al. 2016). These
changes in global connectivity differed slightly according
to stroke type and initial severity in our study. Disruptions
of interhemispheric connectivity caused by stroke onset
were observed regardless of stroke type and initial sever-
ity. However, recovery of connectivity over the course of 3
months was noticeable in patients with hemorrhagic stroke
or low severity. The changes in contralesional connectivity
tended to differ according to severity, although there were
no significant differences between groups. Connectivity
showed a tendency to increase in mild to moderate patients.

Alterations of IFC intrahemispheric connectivity also var-
ied according to stroke type and initial severity. Reduced
connectivity over 3 months was apparent in patients with
hemorrhagic stroke. Ipsilesional intrahemispheric con-
nectivity was decreased in patients with mild to moderate
impairments, while a decrease in contralesional intrahemi-
spheric connectivity were noticeable in patients with severe
impairments.

Interhemispheric connectivity and IFC intrahemispheric
connectivity during the recovery period were markedly
altered in the motor network of hemorrhagic stroke patients.
In this study, marked alteration of connectivity in hemor-
rhagic stroke implies better recovery compared to ischemic
stroke patients, and this needs to be considered in terms
of proportional recovery. Proportional recovery rule means
that improvement of motor function in stroke patients dur-
ing recovery period is approximately 70% of the available
improvement in their impairment. In other words, the greater
initial functional deficit, the higher potential for recovery.
The potential for recovery may be greater in hemorrhagic
stroke because of greater disruption of connectivity at the
subacute stage compared to ischemic stroke. In previous
clinical studies, hemorrhagic stroke typically leads to more
severe neurological impairments compared to ischemic
stroke during the acute phase and the mortality rate is also
higher. However, hemorrhagic stroke survivors have better
functional prognoses and more rapid recovery (Paolucci
et al. 2003; Perna and Temple 2015; Schepers et al. 2008).
Although the brain network is seriously damaged by hemor-
rhagic stroke onset, network reorganization during the recov-
ery period appears to result in better recovery in survivors.

Interhemispheric connectivity and contralesional intra-
hemispheric connectivity showed an increasing tendency
in patients with mild to moderate impairments. Disrup-
tions of interhemispheric interactions in severely impaired
patients were reported and the lower the severity of stroke,
the greater the recovery of interhemispheric connectivity
during the recovery period in previous studies (Carter et al.
2010; Lee et al. 2017; Park et al. 2011; Rehme and Grefkes
2013; Siegel et al. 2016; van Meer et al. 2012; Wang et al.
2010). Although alterations in the contralesional hemisphere
and their role in stroke are still under debate, in one animal
study, intraregional signal coherence in the contralesional
hemisphere improved more in low severity stroke than in
high severity stroke in rats (van Meer et al. 2012).

With regard to IFC intrahemispheric connectiv-
ity, decreasing ipsilesional connectivity was noticeable
in patients with mild to moderate impairments while
changes in contralesional intrahemispheric connectivity
were noticeable in patients with severe impairments. In
this study, ipsilesional IFC connectivity was increased
at 2 weeks post-stroke in patients with mild to moder-
ate impairments compared to healthy controls and greater
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contralesional IFC connectivity was observed at 2 weeks
post-stroke in patients with severe impairments. Differ-
ences in IFC intrahemispheric connectivity during the
recovery period may be caused by differences in connec-
tivity at the subacute stage. In terms of proportional recov-
ery, the bigger the differences in connectivity between
healthy controls and stroke patients at the subacute stage,
the higher the potential for alterations during the recov-
ery period. An increase of ipsilesional hemispheric con-
nectivity between the different networks was reported in
subacute stroke patients compared to healthy controls in
the previous study (Siegel et al. 2016). Participants of the
previous study were mainly patients with mild to moderate
impairments. In our study, apparent alterations in IFC con-
nectivity were also observed in ipsilesional hemispheric
connectivity in patients with mild to moderate impair-
ments. Intracortical activity in the contralesional hemi-
sphere is predominantly enhanced, along with involve-
ment of contralesional motor-related regions, in severely
impaired patients (Schaechter et al. 2008; Stinear et al.
2007; Ward et al. 2006). There were noticeable increases
in contralesional hemispheric connectivity and the con-
nectivity during the recovery period was significantly
decreased in patients with severe impairments in our study.

The alterations in connectivity between predefined
ROIs during recovery period were investigated and the
correlation analyses between the motor functions and the
strengths of the connectivity were performed. Statistical
significance was determined by the uncorrected p value
because the significance level might be conservative by
multiple comparisons between many observed connectiv-
ity values obtained from 24 ROIs. However, this should be
described as a limitation of our study that multiple com-
parisons were not performed to control type I errors.

In conclusion, we investigated alterations in interhemi-
spheric and intrahemispheric connectivity and their role
in the motor network through local and global analyses.
Alterations in global connectivity according to stroke type
and initial severity were also investigated. This study may
be helpful in understanding the network changes that occur
after stroke and may provide insight into neurorehabilita-
tion strategies for stroke patients in terms of therapeutic
planning.
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