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Background: The aim of this study was to investigate whether patients with basal ganglia stroke and patients with pontine
stroke have different types of functional connectivity (FC) alterations in the early chronic phase.
Material/Methods: We included 14 patients with pontine stroke, 17 patients with basal ganglia stroke, and 20 well-matched healthy
controls (HCs). All of them underwent resting-state functional magnetic resonance imaging (rs-fMRI) scanning.
The independent component analysis (ICA) approach was applied to extract information regarding the default-
mode network (DMN), including anterior DMN (aDMN) and posterior DMN (pDMN) components and the sen-
sorimotor network (SMN).
Results: Compared with HCs, patients with basal ganglia stroke exhibited significantly reduced FC in the left precu-
neus of the pDMN, right supplementary motor area (SMA), and right superior frontal gyrus (SFG) of the SMN.
Additionally, FC in the left medial prefrontal gyrus (MFG) of the aDMN, right precuneus and right posterior cin-
gulate cortex (PCC) of the pDMN, and left middle cingulate gyrus (mid-CC) of the SMN decreased in patients
with pontine stroke.
Conclusions: The different patterns of FC damage in patients with basal ganglia stroke and patients with pontine stroke in
the early chronic phase may provide a new method for investigating lesion-induced network plasticity.
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Background

The lesion location of ischemic stroke is variable, and location
is associated with functional outcome [1]. A brain lesion may
affect functions that are not directly related to the damaged
brain area, suggesting that a complex system underlies func-
tional brain organization, consisting of broader functional net-
works rather than simple structure-function relationships [2,3].

Numerous neuroimaging techniques have been used to detect
functional changes following stroke [4]. Diffusion tensor imag-
ing (DTI) is widely used to detect white matter integrity after
stroke, and numerous studies have demonstrated that white
matter integrity is associated with functional deficits, including
motor recovery after stroke [5,6]. In addition, diffusion kurto-
sis imaging (DKI) is a novel technology that has demonstrated
that pontine stroke can lead to microstructural changes of the
corticospinal tract in the early phase [7]. Recently, increasing
attention has focused on the structural or functional chang-
es of the gray matter. Resting-state functional magnetic res-
onance imaging (rs-fMRI) has the advantage of not requiring
the performance of any specific tasks during functional neu-
roimaging acquisition [8]. Functional neuroimaging allows us
to compute how activity in one region is related to activity in
another region. This relationship is referred to as functional
connectivity (FC) [9]. It has been suggested that infarctions lo-
cated anywhere in the brain can induce widespread effects,
disrupting functional networks [10].

Complex network approaches have been used to characterize
relationships between different brain areas [11]. As a multi-
variate data-driven analysis method, independent component
analysis (ICA) has been increasingly applied to rs-fMRI data.
ICA can identify multiple resting-state networks (RSNs) and in-
vestigate intra- and internetwork FC in vivo [12]. Rather than
identifying areas of activation that correlate with a region of
interest, ICA identifies independent profiles of spatial activa-
tion throughout the brain. Wang et al. first reported the al-
tered FC of subcortical stroke patients in both intra- and inter-
network between multiple networks using ICA [13]. Recently,
Zhao and colleagues revealed the intra- and internetwork FC
alterations involved multiple brain networks in the subcorti-
cal chronic stroke patients by applying ICA [14]. Another study
used ICA to demonstrate default-mode network (DMN) chang-
es of patients with acute brainstem stroke and found that FC
within the DMN decreased [15].

The basal ganglia and pontine regions are the most common
sites for subcortical stroke [16]. A structural MRI study by
Jiang et al. suggested that capsular and pontine stroke patients
exhibit different patterns of secondary damage. Structural dam-
age in capsular stroke is noted in the sensorimotor area, but
patients with pontine stroke exhibited cerebellar atrophy [17].
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Primary sensorimotor areas are the most frequently reported
regions involved in the reorganization of motor function, and
DMN connectivity impairment has been observed in patients
with lesions at various locations [14,18]. Numerous rs-fMRI
studies have accordingly demonstrated altered FC of both sen-
sorimotor and higher order cognitive control regions. However,
no studies have revealed different patterns of FC alterations
in basal ganglia and pontine ischemic stroke patients in the
early chronic phase.

In this study, we aimed to apply the ICA method to investigate
the FC changes of patients with basal ganglia stroke and pa-
tients with pontine stroke 1 month after acute stroke onset.
We hypothesized that these 2 groups would exhibit specific
types of FC damage in motor and cognitive areas, respectively.

Material and Methods

Subjects and clinical data

This study was approved by the Research Ethics Committee of
the Nanjing Medical University and all participants gave writ-
ten informed consent.

A total of 14 patients with pontine stroke (9 males and 5 fe-
males, 65.07+9.56 years) and 17 patients with basal ganglia
stroke (12 males and 5 females, 62.29+11.26 years) were en-
rolled in this study. The inclusion criteria for the stroke patients
were as follows: (1) age 40-80 years, (2) right-handedness,
(3) first-onset ischemic stroke, (4) 1 month had passed
since acute stroke onset. Exclusion criteria for all subjects
were: (a) a contraindication for MR, (b) severe quadriplegia,
(c) a history of neurological and psychiatric disorders. We in-
cluded 20 well-matched HCs (13 males and 7 females, age
58.70+5.88 years) in the final analysis.

Fugl-Meyer assessment was used to assess the motor func-
tion of patients with stroke. The general cognitive function of
the participants was established using the Montreal Cognitive
Assessment (MoCA).

MRI acquisition

All MR images were acquired from a 3.0 Tesla MRI scanner
(Ingenia, Philips Medical Systems, Netherlands) with an 8-chan-
nel head coil. For rs-fMRI, all subjects were required to stay
awake and not think of anything, relax with their eyes closed,
and avoid any head motion. The rs-fMRI parameters were:
2000 ms/30 ms repetition time/echo time, 36 slices, 4 mm sec-
tion thickness, 0 mm gap, 240x240 mm field of view, 64x64
acquisition matrix, and 90° flip angle. The fMRI sequence was
obtained in 8 min 8 s.

Indexed in:  [Current Contents/Clinical Medicine] [SCI Expanded] [ISI Alerting System]
[ISI Journals Master List] [Index Medicus/MEDLINE] [EMBASE/Excerpta Medica]
[Chemical Abstracts/CAS]

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)

9586




Chen H. et al.:
Different patterns of functional connectivity alterations...
© Med Sci Monit, 2019; 25: 9585-9593

Table 1. Demographic and clinical characteristics of all subjects.
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fMRI Data Preprocessing

The rs-fMRI data preprocessing steps were conducted using
Data Processing Assistant for Resting-State fMRI (http://www.
restfmri.net/forum/DPARSF) based on statistical parametric
mapping (SPM8; http://www.fil.ion.ucl.ac.uk/spm) on MATLAB
7.12.0 (R2013a). The first 10 volumes were removed from each
time series. We excluded any data involving a head motion of
greater than 2.0 mm maximum displacement in any of the x,
y, or z directions or 2.0° of any angular motion throughout the
scan. Four patients with pontine stroke and 5 patients with
basal ganglia stroke were excluded for head motion. A total
of 14 patients with pontine stroke (9 males and 5 females,
65.07+9.56 years) and 17 patients with basal ganglia stroke (12
males and 5 females, 62.29+11.26 years) were enrolled. Then,
we spatially normalized the remaining dataset to the Montreal
Neurological Institute template with the resampling voxel size
of 3x3x3 mm?. The normalized fMRI data were smoothed with
6-mm full width at half-maximum (FWHM) Gaussian kernel.

Group Independent Component Analysis (GICA)

After preprocessing the data, Group ICA of fMRI Toolbox
(GIFT; http://mialab.mrn.org/software/gift/) was used to de-
compose the data into functional networks using group spa-
tial ICA. The number of components was estimated using the
minimum description length criteria tool in GIFT, which sug-
gested that 30 was the optimal number of independent com-
ponents (ICs). The ICs were then estimated using the Infomax
algorithm. Following group ICA, the anterior DMN (aDMN),

posterior DMN (pDMN), and sensorimotor network (SMN) com-
ponents were identified by visual inspection as previously de-
scribed. Group statistical maps of subject IC patterns repre-
senting aDMN, pDMN, and SMN were entered into one- and
two-sample t tests in SPM8.

Statistical analyses

Statistical analysis of demographics between patients with
stroke and healthy controls were performed using the SPSS
software package (SPSS, Inc., Chicago, IL, USA). Differences
were tested using one-way ANOVA for quantitative continu-
ous variables and a y? test for proportions variables. Statistical
significance was set to p<0.05.

For within-group analyses, the aDMN, pDMN, and SMN spatial
maps were performed by one-sample t tests using SPM8 for
each group. The threshold was set to p<0.001 (FDR-corrected).

Two-sample t tests were performed to explore the aDMN,
pDMN, and SMN differences between the 2 group of stroke
patients and the HCs. The statistical significance threshold
was set as p<0.001 and a minimum cluster size of 5 voxels.

A region of interest (ROI)-wise manner was adopted to inves-
tigate the relationship between DMN connectivity and MoCA
by Pearson’s correlation analyses. We used REST software to
extract mean z values of each brain region that showed sig-
nificant group differences of FC, and then used the SPSS sta-
tistics software for Pearson’s correlation coefficients between
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Figure 1. Probability maps of lesion distribution in patients with basal ganglia stroke (A) and pontine stroke (B). Color bars denote the
probability of lesion distribution.

the changes in FC strength and MoCA. Age, sex, and educa-
tion were set as covariates in these analyses. P value <0.05
was considered as statistically significant.

Results

The characteristics of pontine stroke patients, basal ganglia
stroke patients, and HCs are summarized in Table 1. The 3
groups were well-matched with regard to age, sex, and educa-
tion. There were no significant differences on NHISS, Fugl-Meyer
assessment, superficial sense deficits, lesion side, or time af-
ter stroke between the pontine stroke patients and the basal
ganglia stroke patients (all P>0.05). The MoCA was different
in the 3 groups (P<0.05), while after the post hoc test, there
was no difference between the pontine stroke patients and
basal ganglia stroke patients (P>0.05). Lesion probability maps
of patients with basal ganglia stroke and pontine stroke are
depicted in Figure 1.

Two components were considered as DMN sub-networks —
the aDMN and pDMN - and 1 component was considered as
an SMN sub-network among the selected 30 ICs. Figure 2 dis-
plays the results of these 3 sub-networks by one-sample t test
(P<0.001, FDR-corrected).
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Compared with HCs, patients with basal ganglia stroke ex-
hibited significantly reduced FC in the left precuneus of the
pDMN, right supplementary motor area (SMA), and right su-
perior frontal gyrus (SFG) of the SMN (Figure 3). The brain re-
gions are listed in Table 2. Compared with HCs, patients with
pontine stroke exhibited significantly less FC in the left me-
dial prefrontal gyrus (MFG) of the aDMN, right precuneus, right
posterior cingulate cortex (PCC) of the pDMN, and left mid-
dle cingulate gyrus (mid-CC) (Figure 4). The brain regions are
listed in Table 3. A detailed list of brain regions with decreased
FC in each sub-network is presented in Table 3. After correct-
ing for age, sex, and education, we found that the strength of
FC in the DMN had no correlation with MoCA score (P>0.05).

Discussion

By applying unbiased whole-brain analysis to investigate FC
changes in patients with basal ganglia stroke and patients
with pontine stroke, we found that both groups of patients ex-
hibited FC reduction in the SMN and DMN. Our findings sug-
gest that patients with basal ganglia stroke and patients with
pontine stroke exhibit specific types of FC damage in senso-
rimotor and cognitive areas. The differences between the 2
groups emphasize the importance of lesion location-specific
studies of stroke patients.
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Figure 2. Results of the 3 components representing the aDMN, pDMN, and SMN using one-sample t test in patients with subcortical
infarctions in the basal ganglia compared with pontine stroke and healthy groups (P<0.001, FDR-corrected). All the
components are displayed from multiple sectional, coronal, and sagittal views. Color bar represents T values in each
component (P<0.001, FDR-corrected).
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Figure 3. FC differences in networks between patients with basal ganglia stroke and healthy controls. Color bar denotes T values
(P<0.001). SMA - right supplementary motor area; SFG — superior Frontal Gyrus; L — left; R — right.

The DMN includes the medial frontal gyrus; posterior cingu-
late cortex (PCC); angular gyrus (ANG); the medial, lateral, and
inferior parietal cortices; the hippocampal formation; and the
thalamus [19,20]. The DMN have been regarded as a brain re-
gion associated with cognitive and emotional processing by
prior studies [21]. A study found that the FC dysfunction of DMN
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can be detected by resting-state functional MRI 10 days after
stroke [22]. Our study revealed FC changes in different areas
of both the DMN in the 2 groups in the early chronic phase.
The precuneus is an associated area that connects multiple
regions and is involved in various functions, especially cog-
nitive function [23,24]. One study indicated that the strength
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Table 2. Decreased FC in patients with basal ganglia stroke compared with healthy patients.

MNI Coordinates

Brain regions BA %, z (inm) Peak T value Voxels
pDMN
Uprecuness 7 603 432 no
SN
Rsupplementary motorarea s 32151 ass7 5
Rsuperior frontalgyrus o 34z _ages 7

BA — Brodmann area; MNI — Montreal Neurological Institute; L — left; R — right.

R _precuneus

Figure 4. FC differences of networks between pontine stroke and healthy controls. Color bar denotes T values (P<0.001). MFG — medial
frontal Gyrus; PCC — posterior cingulate cortex; mid-CC — middle cingulate cortex; L — left; R — right.
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Table 3. Decreased FC in patients with pontine stroke compared with healthy patients.

Brain regions BA
aDMN
Umedial prefrontal gyrus 0
eomN
Rprecuness 71
Rposterior cingulate cortex 23
saw
Umiddle cingulate cortex 24

MNI Coordinates

Peak T value Voxels

X, ¥, 2 (mm)
LS. D
""""""" 67545  -a119 21
v e B
""""""" %-93 411 9

BA — Brodmann area; MNI — Montreal Neurological Institute; L — left; R — right.

of DMN connectivity was significantly decreased in the precu-
neus in acute stroke patients with impaired consciousness [25].
A study by Ding et al. reported that patients exhibited signifi-
cantly less FC in the precuneus compared with healthy con-
trols depending on whether they had post-stroke cognitive im-
pairment [26]. Similar to the above-mentioned studies, the 2
groups in our study exhibited reduced FC in the precuneus.
The MFG is the region that exhibits the most extensive reor-
ganization as it has undergone considerable cortical expan-
sion across primate evolution [19]. The FC of the MFG area in
pontine stroke patients was decreased, whereas FC in basal
ganglia stroke patients was normal. As part of the dorsolateral
prefrontal cortex, the MFG is a putative cognitive area [27].
The FC of the MFG area in the aDMN of pontine stroke pa-
tients decreased, whereas FC in the aDMN of the basal gan-
glia stroke patients were normal and the pontine stroke pa-
tients showed a lower MoCA score than the healthy controls.
Roe et al. showed that the rate of brain MRI change was posi-
tively correlated with the conversion from cognitively normal
to Clinical Dementia Rating (CDR) >0 [28]. Role of brain deficits
in predicting disease progression suggested that MRI chang-
es may precede the onset of cognitive impairment. This result
may suggest that pontine stroke patients may exhibit more
severe cognitive damage, especially memory processing [29].
The PCC, which projects to and receives input from the ante-
rior cingulate, prefrontal, lateral parietal, and parahippocam-
pal regions, is the principal node of the network [30]. The lo-
calization of lesion is important in cognitive impairment after
stroke. If a lesion is situated in the PCC or disrupts the con-
nectivity of this node, the consequences of the lesion would
be of significant relevance in both the short term and long
term [31]. This finding reflects that the pontine stroke patients
may have cognitive impairment for a long time.

Sensorimotor deficits after stroke are common and may lead
to a global functional impairment [32]. The SMN includes

somatosensory and motor regions and extends to the sup-
plementary motor areas [33]. Both pontine and hemispheric
lesions after stroke can lead to motor or sensory deficits [34].
In the present study, although both basal ganglia stroke and
patients with pontine stroke exhibited involvement of the mo-
tor pathway, FC was weakened in different sensorimotor re-
gions. Patients with basal ganglia stroke exhibited reduced FC
in SMA and SFG. Functionally, SMA is involved in the perfor-
mance of difficult tasks [35,36]. A number of previous studies
consistently found that, compared with controls, the FC be-
tween sensory and motor areas decreased and the FC have a
correlation with the degree of behavioral impairments in the
acute phase of the stroke patients [37-39]. With the transi-
tion to the chronic post-stroke phase, the motor connectivity
gradually recovers to normal [9]. Recently, a meta-analysis us-
ing movement tasks reported that the activity of the SMA was
associated with good outcome [32]. The FC in SMA still de-
creased in the patients with early chronic basal ganglia stroke,
indicating that they may have a poor motor function outcome.
Basal ganglia are involved in higher-order motor control such
as movement planning and execution [40]. The SFG is located
at the superior part of the prefrontal cortex and is involved in a
variety of cognitive and motor control tasks [41]. The dysfunc-
tion of the basal ganglia has an effect on the balance of facil-
itatory and inhibitory aspects of frontal cortex function [42].
Axonal degeneration secondary to lesions might be a reason-
able explanation for these changes [43]. Nevertheless, patients
with pontine stroke exhibited reduced FC only in the mid-CC
of the SMN. The mid-CC serves as a functional circuit via fiber
connection to the SMA in rhesus monkey [44]. The CC is a ma-
jor constituent of the limbic brain, and cutaneous nociceptive
neurons are most abundant [45,46]. A case has been report-
ed showing hypoperfusion presenting in the mid-CC ipsilateral
to the infarction with heat anesthesia and deep sensory dis-
turbance in the right half of the body [47]. This indicates that
the pontine stroke patients may have a more serious sensory
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deficit than motor function deficit. These results may aid cli-
nicians to design measures to monitor sensorimotor damage
in these 2 subgroups.

Several limitations in the present study should be noted. First,
the cross-sectional experimental design could not reveal the
evolution of FC changes in stroke patients. Longitudinal stud-
ies with a large sample size may provide more useful informa-
tion. Second, we did not eliminate the effect of the lesion side.
Future studies with large sample sizes should be performed to
analyze patients with left and right lesions separately. Finally,
the longitudinal data of the fMRI and neuropsychological as-
sessments should be assessed to explore the dynamic rela-
tionship between the FC and cognitive function.
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Conclusions

The different patterns of FC damage in patients with basal gan-
glia stroke and patients with pontine stroke expand the un-
derstanding of the changes occurring in the brain after stroke
in the early chronic phase and may provide a new method for
investigating lesion-induced network plasticity.
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