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Abstract
Stroke is a major cause of vascular cognitive dysfunction, such as memory impairment. 
We aimed to explore the neural substrates underlying verbal memory impairment in 
subcortical stroke patients by the methods of voxel-wise cerebral blood flow (CBF) 
and the functional covariance network (FCN). Sixty patients with chronic subcortical 
stroke and 60 normal controls (NCs) were recruited into this study. We used a three-
dimensional pseudo-continuous arterial spin-labeling imaging to measure alterations 
in CBF and FCNs. We mapped the overall CBF alterations in a voxel-wise manner and 
compared CBF measurements using a two-sample t test. Correlations between CBF 
and verbal memory were also investigated. Subsequently, we constructed FCNs by 
calculating the correlation between specific regions and all other voxels of a whole 
brain, separately within the two groups. Thereafter, by comparing differences of the 
FCN patterns between the patient and NC groups, we investigated the connection al-
terations within the FCN maps. The stroke patients showed verbal short-term memory 
(VSTM) deficits compared to NCs. The patients exhibited decreased CBF in the ipsile-
sional insula and ventral sensorimotor network, and increased CBF in contralesional 
frontal cortical and subcortical regions (putamen and thalamus). Meanwhile, the CBF 
in the ipsilesional insula was positively correlated, and the contralesional frontal cor-
tical was negativity correlated, with VSTM scores. Moreover we found that stroke 
patients exhibited disordered connection within FCNs compared to NCs. The study 
suggests that the underlying imaging biomarker of VSTM impairment in patients with 
subcortical stroke was associated with disconnection of the frontal lobe network.
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1  |  INTRODUC TION

Patients with ischemic stroke often suffer from cognitive impairment, 
which exerts a negative impact on their quality of life (Delavaran 
et al., 2017). Memory impairment is one of the most common symp-
toms of cognitive decline in stroke patients, as shown by clinical indi-
cators (Brainin et al., 2015; de Lima Ferreira et al., 2018). In addition, 
memory impairment has also been observed in cortical stroke pa-
tients, which is unsurprising since the cortical structures (i.e., frontal 
cortex, temporal cortex, and parietal cortex) play an essential role in 
memory function (Ahmed et al., 2018). Recently, numerous studies 
have reported that subcortical strokes also affect memory (Corbett 
et al., 1994; Diao et al., 2017), and that patients with the basal gan-
glia stroke have short- and long-term memory disorders (Middleton 
& Strick, 2000). However, few studies have assessed the memory 
impairment in patients with a subcortical infarction involving the 
motor pathway who recovered movement. Their memory or cogni-
tive impairments are likely to be ignored, since they no longer exhibit 
physical disabilities. However, the memory impairment could exert 
further influence on their daily lives, including the ability to retrieve 
information, store information, and learn new skills. The neurological 
biomarkers of stroke-induced memory impairment in patients with 
chronic subcortical stroke remain to be elucidated.

The quantitative perfusion imaging to calculate cerebral blood 
flow (CBF) plays an important role in the study of post-stroke neuro-
nal activity. CBF refers to the amount of arterial blood arriving at, or 
perfusing, an area of neural tissue within a given time, expressed in 
units of ml/min/100 g. There is an intricate relationship between CBF 
and neural activity, with increasing regional neurological demands 
closely followed by increasing blood flow to that region. The three-
dimensional pseudocontinuous arterial spin-labeled (3D-pcASL) 
technique is a type of perfusion MRI technique for non-invasive 
quantitative measuring CBF with good test-retest repeatability by 
taking advantage of intra-arterial blood hydrone as a freely diffusible 
trace (Alsop et al., 2015). Many researchers have demonstrated that 
CBF is typically disrupted in brain regions adjacent to or far from 
stroke lesions in patients with acute stroke (Hernandez et al., 2012; 
Wang, Miao et al., 2019). Previous studies have shown that the ab-
normalities of CBF in the distal neural regions may lead to cogni-
tive deficits and alterations in multiple regions (Love et  al.,  2002; 
Siegel et al., 2016). However, an increasing number of studies have 
shown that cerebral changes after stroke are characterized not only 
by regional changes but also by altered patterns in cortical connec-
tivity (Grefkes & Fink, 2014; Rehme & Grefkes, 2013). Brain perfu-
sion in different regions may change synchronously as functional 
connectivity networks in order to conduct functional activity (Zhu 
et al., 2013, 2015). Perfusion-based functional network connectiv-
ity analysis provides direct and quantitative measurements of the 
physiology and metabolism of specific networks in the brain (Buxton 
et  al.,  2004; Jann et  al.,  2015). Network-specific quantitative CBF 
measured by ASL can indicate the baseline metabolic activity, which 
may be related to the strength of functional connectivity of the cor-
responding network (Aslan et al., 2011; Liang et al., 2013). During 

brain development, the vascular distribution of venules and capil-
laries of functionally linked areas becomes similar, leading to similar 
CBF values in maturity. This cannot be assessed in a single subject, 
but by looking at the correlation across subjects one can tease out 
brain regions in which the variability in a target region matches that 
in a seed region. Furthermore, assuming functional connectivity per-
sists into maturity, it is likely that these correlations will be retained, 
but they may be vulnerable to disruption by disease.

CBF functional networks were constructed by calculating the 
cross-subject CBF covariance between different brain regions. 
Several studies on methodological characteristics have confirmed 
the validity of connectivity maps obtained with perfusion imaging 
techniques (Chuang et al., 2008; Viviani et al., 2011; Zou et al., 2009). 
Furthermore, cerebral network measurements, based on CBF-
derived functional connectivity, have been used in a variety of neu-
ropsychiatric disorders (Cui et al., 2017; Zhu et al. 2015). Structural 
covariance networks subjected to voxel-based morphometry have 
been widely used to investigate the covariance pattern of gray 
matter volumes among different cortical regions (Montembeault 
et al., 2016; Wang, Zhao, et al., 2019). In the functional covariance 
network (FCN) method, the amplitude covariance of low-frequency 
fluctuations in BOLD signals across subjects is measured to study 
the interregional correlation of brain activity (Zhang et al., 2011). Liu 
et al.,  (2016) applied this method to the identification of the alter-
ation of CBF covariance network of schizophrenic individuals. In our 
study, we used the FCN method to examine the correlations among 
CBF variations in different brain regions, and to reveal the underly-
ing neurological mechanism of subcortical stroke-induced memory 
impairment.

In this study, the 3D-pcASL imaging was used to investigate the 
alterations in CBF connectivity in patients with subcortical stroke. 
The Rey Auditory Verbal Learning Test (RAVLT) was used to score 
the episodic memory function in patients. By exploring the correla-
tions between the altered imaging indices and episodic memory 
scores, we aimed to elucidate the neural biomarkers of memory defi-
cit in patients with subcortical infarctions involving well-restored 
motor pathways.

2  |  MATERIAL S AND METHODS

2.1  |  Participant selection

The study was conducted in the First Affiliated Hospital of Zhengzhou 
University and Tianjin Medical University General Hospital. This is 
an exploratory study. The study protocol was approved and pre-
registered by the Institutional Review Board (Chinese Clinical Trial 
Registry, ChiCTR1900027064). Written informed consent was ob-
tained from all participants. In addition, we combined the data from 
two centers with the possibility of large variation; therefore, it was 
important to develop a strict protocol to ensure data quality.

The inclusion criteria were as follows: (a) all patients were first-
onset stroke patients and showed motor deficits in the upper and 
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lower extremities at the onset of stroke; (b) the stroke was pres-
ent for more than 6 months, ensuring that the patients were in the 
stable, chronic phase; (c) a single lesion of ischemic infarct confined 
to the inner capsule and adjacent areas; and (d) good global motor 
function, assessed using the whole extremity Fugl–Meyer assess-
ment (FMA), with all scores greater than 90/100.

The exclusion criteria were: (a) recurrent stroke, which was de-
termined by clinical history and MRI evaluation; (b) patients with 
hemorrhagic transformation; (c) a medical history of neurological or 
psychiatric disorders; (d) the presence of lacunae and microbleeds 
on T2-weighted images and enhanced susceptibility-weighted angi-
ography (ESWAN) images; and (e) severe white matter hyperinten-
sity (T2 fluid-attenuated inversion recovery [FLAIR] images) with a 
Fazekas scale score >1 (Fazekas et al., 1987).

The G* Power software (version 3.1) was used for sample size 
estimation. Parameters are as follows: two tails, effect size d = 0.8, 
alpha error prob = 0.05, power = 0.8, allocation ratio = 1. Then the 
sample size of each group is 26. We also calculate the sample size 
for chi-square test, linear regression and correlation test, and after 
data quality control, 60 right-handed patients (44 males and 16 fe-
males; mean age, 55.0 years; age range, 40–75 years) with subcor-
tical infarctions, and 60 healthy controls (34 males and 26 females; 
mean age, 55.4 years; age range, 40–75 years) were recruited for this 
study. The RAVLT was used to assess the verbal short-term memory 
(VSTM) level of the subcortical stroke patients.

2.2  |  Magnetic resonance data acquisition

Magnetic resonance images were acquired in both hospitals using 
3.0-T MRI scanners (Discovery MR750; General Electric). Snug and 
comfortable foam padding was used to minimize head movement, 
and earplugs were used to reduce scanner noise. Sagittal 3D T1-
weighted images were acquired using a brain volume sequence with 
the following parameters: repetition time (TR) = 8.2 ms, echo time 
(TE)  =  3.2 ms, inversion time (TI) =  450 ms, flip angle (FA) =  12°, 
field of view (FOV)  =  256  mm ×256  mm, matrix  =  256  ×  256, 
slice thickness = 1.0 mm, no gap, and 188 sagittal slices. Resting-
state perfusion imaging was obtained using the pcASL sequence 
with 3D spiral acquisition and background suppression with the 
following parameters: TR  =  5,025  ms, TE  =  11.1  ms, post-label 
delay  =  2025  ms, spiral in readout of eight arms with 512 sam-
ple points, FA  =  111°, FOV  =  240  ×  240  mm, reconstruction ma-
trix = 128, slice thickness =3 mm, no gap, 48 axial slices, number of 
excitations = 3, and 1.9 × 1.9 mm in-plane resolution. The T2 FLAIR 
sequences were acquired in the axial plane with the following pa-
rameters: TR = 8,500 ms, TE = 157.73 ms, FA = 111°, TI = 2,100 ms, 
matrix  =  256  ×  256, number of slices  =  20, and slice thick-
ness = 5.0 mm. The ESWAN sequences were acquired in the axial 
plane using the following parameters: TR = 35.7 ms, TE = 3.8 ms, 
FA = 20°, matrix = 320 × 256, FOV = 220 mm ×220 mm, number of 
slices = 80, slice thickness = 2.0 mm. The 3D Time of Flight (TOF) 
magnetic resonance angiography (MRA) sequences were acquired 

in system using the follow parameters: TR = 20 ms, TE = 3.69 mm, 
matrix = 320 × 320, FOV = 220 × 220 mm, slice thickness = 0.6 mm, 
slab = 4, and number of slices/slab = 40. During the resting state 
scans, all participants were instructed to close their eyes but stay 
awake, relax, and stay still as long as possible, not thinking about 
anything special.

2.3  |  Verbal memory assessment

The RAVLT is a powerful neuropsychological tool that is used for as-
sessing episodic memory by providing scores for evaluating different 
aspects of memory (Ferreira & Campagna, 2014). The RAVLT is sen-
sitive to verbal memory deficits caused by a variety of neurological 
diseases, which is widely used for the cognitive assessment in clini-
cal research and practice. It includes the verbal short-term memory 
(VSTM) and the verbal long-term memory (VLTM) tests. The RAVLT 
consists of five free-recall trials of a 15 words list. In each trial, the 
examiner read a word aloud every two seconds, and the participants 
must listen carefully. Then participants were asked to recall as many 
of the presented words as possible after the presentation. The total 
number of correctly recalled words in all 5 trials was recorded as a 
VSTM score. Finally, participants were asked to recall words again 
after a 20-min interruption (trial 6). The number of the correctly re-
called words in trial 6 was recorded as the VLTM score.

2.4  |  Image processing

MRI data were analyzed using SPM8 (http://www.fil.ion.ucl.ac.uk/
spm/). Pre-processing first involved quality assurance that was 
visually performed for each cerebral blood flow image and allow-
ing for the removal of corrupted images. Then, to improve statisti-
cal robustness, the imaging data of all 24 patients with lesions in 
the right hemisphere were flipped to the left side along the sagittal 
midline before image processing (Wang et al., 2014). For all patients, 
we defined the left side as the ipsilesional hemisphere, and the right 
side as the contralesional hemisphere. No randomization was per-
formed to allocate subjects and no blinding was performed, as only 
two groups of subjects (patient and normal control) were recruited 
in this study, and the subjects enrolled in this study were chronic 
infarctions involving well-restored motor pathways and no special 
treatment protocols were performed. Stroke lesions were primar-
ily located in the basal ganglia, internal capsule, thalamus, and co-
rona radiata. The lesion incidence map of stroke patients is shown 
in Figure 1. The stroke location was determined by an experienced 
neuroradiologist using three-dimensional T1-weighted images (3D-
T1WI). At first, we spatially normalized the 3D-T1WI to the standard 
Montreal Neurological Institute (MNI) space. Then, the lesions were 
manually delineated slice by slice on the normalized 3D-T1WI using 
the MRIcron software (www.mricro.com). In this way, a lesion mask 
was generated for each subject. Finally, the lesion masks of all stroke 
patients were averaged and overlaid onto the MNI template.

http://www.fil.ion.ucl.ac.uk/spm/
http://www.fil.ion.ucl.ac.uk/spm/
http://www.mricro.com
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The resting-state CBF maps were preprocessed as follows. First, 
perfusion images were calculated by subtracting the label images 
from the reference images and quantitative CBF maps were calcu-
lated by vendor provided Functool. Second, CBF maps were coreg-
istered to the high-resolution 3DT1-weighted image. Subsequently, 
the T1 images were segmented into gray matter, white matter, and 
CSF probabilistic masks, and were normalized to standard MNI space 
using a unified normalization-segmentation algorithm. The gray mat-
ter probabilistic mask was re-sectioned to the same resolution as the 
CBF map and converted to a binary mask at a density threshold of 
0.2, to exclude voxels with small amounts of gray matter. Then, CBF 
maps were written to the anatomical image and normalized using 
the individual normalization parameters derived from the segmen-
tation algorithm. Next, CBF maps were multiplied by the binary gray 
mask resulting in an image of predominantly gray matter perfusion. 
The normalized CBF maps were resampled to 2 ×2 × 2 mm isotropic 
voxel size and smoothed with an 8  mm isotropic Gaussian kernel. 
Finally, to reduce inter-subject variations, the CBF images were nor-
malized by dividing the mean CBF of the whole brain.

2.5  |  Cerebral blood flow analyses

To assess the overall CBF changes in patients with chronic subcorti-
cal stroke, we performed a two-sample t test analysis of CBF maps 
generated from voxel-based analyses. The differences in normalized 
CBF between the two groups were compared. For each participant, 
the normalized CBF value of each cluster with a significant group 
difference was extracted for the analysis based on a region of inter-
est (ROI). We used Cohen's d (Parker & Hagan-Burke, 2007) to de-
scribe the effect size (ES) of each ROI. In the statistical analyses the 
age, sex, years of education, and scanner variables of the individuals 
were controlled as confounding covariates for regression. Multiple 

comparisons were corrected using the non-stationary cluster level 
family-wise error (cFWE) method, with a correction threshold of 
p < .05.

2.6  |  Functional covariance network for mapping 
synchronized CBF alterations

To investigate the neurological imaging biomarkers of stroke-
induced memory impairment in patients with subcortical stroke, 
we used the FCNs method to map brain connectivity patterns on 
resting-state CBF datasets through correlation analyses of CBF 
across subjects (i.e., CBF-FCNs). We constructed the FCN by se-
lecting seeding regions from those with significant inter-group 

F I G U R E  1  Lesion incidence map for the stroke patients (n = 60). The color bar represents the lesion incidence frequency in each voxel

TA B L E  1  Demographic and clinical data of the stroke patients 
and the normal controls

Variable
Stroke 
patients

Normal 
controls p

Number 60 60 —

Age (y) 55.1 ± 8.6 55.4 ± 8.2 0.837

Sex (M—F) 44—16 34—26 0.056

Education (no. of 
years)

10.0 ± 3.4 11.0 ± 2.9 0.107

Verbal short-term 
memory

43.9 ± 9.3 48.7 ± 8.2 0.003*

Fugl–Meyer Assessment score

Upper extremity 65.4 ± 1.4 — —

Whole extremity 98.8 ± 2.6 — —

*The bold values indicate significant differences between the stroke 
and normal control groups (p < .05); Data are presented by the mean ± 
the standard deviation (range) for the continuous data.
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differences in CBF analyses, to investigate the synchronization of 
interregional CBF changes. For the patient group and the normal 
control group, the averaged CBF values of each seeding region were 
extracted from each participant and used as a regressor in the gen-
eral linear model in SPM 8 to generate CBF-FCN t-maps. The FCN 
t-maps for each ROI reflected the covarying CBF between the seed 
ROI and a brain region. Subsequently, linear interaction analysis 
based on multiple regression was used to detect FCN alterations of 
the patients compared with the normal controls, and the CBF-FCN 
mask was used to combine data from patients and normal controls. 
Multiple comparisons were calibrated using the cFWE method, with 
a corrected threshold of p <  .05. The age, sex, years of education, 
and scanner variables were modeled as covariates in the regression 
analyses.

2.7  |  Statistical analyses

In this study, the SPM 8 (http://www.fil.ion.ucl.ac.uk/spm/) and 
SPSS 22.0 (IBM Corp.) software were used for statistical analysis. 
The Shapiro–Wilk statistic was first used to test for normality. A 
two-sample t test was used to detect differences in age and years of 
education between the patients and normal controls. The Chi-square 
test was used to test sex differences between the two groups. A 
general linear model was used to compare verbal memory scores, 
CBF, and CBF connectivity between stroke patients and normal con-
trols with controlling factors including age, sex, years of education, 
and scanner variables. Cohen d was used to describe effect size. We 
used partial correlation analysis to test the correlation between le-
sion volume, verbal memory scores, and the altered imaging indices. 

F I G U R E  2  Brain regions showing significant differences between stroke patients (n = 60) and normal controls (n = 60) in the CBF 
comparison. Abbreviations: CBF, cerebral blood flow; ES, effect size; L: left; R: right; ROI: region of interest

http://www.fil.ion.ucl.ac.uk/spm/
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The multiple comparison corrections with cFWE were calibrated for 
between-group comparisons. The differences were treated as sig-
nificant if the corrected p < 0.05.

3  |  RESULTS

3.1  |  Demographic and clinical parameters

The detailed demographics, clinical features, and behavioral data are 
displayed in Table  1. There were no significant inter-group differ-
ences in age (p =  .837), sex (p =  .056), and the years of education 
(p = .107). Compared with normal controls, the stroke patients per-
formed worse in the VSTM testing (p = .003), while there was no sig-
nificant difference (p = .099) in the VLTM testing between the two 
groups. The global motor functions of all the patients were good, 
with the upper extremity FMA score >60/66, and the whole extrem-
ity FMA score >90/100.

3.2  |  Cerebral blood flow changes in normalized CBF

The voxel-wise CBF differences between stroke patients and normal 
controls are shown in Figure 2 and Table 2.The brain regions with sig-
nificant differences were extracted and defined as ROIs in order to 
facilitate further analysis. Compared with the normal control group, 
stroke patients showed significantly lower CBF in the affected hemi-
sphere, mainly involving insular cortex, Rolandic operculum, inferior 
frontal gyrus (IFG), superior temporal gyrus (STG), and precentral 
gyrus (ROI1; Figure 2a), which are important components of the ven-
tral sensorimotor network. In addition, the stroke patients displayed 
significantly higher CBF in the contralesional hemisphere compared 
to the normal control group, mainly involving the putamen, thala-
mus, insular lobe, and caudate nucleus (ROI2; Figure 2b), as well as 
the middle frontal gyrus (MFG), superior frontal gyrus (SFG), and 
precentral gyrus (ROI3; Figure  2c). Moreover in order to further 
verify these results, we measured the CBF values of bilateral basal 
ganglia regions (infarcted area and infarct mirror area) in the normal 

TA B L E  2  Brain regions with significant intergroup differences in CBF and CBF connection

Brain region
Cluster size 
(voxels) Peak intensity MNI Coordinates (x, y, z)

CBF values 
(normalized)

Left insular cortical, rolandic operculum, IFG, STG, and 
precentral gyrus ( ROI1)

2,306 −4.99 −36, 10, −10 1.05 ± 0.11

Right putamen, thalamus (ROI2) 1910 5.23 18, −18, 10 0.87 ± 0.09

Right MFG, SFG, precentral gyrus (ROI3) 6,199 4.72 34, 32, 50 1.09 ± 0.10

Bilateral MFG, precentral, SFG, SMA 10,536 6.31 −6, 26, 54 1.10 ± 0.09

Right hippocampus 418 −5.6 32, −4, −20 1.10 ± 0.12

Left precentral 323 4.74 −50, −4, 42 1.10 ± 0.13

Left Insula, putamen 690 4.84 −38, 4, 6 1.32 ± 0.14

Left IFG, MFG, SFG 1625 5.25 −38, 24, 32 0.90 ± 0.09

Left MFG 301 5.38 −26, 8, 54 1.10 ± 0.10

Left mSFG, anterior cingulate, SMA 1,141 6.14 −6, 26, 54 1.10 ± 0.11

Right putamen 358 5.43 30, −2, −16 0.95 ± 0.07

Right PCG, calcarine 830 −8.94 22, −58, 18 0.92 ± 0.08

Left SFG, MFG, mSFG, IFG, anterior cingulate 9,368 −6.21 −24, 26, 52 0.94 ± 0.07

Note: Abbreviations: CBF, cerebral blood flow; IFG, inferior frontal gyrus; MFG, middle frontal gyrus, MNI, Montreal Neurological Institute; mSFG, 
medial superior frontal gyrus; PCG, posterior cingulate gyrus; ROI, region of interest; SFG, superior frontal gyrus; SMA, supplement motor area.

Hand-drawn Regions

CBF values (normalized)

p
Stroke patients 
(n = 60)

Normal controls 
(n = 60)

Left basal ganglia 1.03 ± 0.13 0.99 ± 0.12 0.601

Right basal ganglia 1.057 ± 0.12 0.97 ± 50.12 0.004*

p 0.015* 0.054 —

*The bold values indicate significant differences between the inter-groups (p < .05); Data are 
presented by the mean ± the standard deviation (range) for the continuous data.

TA B L E  3  CBF values of the stroke 
patients and normal controls based on 
hand-drawn regions
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control and stroke groups, based on hand-drawn regions, which was 
respectively performed by two senior radiologists using the drawing 
tool available in the MRIcron software (see the Figure S1). We calcu-
lated the mean value of the CBF of each subjects from the two raters 
and considered this mean value as the CBF value of the subjects. 
In addition, the CBF values were normalized by dividing the mean 
CBF of the whole brain. Then, a paired t test was used to perform 
statistical analysis on CBF values of the left and right basal ganglia 
in the patient and normal control groups. The results showed that 
the CBF values of bilateral basal ganglia were significant different in 
the patient group, indicating that the CBF was significantly higher in 

the contralesional than the ipsilesional (p = .015) basal ganglia, while 
there was no difference in CBF values in these areas among normal 
controls (p = .054) (Table 3). In addition, we further performed two 
t tests to analyze the differences between patients and normal con-
trols in the left side and the right side, respectively, in order to deter-
mine whether there was a significant difference in the stroke lesion 
regions. The results showed that there was no significant difference 
in CBF between the patient group and the normal group on the left 
side (ipsilesional; p = .601), while the CBF value of the patients was 
significantly higher than that of the normal controls in the right side 
(contralesional; p = .004) (Table 3).

F I G U R E  3  CBF-FCN pattern and 
group differences between stroke 
patients (n = 60) and normal controls 
(n = 60) within the FCN. (a) the ROI1-
associated FCN; (b) the ROI2-associated 
FCN; (c) the ROI3-associated FCN. The 
colour in yellow to red indicated positive 
connections, and slight green to blue 
indicated negative connections (p < .05 
with cFWE correction). Abbreviations: 
CBF, cerebral blood flow; FCN, functional 
covariance network; L: left; NC, normal 
control; R: right
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3.3  |  Brain normalized CBF-based functional 
covariance network

We constructed FCNs by calculating the correlation between the 
CBF value of each ROI and all other voxels of the whole brain. The 
CBF-FCNs maps of each ROI are displayed in Figure 3 and Table 2 
(p <  .05, cFWE corrected). We found that the FCNs of the three 
ROIs from intergroup differences of normalized CBF exhibited dif-
ferent covariance connection patterns between the two groups. 
In the ROI1-associated FCN, the control group showed a positive 
connection in the bilateral temporal-insular lobes, basal ganglia, 
hippocampus, and anterior cingulate, in which the correlation 
areas were apparently larger in the affected hemisphere than in 
the contralateral hemisphere, and showed a negative connection in 
the bilateral frontal lobes, while the patients group only showed a 
significant positive network connection pattern, without any nega-
tive correlations (Figure 3a). In the ROI2-associated FCN, the nor-
mal control group displayed a positive connection pattern in the 
contralesional insula, basal ganglia, thalamus, STG, IFG, and ante-
rior cingulate, whereas the stroke patient group showed not only 
a positive connection pattern in these regions, but also negative 
connections in the bilateral occipital lobes, where the visual cortex 
was located (Figure  3b). In the ROI3-associated FCN, the normal 
control group displayed positive connections in the bilateral frontal 
lobes, temporal lobe, contralesional posterior cingulate and thala-
mus, and negative connectivity in bilateral temporal lobes, basal 
ganglia, and ipsilesional anterior cingulate, while the patients group 
only showed positive connections in the contralesional frontal lobe 
(Figure 3c).

In the ROI1-associated FCN, compared with the normal con-
trol group, the stroke patients displayed significantly activated 
CBF connections in the bilateral MFG, SFG, supplement motor 
area (SMA), precentral gyrus, postcentral gyrus, ipsilesional insula, 
putamen and anterior cingulate, and decreased CBF connections 

in contralesional putamen, hippocampus and amygdala (Figure 3a: 
Stroke VS. NC). However, there was no significant intergroup dif-
ferences within ROI2-associated FCN after correction for multiple 
comparisons (Figure  3b: Stroke VS. NC). In the ROI3-associated 
FCN, the stroke patients displayed significantly decreased CBF 
connections in the ipsilesional SFG, MFG, postcentral, SMA, an-
terior cingulate and contralesional posterior cingulate, and signifi-
cantly activated CBF connections in the contralesional putamen 
and amygdala, when compared with the normal control group 
(Figure 3c: Stroke VS.NC).

As shown in Figure 4, we further used CBF and CBF connections 
of significant intergroup regions to construct the brain network con-
nection matrix in order to reveal the disordered CBF connections 
in stroke patients and to compare them with normal controls. Most 
CBF connections were interrupted, while a few CBF connections 
were slightly activated in stroke patients as compared with normal 
controls. The CBF covariance based on these regions were also visu-
alized in a node-edge manner (Figure 5), where the nodes indicated 
the regions to be investigated, the edges indicated the significant 
correlations between CBF connections of specific regions (nodes), 
and the edge color represented the strength of the correlation co-
efficients. Green to blue indicated negative connections, and yellow 
to red indicated positive connections. This node-edge graph made 
it more intuitive to identify the differences in the CBF covariance 
network between groups.

To further analyze the ROI-based CBF connection differences, 
we plotted node-edge graphs in Figure 6. In the ROI1-based CBF 
connection network, stroke patients mainly displayed connection 
activation, with some negative connections absent or converted 
to mild positive connection (Figure 6a,b). In the ROI3-based CBF 
connection network, stroke patients showed a different connec-
tion mode, mainly characterized by the disconnection or disap-
pearance of some connections compared to normal controls 
(Figure 6c, d).

F I G U R E  4  CBF covariance matrix both stroke patients (n = 60) and normal controls (n = 60) in the cortical and subcortical regions. The 
bar indicates the partial correlation coefficient between ROI-specific CBF measures. Only the significant correlations that survive cluster 
level FWE correction are shown; the non-significant correlations are changed to zero (slight green in the grid panel). Abbreviations: FEW, 
family-wise error; L, left; R, right
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3.4  |  Correlation analyses

There was a significant positive correlation between the VSTM 
and VLTM scores (p =.001, Figure 7). In addition, there was a sig-
nificant positive correlation between the decreased CBF value of 
ROI1 (Figure 8a) and the VSTM scores (partial correlation coefficient 
[pr] = 0.245, p =  .004; Figure 8c), and significant negative correla-
tion between the increased CBF values of ROI3 (Figure 8b) and the 
VSTM scores (pr = −0.215, p = .010; Figure 8d). In these statistics, 
age, sex, years of education, and scanner variables of the individuals 
were treated as covariates.

4  |  DISCUSSION

In this study, we found that CBF in the ipsilesional insular cortical, 
Rolandic operculum, IFG, STG, and precentral gyrus (Figure 2a) de-
creased in subcortical stroke patients. These regions are important 
components of the ventral sensorimotor network. An ischemic in-
farct can affect the blood supply to lesioned regions, and thus cause 
an interruption to the structural and functional connections between 
the cortical and subcortical regions. As the basal ganglia regions (in-
farct region) has abundant nerve fiber connections with the insular 
lobe and the frontal-temporal lobe, a subcortical infarction can in-
terrupt these connecting fibers and destroy the cortical-subcortical 
nerve loop, thereby affecting the function of the corresponding 
cortical region. In addition, the study also found a significant posi-
tive correlation between the CBF of these regions and the VSTM 
score, which suggests that decreased CBF may contribute to short-
term memory impairment. It is well-known that the insular cortex is 
part of the neocortex located in the lateral temporal lobe, and is be-
lieved to be involved in functions of perception, motor control, self-
awareness, cognitive functioning, and interpersonal experience. The 
decreased CBF observed in the ipsilesional insular cortical may imply 
the impairment of verbal memory function in patients with subcorti-
cal stroke. This is in line with the previous studies that indicate the 
insular cortex is involved in taste verbal memory processes (Jones 
et al., 2010; Wiest et al., 2014).

In addition, we found increased CBF in the contralesional 
putamen, thalamus, insular lobe and caudate nucleus (Figure  2b). 
This indicates that there is a significant CBF increase in the mirror 
area of the lesion, which may be a functional compensation for the 
ipsilesional impaired regions. In this study, we also found that stroke 
patients have significantly increased CBF in contralesional MFG, 
SFG, and precentral gyrus compared with the normal control group 
(Figure 2c), which are important areas for advanced cognitive func-
tion. Moreover the increased CBF in the regions was negatively cor-
related with VSTM scores. The frontal cortex serves as a memory 
processing region (Manes et al., 1999), and damage to it could cause 
memory deficits. In our study, the increased CBF in these cerebral 
regions appears to be a compensatory mechanism for the patient's 
functional deficit.

To further explore the underlying neural imaging prognostic bio-
marker of our findings, we applied the FCN method from the per-
spective of brain connectivity. Cerebral connectivity can reflect a 
wide range of multi-synaptic connections between brain regions 
and the importance of functional relationships between connected 
brain regions. Therefore, cerebral connection analyses can be used 
to investigate the effect of stroke and to understand how the brain 
changes following lesion-induced neurological impairment and func-
tional recovery. For instance, a previous study demonstrated that 
functional deficits may result from an impairment in the anatomi-
cal connections of the brain and enhanced functional connections 
between the anatomically connected regions of impairment may 
reflect a compensatory mechanism for functional deficits (Vidal-
Pineiro et al., 2018). In addition, the regional CBFs in different brain 

F I G U R E  5  CBF connections in stroke patients (n = 60) and 
normal controls (n = 60) within the CBF-associated FCN. The 
nodes indicate the CBF and CBF covariance measures of specific 
ROIs. The edges in blue to red indicate significant CBF connections 
(p < .05) measured by partial correlation coefficients between 
the regional CBF of ROIs, where the color indicates the value of a 
partial correlation. Abbreviations: CBF, cerebral blood flow; IFG, 
inferior frontal gyrus; MFG, middle frontal gyrus; mSFG, medial 
part of SFG; PCG, posterior cingulate gyrus; ROI, region of interest; 
SFG, superior frontal gyrus
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regions that responds to neuronal activity are not independent, and 
they may change synchronously in the same functional network in 
order to achieve functional neuronal activity.

Perfusion-based cerebral connection analysis can provide 
direct measurements of the physiology and metabolism of spe-
cific networks. The baseline metabolic activity may be related to 
the strength of functional connections in the corresponding net-
work. In this study, we conducted brain network analyses based 
on the CBF maps. Our results showed that the FCN patterns of 
the three ROIs, from intergroup differences of normalized CBF of 
patients, were significantly different from those of normal con-
trols. Further cerebral network connection analyses found dis-
ordered CBF connections in chronic stroke patients, with most 
CBF connections interrupted and only a few CBF connections 
slightly activated. For the ROI1-associated FCN, stroke patients 
displayed significantly increased CBF in the bilateral MFG, SFG, 
SMA, precentral gyrus, postcentral gyrus, ipsilesional insula, 
putamen, and anterior cingulate, and decreased CBF connections 

F I G U R E  6  CBF connections in stroke patients (n = 60) and normal controls (n = 60) within the ROI1- and ROI3-associated FCN. The 
nodes indicate the CBF and CBF covariance measures of specific regions of interest (ROI). The edges in blue to red indicate the significant 
CBF connections (p < .05) measured by partial correlation coefficients between the regional CBF of ROIs, where the color indicates the 
value of a partial correlation. Abbreviations: CBF, cerebral blood flow; FCN, functional covariance network; IFG, inferior frontal gyrus; MFG, 
middle frontal gyrus; mSFG, medial part of SFG; PCG, posterior cingulate gyrus; SFG, superior frontal gyrus

F I G U R E  7  Correlations between VLTM and VSTM scores in 
stroke patients (n = 60). Abbreviations: VLTM, verbal long-term 
memory; VSTM, verbal short-term memory
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in the contralesional putamen, hippocampus, and amygdala com-
pared with normal controls. In the cerebral connections of these 
regions, the stroke patients mainly displayed connection activa-
tion, with some negative connections disappearing or converted 
to mild positive connections. In other words, the brain connec-
tions within the ROI1-associated FCN were mainly activated, al-
though the CBF in the ventral sensorimotor network and insular 
cortex (ROI1) of stroke patients were decreased. This result may 
indicate that these activated brain connections were a potential 
compensation for motor and cognitive impairment in stroke pa-
tients. In the ROI3-associated FCN, the stroke patients displayed 
significantly decreased CBF connections in the ipsilesional SFG, 
MFG, postcentral, SMA, anterior cingulate, and contralesional 
posterior cingulate, and significantly activated CBF connections 
in the contralesional putamen and amygdala, when compared to 
the normal control group. Furthermore, stroke patients showed 

a disordered connection mode, mainly characterized by deacti-
vated or absent interregional connections in the ROI3-based CBF 
connection network. These results may indicate that the potential 
reason for increased CBF in the contralesional frontal lobe (ROI3) 
was related to the impairment of short-term memory function. It 
indicates that the underlying imaging prognostic biomarkers of 
memory impairment in subcortical stroke patients may relate to 
disconnection of the frontal lobe network. In ROI2-associated 
FCN, despite there being some differences in the observed con-
nection patterns, there were no significant intergroup differences 
after correcting for multiple comparisons.

The aberrant changes of CBF in these cortical and subcortical re-
gions may imply verbal memory dysfunction, and the increase in CBF 
in these regions was intended to compensate for the memory defi-
cit. This finding is in line with neuroimaging studies based on blood 
oxygen level-dependent functional magnetic resonance imaging in 

F I G U R E  8  Correlations between CBF values and VSTM scores in storke patients (n = 60) and normal controls (n = 60). (a) The 
correlations between CBF of ipsilesional ROI1 with VSTM. (b) The correlations between CBF of ipsilesional ROI3 with VSTM. Abbreviations: 
CBF, cerebral blood flow; ES, effect size; VSTM, verbal short-term memory
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post-stroke cognitive decline, for example, reduced functional con-
nectivity (Stradecki-Cohan et al., 2017), regional homogeneity (Liu 
et al., 2014), and disordered brain networks (Duncan & Owen, 2000) 
in the frontal-parietal cognitive network. This implies that stroke-
induced cognitive dysfunction may result from functional discon-
nection of these cognitive cortical regions.

Our results showed that VSTM was defective in patients with 
chronic subcortical stroke with good global motor function recovery, 
when compared to normal controls. However, VLTM was not sig-
nificantly different between the two groups. This finding suggests 
that the capacity impairment in VSTM is more severe than in VLTM 
among patients with chronic subcortical stroke. VSTM refers to the 
fact that a small amount of information in the mind is active and 
readily available for a short period, reflecting the ability to learn new 
facts and episodes; VSTM plays an important role in daily life and 
work. The VLTM reflects the ability to store information. As is well-
known, all memories pass through short-term storage to end up in 
long-term storage. In addition, we found a significant positive cor-
relation between VSTM and VLTM scores. This implies that impaired 
VSTM capacity will affect the ability to form long-term memories.

There are some limitations of this study. First, based on the previous 
literature (Zhang et al., 2014), the CBF data were flipped along the mid-
line from the right hemisphere to the left hemisphere. This method can-
not appropriately differentiate the CBF covariance network between 
two hemispheres. In future, we will expand the sample size to investi-
gate alterations in the left or right hemisphere connectivity in patients 
with subcortical stroke, in order to further validate the results. Second, 
a zero time-lagged correlation was used in the connectivity analyses, 
and the possible causal relationships between the altered CBF regions 
could not be quantified. Therefore, dynamic alteration patterns of CBF 
connectivity and the causal relationships between different regions 
after a subcortical stroke need to be further investigated.

In conclusion, this study identified altered CBF connectivity in 
multiple cortical and subcortical regions, which may suggest that 
subcortical stroke-induced alterations may exist beyond the motor 
system and manifest as the involvement of cognitive functional 
systems. This study also identified that decreased CBF in the ip-
silesional insula, and disconnection within the contralesional frontal 
lobe network accounts for the underlying mechanism of short-term 
memory impairment in patients with subcortical stroke. In addition, 
our results revealed the disordered CBF connection patterns in 
chronic subcortical stroke patients, highlighting the importance of 
both regional CBF and inter-regional connection properties in stud-
ies of brain dysfunction after stroke.
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