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Abstract: Apathy is a common neuropsychiatric disease after stroke and is linked to a lower quality
of life while undergoing rehabilitation. However, it is still unknown what are the underlying neural
mechanisms of apathy. This research aimed to explore differences in the cerebral activity and
functional connectivity (FC) of subjects with post-stroke apathy and those without it. A total of
59 individuals with acute ischemic stroke and 29 healthy subjects with similar age, sex, and education
were recruited. The Apathy Evaluation Scale (AES) was used to evaluate apathy at 3 months after
stroke. Patients were split into two groups—PSA (1 = 21) and nPSA (n = 38)—based on their diagnosis.
The fractional amplitude of low-frequency fluctuation (fALFF) was used to measure cerebral activity,
as well as region-of-interest to region-of-interest analysis to examine functional connectivity among
apathy-related regions. Pearson correlation analysis between fALFF values and apathy severity was
performed in this research. The values of fALFF in the left middle temporal regions, right anterior
and middle cingulate regions, middle frontal region, and cuneus region differed significantly among
groups. Pearson correlation analysis showed that the fALFF values in the left middle temporal region
(p <0.001, r = 0.66) and right cuneus (p < 0.001, r = 0.48) were positively correlated with AES scores in
stroke patients, while fALFF values in the right anterior cingulate (p < 0.001, r = —0.61), right middle
frontal gyrus (p < 0.001, r = —0.49), and middle cingulate gyrus (p = 0.04, r = —0.27) were negatively
correlated with AES scores in stroke patients. These regions formed an apathy-related subnetwork,
and functional connectivity analysis unveiled that altered connectivity was linked to PSA (p < 0.05).
This research found that abnormalities in brain activity and FC in the left middle temporal region,
right middle frontal region, right cuneate region, and right anterior and middle cingulate regions in
stroke patients were associated with PSA, revealing a possible neural mechanism and providing new
clues for the diagnosis and treatment of PSA.

Keywords: resting-state fMRI; ischemic stroke; post-stroke apathy; fractional amplitude of low-frequency
fluctuation; functional connectivity
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1. Introduction

Post-stroke apathy (PSA) is a common neuropsychiatric disease after stroke [1], de-
scribed by diminished goal-directed behavior of cognitive, emotional, social domains [2].
PSA may occur in all phases of stroke, including the acute, subacute, and chronic phases,
with an estimated prevalence of approximately 1/3 [3]. Previous studies have shown that
apathy hinders recovery from stroke, affects quality of life [4], leads to cognitive impair-
ment [5], and causes death in stroke patients [6]. Additionally, it is a huge burden and
distress for the patient’s family and caregivers [7].

The pathogenesis of post-stroke apathy is unclear and may be related to a variety
of factors, such as the site, extent, and severity of brain injury, as well as the patient’s
age, gender, education, social support, cognitive function, and depressive symptoms [8].
Apathy following stroke, according to some research, is linked to damage to the gyrus,
such as the anterior cingulate, Roland synaptic area, and basal ganglia; they are closely
associated with emotion regulation and reward systems [9-11]. It is currently believed that
only the location of a lesion does not sufficiently reflect that distant structural or functional
changes contribute to apathy, and even whether there is an connection between the location
of a lesion and post-stroke apathy [12]. PSA is accompanied by focal lesions in key network
areas or disruption of intranetwork connections [13]. Apathy was associated with the limbic
system, frontal, temporal, etc. [14]. It is noteworthy that imaging data were obtained within
7 days after stroke onset, whereas the assessment of apathy was performed within 1 month
after stroke. Therefore, a conclusion can be drawn that the beginning of apathy 1 month
later may be predicted by early alterations in the structural brain network connectivity
between these areas.

The blood-oxygen-level-dependent (BLOD) signal that reflects task-independent
nondirectional brain activity is the foundation of resting-state functional magnetic res-
onance imaging (rs-fMRI), and rs-fMRI is popularly used in stroke populations [15,16]. The
amplitude of low-frequency fluctuation (ALFF) gives an exact description in spontaneous
brain activity for each voxel and is a popular way to characterize the local neural activity
of the brain [17]. The interference of physiological noise, however, raises the uncertainty
of study findings in actual uses. An improved fractional amplitude of low-frequency
fluctuation (fALFF) developed by a low-frequency amplitude can deal with this problem
and eliminate signal artifacts of the non specific brain neuron activity [18]. Functional
connectivity (FC) shows a relationship between the spontaneous activity of functionally
related brain regions in time series, reflecting how functional activity and different brain
regions are synchronized. Meanwhile, research has revealed that brain regions are made
up of specific networks [13]. In patients with parenchymal injury, the volume and location
of a lesion may be less susceptible than an abnormal spontaneous local nerve activity of the
brain [19].

Recently, researchers have been able to examine the altered functional brain connectiv-
ity of various neuropsychiatric disorders due to rs-fMRI [20,21]. In previous studies, it was
discovered that abnormal fALFF in the prefrontal region and precentral region were linked
to poststroke depression, the fALFF of the left insula was linked to the depression rigidity as
well [19]. In addition, the alterations in neural activity and FC in cognition-related regions
detected by rs-fMRI are good indicators to elucidate the mechanism of action of repetitive
transcranial magnetic stimulation on cognitive dysfunction after stroke [22]. However, no
research has yet examined the association of ischemic stroke individuals with apathy, brain
activity, and FC. As a result, the current study was carried out to address this issue.

This research sought to discover the interaction between functional cerebral activity
and apathy severity of individuals with post-stroke apathy, as well as changes in functional
connectivity at these important nodes. Our study provides new perspectives and evi-
dence to uncover the neural mechanisms of post-stroke apathy and to assess its diagnosis
and prognosis. The following is how this essay is organized: Section 1 introduces the
background of post-stroke apathy; Section 2 describes our study methods, including the
recruitment and screening of participants, data collection and processing, and the steps



Brain Sci. 2023, 13, 730

3of 14

and methods of statistical analysis; Section 3 reports our findings, including the variation
of fALFF values and functional connectivity and the correlation between fALFF and apathy
severity; Section 4 discusses the significance and limitations of this research and directions
for future research; Section 5 summarizes this paper. This paper proposes the following
hypotheses: (1) there are significant neuroimaging differences between post-stroke apathy
patients and non post-stroke apathy patients; (2) damage to these regions causes abnormal
functional connectivity in PSA. We anticipate that this study can improve the current
understanding of PSA neuropathology through rs-fMRL

2. Materials and Methods

The materials and methods used by this research would be described in this chapter.
This includes the subjects who participated in the study, as well as any tools that were
used to collect data and statistical methods that were used to study. In Section 2.1, we will
provide more detailed information about the subjects and their characteristics.

2.1. Participants

Acute ischemic stroke patients admitted by the First Affiliated Hospital of the Uni-
versity of Science and Technology of China between March 2021 and December 2021 were
prospectively screened for the research.

The admission and exclusion criteria of stroke patients were followed. The admission
criteria (1) were 18 years or older, (2) were right-handed, (3) signed a written informed
consent, and (4) were diagnosed with first acute ischemic stroke within 2 weeks of stroke
onset. The exclusion criteria were (1) combination with other neurological diseases that
are prone to apathy; (2) history of apathy, depression, and other mental illness; (3) con-
traindication to MRI (metal or electronic device implants, cranial defects, etc.); (4) aphasia
or comprehension impairment; and (5) minimum mental state examination (MMSE) < 17
or inability to complete the scale.

The healthy controls were all included if they fit the following requirements: (1) 18 years
or older and (2) right-handed. Healthy controls were excluded in the case of (1) previous
history of cerebrovascular disease; (2) history of apathy, depression, and other psychiatric
disorders; (3) severe aphasia or comprehension impairment; (4) contraindications to MRI
(metal or electronic device implants, cranial defects, etc.); and (5) MMSE scores < 17 or
inability to complete the scale.

In addition, if image quality problems occurred during the data preprocessing phase,
the subjects were also excluded. Additionally, if image quality problems, such as severe
motion artifacts, distortion, or low signal-to-noise ratio, occurred during the data prepro-
cessing phase, the subjects were also excluded. A total of 11 subjects (7 stroke patients
and 4 healthy controls) were excluded due to image quality problems. The final sample
consisted of 59 stroke individuals and 29 healthy controls.

This research was approved by the Ethics Committee of the First Affiliated Hospital
of the University of Science and Technology of China, and written informed consent was
obtained from all participants.

2.2. Clinical and Neuropsychological Evaluations

Apathy was assessed 3 months after stroke, as other studies have verified [23]. It was
diagnosed on stroke patients using criteria of brain disorders for apathy. All patients had
to present with one or both of the main symptoms (loss of interest or pleasure, low social
initiative, etc.) lasting more than 4 weeks. The seriousness of apathy was evaluated by
the Apathy Evaluation Scale (AES). It is considered a dimension of apparent behavioral,
cognitive, and emotional deficits and consists of 18 items, whose score is in the range of 18
and 72; high scores indicate strong apathy. The reliability and internal consistency of AES
was previously confirmed [24]. This scale was initially validated in stroke patients [25] and
Asian patients [14]. The Hamilton Depression Scale (HAMD)-24, Lubben Social Network
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Scale (LSNS), and MMSE scale were used to assess depression, social communications, and
cognitive impairment, respectively.

Baseline clinical characteristics were collected from all patients at admission. The
National Institutes of Health Stroke Scale (NIHSS) was used to measure stroke seriousness,
and the Modified Rankin Scale (mRS) to estimate each patient’s level of functional disability.

2.3. Imaging Data Acquisition

A 3.0 T MRI Scanner (GE, Boston, MA, USA) with a 24-Channel Receiver Array Head
Coil Scanner was used to collect imaging data. After instructing all subjects to close their
eyes with sponge earplugs worn and remain awake all the time, an 8 min rs-fMRI scan
(TR = 2000 ms; TE = 30 ms; flip angle = 90; slices = 36; thickness= 3 mm; gap = 1 mm;
matrix 64 x 64; FOV =200 x 200 mm) was performed. After functional scanning, the T1-
weighted images of the whole brain (TR = 8 ms; TE = 3 ms; flip angle = 12; thickness = 1 mm;
gap = 1 mm; FOV =100 x 100 mm) and diffusion-weighted images were measured.

2.4. Preprocessing

A Resting-State fMRI Data Analysis Toolkit plus (restplus) toolbox (http://www.
restfmrinet/forum/, V1.27, Institute of Psychology, Chinese Academy of Sciences, Beijing,
BJ, China, accessed on 1 April 2022) [26] was used to perform data preprocessing. Pre-
processing includes the following steps: (1) the first 10 volumes were removed to account
for impacts of scanning and the subject’s prestability, (2) all slices” scanning time must
be aligned to the reference slice by correcting the time layer, (3) head motion correction
was performed to remove subjects with head translation over 1.5 mm and rotation over
1.5 degrees, (4) adjusting to MNI coordinates was made, and the size of voxels was changed
to 3 x 3 x 3 mm?, (5) a spatial filter with a 6 mm Gaussian curve at half its maximum height
was applied to minimize the impact of incomplete alignment and improve signal-to-noise ra-
tio, (6) detrending was performed to remove linear drift from the spatially smoothed images;
and (7) regression of interference parameters was performed to correct for head motion and
physiological noise. Filtering is required when calculating functional connections.

2.5. fALFF Calculation

A square derivative whose frequency ranges from 0.01 to 0.08 Hertz was averaged to
calculate the fALFF to lower the responsiveness of the ALFF of physiological sound. The
sensitivity and specificity of local cerebral activity detection can be considerably improved
by this spectrum, which can effectively suppress nonspecific signal components in rs-
fMRI [27]. The average fALFF was used to divide each voxel’s fALFF for standardization
purposes, which reduces the effect of individual subject variability and being a useful tool
for assessment. This index has been widely used to study local neurological function in
neurological and psychiatric disorders [19,28].

2.6. Infarct Volume and Surface Thickness

The lesions were tracked semiautomatically on DWI images using ITK-SNAP [29]
software (http://www.itksnap.org/pmwiki/pmwiki.php, V3.4.0, Penn Image Computing
and Science Laboratory, Philadelphia, PA, USA, accessed on 15 April 2022). The tracked
images were visually inspected and validated by a stroke neurologist so that infarct volumes
were automatically evaluated. The computational anatomy toolbox (CAT12: http://www.
neuro.uni-jena.de/cat/, Friedrich-Schiller-Universitt Jena, Jena, Germany, accessed on 15
April 2022) for SPM (Statistical Parametric Mapping software, http:/ /www.fil.ion.ucl.ac.
uk/spm/, Wellcome Department of Cognitive Neurology, University College London,
London, UK, accessed on 15 April 2022) was used on T1 images to calculate surface
thickness and total intracranial volume (TIV).
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2.7. Statistical Analysis

The demographic, neuropsychological, and neuroimaging variables were compared
using one-way ANOVA among the PSA, nPSA, and HCs groups. ANOVA is a common
statistical method that can be used to compare differences between groups [30-33]. The
Statistical Package for the Social Sciences (SPS526.0) was used to analyze our data.

The two-sample t-test was used to measure whether there may be any variations
between the PSA and nPSA groups. Nonparametric data were analyzed using the Mann-—
Whitney-Wilcoxon test, and categorical data were analyzed using the chi-square test or
Fisher’s exact test. A 0.05 significant-level two-tailed analysis was used to report the
probability levels.

The fALFF values were calculated using the Restplus toolbox, and one-way ANOVA
was used to generate F-plots with Gaussian random field (GRF) correction in the PSA,
nPSA, and HCs groups and the correction’s voxel-level p < 0.05 and cluster-level p < 0.05,
and it was two-tailed. Based on above findings, a post hoc analysis with GRF correction
to confirm the differences between the PSA and nPSA groups was performed, as well as
the PSA and HCs groups and the nPSA and HCs groups and the correction’s voxel-level
p < 0.01 and cluster-level p < 0.01, and it was two-tailed. The NIHSS scores, age, sex, and
education were the covariates of the preceding analysis. The relationship of the fALFF
values and AES scores was analyzed by Pearson correlation. Based on the significant
fALFF regions, we defined regions of interest (ROISs) for further analysis. Before statistical
analysis, the FC maps between ROIs were calculated and z-transformed. The FC values of
the ROIs were compared between groups using the two-sample ¢-test to see if there were
any variations (PSA vs. nPSA groups, PSA vs. HCs groups, nPSA vs. HCs groups).The
BrainNet Viewer toolkit was used to display the results [34].

3. Results

The outcomes of this research will be laid out in this chapter, which includes findings
from our analysis of the data collected from the subjects. In Section 3.1, we will provide
more detailed information about the demographic characteristics of the subjects and how
they relate to our findings.

3.1. Demographic Data

Sex, age, education level, HAMD score, smoking, BMI, onset to imaging time, and
stroke circulation were not significantly different among subjects with PSA, nPSA, and
HCs, in accordance with Table 1. The MMSE, AES, and HAMD ratings differed signifi-
cantly between the groups. The PSA group outscored the nPSA group in terms of NIHSS,
discharged mRS, and AES scores, but came low in terms of MMSE scores. TIV and surface
thickness revealed no differences.

3.2. Post-Stroke Apathy and fALFF

We found significant differences in the frontal cortex, cingulate cortex, and temporal
cortex brain regions in the PSA, nPSA, and HCs groups by using one-way ANOVA and
GREF correction (p < 0.05 at the voxel level and p < 0.05 at the cluster level, GRF correction)
(Figure S1). A post hoc two-sample t-test was applied to further explore brain regions
where the significant differences arose (voxel-level p < 0.01 and cluster-level p < 0.01,
GREF correction); it showed that the PSA group had higher fALFF values in the left middle
temporal region and lower fALFF values in the right anterior cingulate region and right
middle frontal region compared with the nPSA group (Figure 1A). Compared with the
HCs group, the PSA group had higher fALFF values in the left middle temporal region
and right cuneate region and lower fALFF values in the right middle cingulate region and
frontal middle region (Figure 1B). However, the nPSA and HCs groups did not have any
substantially different regions. Table 2 shows the peak coordinates of the Montreal Neuro-
logical Institute. The T-score indicates how different the two groups are from one another
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in units of standard deviation. A larger t-value indicates a more significant difference. X, Y,
and Z represent the dimensions of the brain region.

Table 1. Demographic and clinical characteristics of stroke patients and healthy controls.

PSA (n=21) nPSA (n = 38) HCs (n =29) Py P,
Age, mean (SD), years 61.7 (11.8) 58.4 (12.5) 56.2 (8.9) 0.33 0.32
Female, 1 (%) 9 (42.9) 12 (31.6) 12 (41.4) 0.43 0.60
Education < 12, n (%) 15 (71.4) 23 (60.5) 20 (69.0) 0.40 0.64
BMI, mean (SD), kg/m? 24.1 (4.04) 23.4 (3.7) 24.4 (2.0) 0.28 0.38
Smoking, n (%) 6 (28.6) 15 (39.5) 6 (20.1) 0.40 0.25
MMSE, mean (SD) 219 (3.1) 23.8 (2.7) 25.46 (2.1) 0.02 <0.001
AES, median (IQR) 41.2 (38.9, 45.2) 26.0 (22.8,31.1) 23.5(21.7,27.4) <0.001 <0.001
HAMD, median (IQR) 4.7 (1.6, 8.0) 3.0(1.6,7.2) 1.1(0.2,7.5) 0.06 <0.001
LSNS, median (IQR) 26.0 (22.3, 28.8) 29.0 (25.0, 34.0) 30.0 (23.0, 34.0) 0.06 0.07
Imaging time, mean (SD) 13.8 (1.1) 154 (2.4) - 0.43 -
Infarct volumes, cm? (SD) 6.5 (2.3) 4.6 (1.6) - 0.32 -
NIHSS median (IQR) 6.0 (2.4, 8.4) 0.6 (2.5, 5.3) - 0.02 -
mRS, median (IQR) 1.2 (1.0, 2.0) 1.0 (0.8, 1.3) - 0.04 -
TIV cm3, mean (SD) 1450 (146) 1304 (137) 1355 (121) 0.36 0.56
Surface thickness mm (SD) 2.16 (0.60) 2.26 (0.57) 2.20 (0.64) 0.53 0.64
Anterior circulation, n (%) 15 (71.4) 24 (63.2) - 0.45 -
Posterior circulation, 7 (%) 6 (28.6) 8 (21.1) - 0.71 -

PSA: post-stroke apathy; nPSA: non-post-stroke apathy; HCs: healthy controls; LSNS: Lubben Social Network
Scale; HAMD: Hamilton Depression Scale; AES: Apathy Evaluation Scale; mRS: Modified Rankin Scale; NIHSS:
National Institutes of Health Stroke Scale; MMSE: Mini-Mental State Examination. Imaging time indicates the
time from stroke onset to MRI scanning; P; indicates differences between the PSA and nPSA groups; P, indicates
differences among the PSA, nPSA, and HCs groups.

(A) PSA group VS. nPSA group

Figure 1. Differences of fALFF between the PSA group and the nPSA group (A) and the PSA group
and the HCs group (B). Voxel-level p < 0.01, cluster-level p < 0.01, GRF correction. Regions
with greater fALFF are represented by yellow areas, while those with lesser fALFF are represented
by blue areas. PSA: post-stroke apathy; nPSA: non-post-stroke apathy; HCs: healthy controls;
fALFF: fractional amplitude of low-frequency fluctuation; GRF correction: Gaussian random field
correction. Different colors indicate high or low T-values.
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Table 2. Brain regions showing different fALFF values between every two groups.

Peak Location MNI (mm)
T-Score Cluster Size

X Y 4

PSA versus nPSA
Temporal_Mid_L —48 —54 3 3.70 38
Cingulum_Ant_R 9 42 24 —3.43 13
Frontal_Mid_R 36 39 21 —4.03 72

PSA versus HCs

Temporal_Mid_L —48 —63 0 4.26 28
Cuneus_R 24 —66 21 3.31 33
Frontal_Mid_R 36 39 24 —3.50 59
Cingulum_Mid_R 9 15 39 —-3.51 22

PSA: post-stroke apathy; nPSA: non-post-stroke apathy; HCs: healthy controls; fALFF: fractional amplitude of
low-frequency fluctuation; Temporal_Mid_L: middle temporal region; Frontal_Mid_R: middle frontal region;
Cingulum_Mid_R: median cingulate region. MNI: Montreal Neurological Institute; Cingulum_Ant_R: anterior
cingulate region.

Based on the above significant clusters, the fALFF values in the patients from the
three groups from the results for further analysis were extracted (Table 2). The fALFF
values of the right cuneus brain region and the left middle temporal brain region were
both significantly increased in the PSA group compared with nPSA group. Moreover, the
PSA group showed much decreased fALFF in the right cingulate region and middle frontal
region compared with the nPSA group (Figure 2).

. B *ok C Kk
* %k 149 g1 1.6 |—|***
[ —
i 1
1.2 1.4
© ©
8 1.04 O 1.2-
< =
0.8+ 1.0
T T T 0.6==r—T1—T 08-"—T—T— 71—
PSA nPSA HCs PSA nPSA HCs PSA nPSA HCs
D * kk E * k%
14 P 13 M1
T 1.2
1.2
1.1
© &
=
S 1.0+ 8 1.0
o a
0.9
0.8+
0.8
06——TF——T— 71— 0.7 —T7T—T— 71—
PSA nPSA HCs PSA nPSA HCs

Figure 2. Comparison of mean fALFF values in PSA, nPSA, HCs groups. (A) fALFF values of
three groups in MTG.L; (B) fALFF values of three groups in ACG.R; (C) fALFF values of three
groups in MFG.R; (D) fALFF values of three groups in CUN.R; (E) fALFF values of three groups in
DCG.R. PSA: post-stroke apathy; nPSA: non-post-stroke apathy; HCs: healthy controls; ACG: anterior
cingulate region; MTG: temporal_Mid_L; DCG: median cingulate region; MFG: middle frontal gyrus;
CUN: cuneus; *: p < 0.05; **: p < 0.005; ***: p < 0.0005.
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The fALFF values in the left middle temporal region (p < 0.001, r = 0.66) (Figure 3A)
and right cuneus (p < 0.01, r = 0.48) (Figure 3C) and fALFF values in the right anterior
cingulate brain regions (p < 0.001, r = —0.61) (Figure 3B), right middle frontal region
(r <0.001, r = —0.49) (Figure 3C), and right middle cingulate region (p = 0.04, r = —0.27)
(Figure 3E) were negatively correlated with AES scores in stroke patients, according to
Pearson correlation analysis.

B
r=0.66, P<0.001 2 r=—0.61, P<0.001 r=—0.49, P<0.001

ACG. R

CUN. R

AES AES

Figure 3. Scatter plots displaying the correlations of fALFF values and the AES scores in stroke
patients. (A) The correlations of the fALFF values in MTG.L and the AES scores; (B) the correlations
of the fALFF values in ACG.R and the AES scores; (C) the correlations of the fALFF values in MFG.R
and the AES scores; (D) the correlations of the fALFF values in CUN.R and the AES scores; (E) the
correlations of the fALFF values in DCG.R and the AES scores. fALFF: fractional amplitude of low-
frequency fluctuation; AES: Apathy Evaluation Scale; MTG: middle temporal gyrus; ACG: anterior
cingulate region; MFG: middle frontal gyrus; CUN: cuneus; DCG: median cingulate region.

3.3. Post-Stroke Apathy and Local Functional Connectivity

This research further selected five ROIs (peak MNI coordinates are listed in Table 2)
for the next step of functional connectivity analysis. Compared with the nPSA group, FCs
in the PSA group between the left middle temporal region and right cuneus, right middle
frontal region and right cuneus, and right middle frontal region and right middle cingulate
region were decreased. The FCs between the left middle temporal region and right anterior
cingulate region, left middle temporal region and right middle cingulate region, left middle
temporal region and right middle frontal region, right anterior cingulate region and right
middle cingulate region, right anterior cingulate region and right cuneus, right middle
frontal region and right anterior cingulate region, and right middle cingulate region and
right cuneus were increased in the PSA group (Figure 4). Similarly, all FCs in the five
regions were increased in the PSA group compared with the HCs group.
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‘ CUN.R
‘ ACG.R
‘ MFG.R
4 . MTG.L
o g
' DCG.R

Figure 4. Local functional connectivity subnetwork connections between the two groups. (A) PSA
group and nPSA group; (B) PSA group and HCs group. Age, sex, education and NIHSS scores
were used as covariates, p < 0.05. Blue, node in the right cuneus; orange, node in the right anterior
cingulate region; green, node in the right middle frontal region; navy blue, node in the left middle
temporal region; red, node in the right middle cingulate region. PSA: post-stroke apathy; nPSA: non-
post-stroke apathy; HCs: healthy controls; MTG: Temporal_Mid_L; ACG: anterior cingulate region;
MFG: middle frontal region; CUN: cuneus; DCG: median cingulate region.

4. Discussion

This research was the initial effort to elaborate on how PSA and spontaneous brain
activity are related, as far as the authors are aware. This study indicated that fALFF in
the left middle temporal region, right middle frontal region, right cuneus, right anterior,
and middle cingulate region were altered in PSA patients. This alteration significantly
correlated with the severity of PSA. Furthermore, the altered functional connectivity of
these important regions may be one of the potential neural mechanisms of PSA.

This study’s primary goals were to pinpoint the regions of the brain where fALFF
showed local neural activity and to determine whether functional connectivity was related
to lethargy in stroke patients. Consistent with prior studies [35], it was found that abnormal
spontaneous neural activity in the cingulate [36], frontal cortex [37], temporal lobe [38], and
cuneus [39] was associated with apathy. The cingulate correlates with emotional response
and emotional behavior, and there is evidence [40] that damage to the cingulate region
can lead to apathy to pain and other emotion-related sensations and that damage there
can also lead to social apathy and emotional apathy [41]. Moreover, apathy is significantly
associated with frontal lobe activity, emotional apathy is the most common behavioral
change related to prefrontal or basal ganglia damage, and its occurrence is related to
prefrontal and basal ganglia dysfunctional loops [42]. In extensive temporal lobe lesions or
bilateral temporal lobe lesions [43], the most common symptoms are personality changes,
abnormal mood, memory impairment, mental retardation, and apathy.

In addition, these regions were found to be important nodes involved in large-scale
intrinsic connectivity networks (ICNs), such as the default mode network (DMN), central
executive network (CEN), salience network (SN), and limbic system. The cingulate region
is part of the limbic and SN systems and an important region in the CEN and DMN.
Specifically, the DMN is associated with social cognition, executive function, and other
functions [44]. When the brain is in a resting state involved in concentration and in a
resting state, there is structural and functional interconnection of internal processing in the
DMN [45], such as introspective thinking and imagination. While the brain is resting and
not actively engaged in focused, goal-oriented tasks, the “default mode” or subconscious
activity of the brain increases for processing internal thought, most likely evolving from an
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evolutionary perspective of self-preservation [46]. CEN is responsible for task and decision-
making tasks and processes a range of different information, such as flexibility, working
memory, priming, and inhibition, functions that were previously considered independent
processing [16,47]. The functions of the SN involve cognition, emotion, and motivation,
and it can regulate the two main control networks of the brain, the DMN and CEN, and
realize the conversion of internal and external processing [48]. The limbic system regulates
many core brain functions, including response, reaction, behavior, emotion, memory, and
learning [49]. Additionally, it is found that the right cuneus has higher fALFF, which is
highly favorably associated with apathy. Previous research has connected the cuneus,
which is a component of the DMN, to abnormal affective and interoceptive processing [50].
It has been repeatedly observed that the cuneus plays a central role in recalling personal
past events [51], which is called autobiographical memory, performed significantly in
apathy [52]. The frontal gyrus, as part of the DMN, is strongly associated with apathy,
which is consistent with previous studies [42,53,54]. The middle temporal gyrus is an
important node of the CEN. As mentioned earlier, the CEN seems to play an important
role in apathy [55]. It controls social, emotion and motivation domains, which constitute
the core of apathy [56]. In summation, apathy, a complicated disease described by a lack of
activation, interest, and emotional reactivity, and PSA might happen because of different
areas and changed links in the DMN, CEN, SN, and emotional system.

According to this research, there were no differences in stroke circulation, infarct
volume, cortical thickness, or TIV volume in the PSA and nPSA groups. These results are
consistent with Brodaty’s study and van Dalen’s systematic review [56,57]. Furthermore,
the notable grouping between the nPSA and HCs groups was not discovered, which might
be attributed to stroke severity and small sample size; however, to fully understand this in
the future, more research is required.

Furthermore, in line with prior research [58-60], it is shown that the PSA group tended
to have lower levels of cognition, more severe strokes, and poorer recovery than healthy
controls in our study. The incompetence in goal-direction thinking and behavior can be
used to explain the connection between PSA and cognitive impairment, which could result
in cognitive testing participants losing interest and not trying with effort [61,62]. Stroke
severity contributes to apathy to some extent, and it causes or exacerbates the changes in
apathy [63]. PSA is linked to functional disability consisting of reduced daily activities
and poorer functional recovery [56]. The factors behind these relationships have not been
explored [64], although the loss of self-motivation can be speculated to be implicated in
reducing engagement in rehabilitation programs [63]. HAMD scores differed between the
PSA, nPSA, and HCs groups and did not differ between the PSA and nPSA groups, but
there was a significant trend. The lack of significant difference may be due to the small
amount of data.

Additionally, our study has some limitations. First, this study’s sample size was
relatively small. Second, only 3 months after stroke was PSA assessed, and no long-term
dynamic follow-up was provided; thus, the analyzation of the correlation between the
dynamic changes in PSA and image is difficult in the features. Third, the NIHSS scores of
the patients were relatively low and not representative of all stroke populations. Finally,
this study is only based on rs-fMRI and does not involve the DTI structural network. To
more visually demonstrate the associations and differences between our study and similar
studies, we summarize our main results and findings in Table 3 and compare them with
other studies.
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Table 3. Comparison of this study with similar studies.

Title Year Cohort Size Main Achievements and Results
Abnormalities in brain activity and functional
Altered resting-state brain activity PSA (n =21) con nectivity in the.z left mlddle temporal resion, rlght-
; S middle frontal region, right cuneate gyrus, right anterior,
and functional connectivity in 2023 nPSA (n =38) . . . . .
and middle cingulate region were associated with PSA,
post-stroke apathy: an fMRI study HCs (n =29) . . . . s
revealing a possible neural mechanism and providing
new clues for the diagnosis and treatment of PSA.
Motivation to start acting seems to be controlled by
. .. aAD (n =10) . . Lo
Resting-state fMRI analysis in regions near and inside the pregenual anterior cingulate
. . . 1 2020 naAD (n =10) . .
apathetic Alzheimer’s disease [65] CN (1 = 10) cortex, and this function seems to weaken when apathy
- gets worse in AD.
Abnormal brain activities in multiple PD-A (n =28) PD-A and PD-NA mlgh,? involve dl.f ferent brain
. . , = processes. At the same time, ALFF in the slow-5 band
frequency bands in Parkinson’s 2022 nPD-A (n = 19) and fALFF in the regular band can tell PD-A and
disease with apathy [66] HCs (n =32) &

PD-NA apart.

PSA: post-stroke apathy; nPSA: non-post-stroke apathy; HCs: healthy controls; aAD: apathetic AD; naAD: nonap-
athetic AD; CN: control normal; PD-A: PD patients with apathy; nPD-A: PD patients without apathy; ALFF: am-
plitude of low-frequency fluctuation; fALFF: fractional amplitude of low-frequency fluctuation.

5. Conclusions

Apathy is a complicated disorder described by a lack of activation, interest, and
emotional reactivity. In this study, it was found that fALFF in the left middle temporal
region, right anterior and middle cingulate regions, right middle frontal region, and right
cuneus region was altered and correlated with apathy seriousness, which are impaired
of apathy. Moreover, we found that functional connectivity consisting of some important
nodes in the DMN, CEN, SN, and limbic system was also altered in the PSA group. These
networks are responsible for self-referential processing, executive functioning, salience
detection, and emotional processing, which are also affected by apathy. Apathy may be
linked to abnormal activity and connectivity of multiple cerebral regions and networks
that underlie key cognitive and affective processes, according to our results. This is the first
research to look into both fALFF and functional connectivity changes in PSA. The changes
we observed may aid in the differential diagnosis and disease progression monitoring of
PSA. Large prospective multicenter cohorts with longitudinal follow-up and comprehensive
assessments are required to confirm and extend our findings.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/brainsci13050730/s1, Figure S1: “One-way ANOVA of PSA, nPSA
and HCs.”.

Author Contributions: Conceptualization, S.J., ] W. and W.S.; Methodology, S.J., H.Z. and ].W.; Data
curation, S.J., D.Y,, Y.D. and X.C.; Formal anlaysis and Valiadation, H.Z. and ].W.; Investigation and
Software, Y.F,; Visualization, S.J.; Project administration, H.Z. and W.S.; Resources, D.Y. and W.S.;
Supervision, X.G., JW. and W.S,; funding acquisition, W.S.; writing—original draft, S.J. and H.Z.;
writing—review and editing, Y.F.,, ].W. and W.S. All authors have read and agreed to the published
version of the manuscript.

Funding: This study was funded by the Natural Science Foundation of Anhui Province, grant number
2108085MH271, and the Key Research and Development Plan Projects of Anhui Province, grant
number 202104j07020049.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Ethics Committee of the First Affiliated Hospital of the
University of Science and Technology of China (protocol code 2021ky012).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.


https://www.mdpi.com/article/10.3390/brainsci13050730/s1
https://www.mdpi.com/article/10.3390/brainsci13050730/s1

Brain Sci. 2023, 13, 730 12 of 14

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon reasonable request. The study is still ongoing, and other variables related
to apathy are being collected and analyzed. These variables will be reported in future publications.

Acknowledgments: I would like to express my appreciation to my labmates, who gave me a lot of
technical assistance and cooperation in experimental design, data collection, analysis, and processing.
They also shared with me a lot of useful information and literature for my research.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Ferro, ].M.; Caeiro, L.; Figueira, M.L. Neuropsychiatric sequelae of stroke. Nat. Rev. Neurol. 2016, 12, 269-280. [CrossRef]
[PubMed]

2. Robert, P; Lanctot, K.; Agtiera-Ortiz, L.; Aalten, P.; Bremond, F.; Defrancesco, M.; Hanon, C.; David, R.; Dubois, B.; Dujardin, K. Is
it time to revise the diagnostic criteria for apathy in brain disorders? The 2018 international consensus group. Eur. Psychiatry
2018, 54, 71-76. [CrossRef] [PubMed]

3.  Sagen-Vik, U,; Finset, A.; Moum, T.; Vik, T.G.; Dammen, T. The longitudinal course of anxiety, depression and apathy through
two years after stroke. J. Psychosom. Res. 2022, 162, 111016. [CrossRef] [PubMed]

4. Tang, W.-K,; Lau, C.G.; Mok, V.; Ungvari, G.S.; Wong, K.-S. Apathy and health-related quality of life in stroke. Arch. Phys. Med.
Rehabil. 2014, 95, 857-861. [CrossRef] [PubMed]

5. Sachdev, P.S. Post-stroke cognitive impairment, depression and apathy: Untangling the relationship. Am. J. Geriatr. Psychiatry
2018, 26, 301-303. [CrossRef] [PubMed]

6. Tang, WK,; Caeiro, L.; Lau, C.G; Liang, H.; Mok, V.; Ungvari, G.S.; Wong, K.S. Apathy and suicide-related ideation 3 months
after stroke: A cross-sectional study. BMC Neurol. 2015, 15, 60. [CrossRef]

7. Douven, E.; Staals, J.; Schievink, S.H.; van Oostenbrugge, R.J.; Verhey, ER.; Wetzels-Meertens, S.; Kohler, S.; Aalten, P. Personality
traits and course of symptoms of depression and apathy after stroke: Results of the CASPER study. J. Psychosom. Res. 2018, 111,
69-75. [CrossRef]

8. Tang, W.; Wong, L.; Mok, V,; Chu, W.; Wang, D. Apathy after stroke: Potential risk factors and magnetic resonance imaging
markers. Hong Kong Med. . 2018, 24, 18-20.

9. Sutoko, S.; Atsumori, H.; Obata, A.; Funane, T.; Kandori, A.; Shimonaga, K.; Hama, S.; Yamawaki, S.; Tsuji, T. Lesions in the right
Rolandic operculum are associated with self-rating affective and apathetic depressive symptoms for post-stroke patients. Sci. Rep.
2020, 10, 20264. [CrossRef]

10. Le Heron, C.; Holroyd, C.B.; Salamone, J.; Husain, M. Brain mechanisms underlying apathy. ]. Neurol. Neurosurg. Psychiatry 2019,
90, 302-312. [CrossRef]

11. Le Heron, C.; Apps, M.A.J.; Husain, M. The anatomy of apathy: A neurocognitive framework for amotivated behaviour.
Neuropsychologia 2018, 118, 54—67. [CrossRef] [PubMed]

12.  Tay, ]; Lisiecka-Ford, D.M.; Hollocks, M.].; Tuladhar, A.M.; Barrick, T.R.; Forster, A.; O’Sullivan, M.J.; Husain, M.; de Leeuw, F.-E.;
Morris, R.G. Network neuroscience of apathy in cerebrovascular disease. Prog. Neurobiol. 2020, 188, 101785. [CrossRef] [PubMed]

13.  De Luca, M.; Beckmann, C.E; De Stefano, N.; Matthews, PM.; Smith, S.M. fMRI resting state networks define distinct modes of
long-distance interactions in the human brain. Neuroimage 2006, 29, 1359-1367. [CrossRef] [PubMed]

14. Yang, S.-r.; Hua, P,; Shang, X.; Cui, Z.; Zhong, S.; Gong, G.; William Humphreys, G. Deficiency of brain structural sub-network
underlying post-ischaemic stroke apathy. Eur. J. Neurol. 2015, 22, 341-347. [CrossRef] [PubMed]

15. Logothetis, N.K.; Pauls, J.; Augath, M.; Trinath, T.; Oeltermann, A. Neurophysiological investigation of the basis of the fMRI
signal. Nature 2001, 412, 150-157. [CrossRef] [PubMed]

16. Smitha, K.; Akhil Raja, K.; Arun, K.; Rajesh, P.; Thomas, B.; Kapilamoorthy, T.; Kesavadas, C. Resting state fMRI: A review on
methods in resting state connectivity analysis and resting state networks. Neuroradiol. ]. 2017, 30, 305-317. [CrossRef]

17.  Yang, H.; Long, X.-Y.; Yang, Y.; Yan, H.; Zhu, C.-Z.; Zhou, X.-P; Zang, Y.-F; Gong, Q.-Y. Amplitude of low frequency fluctuation
within visual areas revealed by resting-state functional MRI. Neuroimage 2007, 36, 144-152. [CrossRef]

18. Sokoloff, L.; Wechsler, R.L.; Mangold, R.; Balls, K.; Kety, S.S. Cerebral blood flow and oxygen consumption in hyperthyroidism
before and after treatment. J. Clin. Investig. 1953, 32, 202-208. [CrossRef]

19. Egorova, N.; Veldsman, M.; Cumming, T.; Brodtmann, A. Fractional amplitude of low-frequency fluctuations (fALFF) in
post-stroke depression. Neurolmage Clin. 2017, 16, 116-124. [CrossRef]

20. Lee, M.H.; Smyser, C.D.; Shimony, J.S. Resting-state fMRI: A review of methods and clinical applications. Am. . Neuroradiol. 2013,
34, 1866-1872. [CrossRef]

21. Zhang, D.; Raichle, M.E. Disease and the brain’s dark energy. Nat. Rev. Neurol. 2010, 6, 15-28. [CrossRef] [PubMed]

22. Li Y;Luo, H;Yu, Q; Yin, L.; Li, K, Li, Y.; Fu, J. Cerebral functional manipulation of repetitive transcranial magnetic stimulation
in cognitive impairment patients after stroke: An fMRI study. Front. Neurol. 2020, 11, 977. [CrossRef] [PubMed]

23. Caeiro, L.; Ferro, ].M.; Costa, ]. Apathy secondary to stroke: A systematic review and meta-analysis. Cerebrovasc. Dis. 2013, 35,

23-39. [CrossRef] [PubMed]


https://doi.org/10.1038/nrneurol.2016.46
https://www.ncbi.nlm.nih.gov/pubmed/27063107
https://doi.org/10.1016/j.eurpsy.2018.07.008
https://www.ncbi.nlm.nih.gov/pubmed/30125783
https://doi.org/10.1016/j.jpsychores.2022.111016
https://www.ncbi.nlm.nih.gov/pubmed/36063628
https://doi.org/10.1016/j.apmr.2013.10.012
https://www.ncbi.nlm.nih.gov/pubmed/24184306
https://doi.org/10.1016/j.jagp.2017.12.002
https://www.ncbi.nlm.nih.gov/pubmed/29325929
https://doi.org/10.1186/s12883-015-0323-3
https://doi.org/10.1016/j.jpsychores.2018.05.010
https://doi.org/10.1038/s41598-020-77136-5
https://doi.org/10.1136/jnnp-2018-318265
https://doi.org/10.1016/j.neuropsychologia.2017.07.003
https://www.ncbi.nlm.nih.gov/pubmed/28689673
https://doi.org/10.1016/j.pneurobio.2020.101785
https://www.ncbi.nlm.nih.gov/pubmed/32151533
https://doi.org/10.1016/j.neuroimage.2005.08.035
https://www.ncbi.nlm.nih.gov/pubmed/16260155
https://doi.org/10.1111/ene.12575
https://www.ncbi.nlm.nih.gov/pubmed/25319873
https://doi.org/10.1038/35084005
https://www.ncbi.nlm.nih.gov/pubmed/11449264
https://doi.org/10.1177/1971400917697342
https://doi.org/10.1016/j.neuroimage.2007.01.054
https://doi.org/10.1172/JCI102728
https://doi.org/10.1016/j.nicl.2017.07.014
https://doi.org/10.3174/ajnr.A3263
https://doi.org/10.1038/nrneurol.2009.198
https://www.ncbi.nlm.nih.gov/pubmed/20057496
https://doi.org/10.3389/fneur.2020.00977
https://www.ncbi.nlm.nih.gov/pubmed/33013646
https://doi.org/10.1159/000346076
https://www.ncbi.nlm.nih.gov/pubmed/23428994

Brain Sci. 2023, 13, 730 13 of 14

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Sagen, U.; Faerden, A.; Haug, T.; Melle, I; Finset, A.; Dammen, T. Are there common core features of apathy in different
neuropsychiatric samples as assessed by the Apathy Evaluation Scale? Nord. J. Psychiatry 2010, 64, 49-57. [CrossRef] [PubMed]
Starkstein, S.E.; Fedoroff, ].P.; Price, T.R.; Leiguarda, R.n.; Robinson, R.G. Apathy following cerebrovascular lesions. Stroke 1993,
24,1625-1630. [CrossRef]

Song, X.-W.; Dong, Z.-Y.; Long, X.-Y.; Li, S.-F; Zuo, X.-N.; Zhu, C.-Z,; He, Y;; Yan, C.-G.; Zang, Y.-F. REST: A toolkit for resting-state
functional magnetic resonance imaging data processing. PLoS ONE 2011, 6, €25031. [CrossRef]

Zou, Q.-H.; Zhu, C.-Z,; Yang, Y.; Zuo, X.-N.; Long, X.-Y,; Cao, Q.-].; Wang, Y.-F.,; Zang, Y.-F. An improved approach to detection of
amplitude of low-frequency fluctuation (ALFF) for resting-state fMRI: Fractional ALFF. ]. Neurosci. Methods 2008, 172, 137-141.
[CrossRef]

Cotter, G.; Salah Khlif, M.; Bird, L.; Howard, M.E.; Brodtmann, A.; Egorova-Brumley, N. Post-stroke fatigue is associated with
resting state posterior hypoactivity and prefrontal hyperactivity. Int. J. Stroke 2021, 75, 1516-1525. [CrossRef]

Yushkevich, P.A.; Piven, ].; Hazlett, H.C.; Smith, R.G.; Ho, S.; Gee, ].C.; Gerig, G. User-guided 3D active contour segmentation of
anatomical structures: Significantly improved efficiency and reliability. Neuroimage 2006, 31, 1116-1128. [CrossRef]

Aviles, M.; Sanchez-Reyes, L.-M.; Fuentes-Aguilar, R.Q.; Toledo-Pérez, D.C.; Rodriguez-Reséndiz, ]. A Novel Methodology for
Classifying EMG Movements Based on SVM and Genetic Algorithms. Micromachines 2022, 13, 2108. [CrossRef]

Ibrahimi, D.; Rodriguez-Reséndiz, J.; Mendiola-Santibafiez, ].D. Differences in the Visual Performances of Patients with Strabismus,
Amblyopia, and Healthy Controls. Bioengineering 2022, 9, 626. [CrossRef] [PubMed]

Sanchez-Reyes, L.-M.; Rodriguez-Reséndiz, J.; Avecilla-Ramirez, G.N.; Garcia-Gomar, M.-L.; Robles-Ocampo, J.-B. Impact of eeg
parameters detecting dementia diseases: A systematic review. IEEE Access. 2021, 9, 78060-78074. [CrossRef]

Gallegos-Duarte, M.; Mendiola-Santibafiez, ].D.; Ibrahimi, D.; Paredes-Orta, C.; Rodriguez-Reséndiz, J.; Gonzalez-Gutiérrez,
C.A. A novel method for measuring subtle alterations in pupil size in children with congenital strabismus. IEEE Access 2020, 8,
125331-125344. [CrossRef]

Xia, M.; Wang, ].; He, Y. BrainNet Viewer: A network visualization tool for human brain connectomics. PLoS ONE 2013, 8, e68910.
[CrossRef] [PubMed]

Starkstein, S.E.; Brockman, S. The neuroimaging basis of apathy: Empirical findings and conceptual challenges. Neuropsychologia
2018, 118, 48-53. [CrossRef]

Siegel, ].; Snyder, A.; Metcalf, N.; Fucetola, R.; Hacker, C.; Shimony, J.; Shulman, G.; Corbetta, M. The circuitry of abulia: Insights
from functional connectivity MRI. Neurolmage Clin. 2014, 6, 320-326. [CrossRef]

Okada, K.; Kobayashi, S.; Yamagata, S.; Takahashi, K.; Yamaguchi, S. Poststroke apathy and regional cerebral blood flow. Stroke
1997, 28, 2437-2441. [CrossRef]

Guercio, B.J.; Donovan, N.J.; Ward, A.; Schultz, A.; Lorius, N.; Amariglio, R.E.; Rentz, D.M.; Johnson, K.A.; Sperling, R.A,;
Marshall, G.A. Apathy is associated with lower inferior temporal cortical thickness in mild cognitive impairment and normal
elderly individuals. J. Neuropsychiatry Clin. Neurosci. 2015, 27, e22—e27. [CrossRef]

Robert, G.; Le Jeune, F,; Lozachmeur, C.; Drapier, S.; Dondaine, T.; Péron, ].; Travers, D.; Sauleau, P.; Millet, B.; Vérin, M. Apathy
in patients with Parkinson disease without dementia or depression: A PET study. Neurology 2012, 79, 1155-1160. [CrossRef]
Onoda, K.; Yamaguchi, S. Dissociative contributions of the anterior cingulate cortex to apathy and depression: Topological
evidence from resting-state functional MRI. Neuropsychologia 2015, 77, 10-18. [CrossRef]

Marshall, G.A ; Fairbanks, L.A.; Tekin, S.; Vinters, H.V.; Cummings, ].L. Neuropathologic correlates of apathy in Alzheimer’s
disease. Dement. Geriatr. Cogn. Disord. 2006, 21, 144-147. [CrossRef] [PubMed]

Moretti, R.; Signori, R. Neural correlates for apathy: Frontal-prefrontal and parietal cortical-subcortical circuits. Front. Aging
Neurosci. 2016, 8, 289. [CrossRef] [PubMed]

Douven, E.; Kéhler, S.; Schievink, S.H.; van Oostenbrugge, R.J.; Staals, J.; Verhey, ER.; Aalten, P. Temporal associations between
fatigue, depression, and apathy after stroke: Results of the cognition and affect after stroke, a prospective evaluation of risks
study. Cerebrovasc. Dis. 2017, 44, 330-337. [CrossRef] [PubMed]

Lawrence, K.E.; Hernandez, L.M.; Bowman, H.C.; Padgaonkar, N.T.; Fuster, E.; Jack, A.; Aylward, E.; Gaab, N.; Van Horn, ].D;
Bernier, R.A. Sex differences in functional connectivity of the salience, default mode, and central executive networks in youth
with ASD. Cereb. Cortex 2020, 30, 5107-5120. [CrossRef]

Androulakis, X.M.; Krebs, K.A.; Jenkins, C.; Maleki, N.; Finkel, A.G.; Rorden, C.; Newman, R. Central executive and default
mode network intranet work functional connectivity patterns in chronic migraine. J. Neurol. Disord. 2018, 6, 393. [CrossRef]
Greicius, M.D.; Supekar, K.; Menon, V.; Dougherty, R.F. Resting-state functional connectivity reflects structural connectivity in the
default mode network. Cereb. Cortex 2009, 19, 72-78. [CrossRef] [PubMed]

Chen, L.; Xiong, S.; Liu, Y.; Lin, M.; Wang, J.; Zhong, R.; Zhao, ].; Liu, W.; Zhu, L.; Shang, X. C-reactive protein can be an early
predictor of poststroke apathy in acute ischemic stroke patients. J. Stroke Cerebrovasc. Dis. 2018, 27, 1861-1869. [CrossRef]
Goulden, N.; Khusnulina, A.; Davis, N.J.; Bracewell, RM.; Bokde, A.L.; McNulty, ]J.P.; Mullins, P.G. The salience network
is responsible for switching between the default mode network and the central executive network: Replication from DCM.
Neuroimage 2014, 99, 180-190. [CrossRef]

Yeo, B.T,; Krienen, EM.; Sepulcre, J.; Sabuncu, M.R.; Lashkari, D.; Hollinshead, M.; Roffman, J.L.; Smoller, J.W.; Z6llei, L.; Polimeni,
J.R. The organization of the human cerebral cortex estimated by intrinsic functional connectivity. |. Neurophysiol. 2011, 106,
1125-1165.


https://doi.org/10.3109/08039480903274415
https://www.ncbi.nlm.nih.gov/pubmed/19883192
https://doi.org/10.1161/01.STR.24.11.1625
https://doi.org/10.1371/journal.pone.0025031
https://doi.org/10.1016/j.jneumeth.2008.04.012
https://doi.org/10.1177/17474930211048323
https://doi.org/10.1016/j.neuroimage.2006.01.015
https://doi.org/10.3390/mi13122108
https://doi.org/10.3390/bioengineering9110626
https://www.ncbi.nlm.nih.gov/pubmed/36354537
https://doi.org/10.1109/ACCESS.2021.3083519
https://doi.org/10.1109/ACCESS.2020.3007873
https://doi.org/10.1371/journal.pone.0068910
https://www.ncbi.nlm.nih.gov/pubmed/23861951
https://doi.org/10.1016/j.neuropsychologia.2018.01.042
https://doi.org/10.1016/j.nicl.2014.09.012
https://doi.org/10.1161/01.STR.28.12.2437
https://doi.org/10.1176/appi.neuropsych.13060141
https://doi.org/10.1212/WNL.0b013e3182698c75
https://doi.org/10.1016/j.neuropsychologia.2015.07.030
https://doi.org/10.1159/000090674
https://www.ncbi.nlm.nih.gov/pubmed/16391476
https://doi.org/10.3389/fnagi.2016.00289
https://www.ncbi.nlm.nih.gov/pubmed/28018207
https://doi.org/10.1159/000481577
https://www.ncbi.nlm.nih.gov/pubmed/29073590
https://doi.org/10.1093/cercor/bhaa105
https://doi.org/10.4172/2329-6895.1000393
https://doi.org/10.1093/cercor/bhn059
https://www.ncbi.nlm.nih.gov/pubmed/18403396
https://doi.org/10.1016/j.jstrokecerebrovasdis.2018.02.021
https://doi.org/10.1016/j.neuroimage.2014.05.052

Brain Sci. 2023, 13, 730 14 of 14

50.
51.

52.

53.

54.

55.

56.

57.

58.
59.

60.

61.

62.

63.

64.

65.

66.

Satpute, A B.; Lindquist, K.A. The default mode network’s role in discrete emotion. Trends Cogn. Sci. 2019, 23, 851-864. [CrossRef]
Cabeza, R.; St Jacques, P. Functional neuroimaging of autobiographical memory. Trends Cogn. Sci. 2007, 11, 219-227. [CrossRef]
[PubMed]

Fishman, K.N.; Ashbaugh, A.R.; Lanctot, K.L.; Cayley, M.L.; Herrmann, N.; Murray, B.J.; Sicard, M.; Lien, K; Sahlas, D.J.; Swartz,
R.H. The role of apathy and depression on verbal learning and memory performance after stroke. Arch. Clin. Neuropsychol. 2019,
34, 327-336. [CrossRef] [PubMed]

Hogeveen, J.; Aragon, D.E; Rogge-Obando, K.; Campbell, R.A.; Shuttleworth, C.W.; Avila-Rieger, R.E.; Yeo, R.A.; Wilson, ].K,;
Fratzke, V.; Brandt, E. Ventromedial prefrontal-anterior cingulate hyperconnectivity and resilience to apathy in traumatic brain
injury. J. Neurotrauma 2021, 38, 2264-2274. [CrossRef] [PubMed]

Hamada, C.; Kawagoe, T.; Takamura, M.; Nagai, A.; Yamaguchi, S.; Onoda, K. Altered resting-state functional connectivity of the
frontal-striatal circuit in elderly with apathy. PLoS ONE 2021, 16, €0261334. [CrossRef] [PubMed]

Yuen, G.S.; Gunning-Dixon, EM.; Hoptman, M.].; AbdelMalak, B.; McGovern, A.R; Seirup, ].K.; Alexopoulos, G.S. The salience
network in the apathy of late-life depression. Int. |. Geriatr. Psychiatry 2014, 29, 1116-1124. [CrossRef]

Van Dalen, ].W.; van Charante, E.P.M.; Nederkoorn, PJ.; van Gool, W.A ; Richard, E. Poststroke apathy. Stroke 2013, 44, 851-860.
[CrossRef]

Brodaty, H.; Liu, Z.; Withall, A.; Sachdev, P.S. The longitudinal course of post-stroke apathy over five years. |. Neuropsychiatry
Clin. Neurosci. 2013, 25, 283-291. [CrossRef]

Worthington, A.; Wood, R.L. Apathy following traumatic brain injury: A review. Neuropsychologia 2018, 118, 40-47. [CrossRef]
Brodaty, H.; Sachdev, P.S.; Withall, A.; Altendorf, A.; Valenzuela, M.].; Lorentz, L. Frequency and clinical, neuropsychological and
neuroimaging correlates of apathy following stroke-the Sydney Stroke Study. Psychol. Med. 2005, 35, 1707-1716. [CrossRef]
Caeiro, L.; Ferro, ].M.; e Melo, T.P,; Canhao, P; Figueira, M.L. Post-stroke apathy: An exploratory longitudinal study. Cerebrovasc.
Dis. 2013, 35, 507-513. [CrossRef]

Dean, A.C.; Victor, T.L.; Boone, K.B.; Philpott, L.M.; Hess, R.A. Dementia and effort test performance. Clin. Neuropsychol. 2009, 23,
133-152. [CrossRef] [PubMed]

Whitney, K.A.; Maoz, O.; Hook, ].N.; Steiner, A.R.; Bieliauskas, L.A. IQ and scores on the Mini-Mental State Examination (MMSE):
Controlling for effort and education among geriatric inpatients. Aging Neuropsychol. Cogn. 2007, 14, 545-552. [CrossRef] [PubMed]
Tay, J.; Morris, R.G.; Markus, H.S. Apathy after stroke: Diagnosis, mechanisms, consequences, and treatment. Int. |. Stroke 2021,
16, 510-518. [CrossRef] [PubMed]

Eurelings, L.S.; van Dalen, ].W,; Ter Riet, G.; van Charante, E.PM.; Richard, E.; van Gool, W.A.; Almeida, O.P,; Alexandre, T.S,;
Baune, B.T.; Bickel, H. Apathy and depressive symptoms in older people and incident myocardial infarction, stroke, and mortality:
A systematic review and meta-analysis of individual participant data. Clin. Epidemiol. 2018, 10, 363. [CrossRef] [PubMed]
Biiytlikgok, D.; Bayraktaroglu, Z.; Buker, H.S.; Kulaksizoglu, M.L.B.; Gurvit, IH. Resting-state FMRI analysis in apathetic
Alzheimer’s disease. Diagn. Interv. Radiol. 2020, 26, 363. [CrossRef]

Xu, H.; Zhang, M.; Wang, Z.; Yang, Y.; Chang, Y.; Liu, L. Abnormal brain activities in multiple frequency bands in Parkinson’s
disease with apathy. Front. Neurosci. 2022, 16, 975189. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.tics.2019.07.003
https://doi.org/10.1016/j.tics.2007.02.005
https://www.ncbi.nlm.nih.gov/pubmed/17382578
https://doi.org/10.1093/arclin/acy044
https://www.ncbi.nlm.nih.gov/pubmed/29788381
https://doi.org/10.1089/neu.2020.7363
https://www.ncbi.nlm.nih.gov/pubmed/33787328
https://doi.org/10.1371/journal.pone.0261334
https://www.ncbi.nlm.nih.gov/pubmed/34898646
https://doi.org/10.1002/gps.4171
https://doi.org/10.1161/STROKEAHA.112.674614
https://doi.org/10.1176/appi.neuropsych.12040080
https://doi.org/10.1016/j.neuropsychologia.2018.04.012
https://doi.org/10.1017/S0033291705006173
https://doi.org/10.1159/000350202
https://doi.org/10.1080/13854040701819050
https://www.ncbi.nlm.nih.gov/pubmed/18609332
https://doi.org/10.1080/13825580600850934
https://www.ncbi.nlm.nih.gov/pubmed/17828629
https://doi.org/10.1177/1747493021990906
https://www.ncbi.nlm.nih.gov/pubmed/33527880
https://doi.org/10.2147/CLEP.S150915
https://www.ncbi.nlm.nih.gov/pubmed/29670402
https://doi.org/10.5152/dir.2019.19445
https://doi.org/10.3389/fnins.2022.975189

	Introduction 
	Materials and Methods 
	Participants 
	Clinical and Neuropsychological Evaluations 
	Imaging Data Acquisition 
	Preprocessing 
	fALFF Calculation 
	Infarct Volume and Surface Thickness 
	Statistical Analysis 

	Results 
	Demographic Data 
	Post-Stroke Apathy and fALFF 
	Post-Stroke Apathy and Local Functional Connectivity 

	Discussion 
	Conclusions 
	References

