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Editorial on the Research Topic

Multi-parametric perfusion MRI by arterial spin labeling

In a wide range of psychiatric and neurological disorders, changes in cerebral blood flow

(CBF) patterns may be potential indicators of altered brain metabolism and function that may

contribute to understanding the underlying mechanisms of disease (Cui et al., 2017a,b; Kisler

et al., 2017; Zhuo et al., 2017). Magnetic resonance imaging (MRI) with perfusion-weighted

imaging (PWI) provides information about lesion-related changes in CBF in the brain, including

dynamic susceptibility contrast (DSC) and arterial spin labeling (ASL) sequences. In contrast

with DSC-PWI, ASL is a MRI technique to non-invasively assess CBF by magnetic labeling

of inflowing arterial blood water both at rest and during hemodynamic challenges, such as

CO2 breathing or task activation (Haller et al., 2016). Depending on the labeling methods, ASL

techniques are divided into different types, such as continuous ASL (CASL), pulsed ASL (PASL),

and pseudo-continuous ASL (pCASL), with pCASL being the most commonly used method. In

addition, several new ASL techniques have emerged in recent years, such as velocity-selective

ASL (VS ASL), 4D-ASL-MRA, and territorial ASL (t-ASL).

The present Frontiers Research Topic entitled “Multi-parametric perfusion MRI by arterial

spin labeling” set out to present the recent methodological developments in multi-parametric

ASL technology and its applications in the study of brain hemodynamic function in health and

disease, and how multi-parametric ASL could facilitate pathophysiological interpretation and

clinical intervention in these diseases. The submissions in this Frontiers Research Topic clearly

reflect the state-of-the-art research in the field by encompassing investigations including the

differentiation of neoplastic and non-neoplastic tissues, the observation of changed CBF and/or

arterial transit time (ATT) pattern, and the improvement of diagnostic efficacy.

Hu et al. enrolled 35 patients with high grade gliomas (HGG), 12 patients with brain

metastasis, and 15 non-neoplastic patients to distinguish intracranial non-neoplastic from

neoplastic lesions using three-dimensional pCASL (3D-pCASL). Compared with the patients

with neoplasm, the relative CBF values of lesions and perilesional edema were significantly

decreased in patients with no-neoplasm. The area under the receiver operating characteristic

curve (AUC) further demonstrated that the relative CBF of lesions (0.994) and perilesional

edema (0.846) exhibit excellent diagnostic ability in discriminating non-neoplastic from

neoplastic lesions. Those results provide evidence about the utility of parameters based on ASL

perfusion MRI for the differentiation of intracranial neoplastic and non-neoplastic lesions.
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The underlying neuronal events and neuronal activity can

be directly reflected by hemodynamics or metabolism. CBF, as

the most important cerebral perfusion parameter, plays a critical

role in the early diagnosis, mechanism exploration, and disease

classification of psychiatric and neurological disorders. Chen et

al. collected CBF images based on 3D-pCASL from 36 patients

with unilateral Sudden Sensorineural Hearing Loss (SSNHL) and

36 healthy controls to explore the differences in the CBF between

unilateral SSNHL and healthy controls and the relationships between

changed CBF and clinical characteristics in patients with unilateral

SSNHL, which furthers the understanding of the neuropathological

mechanisms underlying the clinical symptoms of unilateral SSNHL.

In another study, Wang X.-H. et al. explored the CBF changes

associated with anxiety in patients with pulmonary nodules based on

ASL, aiming to characterize the relationships between the cerebral

perfusion pattern of anxiety associated with pulmonary nodules,

blood perfusion status, and mode of pulmonary nodule induced

anxiety state. The decreased CBF in the right insula/Heschl’s cortex

and increased CBF in the right postcentral gyrus can potentially

be used as a biomarker to distinguish the patients with pulmonary

nodules under the anxiety state from the non-anxiety patients. Xiao

et al. investigated the abnormal blood perfusion metabolism in

patients with obstructive sleep apnea (OSA) compared with healthy

controls and the relationships between changed CBF and abnormal

behavior, psychology, and cognitive function in patients with OSA,

deepening the understanding of the pathophysiological mechanism

of OSA. By measuring CBF using pCASL in patients with subjective

cognitive decline, Li et al. found that increased CBF within the left

parahippocampal gyrus as the risk factor associated with patients with

spinocerebellar degeneration (SCD) independently and may serve as

markers facilitating earlier identification of SCD. In another study,

the CBF of cerebellum and the midbrain of brainstem were decreased

in patients with SCD compared with healthy controls and further

correlated with disease severity and depression status, suggesting

the possibility of changed CBF value as neuroimaging biomarker to

reflect the progression of SCD and the psychological states (Liu et

al.). In the discrimination of mild cognitive impairment, the early

stage of Alzheimer’s disease, the combination of CBF and ATT with

7-delay ASL demonstrated higher accuracy than CBF of 1-delay (Sun

et al.). In drug-naïve adolescents with first-episode major depressive

disorder, the lower regional CBF in the left triangular part of the

inferior frontal gyrus compared with healthy controls was negatively

correlated with Hamilton depression scale scores (Xiong et al.).

Cerebral perfusion parameters based on ASL image can directly

reflect microvascular blood flow, and are a powerful tool for non-

invasive assessment of hemodynamics. Yu et al. evaluated the

difference of mean CBF and ATT through enhanced ASL imaging

between patients with intracranial atherosclerotic stenosis (ICAS)

and healthy controls, and the correlation between mean CBF and

ATT in patients and controls, respectively to directly observe the

impact of the blood flow velocity of the extracranial carotid/vertebral

arteries on mean CBF. Results suggested that mean CBF and ATT

demonstrated significant correlation in patients with ICAS, providing

further evidence about the influence of extracranial blood flow

on intracranial hemodynamics in the posterior circulation. The

preoperative collateral score based on brain perfusion parameters

such as relative CBF has the promise to serve as an indicator

for surgical collaterals in patients with moyamoya angiopathy

after combined bypass surgery (Wang M. et al.). In patients with

moyamoya disease, cerebral blood perfusion assessed by 3D pCASL

demonstrated higher accuracy both before and after revascularization

in comparison with CBF measured from DSC PWI (Zhang et al.).

In brief, this Research Topic highlights the present and recent

methodological developments in ASL technology and its applications

in the study of psychiatric and neurological disorders. However, more

research is still needed to further broaden the application of ASL

in disease diagnosis, classification, treatment, and follow-up, and

mechanism exploration of psychiatric and neurological disorders.
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Objectives: This study analyzed differences in the mean cerebral blood flow (mCBF)
and arterial transit time (ATT) of the anterior and posterior circulations between
patients with intracranial atherosclerotic stenosis (ICAS) and control subjects. We also
investigated the correlation between ATT and mCBF in the two groups, and evaluated
whether the blood flow velocity of the extracranial carotid/vertebral arteries can influence
mCBF.

Methods: A total of 32 patients with ICAS were prospectively enrolled at the Radiology
Department of the China-Japan Friendship Hospital between November 2020 and
September 2021. All patients had extensive arterial stenosis, with 17 having cerebral
arterial stenosis in the anterior circulation and 15 in the posterior circulation. Thirty-two
healthy subjects were enrolled as a control group. Enhanced arterial spin labeling (eASL)
imaging was performed using a 3.0-T GE magnetic resonance imaging scanner, and all
patients underwent carotid and vertebral Doppler ultrasound examinations. CereFlow
software was used for post-processing of the eASL data, to obtain cerebral perfusion
parameters such as mCBF and ATT. Independent samples t-tests were used to analyze
and compare mCBF and ATT of the anterior circulation (frontal lobe, parietal lobe,
and insula) and posterior circulation (occipital lobe, cerebellum) between the patient
and control groups. The relationships of ATT and mCBF in the two groups were
evaluated with Pearson’s correlation. The blood flow velocity of the extracranial internal
carotid/vertebral arteries, including the peak systolic velocity (PSV), end diastolic velocity
(EDV), mean PSV (mPSV), and mean EDV (mEDV), was compared between the control
and study groups using t-tests. Multiple linear regression analysis was then applied to
determine the factors associated with mCBF in the two groups.
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Results: The mCBFs of the anterior and posterior circulations in the patient group
were lower than those of the control group. The ATTs in the patient group were all
significantly longer than those of the control group (p < 0.05). Except for the insula
in the control group, significant correlations were found between ATT and mCBF in
all other investigated locations in the two groups (p < 0.05). The blood flow velocity
of the extracranial internal carotid/vertebral arteries differed significantly between the
control and patient groups (p < 0.05). The multiple linear regression analysis revealed
that in patients with ICAS, mPSV of the vertebral arteries and local ATT correlated with
mCBF of the occipital lobes and the cerebellum, respectively (p < 0.05). In contrast,
there was no significant correlation within the anterior circulation (frontal lobes, parietal
lobes, and insula).

Conclusion: There was a significant relationship between ATT and mCBF in patients
with ICAS. Extracranial blood flow may influence intracranial hemodynamics in the
posterior circulation in patients with ICAS. The maintenance of extracranial blood flow is
of great significance in the preservation of intracranial hemodynamics.

Keywords: arterial spin labeling, intracranial atherosclerotic stenosis, magnetic resonance imaging,
ultrasonography, hemodynamics

INTRODUCTION

Intracranial atherosclerotic stenosis (ICAS) is a major cause
of ischemic stroke in the Chinese population, accounting
for 30–50% of ischemic stroke (Wang Y. et al., 2014). The
risk of hypoperfusion in patients with ICAS is an important
consideration in prognosis and the development of treatment
strategies. At present, the commonly used methods for perfusion
evaluation are CT perfusion (CTP) imaging using an exogenous
contrast agent, and magnetic resonance dynamic susceptibility
contrast perfusion-weighted imaging. CTP is routinely used to
evaluate cerebral hemodynamics because it provides relatively
accurate perfusion quantification, including cerebral blood flow
(CBF), cerebral blood volume, and mean transit time (MTT;
Kang et al., 2008). However, the administration of exogenous
contrast agents is invasive and presents risks from contrast
agent allergy and renal interstitial fibrosis (Zaharchuk, 2007).
Furthermore, the perfusion results obtained from patients with
severe ICAS may present with errors because of changes in the
blood–brain barrier (Leng et al., 2019). The three-dimensional
pseudo-continuous arterial spin labeling (3D-pCASL) technique
does not require administration of exogenous contrast agents,
instead using magnetically labeled hydrogen protons in the
blood as a freely diffusible contrast agent to measure CBF.
It is advantageous as it is non-invasive, is repeatable, and
does not require vascular injection of a contrast agent for the
evaluation of cerebral blood perfusion. A previous study showed
a significant correlation between perfusion data from ASL and
(CTP) imaging in patients with moyamoya disease (Wang R.
et al., 2014). However, the quantification of CBF by 3D-pCASL
is affected by the arterial transit time (ATT). The delay in the
time the hydrogen protons in the arterial blood take to flow
through the labeled area to the acquisition area is likely to result
in the loss of labeled signals and errors, leading to reduced

CBF signals (Cheng et al., 2012; Ferré et al., 2013). Therefore,
uncertainty in the ATT weakens the potential advantages of
3D-pCASL for the accurate and quantitative measurement of
CBF. In contrast, the enhanced arterial spin labeling (eASL)
imaging technique uses multiple post-labeling delay (PLD) times
to calculate ATT (Detre and Alsop, 1999). Compared with a single
PLD or three PLDs, eASL can better quantify blood perfusion
and ATT, reduce physiological background noise, and improve
the accuracy of mean CBF (mCBF) measurement (Wells et al.,
2010; Wang et al., 2013).

Patients with ICAS usually have hemodynamic disorders,
resulting in abnormal cerebral blood flow and elongation
of ATT. ATT is a physiological parameter that reflects the
time required for labeled spins to reach the region of
interest in the brain (Wang et al., 2003). A previous study
demonstrated significant correlations between ASL, ATT, and
CTP MTT in moyamoya disease (Ravindra et al., 2020). In
hemispheric transient ischemic attack patients, both perfusion-
weighted imaging and ASL findings were more common in the
symptomatic hemisphere. Agreement between neuroradiologists
regarding abnormal studies was good for ASL and perfusion-
weighted imaging (Zaharchuk et al., 2012). However, most
studies focused on investigation of the hemodynamic changes
in the anterior circulation. The posterior circulation, which is
supplied by the basilar artery formed by the confluence of
bilateral vertebral arteries at the level of the brainstem, has
not been widely studied using ASL. The relationship between
the ATT and CBF in the posterior circulation may not be as
consistent as that in the anterior circulation. The upstream blood
flow from the extracranial carotid and vertebral arteries may
exert an effect on the blood flow downstream. If so, the blood
flow velocity of the extracranial carotid/vertebral arteries should
affect the intracranial hemodynamics. In this study, we aimed to
investigate the relationship between ATT and CBF in both the
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anterior and posterior circulation, determining the influence of
extracranial flow on the intracranial hemodynamics.

MATERIALS AND METHODS

Subjects
A total of 32 patients [15 men and 17 women, mean age (standard
deviation) 66.5 ± 9.8 years] with ICAS were prospectively
enrolled at the Radiology Department of the China-Japan
Friendship Hospital between November 2020 and September
2021. All patients had extensive arterial stenosis, with 17 having
severe cerebral arterial stenosis in the anterior circulation and
15 in the posterior circulation. The inclusion criteria were
as follows: patients were diagnosed with intracranial artery
stenosis by CT angiography (CTA) and magnetic resonance
angiography (MRA) of the head and neck; CTA of the head
and neck and carotid Doppler ultrasound (CDU) showed
no severe stenosis (stenosis >50% of the normal vessel
diameter) or occlusion of the extracranial carotid and vertebral
arteries; and the intervals between CTA, MRA, and CDU
examinations were less than 72 h. The exclusion criteria were
as follows: other diseases that could affect the hemodynamics,
such as intracranial space-occupying lesions, arteriovenous
fistula, moyamoya disease, cerebral edema, and massive cerebral
infarction; systemic diseases that could affect cerebral blood
flow, such as heart failure, serious cardiovascular disease,
severe anemia, and hypovolemia; and intake of medications
that could markedly affect the brain blood flow. Additionally,
thirty-two healthy volunteers [16 men and 16 women; mean
age (standard deviation) 64 ± 1.78 years] were enrolled as
the control group. The study protocol was approved by the
Institutional Review Boards of the China-Japan Friendship
Hospital (approval number: 2015-23). Informed consent was
obtained from each subject.

MRI Data Acquisition and Processing
A 3.0-T magnetic resonance imaging scanner (Discovery MR750,
GE Healthcare, Waukesha, WI, United States) with an 8-channel
head coil was used for imaging. The MRI sequences included
T1-weighted imaging, T2-weighted imaging, diffusion-weighted
imaging, three-dimensional time-of-flight MRA, and the eASL
sequence. The perfusion-weighted images were acquired at seven
consecutive pulsed pCASL labeling durations of 0.22, 0.26, 0.30,
0.37, 0.48, 0.68, and 1.18 s, with PLDs of 1.00, 1.22, 1.48, 1.78,
2.15, 2.62, and 3.32 s in the eASL sequence. The scan parameters
included a 512 × 512 matrix, a 22 cm × 22 cm field of view,
a 62.5-kHz bandwidth, 4-mm slice thickness, 36 slices, an echo
time of 10.5 ms, and a repetition time of 5,936 ms. IDL-based
RWCON code was used to reconstruct images, which were stored
in the database as DICOM images.

CereFlow software (Translational MRI, LLC, Los Angeles, CA,
United States) was used to process the eASL data according to the
following steps (van der Thiel et al., 2018): (1) The eASL raw data
and CBF data were converted into parametric cerebral perfusion
maps to obtain mCBF and ATT. (2) The parametric cerebral
perfusion maps were normalized into the standard brain space

of the Montreal Neurological Institute (MNI), resampled after
normalization, and spatially smoothed. (3) The atlas of arterial
blood supply territories, ASPECTS brain atlas, and the automated
anatomical labeling atlas were overlaid. (4) The mean perfusion
values of each territory volume were obtained.

The perfusion regions of interest (ROIs) of the anterior
circulation included the frontal lobe, parietal lobe, and insula,
while the perfusion ROIs of the posterior circulation included
the occipital lobe and cerebellum. Because the temporal lobe is
supplied by both the anterior and posterior circulations, it was
excluded from the measurements to avoid confusion.

CT Angiography Examination
A Gemstone Spectral Imaging CT scanner (Discovery CT750 HD,
GE Healthcare, United States) was used to perform CTA of the
head and neck. A 50-ml dose of non-ionic contrast agent was
injected into the median cubital vein in the forearm of the patient
using a high-pressure syringe at a rate of 4 ml/s. The scanning was
performed in the caudocranial direction, from the aortic arch to
the top of the skull.

Carotid Doppler Ultrasound Examination
A GE Logic E9 ultrasound machine (GE Healthcare,
United States) with a 9L linear array probe at a frequency
of 8–9 MHz was used for the CDU examinations. Bilateral
common carotid, internal carotid, external carotid, and vertebral
and subclavian arteries were measured conventionally by one
experienced doctor who was blind to the clinical status of the
subjects. The measurements of extracranial artery flow velocity
were performed at the same location for each subject. The inner
diameter, peak systolic velocity (PSV), end diastolic velocity
(EDV), and vascular resistive index of the extracranial internal
carotid and vertebral arteries were measured twice and average
values were recorded.

Evaluation of Intracranial Perfusion
The raw eASL data were post-processed using CereFlow software
to generate ATT and mCBF maps of the whole brain. Based
on a vessel territory atlas, the ATT and mCBF maps of the
bilateral frontal lobes, parietal lobes, insula, occipital lobes, and
cerebellum were generated automatically for statistical analysis.

Statistical Analysis
Statistical analysis was performed using SPSS 25.0 software.
A p-value < 0.05 was considered statistically significant. The
continuous variables in this study followed a normal distribution
and homogeneity of variance. The independent samples t-test
was used to analyze and compare the mCBF and ATT of the
anterior circulation (bilateral frontal lobes, parietal lobes, and
insula) and posterior circulation (occipital lobes and cerebellum)
between the patient and control groups. Pearson correlation
analysis was used to evaluate the relationship between ATT
and mCBF in the two groups. Differences in the blood flow
velocity of the extracranial internal carotid/vertebral arteries
between the two groups were compared using independent
samples t-tests. Using PSV, EDV, and ATT as independent
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factors, multiple linear regression analysis was then applied to
analyze the factors affecting the mCBF of the ROIs in the
two groups. Because the posterior circulation is supplied by
the basilar artery formed by the confluence of the bilateral
vertebral arteries, the bilateral PSV, EDV, ATT, and mCBF values
of the occipital lobes and cerebellum were averaged for the
regression analysis.

RESULTS

Comparison of Cerebral Perfusion
Parameters Between the Study and
Control Groups
Compared with those in the control group, the mCBF
measurements in the anterior circulation (bilateral frontal lobes,
parietal lobes, and insula) and posterior circulation (bilateral
occipital lobes and cerebellum) were all significantly lower in
the patient group. The ATTs of the ROIs were significantly
longer in the patient group than in the control group (Table 1
and Figures 1–3). There were also statistically significant
differences in the blood flow velocity of the extracranial internal
carotid/vertebral arteries between the control and patient groups
(p < 0.05) (Table 2).

Correlation of Arterial Transit Time and
Mean Cerebral Blood Flow
Taking the bilateral perfusion data as a whole, significant negative
correlations between ATT and mCBF were found in the frontal
lobes, parietal lobes, insula, occipital lobes, and cerebellum in the
patient group (r = −0.386, p = 0.002; r = −0.386, p = 0.002;
r = −0.267, p = 0.033; r = −0.573, p < 0.001; r = −0.489,
p < 0.001, respectively).

Significant correlations between ATT and mCBF were also
demonstrated in the control group, except for the insula, where
the correlation did not quite reach significance (r = −0.239,
p = 0.057).

Results of the Multiple Linear Regression
Analysis
There was a relationship between ATT and mCBF in the ROIs
of the frontal lobes and parietal lobes in the controls, and
a significant but weak effect of PSV on mCBF in the insula
(β = 0.093, p = 0.013), but no effect of extracranial flow
velocity was observed in the posterior circulation (Table 3). No
significant correlations with factors that could possibly affect
mCBF in the ROIs of the anterior circulation (frontal lobes,
parietal lobes, and insula) were found in the patients with ICAS
(p > 0.05) (Table 4). For the posterior circulation, the mean PSV
of the vertebral arteries and ATT of the cerebellum showed a
relationship with mCBF of the cerebellum (β = 0.397, p = 0.042;
β = −0.528, p = 0.002, respectively). In addition, the mCBF of
the occipital lobes correlated with ATT and mean PSV of the
vertebral arteries (β = 0.468, p = 0.014; β = −0.632, p < 0.001,
respectively) (Table 4).

TABLE 1 | Comparison of the mCBF and ATT of all parts between the study
and control groups.

Variables Study group
(n = 32)

Control group
(n = 32)

p-value

Left frontal lobe mCBF
(ml/100 g/min)

29.7775 ± 8.2272 40.2331 ± 5.6562 <0.001

Right frontal lobe mCBF
(ml/100 g/min)

29.8481 ± 7.6619 39.0094 ± 5.6092 <0.001

Left parietal lobe mCBF
(ml/100 g/min)

27.9381 ± 9.1233 39.7225 ± 5.8357 <0.001

Right parietal lobe mCBF
(ml/100 g/min)

27.3203 ± 7.7837 37.7647 ± 5.8109 <0.001

Left insula mCBF
(ml/100 g/min)

31.6787 ± 9.9949 39.2906 ± 4.9793 <0.001

Right insula mCBF
(ml/100 g/min)

30.8713 ± 8.9645 39.9406 ± 5.8151 <0.001

Left occipital lobe mCBF
(ml/100 g/min)

29.2641 ± 10.1001 39.9081 ± 7.8628 <0.001

Right occipital lobe mCBF
(ml/100 g/min)

27.9938 ± 8.5938 39.0856 ± 6.5587 <0.001

Left cerebellum mCBF
(ml/100 g/min)

27.4838 ± 8.8289 36.3209 ± 7.9350 <0.001

Right cerebellum mCBF
(ml/100 g/min)

27.2756 ± 8.8254 36.2350 ± 7.4646 <0.001

Left frontal lobe ATT (s) 1.7400 ± 0.1471 1.6328 ± 0.0927 <0.001

Right frontal lobe ATT (s) 1.7747 ± 0.1438 1.6247 ± 0.1080 <0.001

Left parietal lobe ATT (s) 1.8112 ± 0.1596 1.6731 ± 0.1068 <0.001

Right parietal lobe ATT (s) 1.8000 ± 0.1717 1.6763 ± 0.1318 <0.001

Left insula ATT (s) 1.6700 ± 0.1204 1.5906 ± 0.1016 <0.001

Right insula ATT (s) 1.6650 ± 0.1429 1.5794 ± 0.0583 <0.001

Left occipital lobe ATT (s) 1.8569 ± 0.1391 1.6850 ± 0.1529 <0.001

Right occipital lobe ATT (s) 1.8509 ± 0.1477 1.6888 ± 0.1311 <0.001

Left cerebellum ATT (s) 1.7966 ± 0.1311 1.6591 ± 0.1471 <0.001

Right cerebellum ATT (s) 1.8278 ± 0.1267 1.6906 ± 0.1325 <0.001

ATT, arterial transit time; mCBF, mean cerebral blood flow; s, seconds.

DISCUSSION

In this study, we used eASL imaging technology to analyze
the perfusion state of the anterior and posterior circulations
in patients with ICAS and healthy people, and investigated the
relationship between ATT and mCBF in the subjects. We found
that in patients with ICAS, the mCBF values of both the anterior
circulation and posterior circulation were significantly lower than
those of normal healthy people. Furthermore, the ATTs of the
patients with ICAS were longer than those of healthy people,
which is consistent with the results of previous research (Li
et al., 2016; Xu et al., 2016). Stenosis of cerebral arteries caused
by ICAS can result in extensive changes in cerebral blood flow
distribution, which are closely related to the structure of vessel
walls and the hemodynamics across the stenosis (Sangha et al.,
2017; Kleindorfer et al., 2021).

We showed significant correlations between ATT and mCBF
in ROIs placed in the anterior and posterior circulations in
patients with ICAS, as well as in controls. As the mCBF value
decreased, the ATT increased. The ATT is a measure of the
time taken for the labeled spins to reach the brain tissue of an
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FIGURE 1 | Normal magnetic resonance angiography (MRA) (A), mean cerebral blood flow (mCBF) (B), and arterial transit time (ATT) (C) maps of a 65-year-old
woman in the control group.

FIGURE 2 | (A) Magnetic resonance angiography (MRA) of a 68-year-old woman shows moderate stenosis of bilateral middle cerebral arteries. (B) Mean cerebral
blood flow (mCBF) demonstrates decreased blood perfusion in bilateral temporal and parietal lobes. (C) Prolongation of arterial transit time (ATT) is demonstrated at
the same anatomical regions on the ATT map.

FIGURE 3 | (A) Magnetic resonance angiography (MRA) of a 70-year-old man shows severe stenosis of the basilar artery. (B) Maps of mean cerebral blood flow
(mCBF) demonstrate markedly decreased blood flow in the bilateral occipital lobes and cerebellum. (C) Arterial transit time (ATT) maps shows increased signal at the
same anatomical regions.

ROI, and therefore reflects both the arterial flow and intracranial
arteriole flow. Because blood flow in the large arteries is very
fast and takes little time to flow into the brain, most of the
ATT can be attributed to the intracranial arteriole component.
Some studies demonstrated the agreement of ATT and MTT in
patients with vascular stenosis (Wang et al., 2003; Xu et al., 2021),
and previous research suggested a feedback mechanism between

the transit time and CBF to maintain stable cerebral perfusion
(Haller et al., 2016; Mutsaerts et al., 2017; Cohen et al., 2020). The
relationship between ATT and CBF in patients with ICAS is of
great importance, especially in the posterior circulation (Jia et al.,
2017; Sparaco et al., 2019). Compared with that in the arteries
of the anterior circulation, the blood flow velocity in the vessels
of the posterior circulation is lower, producing abnormal wall
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TABLE 2 | Comparison of the blood flow velocity of the extracranial internal
carotid and vertebral arteries between the study and control groups.

Variables Study group (n = 32) Control group (n = 32) p-value

PSV-LICA (cm/s) 61.5625 ± 16.2360 75.5938 ± 18.1745 0.002

EDV-LICA (cm/s) 25.1562 ± 9.2007 30.2500 ± 9.1087 0.030

PSV-RICA (cm/s) 67.7500 ± 21.6661 82.8750 ± 19.4932 0.005

EDV-RICA (cm/s) 23.6250 ± 7.4042 31.0312 ± 9.6067 < 0.001

mPSV-VA (cm/s) 45.9531 ± 8.8976 50.9062 ± 8.5388 0.027

mEDV-VA (cm/s) 14.5625 ± 3.6781 16.7656 ± 4.2445 0.030

PSV, peak systolic velocity; EDV, end-diastolic velocity; mPSV, mean peak systolic
velocity; mEDV, mean end-diastolic velocity; LICA, left lateral internal carotid artery;
RICA, right lateral internal carotid artery; VA, vertebral artery.

TABLE 3 | Results from multiple linear regression of the extracranial artery flow
velocity, ATT on CBF in the anterior and posterior circulations of the control group.

Dependent
variable

Independent
variable

B coefficient p-value

Frontal lobe mCBF PSV-ICA 0.065 (−0.012, 0.142) 0.095

EDV-ICA −0.074 (−0.083, 0.232) 0.348

Frontal lobe ATT −14.371 (−27.736, −1.005) 0.036

Parietal lobe mCBF PSV-ICA 0.025 (−0.058, 0.107) 0.555

EDV-ICA 0.105 (−0.061, 0.271) 0.21

Parietal lobe ATT −14.230 (−26.347, −2.112) 0.022

Insula mCBF PSV-ICA 0.093 (0.020, 0.166) 0.013

EDV-ICA 0.055 (−0.098, 0.208) 0.476

Insula ATT −9.059 (−25.012, 6.894) 0.261

Occipital lobe
mCBF

mPSA-VA 0.029 (−0.279, 0.337) 0.85

mEDV-VA 0.686 (−0.079, 1.452) 0.077

Occipital lobe
mATT

−15.104 (−32.847, 2.640) 0.092

Cerebellum mCBF mPSV-VA 0.001 (−0.344, 0.346) 0.995

mEDV-VA 0.733 (−0.103, 1.569) 0.083

Cerebellum mATT −16.496 (−36.053, 3.061) 0.095

ATT, arterial transit time; mPSV, mean peak systolic velocity; mEDV, mean end-
diastolic velocity; mCBF, mean cerebral blood flow; PSV, peak systolic velocity;
EDV, end-diastolic velocity; VA, vertebral artery; ICA, internal carotid artery.

shear stress, which is a risk factor for thrombosis (Caplan, 2000;
Eker et al., 2019). At the same time, atherosclerosis can lead to
artery stenosis and occlusion, which slows down blood flow and
results in a low perfusion state (Ya et al., 2020). In this situation,
compensatory elongation of ATT will help to maintain local
perfusion in a steady state. The adjustment of ATT may reflect
slow collateral flow compensating for a disrupted blood supply
through one of the proximal arteries (van Osch et al., 2018).

In addition to eASL, we used color Doppler ultrasound to
examine the extracranial carotid/vertebral arteries and measure
their blood flow velocity. Although our patients had no
severe stenosis or occlusion of the extracranial carotid and
vertebral arteries, there were significant differences in the
blood flow velocity of the extracranial carotid and vertebral
arteries between the controls and patients. In the patients with
ICAS, the mean PSV of the vertebral arteries and local ATT
demonstrated a significant association on the mCBF of the

TABLE 4 | Results from multiple linear regression of the extracranial artery flow
velocity, ATT on CBF in the anterior and posterior circulations of the study group.

Dependent
variable

Independent
variable

B coefficient p-value

Frontal lobe mCBF PSV-ICA 0.131 (−0.017, 0.279) 0.081

EDV-ICA −0.053 (−0.485, 0.379) 0.807

Frontal lobe ATT −12.668 (−28.260, 2.924) 0.109

Parietal lobe mCBF PSV-ICA 0.130 (−0.022, 0.282) 0.092

EDV-ICA 0.097 (−0.337, 0.531) 0.656

Parietal lobe ATT −9.180 (−22.538, 4.178) 0.174

Insula mCBF PSV-ICA 0.174 (−0.010, 0.359) 0.063

EDV-ICA −0.108 (−0.638, 0.421) 0.683

Insula ATT −11.253 (−31.067, 8.560) 0.260

Occipital lobe
mCBF

mPSA-VA 0.423 (0.092, 0.754) 0.014

mEDV-VA −0.237 (−1.130, 0.657) 0.591

Occipital lobe
mATT

−42.319 (−63.169, −21.469) <0.001

Cerebellum mCBF mPSV-VA 0.334 (0.013, 0.655) 0.042

mEDV-VA −0.076 (−0.916, 0.764) 0.855

Cerebellum mATT −38.432 (−61.545, −15.318) 0.002

ATT, arterial transit time; mPSV, mean peak systolic velocity; mEDV, mean end-
diastolic velocity; mCBF, mean cerebral blood flow; PSV, peak systolic velocity;
EDV, end-diastolic velocity; VA, vertebral artery; ICA, internal carotid artery.

occipital lobes and cerebellum, but this phenomenon was not
observed in the controls. We suggest that mCBF of the posterior
circulation in patients with ICAS is sensitive to the change
in the upstream blood supply. Under normal physiological
conditions, intracranial hemodynamic mechanisms can well-
adjust to pressure and blood flow changes from the extracranial
internal carotid and vertebral arteries (McBryde et al., 2017). In
contrast, patients with ICAS seem to have a declined ability to
cope with the reduced blood inflow, suggesting a vulnerability to
the decrease in perfusion (Nixon et al., 2010). We note that the
association of the extracranial flow on the mCBF in patients with
ICAS was demonstrated exclusively in the posterior circulation.
This may be because posterior circulation vessels such as the
basilar artery have less sympathetic nerve innervation, which
leads to poor vascular regulation (Tissir and Goffinet, 2013). Our
study supports the idea that maintenance of extracranial blood
flow is of great significance in the preservation of intracranial
hemodynamics, especially those of the posterior circulation.

Previous studies mostly used arterial spin labeling technology
with a single PLD or three PLDs, but the mismatch between PLD
and ATT among individuals is the main reason for inaccurate
measurement of CBF (MacIntosh et al., 2010). In this study,
eASL based on Hadamard matrix time coding was applied, and
the total labeling time was divided into seven short labeling
time blocks, which significantly shortened the total time for
collecting multiple PLDs and allowed ATT and mCBF to be
obtained at the same time (Dai et al., 2013). This sequence also
facilitated quick measurement of ATT by low-resolution time
coding technology, and choosing of a reasonable PLD based
on this known ATT, thereby allowing a more accurate mCBF
measurement to be obtained (Teeuwisse et al., 2014; von Samson-
Himmelstjerna et al., 2016). CBF measurements using pCASL
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with multiple post-label delay acquisitions correlated well with
quantitative CBF values derived from 15O-H2O PET in patients
with chronic occlusive cerebrovascular disease (Kamano et al.,
2013). The disadvantages of eASL lie in the longer scanning
time and low signal-to-noise ratio due to the short label
durations (Haller et al., 2016). Optimization of the number
of post-label delay acquisitions and excitations to reduce the
acquisition time with a sparse model-based image reconstruction
(Tsujikawa et al., 2016), and/or use of more complex but efficient
Hadamard time-encoding strategies (Amemiya et al., 2021), will
be needed to establish guidelines for routine use in future
clinical applications.

There are several limitations to this study. First, not all
brain regions were included in the analysis, because some brain
regions like the thalamus and temporal lobes are supplied by
both the anterior and posterior circulation, which may cause
confusion when analyzing the perfusion state. Second, the
relationship between the stenoses and eASL parameters was
not studied. Because some patients had extensive intracranial
atherosclerotic lesions, we could not simply classify the vessel
territories according to the stenosis of arteries. Sometimes, a
vessel territory with a relatively mild stenosis may be ischemic
because of the intracerebral steal phenomenon. Third, the
CDU examinations were conducted by only one experienced
doctor who was blind to the clinical status of the subjects,
and we therefore had no measure of the reliability of the
ultrasonographic measurements. Finally, the sample size of this
study was small, and the influences of age, blood pressure, and
vessel diameter on the blood flow of the cervical and vertebral
arteries were not analyzed.

Overall, we used eASL to demonstrate changes in ATT and
mCBF in patients with ICAS. We found that ATT correlated
with mCBF in the healthy controls, as well as in the patients.

Furthermore, we found that extracranial blood flow may
influence intracranial hemodynamics in the posterior circulation
of the patients, indicating the importance of the maintenance of
upstream blood flow.
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Background and Purpose: It is sometimes difficult to effectively distinguish
non-neoplastic from neoplastic intracranial enhancement lesions using conventional
magnetic resonance imaging (MRI). This study aimed to evaluate the diagnostic
performance of three-dimensional pseudo-continuous arterial spin labeling (3D-pCASL)
to differentiate non-neoplastic from neoplastic enhancement lesions intracranially.

Materials and Methods: This prospective study included thirty-five patients with high-
grade gliomas (HGG), twelve patients with brain metastasis, and fifteen non-neoplastic
patients who underwent conventional, contrast enhancement and 3D-pCASL imaging
at 3.0-T MR; all lesions were significantly enhanced. Quantitative parameters including
cerebral blood flow (CBF) and relative cerebral blood flow (rCBF) were compared
between neoplastic and non-neoplastic using Student’s t-test. In addition, the area
under the receiver operating characteristic (ROC) curve (AUC) was measured to assess
the differentiation diagnostic performance of each parameter.

Results: The non-neoplastic group demonstrated significantly lower rCBF values of
lesions and perilesional edema compared with the neoplastic group. For the ROC
analysis, both relative cerebral blood flow of lesion (rCBF-L) and relative cerebral
blood flow of perilesional edema (rCBF-PE) had good diagnostic performance for
discriminating non-neoplastic from neoplastic lesions, with an AUC of 0.994 and
0.846, respectively.

Conclusion: 3D-pCASL may contribute to differentiation of non-neoplastic from
neoplastic lesions.

Keywords: three-dimensional pseudo-continuous arterial spin labeling, non-neoplastic, high-grade gliomas,
metastasis, cerebral blood flow
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INTRODUCTION

The incidence of brain and central nervous system tumors has
been increasing in recent years. There are about 308,000 new
cases of brain tumors worldwide until 2020. The morbidity rates
of men and women are 3.9% and 3.0%, respectively, and the
mortality rates are 3.2% and 2.4%, respectively (Sung et al.,
2021). Conventional MRI has a good value in differentiating
diagnosis by assessing the shape, location, and mass effect of
lesions (Villanueva-Meyer et al., 2017). Sometimes, conventional
MRI of many intracranial non-neoplastic diseases, such as brain
abscess, tuberculosis, and cerebral cysticercosis, mimics cerebral
high-grade glioma, which could all manifest as space-occupying
lesions with cystic, necrosis, and ring enhancement (Omuro
et al., 2006). However, the treatment strategies and prognosis of
non-neoplastic and neoplastic are completely different, so how
to accurately differentiate those two kinds of diseases is quite
important (Bush et al., 2017).

Considering the limitations of conventional MRI, a growing
number of studies have focused on assessing the physiological
and metabolic characteristics of lesions, especially on tumors (Ko
et al., 2016). Arterial spin labeling (ASL) is an emerging MRI
perfusion technology that uses magnetically labeled arterial blood
water protons as an endogenous tracer. ASL can quantitatively
measure the relative cerebral blood flow (rCBF) in different
lesions and evaluate the malignant degree of lesions from
the level of microcirculation (Hernandez-Garcia et al., 2019).
According to different labeling methods, ASL can be divided
into three types: pulsed ASL (PASL), continuous ASL (CASL),
and pseudo-continuous ASL (pCASL). pCASL has advantages
including high signal-to-noise ratio, high labeling efficiency,
minimal magnetization transfer effect, less radiofrequency energy
deposition, low requirements for hardware equipment, and good
repeatability (Wu et al., 2014; Alsop et al., 2015). 3D-pCASL is
a more advanced technology that can improve the image signal-
to-noise ratio further and reduce motion artifacts while achieving
whole brain volume perfusion imaging.

Previous studies have proved that ASL is valuable in
identifying and grading brain tumors (Haller et al., 2016; Abdel
Razek et al., 2019b; Xi et al., 2019). As far as we know, there are
few studies regarding using ASL to distinguish intracranial non-
neoplastic from neoplastic lesions. In this retrospective study,
we collected imaging data of patients with intracranial non-
neoplastic and neoplastic lesions and analyzed the difference
between them on ASL images. This study aimed to evaluate
the additional value of ASL in distinguishing non-neoplastic
from neoplastic lesions in intracranial, which manifest as ring-
enhancement lesions.

MATERIALS AND METHODS

Subjects
This retrospective study was approved by the Institutional
Review Board, and informed consent was obtained from all
participants. From September 2015 to September 2020, MRI
data of patients from our hospital were retrospectively reviewed.

The inclusion criteria were as follows: (1) all patients were
newly diagnosed, untreated patients; (2) all patients underwent
conventional MRI including T1, T2, post-contrast T1 weighted
imaging, and 3D-pCASL preoperatively; (3) all lesions showed
obvious ring enhancement from the contrast MRI scanning;
and (4) all patients were further confirmed by pathological or
clinical examinations. The following were the exclusion criteria:
(1) poor image quality, which affects the measurement results,
and (2) those who had received therapy prior to MRI. Finally,
35 HGG (21 men, 14 women, mean age 52.9 years, range 12–
79 years), 12 metastases (7 men, 5 women, mean age 57.3 years,
range 42–77 years), and 15 non-neoplastic cases (9 men, 6
women, mean age 39 years, range 10–64 years) were enrolled.
The non-neoplastic lesions contained the following: brain abscess
(n = 7), tuberculoma (n = 3), granuloma (n = 3), cerebral
cysticercosis, and demyelinating pseudotumor (n = 1). Among
the 12 patients with brain metastases, the primary sites of tumors
were lung cancer (n = 5), stomach cancer, osteosarcoma, cervical
cancer, parotid gland cancer, colon cancer, rectal cancer, and
adenocarcinoma (n = 1 each).

Magnetic Resonance Imaging
Acquisition
In this experiment, a 3.0-T MR system (Discovery MR750,
GE Healthcare, Milwaukee, WI, United States) with an 8-
channel head-matrix coil was used. The head of the patient
was fixed with a sponge cushion, and the patient was supine
on the examination table. The scan sequences included the
following: (1) axial T1WI [TR, 1,750 ms; TE, 24 ms; section
thickness, 4 mm; inter-slice gap = 0 mm; field of view (FOV),
240 × 240 mm2; matrix, 320 × 256]; (2) T2WI (TR, 3,976 ms; TE,
92 ms; section thickness, 5 mm; inter-slice gap = 1.5 mm; FOV,
240 × 240 mm2; matrix size, 512 × 512); (3) fluid-attenuated
inversion recovery (FLAIR) (TR, 8,400 ms; TE, 145 ms; section
thickness, 5 mm; inter-slice gap = 1.5 mm; FOV, 240 × 240 mm2;
matrix size, 160 × 256); (4) post-contrast T1 was acquired
after intravenous administration of 0.1 mmol/kg gadopentetate
dimeglumine; (5) ASL was performed with pseudocontinuous
labeling, background suppression, and a stack of spiral 3D fast
spin-echo imaging sequences using the following acquisition
parameters: 512 sampling points on eight spirals, TR = 4,632 ms;
TE = 10.5 ms; matrix = 128 × 128; slice thickness = 4 mm,
field of view (FOV) = 240 × 240 mm2; scan time = 4 min 27 s;
post-labeling delay = 1 m, 525 ms.

Image Processing and Analysis
The image data were transferred to an offline workstation for
post-processing (Advantage Workstation, AW4.5; GE Medical
Systems) provided by the supplier, and the CBF images were
post-processed by GE FuncTool software. We used T1WI
enhancement and FLAIR to define the localization of the lesions
and perilesional edema, and then registered these images with
3D-pCASL images. Cerebral blood flow (CBF) values were
measured by placing the regions of interest (ROI) above the lesion
with the highest perfusion signal. CBF of the solid part of the
lesion (CBF-L), CBF of the PLE (CBF-PLE) (within 1 cm from the
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lesion), and CBF of contralateral normal gray matter (CBF-CGM)
were measured, respectively. CBF-PLE was measured by placing
the ROI above the highest perfusion signal seen in the perilesional
edema on ASL map. Two experienced neuroradiologists who
were blinded to the final diagnosis measured 3 times and then
taken the average value. The necrosis, cystic change, hemorrhage,
or blood vessel area that may affect the measurement were
avoided. To minimize the inter-individual variation in CBF
values, the rCBF values (rCBF-L, rCBF-PLE) were calculated by
normalizing to the CBF-CGM.

Statistical Analysis
All data were processed by SPSS 23.0 software, and all values
were expressed as mean ± standard deviation (SD). Interobserver
agreement for the CBF values measured by the two observers
was analyzed by calculating the intraclass correlation coefficient
(ICC). ICCs greater than 0.74 were considered to be excellent
(Yeganeh et al., 2019). Two observers averaged the measured
values of each patient for further analysis. The comparison
of measurement data that conform to the normal distribution
used the independent sample t-test, and qualitative data used
the chi-square test. The area under the curve (AUC) from
receiver operating characteristic (ROC) analysis was used to
evaluate the diagnostic performance of the ASL-determined
rCBF for differentiating non-neoplastic from neoplastic lesions.
p values < 0.05 were considered to be statistically significant.

RESULTS

Patient Demographics and Conventional
Magnetic Resonance Imaging Features
The clinical and MRI characteristics of subjects are summarized
in Table 1. There was no statistical difference in male-to-female
ratio between the two groups. The age of the non-neoplastic
group was younger than the neoplastic group with statistically
significant difference. All intracranial lesions were exhibited
as ring-like enhancement and accompanied with perilesional
edema. The representative MRI of a patient with HGG,
metastasis, and non-neoplastic lesions is shown in Figure 1.

Differences in Cerebral Blood Flow and
Relative Cerebral Blood Flow Between
Neoplastic and Non-neoplastic Groups
Supplementary Table 1 shows the ICCs measured by two
observers. Excellent agreement was observed for CBF values. The
CBF and rCBF values of the lesions and perilesional edema in the
non-neoplastic group were significantly lower than those in the
neoplastic group. There was no significant difference in the CBF-
CGM values between the two groups, as shown in Table 2. The
representative ASL images are shown in Figure 1.

After comparing the neoplastic group and the non-neoplastic
group, the CBF-L, CBF-PLE, rCBF-L, and rCBF-PLE values of
the metastatic group and the non-neoplastic group were lower
than those of the HGG group, and the difference was statistically
significant (p < 0.001). The CBF-L and rCBF-L values of the

TABLE 1 | Clinical and MRI characteristics of patients.

Neoplastic
(n = 47)

Non-
neoplastic

(n = 15)

p-values

Age (years) 54.09 ± 12.55 39.00 ± 17.03 <0.001

Sex (male:female) 28:19 9:6 0.977

Number of lesions

Single lesion 37 11 -

Multiple lesions 10 4 -

Enhancing pattern Ring
enhancement

Ring
enhancement

-

Necrosis 47 15 -

Values are expressed as mean ± standard deviation (SD).
The Student’s t-test was used to compare the age between the two groups, and
the chi-square test was used to compare the gender.

non-neoplastic group were lower than those of the metastatic
group, and the difference was statistically significant (p < 0.001),
while the CBF-PLE and rCBF-PLE were not significantly different
between the two groups with p-values of 0.894 and 0.795,
respectively. The details are shown in Supplementary Table 2.

Diagnostic Values of Relative Cerebral
Blood Flow of Lesion and Relative
Cerebral Blood Flow of Perilesional
Edema
Receiver operating characteristic analysis showed that the AUC
of rCBF-L for the diagnosis of non-neoplastic and neoplastic
was 0.994 with a sensitivity of 95.7% and a specificity of 100%.
The AUC of rCBF-PLE for the diagnosis of non-neoplastic
and neoplastic was 0.846 with a sensitivity of 70.2% and a
specificity of 93.3%. Table 3 summarizes the best cutoff values
for different parameters that distinguish non-neoplastic from
neoplastic lesions. The ROC curves are shown in Figure 2.

After the main group comparison, we found that when the
rCBF-L cutoff value was selected at 1.545, the AUC for the
diagnosis of HGG and metastasis was 0.923 (95% CI 0.839–
1.000), with a sensitivity of 91.4% and a specificity of 83.3%.
When the rCBF-L cutoff value was selected at 0.940, the AUC for
diagnosing metastatic and non-neoplastic lesions was 0.978 (95%
CI 0.934–1.000), with a sensitivity of 91.7% and a specificity of
93.3%. When the rCBF-PLE cutoff value was selected at 0.465, the
AUC for the diagnosis of HGG and metastases was 0.923 (95% CI
0.949–1.000), with a sensitivity of 94.3% and a specificity of 100%.

DISCUSSION

In the present study, we evaluated the utility of 3D-PCASL for
the differentiation of neoplastic and non-neoplastic lesions. We
demonstrated that non-neoplastic lesions exhibited lower CBF
values based on ASL perfusion MRI compared with neoplastic
lesions. We demonstrated that 3D-PCASL MRI techniques could
be used for differentiation with high accuracy.

It is essential to distinguish non-neoplastic from neoplastic
lesions as the therapeutic strategies and prognosis are different
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FIGURE 1 | Comparison of HGG (A–E), metastasis (F–J), brain abscess (K–O), and cerebral cysticercosis (P–T). First row: 64-year-old male with an HGG in the left
frontal lobe; unenhanced MR scan showed hypointense on T1WI and hyperintense onT2WI (A,B). The contrast-enhanced T1-weighted MRI showed ring
enhancement (C). 3D-pCASL exhibited as hyper-perfusion in the region of tumor compared with the contralateral brain (D). Pathologically, the tumor cells were
diffusely distributed and showed increased density (E). Second row: 42-year-old woman with a metastatic tumor in the right parietal lobe; MR plain scan showed
hypointense on T1WI and hyperintense on T2WI (F,G). The enhanced scan showed ring enhancement (H). 3D-pCASL showed as hyper-perfusion in the region of
metastasis (I). Pathology showed the nested atypical cells, which was squamous cell carcinoma (J). Third row: 40-year-old man with a brain abscess in the right
temporal lobe. MR plain scan showed hypointense on T1WI and hyperintense on T2WI (K,L). The enhanced scan showed ring enhancement (M). 3D-pCASL
showed the lesion demonstrated as hypo-perfusion (N). Pathology showed lymphocyte, neutrophil infiltration, abscess formation, and granulation tissue hyperplasia
(O). Fourth row: 28-year-old man with cerebral cysticercosis in the left frontal and parietal lobe. MR plain scan showed hypointense on T1WI and hyperintense on
T2WI (P,Q). The enhanced scan showed ring enhancement (R). 3D-pCASL showed that the lesion was iso-hypo-perfusion (S). Pathologically, lace-like parasites can
be seen (T).

clinically. However, many non-neoplastic neurological diseases
could often mimic brain tumors in neuroimaging (Okamoto
et al., 2004a,b). The conventional MR contrast enhancement is
affected by the damage of the blood–brain barrier (BBB) and
the permeability of neovascularization. Most intracranial tumors
could destroy the BBB, while some non-neoplastic lesions could
increase vascular permeability (Gupta et al., 2008). Therefore,

both intracranial neoplastic and non-neoplastic lesions could
show significant enhancement, usually ring enhancement, and
thus difficult to distinguish. Most brain abscesses show high
signal on MR diffusion-weighted imaging (DWI), which is
helpful to distinguish from the necrosis center of neoplastic
disease. However, there are reports that some metastases and
HGG could also show high signal on DWI (Holtås et al., 2000;
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TABLE 2 | 3D-pCASL imaging-derived parameters for non-neoplastic
and neoplastic.

Neoplastic (n = 47) Non-neoplastic (n = 15) p-values

CBF-L 115.59 ± 40.83 40.17 ± 6.71 <0.001

CBF-PLE 29.80 ± 6.29 22.22 ± 2.29 <0.001

CBF-CGM 54.05 ± 2.81 53.50 ± 3.13 0.521

rCBF-L 2.13 ± 0.75 0.75 ± 0.14 <0.001

rCBF-PLE 0.55 ± 0.12 0.42 ± 0.04 <0.001

Values are expressed as mean ± standard deviation (SD).
Comparisons between groups were performed by Student’s t-test.
CBF-L, cerebral blood flow of lesion; CBF-PLE, cerebral blood flow of perilesional
edema; CBF-CGM, cerebral blood flow of contralateral normal gray matter; rCBF-
L, relative cerebral blood flow of lesion; rCBF-PLE, relative cerebral blood flow of
perilesional edema.

Hakyemez et al., 2005). Tuberculoma and metastasis could both
show lipid peaks on magnetic resonance spectroscopy (MRS);
as a result, MRS may not be useful when calcification and
bleeding exist (Nagar et al., 2007). Misdiagnosis may expose
patients to unnecessary surgery. Accordingly, it is particularly
important to find a new diagnostic method. All the above-
mentioned sequences could not reflect the blood flow distribution
and perfusion in the lesions.

In this study, we first focused on the application of 3D-pCASL
in intracranial enhancement lesions. Previous examinations of
CBF were mostly accomplished through perfusion imaging based
on nuclear medicine, dynamic contrast-enhanced computed
tomography (CT), or dynamic susceptibility contrast MRI
(DSC-MRI) (Noguchi et al., 2016). However, nuclear medicine
examinations cannot be routinely performed in clinical practice.
Dynamic contrast-enhanced CT requires the use of contrast
agents and gives radiation to the patient. DSC-MRI has shown
good ability in differentiating non-neoplastic from neoplastic
lesions and is widely used. Studies have shown that the relative
cerebral blood volume (rCBV) of non-neoplastic lesions was
significantly lower than that of neoplastic lesions (Floriano et al.,
2013). However, DSC can be easily affected by the destruction of
the BBB and requires the injection of contrast agents. ASL is one
of the non-contrast-enhanced MR perfusion imaging methods,
which has the advantages of non-invasiveness, simple operation,
and repeatable inspection. It is widely used in the differential
diagnosis between tumors and grading of gliomas (Suh et al.,
2018). ASL can more realistically reflect the angiogenesis of the
lesion without being affected by blood products, necrosis, or
calcification (Furtner et al., 2014). Many previous studies have
shown that there is a strong correlation between the perfusion
parameters obtained by ASL and DSC (Grade et al., 2015; Soni
et al., 2017; Novak et al., 2019), which showed the feasibility of
ASL as an alternative to DSC.

In the current study, the CBF-L and rCBF-L of non-neoplastic
lesions were lower compared with neoplastic lesions, which is
consistent with previous studies (Soni et al., 2018). This result
may be attributed to the fact that neoplastic lesions could induce
angiogenesis, leading to an increase in blood perfusion. Muccio
et al. (2008) found lower rCBV values in patients with brain
abscesses, proposing that this was due to the low density of

TABLE 3 | Diagnostic performance of rCBF-L and rCBF-PLE for differentiating
non-neoplastic from neoplastic lesions.

Model AUC Cutoff value Sensitivity Specificity

rCBF-L 0.994 (0.983–1.000) 1.095 0.957 1.000

rCBF-PLE 0.846 (0.752–0.940) 0.475 0.702 0.933

Data in parentheses are 95% confidence intervals.
AUC, area under the receiver operating characteristic curve; rCBF-L, relative
cerebral blood flow of lesion; rCBF-PLE, relative cerebral blood flow of
perilesional edema.

FIGURE 2 | Receiver operating characteristic curves for rCBF and rCBF-PLE
for differentiating non-neoplastic from neoplastic lesions. AUC, area under the
receiver operating characteristic curve; rCBF-L, relative cerebral blood flow of
lesion; rCBF-PLE, relative cerebral blood flow of perilesional edema.

capillaries and the enrichment of collagen fibers in the capsule of
abscess lesions. This explanation also applies to the performance
of other non-neoplastic lesions with low perfusion. Therefore,
when encountering a rare HGG with a high DWI signal in
clinical practice (Reiche et al., 2010), ASL could be helpful for the
distinguishing diagnosis from brain abscess. At the same time,
we found that the CBF-L and rCBF-L of metastatic lesions were
lower than HGG, which is also consistent with previous studies
(Sunwoo et al., 2016; Abdel Razek et al., 2019a). This can be
attributed to the higher density of new blood vessels in HGG.

Secondly, we tested the application of 3D-pCASL in
perilesional perfusion. Compared with brain tumors, non-
neoplastic lesion has lower CBF-PLE and rCBF-PLE.
However, there was no significant difference in CBF PLE
and rCBF PLE between metastatic and non-neoplastic
lesions. This may be due to the tendency of glioma cells
to infiltrate surrounding brain tissues. The PLE of glioma
includes not only the invading tumor cells, but also the
glial alterations in surrounding normal tissues, such as
swelling of astrocytes, aggregation of microglia, and microglia
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activation (Engelhorn et al., 2009). The PLE of metastases
represents pure vasogenic edema rich in plasma proteins,
and its source is the leakage of capillaries in or around the
metastasis. In addition, the decrease of CBF-PLE may be
caused by local compression of the microcirculation by edema
(Lin et al., 2016).

Our study has some limitations. First, there may be a
bias of sample selection in retrospective studies. Second, the
sample size was not large enough, and the data had a large
degree of dispersion. More patients will validate our results
in the future. Finally, it has been reported that factors such
as MR sequence parameters and postprocessing software may
influence the results.

CONCLUSION

In this study, we found that both the rCBF value of the lesion and
the peri-edema from the non-neoplastic group were significantly
lower than those of the neoplastic group. ASL parameters could
be helpful in discriminating non-neoplastic from neoplastic
lesions for the intracranial enhancement lesions, thus preventing
misdiagnosis and unnecessary surgery.
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Objective: This study analyzed the differences in the cerebral blood flow (CBF) between
unilateral Sudden Sensorineural Hearing Loss (SSNHL) patients and healthy controls
(HCs). We also investigated CBF differences in auditory-related areas in patients with
left- and right-sided SSNHL (lSSNHL and rSSNHL) and HCs. We further explore the
correlation between unilateral SSNHL characteristics and changes in the CBF.

Methods: 36 patients with unilateral SSNHL (15 males and 21 females, 40.39 ± 13.42
years) and 36 HCs (15 males and 21 females, 40.39 ± 14.11 years) were recruited.
CBF images were collected and analyzed using arterial spin labeling (ASL). CereFlow
software was used for the post-processing of the ASL data to obtain the CBF value
of 246 subregions within brainnetome atlas (BNA). The Two-sample t-test was used
to compare CBF differences between SSNHL patients and HCs. One-way ANOVA or
Kruskal-Wallis test was used to compare the CBF difference of auditory-related areas
among the three groups (lSSNHL, rSSNHL, and HCs). Then, the correlation between
CBF changes and specific clinical characteristics were calculated.

Results: The SSNHL patients exhibited decreased CBF in the bilateral middle frontal
gyrus (MFG, MFG_7_1 and MFG_7_3), the contralateral precentral gyrus (PrG, PrG_6_3)
and the bilateral superior parietal lobule (SPL, bilateral SPL_5_1, SPL_5_2, and
ipsilateral SPL_5_4), p < 0.0002. Compared with HCs, unilateral SSNHL patients
exhibited increased rCBF in the bilateral orbital gyrus (OrG, OrG_6_5), the bilateral
inferior temporal gyrus (ITG, contralateral ITG_7_1 and bilateral ITG_7_7), p < 0.0002.
lSSNHL showed abnormal CBF in left BA21 caudal (p= 0.02) and left BA37 dorsolateral
(p = 0.047). We found that the CBF in ipsilateral MFG_7_1 of SSNHL patients was
positively correlated with tinnitus Visual Analog Scale (VAS) score (r = 0.485, p = 0.008).

Conclusion: Our preliminary study explored CBF pattern changes in unilateral SSNHL
patients in auditory-related areas and non-auditory areas, suggesting that there may
exist reduced attention and some sensory compensation in patients with SSNHL.
These findings could advance our understanding of the potential pathophysiology of
unilateral SSNHL.

Keywords: sudden sensorineural hearing loss, cerebral blood flow, arterial spin labeling, brainnetome atlas,
magnetic resonance imaging
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INTRODUCTION

Sudden Sensorineural Hearing Loss (SSNHL) is defined as a
hearing loss of over 30 dB in three sequential frequencies in
the pure-tone audiogram within 72 h, and is considered as
an otologic emergency (Stachler et al., 2012). SSNHL is often
accompanied by tinnitus and vertigo, which affects quality of life
of patients, leading to anxiety and depression (Fusconi et al.,
2012). Many causes of SSNHL have been proposed, including
viral infection, neoplasms, trauma, ototoxicity, autoimmune
diseases, and developmental anomalies, but the mechanisms of
SSNHL have not yet been clarified. It is difficult to identify the
exact cause of SSNHL by routine clinical examinations (Jung da
et al., 2016). At present, steroid therapy is the main treatment
method for SSNHL. But some SSNHL patients do not respond to
conventional treatment, which leads to a low long-term quality of
life (Liu et al., 2020). Previous studies have reported that hearing
loss induced brain structural changes, brain functional changes
and reorganization of functional cerebral networks. From the
brain structural perspective, brain morphological changes could
be induced by unilateral hearing loss was found, including
decreased gray matter volume in temporal/ precuneus/ cingulate
and parahippocampal gyrus (Yang et al., 2014). From the
functional perspective, a functional magnetic resonance imaging
(fMRI) study found the changes of default mode networks
(DMN) in patients with long-term unilateral SSNHL might
be associated with cognitive ability of patients (Zhang et al.,
2015). Another resting-state fMRI found that there existed a
shift toward small-worldization in unilateral SSNHL patients
functional connectome (Xu et al., 2016). A widespread functional
reorganization was found in SSNHL, not only in auditory
regions (Minosse et al., 2020). Similarly, a diffusion tensor
imaging (DTI) study with graph theoretical analysis found that
altered nodal centralities in brain regions involved the auditory
network and non-auditory network, including visual network,
attention network, DMN, sensorimotor network, and subcortical
network in SSNHL patients in the acute period (Zou et al.,
2021). A study demonstrated cortical perfusion pattern changes
in age-related hearing loss (Ponticorvo et al., 2019). All in
all, structural and functional changes were found not only in
the auditory-related areas, but also in the non-auditory areas
in the above studies. Until now, few studies shed light on
the cerebral blood flow (CBF) pattern changes in unilateral
SSNHL patients. The changes of CBF following SSNHL remain
largely unknown.

Arterial spin labeling (ASL) is an MRI technique used
to non-invasively measure CBF by magnetically labeling the
arterial water (Haller et al., 2016). Regional brain CBF is
tightly coupled with regional metabolism and neuronal activity
(Li et al., 2020). This study aimed to use three-dimensional
pseudo-continuous (3D-pCASL) to detect regional CBF pattern
changes in unilateral SSNHL patients by region of interest
(ROI) analysis. We analyzed the differences in the CBF between
unilateral SSNHL patients and healthy controls (HCs). We
also investigated the CBF differences in auditory-related areas
in patients with left- and right-sided SSNHL (lSSNHL and
rSSNHL) and HCs. We further explore the correlation between

unilateral SSNHL characteristics and changes in the CBF. We
hope our results will help to characterize unilateral SSNHL
pathophysiology.

MATERIALS AND METHODS

Subjects
Thirty-six patients (19 left-sided SSNHL, 17 right-sided SSNHL)
were enrolled in this study. Among them, 13 patients were
recruited at the outpatient otorhinolaryngology Department of
China-Japan Friendship Hospital, and 23 patients were recruited
at Fuxing Hospital affiliated to Capital Medical University.
The inclusion criteria for patients were: (1) diagnosed as
unilateral SSNHL, according to the Sudden Hearing Loss Clinical
Practice Guideline of the American Academy of Otolaryngology-
Head and Neck Surgery Foundation (Stachler et al., 2012);
(2) SSNHL duration time ≤ 3 month; (3) age < 70 years,
(4) being right-handedness. The exclusion criteria for patients
were: (1) with bilateral SSNHL; (2) have contraindications to
MRI examination; (3) suffer from Ménière’s disease, hyperacusis,
and history of neurological disorders, such as brain trauma
and strokes. Thirty six healthy controls (HC) were recruited
from the society. The SSNHL patients and HCs were group-
matched in terms of age, sex, and education. This study was
approved by the Ethics Committee of China-Japan Friendship
hospital and Fuxing Hospital, and informed consent of all the
participants was obtained.

Clinical Data
Demographic information was collected prior to the MRI scan.
Hearing thresholds were determined by pure tone audiometry
to determine the hearing loss degree. Pure tone average (PTA)
value was calculated by averaging the hearing thresholds at
0.5, 1, 2, and 4 kHz. 28 SSNHL patients were accompanied
by tinnitus, and we finally obtained the tinnitus questionnaire
results from them. The tinnitus loudness was measured by Visual
Analogue Scale (VAS) (Mores et al., 2019). The severity of tinnitus
was assessed by Tinnitus Handicap Inventory (THI) (Meng
et al., 2012). In addition, we evaluated symptoms of depression
and anxiety of SSNHL patients according to the Self-Rating
Depression Scale (SDS) (Zung, 1972) and Self-Rating Anxiety
Scale (SAS) (Zung, 1971). However, as the overall scores of SDS
and SAS for SSNHL patients were less than 50, none of them had
anxiety or depression.

Magnetic Resonance Imaging Data
Acquisition
13 unilateral SSNHL patients and all 36 HCs were scanned
using a 3.0-T MRI scanner (Discovery MR750 scanner, GE
Medical Systems, United States) with an 8-channel phased-
array head coil in China-Japan Friendship Hospital. 3D-
pCASL using the parameters as follows: TR = 4,817 ms,
TE = 14.6 ms, slice thickness = 4 mm, slice spacing = 4
mm, flip angle = 111◦, post label delay = 1,525 ms, voxel
size= 1.875× 1.875 mm2.
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The other 23 unilateral SSNHL patients were scanned using
a 3.0-T MRI scanner (Discovery MR750w scanner, GE Medical
Systems, United States) in Fuxing Hospital. ASL images were
obtained with 3D-pCASL using the parameters as follows:
TR = 4,640 ms, TE = 10.7 ms, slice thickness = 4 mm, slice
spacing = 4 mm, flip angle = 111◦, post label delay = 1,525 ms,
voxel size = 1.875 × 1.875 mm2. All the participants were given
ear plugs to reduce scanner noise, and foam paddings were given
to restrict head motion.

Data Processing
CereFlow software (An-Image Technology Co., China) was used
to process ASL data, the steps were as follows: (1) convert
the 3D ASL perfusion weighted images and proton density
images (generated from GE MR scanner) into the CBF map
of cerebral perfusion for each subject by using the simplified
one compartment model (St Lawrence and Wang, 2005). (2)
normalize the CBF map to the Montreal Neurological Institute
(MNI) space with intensity-based image registration where the
MNI152 brain template was used as a fixed image, and transform
each subject’s image as the motion image to match the fixed
image. (3) then the Brainnetome Atlas (BNA) (Fan et al., 2016)
was overlaid. (4) the average CBF value of each brain region from
BNA was finally obtained (Figure 1).

Calculation of rCBF
We considered that ASL data acquired from different MR
scanners and the individual variance of subjects could affect the

study results. The normalized cerebral blood flow value rCBF was
calculated for further statistical analysis:

rCBF = CBF ÷mCBF

Where CBF is the average CBF value of each brain region in
BNA, and mCBF is the average CBF value of the whole brain.

rCBF in Auditory-Related Areas Analysis
Several studies have confirmed changed neuronal activity of
the auditory cortex in SSNHL patients (Minosse et al., 2020;
Zou et al., 2021). Considering the lateralization effects of
auditory cortex (Tervaniemi and Hugdahl, 2003), we investigated
the CBF differences of auditory-related areas among lSSNHL,
rSSNHL, and HCs. We conducted an ROI analysis of auditory-
related areas for further analysis. Auditory related areas of both
hemispheres with in BNA were divided into the following ROIs:
auditory cortex (BA41/42; TE1.0 and TE1.2), Wernicke’s area
(BA22 caudal and rostral) and associative auditory areas (BA21
caudal and rostral; BA37 dorsalateral; and the anterior part of
the Superior Temporal Sulcus) (Martín-Fernández et al., 2021;
Figure 2).

Statistical Analysis
Demographic and Clinical Data Analysis
Differences in demographic data between the SSNHL and HC
group were analyzed using Two-sample t-test and Chi-square test
in SPSS 26.0 software (Chicago, IL, United States).

FIGURE 1 | ASL data processing workflow. Convert the (A) 3D ASL proton density images and (B) perfusion weighted images into the CBF map of cerebral
perfusion for each subject. (C) The CBF map was normalized to the MNI space and then the BNA was overlaid. (D) The average CBF value of each brain region from
BNA was obtained. (E) An example CBF map of a female SSNHL patient calculated by Cereflow software.
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FIGURE 2 | Anatomic representation of the auditory-related areas ROIs within the Brainnetome atlas.

Group rCBF Differences: Sudden Sensorineural
Hearing Loss vs. Healthy Controls
For more rigorous statistical analysis, the right side of rSSNHL
matched controls (17 cases) was defined as the ipsilateral (affected
side), and the left side of lSSNHL matched controls (19 cases)
was defined as the ipsilateral. Then, the other side was defined
as contralateral in this study. rCBF difference between two
groups (all the SSNHL patients and HCs) were compared by
Two-sample t-test, corrected with the Bonferroni method, 246
comparisons (for there were 246 subregions in BNA). P < 0.0002
was considered statistically significant.

Group rCBF Differences in Auditory-Related Areas:
lSSNHL vs. rSSNHL vs. Healthy Controls
One-way ANOVA or Kruskal-Wallis test was used to compare the
rCBF difference of each auditory ROI among the three groups
(lSSNHL, rSSNHL, and HCs), followed by post hoc intergroup
comparisons (Bonferroni correction). P < 0.05 was considered
statistically significant.

Correlation Analysis
We used Pearson correlation analysis to calculate the
relationships between abnormal rCBF and clinical characteristic
data. Partial correlations were calculated after correction
for age and gender. P < 0.05 was considered statistically
significant.

RESULTS

Demographics and Clinical
Characteristics: Sudden Sensorineural
Hearing Loss vs. Healthy Control
Demographics and clinical characteristic data of all the unilateral
SSNHL patients and healthy controls were summarized in Table 1
and Figure 3. No significant differences were found in terms of
age, gender, education level.

Group rCBF Differences: Sudden
Sensorineural Hearing Loss vs. Healthy
Control
The SSNHL patients exhibited decreased rCBF in the bilateral
middle frontal gyrus (MFG_7_1 and MFG_7_3), the contralateral
precentral gyrus (PrG_6_3) and the bilateral Superior Parietal
Lobule (bilateral SPL_5_1, SPL_5_2 and ipsilateral SPL_5_4),
p < 0.0002 (Figures 4, 5A).

Compared with healthy controls, unilateral SSNHL patients
exhibited increased rCBF in the bilateral orbital gyrus
(OrG_6_5), the bilateral inferior temporal gyrus (contralateral
ITG_7_1 and bilateral ITG_7_7), p < 0.0002 (Figures 4, 5B).

Group rCBF Differences: lSSNHL vs.
rSSNHL vs. Healthy Control
lSSNHL showed abnormal rCBF in left BA21 caudal
(p = 0.02, One-way ANOVA, Bonferroni correction) and

TABLE 1 | Demographics and clinical characteristics of unilateral SSNHL
patients and HC.

SSNHL (n = 36) HCs (n = 36) p-value

Age (years) 40.39 ± 13.42 40.39 ± 14.11 1.000

Gender (M) 15 (41.67%) 15 (41.67%) 1.000

Education level (years) 15.50 ± 3.39 15.42 ± 3.90 0.923

Handedness (R) 36 (100%) 36 (100%) –

Duration of hearing loss (day) 16.11 ± 24.41 – –

Tinnitus 28 (77.8%) – –

PTA of affected ear (dB) 54.68 ± 28.71 – –

VAS score 4.86 ± 2.05 – –

THI score 44.83 ± 25.84 – –

SAS score 32.40 ± 8.03 – –

SDS score 36.53 ± 7.24 – –

PTA, Pure tone average. VAS, Visual Analog Scale. THI, Tinnitus Handicap
Inventory. SAS, Self-Rating Anxiety Scale. SDS, Self-Rating Depression Scale. –,
not measured.
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FIGURE 3 | Average pure tone audiograms for patients with SSNHL averaged
over both ears at different frequencies. Data are presented as mean ± SEM.
SEM, standard error of mean.

left BA37 dorsolateral (p = 0.047, Kruskal-Wallis test,
Bonferroni correction) compared to HC. There were no
significant differences in the rCBF between the rSSNHL
group and HC group or lSSNHL group and rSSNHL group
(Figure 6).

Correlation Analysis
We found that the CBF in ipsilateral MFG_7_1 of SSNHL
patients was positively correlated with VAS score (r = 0.485, p =
0.008) (Figure 7).

DISCUSSION

In this study, the CBF changes in patients with unilateral
SSNHL, as well as the relationship between the altered CBF
and the clinical characteristics was explored. To the best of our
knowledge, this study is the first to investigate the CBF changes
in unilateral SSNHL patients using 3D-pCASL. We observed
the CBF changes in patients with SSNHL in non-auditory areas,
such as visual-related (bilateral ITG) and attention-related areas
(bilateral dorsolateral prefrontal cortex, dlPFC) compared with
the control. lSSNHL patients showed abnormal CBF in auditory-
related areas in this study, whereas rSSNHL patients did not.

Unilateral SSNHL patients exhibited increased CBF in visual-
related areas (ITG). The ventral part of temporal cortices, which
belongs to the ventral stream of the visual system, are involved
in the perception in the recognition of object and human
faces features, and scenes (Hickok and Poeppel, 2007). When
the central auditory system input is reduced, other sensory
inputs would be enhanced correspondingly (Lomber et al.,
2010). Previous fMRI studies demonstrated that there may exist
transmodal neural change in the visual and sensory system in
patients with sensorineural hearing loss (SNHL), which reflects

FIGURE 4 | Abnormal CBF subregions in patients with unilateral SSNHL compared with healthy controls. Red, SSNHL (rCBF) > HC (rCBF); Blue, SSNHL
(rCBF) < HC (rCBF). I, ipsilateral; C, contralateral; MFG, middle frontal gyrus; PrG, Precentral Gyrus; SPL, superior parietal gyrus; ITG, inferior temporal gyrus; OrG,
orbital gyrus.
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FIGURE 5 | Comparisons of rCBF values between healthy controls and patients with SSNHL. (A) Decreased CBF subregions in patients with unilateral SSNHL
compared with healthy controls. (B) Increased CBF subregions in patients with unilateral SSNHL compared with healthy controls. Data was mean ± SD. I, ipsilateral;
C, contralateral; MFG, middle frontal gyrus; PrG, Precentral Gyrus; SPL, superior parietal gyrus; ITG, inferior temporal gyrus; OrG, orbital gyrus; SD, standard
deviation.

FIGURE 6 | Comparisons of auditory ROIs rCBF values among the three groups (lSSNHL, rSSNHL and HCs). lSSNHL showed increased rCBF in auditory-related
areas (A) left BA21 caudal (p = 0.02) and (B) left BA37 dorsolateral (p = 0.047) compared to HC. ∗p < 0.05.

the compensation of brain function (Lomber et al., 2010; Chen
et al., 2020). In this study, CBF increase in visual-related areas,
suggesting that there may be similar visual compensation in
patients with SSNHL. In this study, we also found the increased
CBF in bilateral OrG. The OrG belongs to the ventromedial
prefrontal cortex, and involves in emotional management and
guidance of the concentration of attention (Hiser and Koenigs,
2018; Kuusinen et al., 2018). We speculate that the increased CBF
in bilateral OrG might be caused by the emotional reaction of
patients with SSNHL.

Unilateral SSNHL patients exhibited decreased CBF in
attention-related areas (bilateral dlPFC), primary motor cortex

(PrG) and the associative somatosensory cortex (bilateral SPL).
dlPFC involves in multi-sensory integration (Fuster, 2000), goal-
driven attention (Jones and Graff-Radford, 2021), and as a core
node in the executive control network (ECN) (Shen et al.,
2020). Attention effects were reduced by the dlPFC lesions
(Knight et al., 1981). A multimodal MRI Study indicated that
the dlPFC plays an important role in the recruitment of the
auditory area into cross-sensory processing in long-term bilateral
SNHL patients (Luan et al., 2019). A voxel-based morphometry
(VBM) analysis revealed gray matter changes in the SFG and
MFG, suggesting a decreased use of ECN in chronic hearing
loss patients (Husain et al., 2011). Several studies found the
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FIGURE 7 | The significant correlations between the CBF changes and the
clinical data in unilateral SSNHL patients. CBF in ipsilateral MFG_7_1 of
SSNHL patients was positively correlated with VAS score (r = 0.485, p =
0.008).

reduction of cortical thickness in SPL of children with SNHL
(Shiohama et al., 2019; Qu et al., 2020), which is involved
in processing motion stimuli (Qu et al., 2020) and cognitive
control (Job et al., 2020). An age-related hearing loss ASL MRI
study found the trend of reduced averaged perfusion involved
multiple extra-auditory regions in the parietal and prefrontal
cortex (Ponticorvo et al., 2019). Unilateral hearing loss causes
the reduced attention of SSNHL patients in noisy environment
by the deterioration of auditory processing, including speech
perception and understanding (Ponticorvo et al., 2019). We
speculate that reduced attention of SSNHL patients was related
to CBF changes in the parietal and prefrontal lobes. In addition,
we also explored the CBF differences of auditory-related cortex
among the three groups (lSSNHL, rSSNHL, and HCs). We found
that the increased CBF in left BA21 cadual and BA37 dorsolateral
in patients with left-sided SSNHL, indicates that there might
be a “superactivation” phenomenon in auditory-related areas
(Xia et al., 2017). The same phenomenon was not found in
patients with right-sided SSNHL, probably due to lateralization
and the asymmetry in auditory processing (Tervaniemi and
Hugdahl, 2003). The CBF in ipsilateral MFG_7_1 of SSNHL
patients was positively correlated with VAS score tinnitus
loudness. An fMRI study showed that the abnormal intensity of
brain functional connectivity in patients with chronic tinnitus
mainly occurred in the non-auditory brain region, especially in
the prefrontal cortex (Araneda et al., 2018). Tinnitus may be
produced to reduce perceptual uncertainty caused by peripheral
auditory deafferentation (Morcom and Friston, 2012), which
can explain the reason most SSNHL patients in this study
accompanied by tinnitus.

There were several limitations in this study. First and
foremost, the ASL data was acquired using different MR scanners,
though we calculated rCBF to minimize the effects, the effects
can’t be avoided completely. Second, this is a cross-sectional
study, and the sample size was small, we first compared the
CBF difference between all the SSNHL patients and HCs, then
we only investigated CBF differences in auditory-related areas

in patients with lSSNHL and rSSNHL. In the future, the CBF
changes of all the subregions in patients with lSSNHL and
rSSNHL can be studied separately. Third, we cannot completely
prevent subjects from hearing some sounds during MRI scans,
although we attempted to minimize scanner noise through
earplugs in this study.

CONCLUSION

Our preliminary study explored CBF pattern changes in
unilateral SSNHL patients in auditory-related areas and non-
auditory areas, suggesting that there may exist reduced attention
and some sensory compensation in patients with SSNHL.
CBF changes in ipsilateral MFG_7_1 may influence the
tinnitus loudness of SSNHL patients. These findings could
advance our understanding of the potential pathophysiology of
unilateral SSNHL.
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Objective: Repetitive transcranial magnetic stimulation (rTMS) can effectively improve
depression symptoms in patients with major depressive disorder (MDD); however,
its mechanism of action remains obscure. This study explored the neuralimaging
mechanisms of rTMS in improving depression symptoms in patients with MDD.

Methods: In this study, MDD patients with first-episode, drug-naive (n = 29) and
healthy controls (n = 33) were enrolled. Depression symptoms before and after rTMS
treatment were assessed using the Hamilton Depression Rating Scale (HAMD-17).
Resting-state functional magnetic resonance imaging (rs-fMRI) data were collected
both before and after the treatment. Changes in the brain function after the treatment
were compared using the following two indices: the amplitude of the low-frequency
fluctuation (ALFF) and regional homogeneity (ReHo), which are sensitive for evaluating
spontaneous neuronal activity. The brain region with synchronous changes was selected
as the seed point, and the differences in the causal connectivity between the seed
point and whole brain before and after rTMS treatment were investigated via Granger
causality analysis (GCA).

Results: Before treatment, patients with MDD had significantly lower ALFF in the left
superior frontal gyrus (p < 0.01), higher ALFF in the left middle frontal gyrus and left
precuneus (p < 0.01), and lower ReHo in the left middle frontal and left middle occipital
gyri (p < 0.01) than the values observed in healthy controls. After the rTMS treatment,
the ALFF was significantly increased in the left superior frontal gyrus (p < 0.01) and
decreased in the left middle frontal gyrus and left precuneus (p < 0.01). Furthermore,
ReHo was significantly increased in the left middle frontal and left middle occipital
gyri (p < 0.01) in patients with MDD. Before treatment, GCA using the left middle
frontal gyrus (the brain region with synchronous changes) as the seed point revealed
a weak bidirectional causal connectivity between the middle and superior frontal gyri
as well as a weak causal connectivity from the inferior temporal to the middle frontal
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gyri. After treatment, these causal connectivities were strengthened. Moreover, the
causal connectivity from the inferior temporal gyrus to the middle frontal gyri negatively
correlated with the total HAMD-17 score (r = −0.443, p = 0.021).

Conclusion: rTMS treatment not only improves the local neural activity in the
middle frontal gyrus, superior frontal gyrus, and precuneus but also strengthens the
bidirectional causal connectivity between the middle and superior frontal gyri and the
causal connectivity from the inferior temporal to the middle frontal gyri. Changes in
these neuroimaging indices may represent the neural mechanisms underlying rTMS
treatment in MDD.

Clinical Trial Registration: This study was registered in the Chinese Clinical Trial
Registry (Registration number: ChiCTR1800019761).

Keywords: major depressive disorder, amplitude of the low-frequency fluctuation, regional homogeneity, Granger
causality analysis (GCA), repetitive transcranial magnetic stimulation

INTRODUCTION

Major depressive disorder (MDD) is a mental illness
characterized by mood disorders and cognitive dysfunction.
By the year 2020, MDD had become the second most disabling
illness and a major social and public health concern (Cheng
et al., 2018). Blood-oxygen-level-dependent magnetic resonance
imaging works based on the principle of detecting changes
in the magnetic field properties due to the changes in local
metabolism and blood oxygen level after neuronal activity (Tian
et al., 2020). This imaging method has been widely used in
exploring the pathophysiology of and therapeutic mechanism for
MDD (Tateishi et al., 2020). The amplitude of the low-frequency
fluctuation (ALFF) in the blood-oxygen-level-dependent signal
is used to describe the amplitude of the spontaneous activity of
the brain neurons, and larger ALFF indicates greater activity
in the brain region. Regional homogeneity (ReHo) refers
to the correlation of the synchronous activity in the blood-
oxygen-level-dependent signal between a given voxel and its
neighboring voxels (Dichter et al., 2015). The ALFF and ReHo
can evaluate the spontaneous activity of neurons from different
perspectives, and these two indices are complementary to each
other (Kong et al., 2017).

Patients with MDD have been reported to exhibit abnormal
ALFF and ReHo in the brain function (Yao et al., 2014; Li
et al., 2018), A recent study investigated the MDD patients with
negative bias and showed significantly higher neuronal activation
in the frontal lobe (Gollan et al., 2015; Tadayonnejad et al.,
2015). Studies have also indicated increased ReHo in the right
postcentral gyrus and increased ALFF in the left triangular part of
the inferior frontal gyrus (Xia et al., 2019; Rosenbaum et al., 2020;
Liu et al., 2021). Liang et al. (2020) demonstrated that compared
with healthy controls, patients with MDD had lower ReHo in the
calcarine gyrus, insula, right superior temporal gyrus, left cuneus,
right precuneus and right postcentral gyrus as well as lower ALFF
in the calcarine gyrus, left cuneus, right inferior parietal cortex,
right precuneus, and right postcentral gyrus (Kaiser et al., 2015),
indicating that brain dysfunction in these patients affects their
emotion regulation and social function.

Medication is the primary treatment modality used for
patients with MDD. Antidepressants usually begin to show effects
after 2 weeks of intake; hence, such medications (e.g., venlafaxine)
should be taken for at least 4 weeks before determining the
drug efficacy (Gex-Fabry et al., 2004; Otte et al., 2016). However,
the first-line medication and psychotherapy often fail to show
any improvement in the condition of 20–30% of patients with
MDD (Loerinc et al., 2015; Maneeton et al., 2020; Cohen
et al., 2021), repetitive transcranial magnetic stimulation—a non-
invasive and well-tolerated physical therapy (McGirr et al., 2015)
in the domain of antidepressant therapy—has been an important
treatment choice (Antonenko et al., 2019; Yin et al., 2020). Zheng
et al. (2020) collected the functional magnetic resonance imaging
(fMRI) data of 15 patients with MDD both before and after
repetitive transcranial magnetic stimulation (rTMS) treatment
and found an increase in the ALFF in the left dorsolateral
prefrontal cortex and left superior frontal gyrus after 2 weeks
of treatment; however, they found no correlation between the
change in the ALFF and symptoms of depression.

TABLE 1 | Group demographics and clinical measures (mean ± SD).

MDD (n = 29) Healthy controls (n = 33) p

Age (years) 28.44 ± 7.91 26.53 ± 5.56 0.52

Female/male 20/9 22/11 0.88

Education (years) 14.71 ± 2.01 15.18 ± 1.99 0.36

Duration of illness (months) 4.05 ± 3.77 -

Dose of venlafaxine (mg/d) 98.27 ± 22.16 -

TABLE 2 | Comparisons of the score of HAMD-17 between MDD and healthy
controls (mean ± SD).

MDD Healthy controls t

Pre-rTMS 21.00 ± 5.382 2.85 ± 2.279 18.571***

Post-rTMS 9.52 ± 4.106 - 7.961***

*** means p < 0.001.
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Granger causality analysis (GCA) is a method used for
identifying the effective connectivity of the directed functional
interactions from time-series data, and it has been widely used
in resting-state fMRI studies (Berlim et al., 2014; Gaynes et al.,
2014; Yang et al., 2021). Feng et al. (2016) analyzed the data of
23 drug-naive patients with first-onset MDD using GCA. They
revealed that these patients had a stronger causal connectivity
from the right insula, right putamen, and right caudate nucleus
to the cingulate gyrus seed point as well as a weaker causal
connectivity from the bilateral dorsolateral prefrontal and left
orbitofrontal cortices to the cingulate gyrus seed point than those
of the healthy controls (Feng et al., 2016); this indicated the
dysfunction of the prefrontal cortex–limbic system in patients
with MDD (Ishida et al., 2020).

However, the mechanism through which rTMS improves
depression symptoms remains unclear, and few studies have
explored the changes in both the ALFF and ReHo of patients
with MDD receiving rTMS treatment. In this study, resting-
state fMRI (rs-fMRI) was used to evaluate the changes in the
abovementioned indices in patients with MDD after rTMS
treatment. The brain region with synchronous changes was
selected as the seed point, and the causal connectivity between the
seed point and whole brain was analyzed via GCA to investigate
the mechanism through which rTMS improves the symptoms of
depression in patients with MDD.

MATERIALS AND METHODS

Participants
This study included drug-naive patients with first-onset MDD
aged 18–45 years who visited the psychiatry outpatient clinic
of the First Affiliated Hospital of Air Force Military Medical
University, China, from May 2019 to October 2021. The inclusion
criteria were as follows: (1) Patients who fulfilled the MDD
diagnostic criteria of the Diagnostic and Statistical Manual of
Mental Disorders, Fifth Edition, (2) patients with a total score
of ≥ 18 points on the Hamilton Depression Rating Scale (HAMD-
17), and (3) patients who met the enrollment requirements of
the study and provided their informed consent. The exclusion
criteria were as follows: (1) patients with severe physical diseases,
(2) patients with a history of traumatic brain injury or brain
surgery, (3) patients with a history of alcohol or substance
abuse, and patients with a history of other mental or nervous
system disorders.

Healthy controls matching the characteristics of patients with
MDD were also recruited in this study. All participants read and
understood the experimental procedures and precautions and
signed informed consent forms before the commencement of the
study.

Clinical Evaluation
In this study, the depression symptoms of patients with
MDD were evaluated using the Hamilton Depression Rating
Scale (HAMD-17) both before and after rTMS treatment
(Hamilton, 1967). Higher HAMD-17 scores indicated more
severe depression.

Repetitive Transcranial Magnetic
Stimulation Procedure
The repetitive transcranial magnetic stimulator used in this study
is a magnetic field stimulator from YIRYIDE Medical (MagPro
R30, Dantec Medtronic, Denmark, CCY-IA), and the stimulation
coil is a 100 mm figure of eight shaped coil. The treatment
was administered at 10 Hz and 110% of the resting motor
threshold (RMT) coil. The RMT is the minimum stimulation
intensity that can elicit at least 5 motor evoked potential with an
amplitude > 50 µV with 10 consecutive stimuli to the patient
(Bashir et al., 2019). According to the international 10–20 system,
the rTMS treatment target is located at the F3 point of the left
dorsolateral prefrontal region, one pulse per second for 10 s,
with 10 s interval, consisted of 1,000 pluses. rTMS treatment was
provided for 15 min per day on 15 successive days.

Research Procedures
In the current study, we conducted a single-blind, randomized,
controlled study at a general hospital. The randomization
program was created using a computer and executed by
an investigator who is not involved in the treatment and
recruitment of patients. The allocation of patients was screened,
applying numbered in the sealed and opaque envelopes.
The antidepressant taken by the patients was venlafaxine
(H32022135). The doses of venlafaxine prescribed were tailored
based on clinical considerations determined by the physicians.
The patients taken oral venlafaxine were initiated at a dose of
75 mg/d. Based on response and tolerability, the dose could be
titrated upward to 150 mg/d at a 2-week interval. The patient
with MDD used HAMD to assess the severity of depressive
symptoms before and after the treatment rTMS treatment and
completed the fMRI scan.

TABLE 3 | Brain regions in ALFF between MDD and healthy controls.

Brain regions Brodmann areas Side MNI coordinates Cluster size t-values

X Y Z

Superior frontal gyrus 11/10 Left −12 60 −21 133 −8.651

Inferior temporal gyrus 20 Right 69 −27 −27 76 −6.483

Middle occipital gyrus 17 Left −27 −102 3 207 −7.827

Inferior occipital gyrus 18 Right 30 −99 −15 79 −7.421

Precuneus 40 Left −42 −42 36 370 6.711

Middle frontal gyrus 8 Left −36 12 60 313 6.619
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FIGURE 1 | (A) Brain regions showing significant differences of amplitude of low-frequency fluctuation (ALFF) between MDD and healthy controls. (B) Brain regions
showing significant differences of ALFF between pre- and post-rTMS. The warm color denoted the region where ALFF is higher, and the cool color denotes the
region where ALFF is lower.
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Imaging Data Acquire and Preprocessing
The patients underwent scanning within 48 h before the
commencement of rTMS treatment and on the day following
the end of the treatment course. The healthy controls were
only scanned at baseline. Imaging data were acquired on a 3.0
Tesla MRI system with a standard 8-channel head coil (GE
Medical Systems, Milwaukee, WI, United States). Functional
images were acquired using a gradient echo-planar imaging
(EPI) sequence (repetition time, 2,000 ms; echo time, 30 ms;
FOV = 240 mm × 240 mm; FA = 90; matrix = 64 × 64; slice
thickness, 4.5 mm; 45 axial slices no gap. A total of 210 volumes
were collected for a total scan time of 420 s.

We performed image preprocessing using DPABI1 and
SPM12.2 Briefly steps are as follow: (1) The first ten scan volumes
were discarded for steady-state magnetization; (2) subsequent
images were corrected for temporal differences by slice timing
and head motion by alignment; (3) the resulting functional
images were spatially normalized to the standard space of
the Montreal Neurological Institute (MNI) using an optimum
affine transformation and non-linear deformations, and then
resampled to 3 mm × 3 mm × 3 mm isotropic voxels. Nuisance
signals, including those from Fristo; (4) then all the functional
images were smoothed with a 6-mm full-width at half-maximum
(FWHM) Gaussian filter; (5) time series linear detrending was
conducted to remove low-frequency drifts and high-frequency
physiological noise.

Amplitude of the Low-Frequency
Fluctuation Analysis
The whole-brain ALFF was calculated using the DPABI software.
First, the time series of a given voxel was extracted; next, the
amplitude of all frequencies in a frequency range (which was
set as 0.01–0.1 Hz in this study) was calculated via Fourier
transform; then, it was converted to the power spectrum for

1https://rfmri.org/DPABIDiscussion
2https://www.fil.ion.ucl.ac.uk/spm/software/spm12/

radication to determine the ALFF. The ALFF of each voxel was
standardized (subtracted from the mean value of the whole-brain
signal and then divided by the standard deviation) to obtain
the standardized ALFF for each participant, which was used in
subsequent statistical analyses.

Regional Homogeneity Analysis
By calculating Kendall’s coefficient of concordance of each voxel
with a total of 26 voxel time series adjacent to the point, line,
and plane of the given voxel, ReHo was determined and then
divided by the mean value of the whole-brain signal to get the
standardized ReHo; next, the standardized ReHo was subjected
to Gaussian smoothing with the full width at a half-maximum of
6 × 6 × 6 mm3 and then used for subsequent statistical analyses.

Granger Causality Model
In this study, the left middle frontal gyrus with synchronous
changes was used as the seed point, and dual-coefficient GCA was
used to evaluate the causal connectivity between the time series
describing the seed point and that of each voxel in the whole
brain. GCA based on the whole-brain voxel level was used in
the representational state transfer toolkit; the mean time series
of the left middle frontal gyrus was defined as the seed-based
time series x, whereas the time series of each voxel in the whole
brain was represented by the time series y. A positive value of the
causal connectivity from x to y indicated the existence of a causal
connectivity between the activity in the middle frontal gyrus and
that in the brain in the same direction, whereas a negative value
indicated the opposite direction. The seed point was analyzed on
the causal connectivity from the seed point to the other voxels
in the whole brain (x to y) and that from the other voxels in
the whole brain to the seed point (y to x). Afterward, the Fisher
R-to-Z transformation was performed to obtain the voxel-level
connectivity Z-map for subsequent statistical analyses.

TABLE 4 | Brain regions in ALFF between post- and pre-rTMS.

Brain regions Brodmann areas Side MNI coordinates Cluster size t-values

X Y Z

Superior frontal gyrus 11 Left −12 57 −21 115 8.5434

Precuneus 23 Left −6 −57 24 141 −5.859

Middle frontal gyrus 44 Left −48 12 36 99 −5.747

TABLE 5 | Brain regions in ReHo between MDD and healthy controls.

Brain regions Brodmann areas Side MNI coordinates Cluster size t-values

X Y Z

Inferior temporal gyrus 20 Right 54 −18 −24 164 4.851

Middle occipital gyrus 17 Left 0 −90 −3 488 −7.469

Middle frontal gyrus 24 Left −34 39 15 87 −5.282

Postcentrol gyrus 3 Left −57 −21 45 62 −5.8024

Frontiers in Neuroscience | www.frontiersin.org 5 March 2022 | Volume 16 | Article 85548336

https://rfmri.org/DPABIDiscussion
https://www.fil.ion.ucl.ac.uk/spm/software/spm12/
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-16-855483 March 14, 2022 Time: 12:0 # 6

Guan et al. rTMS Altered Nueral Spontaneous Activity

FIGURE 2 | (A) Brain regions showing significant differences of regional homogeneity (ReHo) between MDD and healthy controls. (B) Brain regions showing
significant differences of ReHo between pre- and post-rTMS. The warm color denoted the region where ReHo is higher, and the cool color denotes the region where
ReHo is lower.
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Statistical Analysis
Statistical analysis of the clinical data was performed using
SPSS 22.0. The paired-samples t-test was used to compare
the ALFF and ReHo of patients with MDD before and after
the treatment, whereas the independent-samples t-test was
used to compare these neuroimaging indices of patients with
MDD before and after the treatment with those of the healthy
controls. The results of multiple comparisons were corrected
using a Gaussian random field. The cluster level p < 0.01
(false discovery rate correction), voxel level p < 0.001, and
voxel number > 70 were used to identify the brain region
that differed significantly between groups. The imaging indices
of different brain regions were extracted and their correlations
with HAMD-17 scores were analyzed. p < 0.05 was considered
statistically significant.

RESULTS

Participant Demographics
A total of 29 patients with MDD, with a mean age
of 28.44 ± 7.909 years and mean MDD duration of
4.05 ± 3.77 months were included in the treatment group,
whereas a total of 33 healthy controls with a mean age of
26.53 ± 5.563 years were included in the control group. There
were no significant differences between the two groups in terms
of age, sex, and education level (p > 0.05; Table 1).

HAMD-17 Score
The HAMD-17 total score was significantly higher in patients
with MDD than in healthy controls, and the total score after

treatment was significantly lower in patients with MDD than that
before treatment in (t = 11.313, p < 0.001; Table 2).

Amplitude of the Low-Frequency
Fluctuation Analysis
Patients with MDD had lower ALFF in the left superior frontal,
right inferior temporal, left middle occipital, and right inferior
occipital gyri as well as higher ALFF in the left precuneus and left
middle frontal gyrus than the values observed in healthy controls
(Table 3 and Figure 1).

After 15 days of rTMS treatment, the ALFF was increased in
the left superior frontal gyrus and decreased in the left precuneus
and left middle frontal gyrus of patients with MDD (Table 4 and
Figure 1).

Regional Homogeneity Analysis
Patients with MDD had higher resting-state ReHo in the right
inferior temporal gyrus and lower ReHo in the left middle
occipital, left middle frontal, and left postcentral gyri than the
values obtained in healthy controls (Table 5 and Figure 2).

After 15 days of rTMS treatment, ReHo was increased in the
left middle occipital and frontal gyri (Table 6 and Figure 2).

Granger Causality Analysis Results
The ALFF and ReHo analyses identified the left middle frontal
gyrus as a brain region with synchronous changes; therefore, it
was used as the seed point for GCA. The results showed that the
causal connectivity from the seed point to the left superior frontal
gyrus, right middle temporal gyrus, and right caudate nucleus was
significantly weak (p < 0.05; Table 7 and Figure 3). Moreover,
the causal connectivity from the left superior frontal, left inferior

TABLE 6 | Brain regions in ReHo between post- and pre-rTMS.

Brain regions Brodmann areas Side MNI coordinates Cluster size t-values

X Y Z

Middle occipital gyrus 18 Left −33 −96 0 74 4.189

Middle frontal gyrus 47 Left −39 39 −3 57 4.237

TABLE 7 | Significant differences in Granger causality analysis between MDD and healthy controls.

Brain regions Brodmann areas Side MNI coordinates Cluster size t-values

X Y Z

x to y

MDD VS. healthy controls

Superior frontal gyrus 46 Left −30 18 39 345 −4.251

Middle temporal gyrus 21 Right 66 −24 0 95 −3.558

Caudate 48 Right 21 6 12 149 −3.964

y to x

MDD VS. healthy controls

Superior frontal gyrus 10 Left −33 54 6 98 −3.258

Inferior temporal gyrus 20 Left −48 −18 −30 145 −3.707

Middle occipital gyrus 19 Left −33 −81 15 88 −3.284

Caudate 48 Right 24 0 27 98 3.514
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FIGURE 3 | Granger causality analysis between patients with MDD and healthy controls. (A) Significant different brain regions from seed point (LMFG) to whole brain
regions; (B) significant different brain regions from whole brain regions to seed point (LMFG). Red areas show brain regions where patients with MDD had increased
causal connectivity than healthy controls; Blue areas show brain regions where patients with MDD had decreased causal connectivity than healthy controls. The
color bar represents t-values.
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temporal, and left middle occipital gyri to the seed point was
significantly weak (p < 0.05; Table 7 and Figure 3). However,
the causal connectivity from the right caudate nucleus to the seed
point was significantly strong (p < 0.05; Table 7 and Figure 3).

After rTMS treatment, the causal connectivity from the seed
point to the superior frontal gyrus of patients with MDD was
strengthened significantly (p < 0.05; Table 8 and Figure 4) and
the causal connectivity from the left superior frontal and left
inferior temporal gyri of patients with MDD to the seed point was
also strengthened significantly (p < 0.05; Table 8 and Figure 4)
compared with the causal connectivity before treatment.

Correlation of Granger Causality
Analysis Outcomes With HAMD-17 Score
in Patients With Major Depressive
Disorder After Repetitive Transcranial
Magnetic Stimulation Treatment
The bidirectional causal connectivity between the left middle
frontal gyri and left superior frontal gyri showed no significant
negative correlation with the total HAMD-17 score (p > 0.05),
whereas the causal connectivity from the left inferior temporal
to the left middle frontal gyri showed a significant negative
correlation with the total HAMD-17 score (r = −0.443,
p = 0.021; Figure 5). The receiver operator characteristic (ROC)
analysis was used to assess whether causal connectivity from
inferior temporal gyrus to seed point can distinguish patients
(pretreatment and posttreatment) and controls. The results
showed that causal connectivity from inferior temporal gyrus to
seed point successfully distinguished the patient group from the
healthy control group and also pretreatment patients from the
posttreatment patients (Figure 5).

DISCUSSION

In this study, the left dorsolateral prefrontal cortex was selected as
the therapeutic target where the depression symptoms of patients
with MDD were improved effectively. On the basis of ALFF
and ReHo analyses, the ALFF and ReHo in the left superior
frontal gyrus, left precuneus, and left middle frontal gyrus were
significantly increased after rTMS treatment. GCA with the left
middle frontal gyrus as the seed point revealed that after rTMS
treatment, the bidirectional causal connectivity between the seed
point and superior frontal gyrus was significantly improved
and the causal connectivity from the inferior temporal gyrus to
the seed point was also significantly improved and showed a
remarkable negative correlation with the total HAMD-17 score.
These findings demonstrate that the changes in the brain activity
and causal connectivity in the frontal, parietal, and temporal
regions may constitute the neural mechanisms underlying rTMS
treatment in MDD.

As an important part of the prefrontal cortex (Li et al., 2013),
the left superior frontal gyrus plays a vital role in self-awareness
(Niendam et al., 2012) and negative emotion regulation (Chen
et al., 2022), and it is involved in attention control and
emotion regulation in patients with MDD (Dutta et al., 2014;

Hamilton et al., 2015). In this study, we found that patients with
MDD had significantly lower ALFF in the left superior frontal
gyrus than healthy controls, which is consistent with the findings
of previous studies (Liu et al., 2020; Zhang et al., 2021). The
decreased spontaneous activities of brain neurons in the superior
frontal gyrus may lead to low mood, anhedonia, and excessive
negative self-evaluation in patients with MDD (Guo et al., 2013).

The left precuneus is a part of the superior parietal lobule (Zhu
et al., 2018), which is involved in high-level cognitive functions
such as episodic memory and self-reflection (Li et al., 2018).
Studies have found that the abnormal neuronal activity in the
precuneus of patients with MDD (Zhou et al., 2017) weakens the
regulation of negative emotions (Zhong et al., 2016). The number
of depressive episodes has a significant positive correlation with
the ALFF in the precuneus (Jing et al., 2013). The present study
demonstrated that patients with MDD had significantly higher
ALFF in the left precuneus than healthy controls, indicating an
excessive increase and abnormal activation of neuronal activities
in this brain region of these patients; this finding is consistent
with the that of previous studies (Guo et al., 2013; Yao et al., 2014;
Zhang et al., 2021) and may be associated with a stronger negative
self-awareness and sensory dysfunction (Gong et al., 2020; Wang
et al., 2020).

The middle frontal gyrus is an important part of the
ventromedial prefrontal cortex, which is involved in functions
such as advanced cognition, autobiographical memory (van
Heeringen et al., 2017), and emotion processing (Whalley et al.,
2012) and cognition control dysfunction (Han et al., 2014).
Evidence shows that an abnormal middle frontal gyrus leads to
the dysregulation of top-down emotions and cognitive control
disorder in patients with MDD (Lu et al., 2012). The ALFF in
the middle frontal gyrus can not only specifically distinguish
between the depressive episode and convalescence in MDD but
also objectively reflect the severity of depression symptoms to
a certain extent (Zhao et al., 2020). In the present study, the
ALFF in the resting-state middle frontal gyrus was increased,
further supporting the abnormal function of the middle frontal
gyrus in patients with MDD. Abnormalities in functions such
as abnormal emotional processing and cognitive memory may
result from the compensatory increase in local neuronal activities
in the middle frontal gyrus of patients with MDD (Guo et al.,
2013). ReHo is also a sensitivity index of neuronal activity.
The present study found that ReHo in the left middle frontal
gyrus of patients with MDD was decreased, which is consistent
with the finding of previous studies (Liu et al., 2021). The
weakened synchronous and consistent activity of neurons in the
middle frontal gyrus may lead to a decline in the ability to
regulate emotions, thereby causing low mood with pessimistic
and negative emotions in patients with MDD. In essence,
abnormal ALFF and ReHo in the middle frontal gyrus reflect the
disorders of local neuronal activity in patients with MDD in the
resting state, which lead to the dysfunction of the middle frontal
gyrus and dysregulation of emotional responses; these may
represent important pathophysiological mechanisms of MDD
(Geng et al., 2019).

High-frequency rTMS can regulate the excitability of the
cerebral cortex (Xie et al., 2021). In this study, the left dorsolateral
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TABLE 8 | Significant differences in Granger causality analysis between pre- and post- rTMS.

Brain regions Brodmann areas Side MNI coordinates Cluster size t-values

X Y Z

x to y

Post-rTMS vs. pre- rTMS

Superior frontal gyrus 46 Left −33 18 39 129 4.081

y to x

Post-rTMS vs. pre- rTMS

Superior frontal gyrus 10 Left −24 60 9 76 3.678

Inferior temporal gyrus 48 Left −30 6 −12 246 3.583

FIGURE 4 | Granger causality analysis pre- and post- rTMS in MDD. (A) Brain regions showing group differences in causal connectivity from the seed point (LMFG)
to whole brain in pre- and post-rTMS comparison; (B) Brain regions showing group differences in causal connectivity from the whole brain to seed point (LMFG) in
pre- and post-rTMS comparison. Red areas show brain regions where post- rTMS patients with MDD had increased causal connectivity than pre- rTMS; Blue areas
show brain regions where post- rTMS patients with MDD had decreased causal connectivity than pre-rTMS. The color bar represents t-values.

FIGURE 5 | Scatter plot between causal connectivity from left inferior temporal gyrus to left middle frontal gyrus and score of HAMD-17 in post- rTMS of patients
with MDD (left); ROC curve for causal connectivity from inferior temporal gyrus to seed point with patients between patients (pretreatment and posttreatment) and
control (right).
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prefrontal cortex was targeted by high-frequency stimulation at
10 HZ, which directly enhanced the neural activity in the target-
related brain region (Du et al., 2018). Therefore, an increase in the
ALFF in the left superior frontal gyrus was observed in patients
with MDD. The left superior frontal gyrus is the key brain region
of the left dorsolateral prefrontal cortex. If it is damaged, the
surrounding non-core organization brain regions compensate
for the core brain region (Wang et al., 2019). The left middle
frontal gyrus and left precuneus have a strong structural and
functional connectivity with the left superior frontal gyrus (van
den Heuvel and Sporns, 2011). If the function of the superior
frontal gyrus is impaired, the middle frontal gyrus and precuneus
may compensate for this impairment. Thus, an excessive increase
in activity is observed in the left middle frontal gyrus and
left precuneus. However, after treatment with high-frequency
repetitive transcranial magnetic stimulation (HF-rTMS), the
neural activity in the left superior frontal gyrus—the key brain
region—was restored and the functions of the left middle frontal
gyrus and left precuneus showed a tendency to be normal.

Our findings suggest that rTMS directly improves the neural
activity in the target brain region stimulated indirectly improves
the activity in local brain regions surrounding the target. The
middle frontal gyrus is anatomically connected to the superior
frontal gyrus through the uncinate fasciculus (Briggs et al.,
2021), and this connection is involved in decision-making
and emotional control. The functional connectivity between
the middle and superior frontal gyri has been reported to
be strengthened after antidepressant therapy (Porta-Casteràs
et al., 2020). The findings of the present study are not only
consistent with the findings of previous studies but also identify
the direction of the causal connectivity between the middle
and superior frontal gyri. The causal connectivity between the
middle and superior frontal gyri was weak before treatment
but strengthened after 15 days of continuous rTMS treatment;
this suggests that the functional brain connectivity in patients
with MDD tends to be normal and the negative thoughts
can be improved, thus alleviating depression (Gröhn et al.,
2019). Furthermore, the inferior temporal and middle frontal
gyri are anatomically connected through the arcuate fasciculus,
and these two also have a close functional connectivity,
which is associated with emotional processing and episodic
memory (Briggs et al., 2021). After rTMS treatment, the
causal connectivity from the inferior temporal to the middle
frontal gyri was strengthened and found to be negatively
correlated with the total HAMD-17 score, indicating that the
strengthening of such causal connectivity leads to the remission
of depression symptoms.

CONCLUSION

In this study, the ALFF, ReHo, and GCA were used to
explore the mechanisms through which HF-rTMS improves
depression symptoms in patients with MDD. Our findings
indicate that the rTMS treatment was efficacious for reducing
depressive symptoms. And the rTMS treatment could regulate
the neuronal activity in frontal gyrus of patients with MDD;

It further enhanced the connectivity among the frontal—
temporal—parietal regions of the brain after rTMS treatment.
These changes may represent the neural mechanism through HF-
rTMS treatment and may be used as a clinical biomarker for the
objective evaluation of the therapeutic efficacy of rTMS.

LIMITATIONS

This study has some limitations. The sample size was small;
this might have influenced the results and conclusion of this
study. Moreover, Venlafaxine is the first of the SNRIs that
provides dose-dependent norepinephrine reuptake inhibition;
a dosage of 150 mg/day or higher is sufficient to produce
noradrenergic activity, and it has low affinity for the postsynaptic
receptors (Strawn et al., 2018; Zhou et al., 2021). A latest review
has demonstrated that the brain function changes at least 4
weeks’ antidepressant pharmacotherapy in patients with MDD
(Cattarinussi et al., 2021). In current study, venlafaxine, which
is added from 75 to 150 mg/d within 15 days during rTMS
treatment, may marginally affect brain function, but post-hoc test
is difficult to control the confusion between drugs and rTMS
treatment results. Future studies should ensure a larger sample
size and enhance the experimental design to further discuss the
therapeutic effects of rTMS in MDD.
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Objectives: Various degrees of surgical collateral circulation are often found in
moyamoya angiopathy (MMA) patients after revascularization. Little is known about
arterial spin labeling (ASL) that affects surgical collateral circulation. This study aimed to
investigate the effect of ASL on surgical collaterals in patients with MMA after combined
bypass surgery.

Methods: MMA patients with complete radiological and clinical information, who had
undergone combined bypass, were enrolled in this study. Surgical collaterals were
classified as good or poor based on the Matsushima standard. Cerebral perfusion on
ASL was quantitatively analyzed as relative cerebral blood flow (rCBF). The qualitative
collateral score was calculated using a four-grade scale. Univariable and multivariable
logistic regressions were performed to identify the predictors for surgical collaterals after
combined bypass.

Results: In total, 66 hemispheres of 61 patients (47 years old ± 8.66) were
prospectively included (29 and 37 hemispheres with good and poor surgical collaterals,
respectively). The presurgical collateral score was significantly lower in patients with
good surgical collaterals (13.72 scores ± 7.83) than in those with poor surgical
collaterals (19.16 scores ± 6.65, P = 0.005). The presurgical rCBF and modified
Rankin scale (mRS) scores were not significantly different between the two groups
(PrCBF = 0.639, PmRS = 0.590). The collateral score was significantly elevated (good:
13.72 scores ± 7.83 vs. 20.79 scores ± 6.65, P < 0.001; poor: 19.16 scores ± 6.65 vs.
22.84 scores ± 5.06, P < 0.001), and the mRS was reduced (good: 1.66 scores ± 1.14
vs. 0.52 scores ± 0.83, P < 0.001; poor: 1.49 scores ± 0.90 vs. 0.62 scores ± 0.76,
P < 0.001) in patients after revascularization. Multivariable logistic regression showed
that preoperative collateral scores [odds ratio (OR): 0.791; 95% confidence interval (CI):
0.695, 0.900; P < 0.001], age (OR: 0.181; 95% CI: 0.039, 0.854; P = 0.031), sex
(OR: 0.154; 95% CI: 0.035, 0.676; P = 0.013), and hypertension (OR: 0.167; 95%
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CI: 0.038, 0.736; P = 0.018) were predictors of surgical collaterals after combined
revascularization.

Conclusion: The preoperative collateral score based on ASL could be a predictor for
surgical collaterals in patients with MMA after combined bypass surgery. Combined with
age, sex, and hypertension, it may have a better predictive effect.

Keywords: arterial spin labeling, collateral circulation, revascularization, moyamoya angiopathy, predictors

INTRODUCTION

Moyamoya angiopathy (MMA) is a chronic and progressive
cerebrovascular disease that is characterized by stenosis of the
distal internal carotid artery (ICA), proximal, middle cerebral
artery, and anterior cerebral artery. Ischemic stroke, cerebral
hemorrhage, headache, and dizziness often occur in patients with
MMA (Herve et al., 2018). Revascularization, including direct
bypass, indirect bypass, and combined bypass, was recommended
to reduce the risk of cerebrovascular events by improving cerebral
perfusion (Miyamoto et al., 2014; Zhang et al., 2020). Direct
and combined bypass was often used in adults; in addition, the
combined bypass had the advantages of both direct and indirect
bypass (Kronenburg et al., 2014; Esposito et al., 2018).

Various degrees of surgical collateral circulation are often
found in MMA patients after revascularization. Good surgical
collateral circulation has been found to be associated with better
long-term outcomes compared with the poor group (Zhao et al.,
2019). Hemorrhagic onset and ICA moyamoya vessels have an
important role in the formation of surgical collateral circulation
in MMA patients after indirect bypass surgery (Zhao et al., 2019).
Moreover, presurgical collateral stage, p.R4810K variant, and age
were also found to be correlated with good surgical collateral
circulation in MMA patients after 10 years of indirect bypass
surgery (Wang Q. N. et al., 2021).

The presurgical collateral stage was evaluated in a previous
study according to the Suzuki stage and leptomeningeal system,
which need to be based on digital subtraction angiography
(DSA; Liu et al., 2019; Wang Q. N. et al., 2021). However,
DSA is an invasive and radiative exam that requires contrast
media. Arterial spin labeling (ASL) is a noninvasive magnetic
resonance (MR) imaging method without radiation and contrast
media, which uses hydrogen protons in the blood as endogenous
tracers (Hernandez-Garcia et al., 2019). Three-dimensional
(3D) pseudo-continuous ASL (pCASL) was recommended while
considering the sufficient image quality (Alsop et al., 2015).

Recently, 4D magnetic resonance angiography (MRA) based
on ASL had been shown to have a high consistency with DSA in
the presence of distal collaterals in MMA patients (Togao et al.,
2018; Wang M. et al., 2021). In addition, ASL can also evaluate
cerebral perfusion changes and predict the intensity of collateral
flow in patients with MMA compared with DSA (Zaharchuk
et al., 2011; Lee et al., 2018). However, little is known about the
factors based on ASL that affect surgical collateral circulation after
combined bypass surgery.

The purpose of this study was to investigate the effect of ASL
on surgical collateral circulation in patients with MMA after
combined bypass surgery.

MATERIALS AND METHODS

The local institutional review board approved the study protocol
before trial initiation (2021-026-02). Written consent was
obtained from all subjects before the examinations.

Subjects
Moyamoya angiopathy patients in a single center from December
2019 to December 2021 were enrolled in this prospective study.
Inclusion criteria included the following: (1): MMA patients
were diagnosed on MRA or DSA; (2) pre- and postoperative
ASL, postoperative super-selective 4D MRA, and susceptibility-
weighted imaging (SWI) was acquired; (3) the follow-up time
was more than 3 months; and (4) all patients underwent
combined bypass surgery. The exclusion criteria were as follows:
(1) postoperative intracranial hemorrhage occurring at the
anastomosis; (2) motion artifacts on MR images; and (3)
contraindications for MR exams. Hypertension, hyperlipidemia,
diabetes, history of smoking, drinking, onset type, and pre-
and postoperative mRS were collected. The time interval of the
preoperative MR exam to bypass surgery and the follow-up
time were acquired.

Magnetic Resonance Imaging
Magnetic resonance images were acquired on a 3.0T scanner
(Ingenia CX, Philips Healthcare) using a 32-element phased-
array head coil. Three-dimensional pCASL was performed with
the following parameters: 3D gradient and spin-echo imaging;
20 sections; 8 control/label pairs, repetition time (TR)/echo time
(TE), 3,903/11 ms; SENSE factor, 1.3; labeling duration, 1,800 s;
post-labeling delay (PLD), 1.5 s; scan time, 3 min 31 s.

Four-dimensional MRA images were collected based on
super-selective pCASL combined with the keyhole and view-
sharing techniques (4D-sPACK), which was described in a
previous study and used for labeling the external carotid artery
(Wang M. et al., 2021). The parameters were the same as
those in a previous study, in which scan time was 4 min 52 s
(Wang M. et al., 2021). It could be an alternative method for
visualization of intracranial collaterals from the external carotid
artery after bypass surgery.

Susceptibility-weighted imaging was acquired using the
following parameters: 3D fast field echo imaging; TR/TE1/delta
TE, 31/7.2/6.2 ms; Echoes, 4; Compressed SENSE factor: 4; voxel
size: 0.60 × 0.60 × 2 mm3; scan time, 3 min.

Image Analysis
Arterial spin labeling was quantitatively analyzed as relative
cerebral blood flow (rCBF) using Statistical Parametric
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Mapping software. CBF images were generated from 3D pCASL
automatically. The preprocessing was as follows: coregistered
CBF images to the corresponding 3D T1-weighted images for
each subject, normalized the coregistered T1 images to Montreal
Neurological Institute, applied the transformation matrix to
CBF images, and then smoothed them with a 6-mm Gaussian
kernel. The smoothed CBF image was divided by the averaged
CBF of whole cerebral gray matter using Data Processing and
Analysis of Brain Imaging. The rCBF values of gray matter in
each hemisphere were extracted.

Two neuroradiologists (W.M. and C.F., with 11 and 7 years
of experience, respectively) qualitatively analyzed the pre- and
postsurgical collateral scores on CBF images by consensus
with a 2-week interval. They were blinded to the postsurgical
collateral circulation on 4D MRA and mRS. A four-point grading
scale was used on two slices of ASL images corresponding
to the Alberta Stroke Program Early CT Score locations. The
scale was as follows: 0, no or minimal perfusion signal; 1,
moderate perfusion signal with arterial transit artifact (ATA);
2, high perfusion signal with ATA; and 3, normal perfusion
signal without ATA (Zaharchuk et al., 2011; Lee et al.,
2018). Ten regions in each hemisphere were evaluated (a
total of 30 scores).

The MRA scores of intracranial arteries were assessed on
preoperative maximum intensity projection images by two
neuroradiologists (W.M. and C.F., with 11 and 7 years of
experience, respectively) according to the criteria in a previous
report (Houkin et al., 2005). The ICA score was defined as
follows: 0, normal; 1, stenosis of C1; 2, discontinuity of C1
signal; and 3, invisible. The score definition of MCA-M1 was
similar to ICA. ACA scores were defined as follows: 0, normal
A2 and its distal; 1, A2 and its distal signal decrease or loss;
and 2, invisible. The score definition of PCA was similar
to ACA. The total MRA score of each hemisphere was 0–
10.

Hemorrhage on anastomosis site was assessed on SWI images
by one neuroradiologist (W.M. with 11 years of experience).
Hemorrhage was considered if hemosiderin deposition was newly
found in the anastomosis site after revascularization, which was
an irregular patchy low signal on SWI images.

Follow-Up Evaluation
Follow-up MR exams were collected after more than 3 months.
Surgical collaterals were evaluated on super-selective 4D MRA
using the Matsushima standard (Zhao et al., 2019): 0–
3, null, localized, moderate, and abundant. A score of 0–
1 indicated poor surgical collaterals, and a score of 2–3
indicated good surgical collaterals. Evaluations were conducted
by a neurosurgeon (W.Y., with 16 years of experience) and
a radiologist (C.C., with 4 years of experience), who were
blinded to the baseline results. mRS was collected by another
neurosurgeon (Y.Y., with 20 years of experience) and another
radiologist (W.K., with 10 years of experience), who were
blinded to the baseline results and surgical collaterals. The time
interval between the MR exam and mRS evaluation was less
than 1 week. Disagreements in the qualitative analysis were
resolved by consensus.

TABLE 1 | Demographic and radiological information of included subjects.

Surgical collaterals

Good (n = 29) Poor (n = 37) P

Age (years) 46.59 ± 10.83 47.83 ± 6.58 0.586

Sex (male) 13 23 0.160

Personal history

Hypertension 10 20 0.113

Diabetes 10 11 0.681

Hyperlipidemia 5 12 0.161

Smoking 1 4 0.262

Drinking alcohol 1 3 0.431

Onset type

Hemorrhagic 5 10 0.346

Nonhemorrhagic 24 27

Side

Right 15 23 0.394

Light 14 14

MRA score (scores) 4.55 ± 1.97 3.95 ± 1.73 0.216

ASL

rCBFpre 0.81 ± 0.13 0.83 ± 0.08 0.639

Collateralspre (scores) 13.72 ± 7.83 19.16 ± 6.65 0.005

rCBFpost 0.83 ± 0.11 0.82 ± 0.08 0.682

Collateralspost (scores) 20.79 ± 6.65 22.84 ± 5.06 0.279

Follow-up time (months) 8.07 ± 3.51 7.78 ± 4.06 0.765

Presurgical time interval (days) 4.72 ± 2.74 5.14 ± 2.21 0.502

mRSpre 1.66 ± 1.14 1.49 ± 0.90 0.590

mRSpost 0.52 ± 0.83 0.62 ± 0.76 0.475

Presurgical time interval: time interval between presurgical MR exam and
combined bypass surgery.

Statistical Analysis
Statistical analysis was performed with SPSS 25.0 software (IBM).
P < 0.05 was considered statistically significant. Interobserver
agreement of the collateral score, MRA scores, surgical collaterals,
and mRS were assessed using Cohen’s weighted kappa statistic.
Kappa values were interpreted as follows: ≤0.20, slight; 0.21–
0.40, fair; 0.41–0.60, moderate; 0.61–0.80, substantial; 0.81–
1.00, almost perfect. Independent samples T-tests and Mann–
Whitney U-tests were used to evaluate differences in continuous
and categorical variables between the good and poor surgical
collateral groups. Paired sample T-tests and Wilcoxon signed-
rank tests were used to assess the differences between pre- and
postsurgical rCBF, collateral score, and mRS. Univariable and
multivariable logistic regressions were performed to identify
the predictors for surgical collaterals after combined bypass.
Two models of multivariable logistic regression were adopted
because of the limited sample size. Continuous variables were
converted to dichotomous variables according to the largest
Youden’s index. The area under the curve was calculated to
predict postsurgical collaterals.

RESULTS

Subject Characteristics
Pre- and postoperative ASL and 4D MRA were obtained in
63 MMA patients (68 hemispheres). Two hemispheres were
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FIGURE 1 | Pre- and postsurgical modified Rankin Scale, collateral perfusion, and relative cerebral blood flow based on arterial spin labeling between good and poor
surgical collaterals. *p < 0.05 between two groups.

TABLE 2 | Univariable and multivariable logistic regression results.

Univariable regression Multivariable regression

Model 1 Model 2

OR (95% CI) P OR (95% CI) P OR (95% CI) P

Sex 0.495 (0.184, 1.329) 0.163 0.146 (0.031, 0.695) 0.016 0.154 (0.035, 0.676) 0.013

Age 0.317 (0.10, 1.002) 0.05 0.135 (0.026, 0.718) 0.019 0.181 (0.039, 0.854) 0.031

Hypertension 0.447 (0.164, 1.219) 0.116 0.161 (0.033, 0.776) 0.023 0.167 (0.038, 0.736) 0.018

Hyperlipidemia 0.434 (0.133, 1.418) 0.167 0.339 (0.066, 1.729) 0.193

Diabetes 1.244 (0.439, 3.522) 0.681

Smoking 0.295 (0.031, 2.791) 0.287

Drinking 0.405 (0.04, 4.110) 0.444

Hemorrhage 0.563 (0.168, 1.879) 0.350

MRA 1.201 (0.914, 1.576) 0.188 0.796 (0.495, 1.281) 0.347

Side 0.652 (0.243, 1.748) 0.395

Collateralspre 0.902 (0.838, 0.971) 0.006 0.769 (0.649, 0.912) 0.002 0.791 (0.695, 0.900) <0.001

rCBFpre 0.277 (0.065, 1.188) 0.084 0.650 (0.065, 6.474) 0.713

Follow-up time 0.739 (0.264, 2.070) 0.565

mRSpre 1.183 (0.726, 1.929) 0.499

excluded because of a cerebral hemorrhage at the anastomosis
site. Totally, 61 patients (66 hemispheres) were included. They
were divided into good and poor surgical collateral groups
according to follow-up results. Five hemispheres in the good
surgical collateral group and 10 in the poor group had
hemorrhagic onset. The time interval of the preoperative MR
exam to bypass surgery and follow-up time were not significantly
different between the two groups (Table 1).

Presurgical Comparisons
The MRA score was significantly correlated with the presurgical
collateral score (r = −0.523, p < 0.001). The rCBF and mRS in
the good surgical collateral group were not significantly different
from those in the poor group (rCBF: P = 0.639; mRS: P = 0.590).
However, the poor group had a higher collateral score (19.16
scores ± 6.65) than the good group (13.72 scores ± 7.83)
(P = 0.005).

Follow-Up Results
Postsurgical rCBF was not significantly elevated compared with
presurgical rCBF in the good (P = 0.119) and poor (P = 0.233)

groups. Postsurgical collateral scores were significantly elevated
in the good (13.72 scores ± 7.83 vs. 20.79 scores ± 6.65,
p < 0.001) and poor (19.16 scores ± 6.65 vs. 22.84 scores ± 5.06,
p < 0.001) groups. Moreover, the elevation of collateral scores
in the good group (7.07 scores ± 4.32) was higher than that
in the poor group (3.68 scores ± 3.52, P = 0.001) (Figure 1).
Postsurgical mRS was significantly reduced compared with
presurgical (good: 0.52 ± 0.83 vs. 1.66 ± 1.14, P < 0.001; poor:
1.49 ± 0.90 vs. 0.62 ± 0.76, P < 0.001) mRS in the good
and poor groups.

Potential Predictors for Surgical
Collaterals After Combined Bypass
Surgery
The results of univariable and multivariable logistic regressions
are listed in Table 2. Lower presurgical collateral scores (OR:
0.791; 95% CI: 0.695, 0.90; P < 0.001), female sex (OR: 0.154;
95% CI: 0.035, 0.676; P = 0.013), younger age (OR: 0.181; 95% CI:
0.039, 0.854; P = 0.031), and non-hypertension (OR: 0.167; 95%
CI: 0.038, 0.736; P = 0.018) were associated with good surgical
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FIGURE 2 | Receiver operating characteristic curve used to evaluate
presurgical collateral score (area under curve was 0.702) and combination of
presurgical collateral score, sex, age, and hypertension (area under curve was
0.855) for predicting moyamoya angiopathy patients with good surgical
collateral circulation after combined bypass surgery.

collaterals. The area under the curve of the combined presurgical
collateral score, sex, age, and hypertension for predicting surgical
collaterals was 0.855 (Figure 2). Figure 3 shows a bilateral MMA
patient with poor surgical collaterals, and the collateral score was
increased by approximately 2 after 9 months. Figure 4 shows
a unilateral MMA patient with good surgical collaterals after
7 months of follow-up. The postsurgical collateral score obviously
increased from 1 to 12.

Reproducibility
Interobserver reproducibility was almost excellent for the
assessment of the MRA score (κ = 0.811), surgical collateral
circulation (κ = 0.815), and presurgical collateral score
(κ = 0.821). The postsurgical collateral score (κ = 0.790)
and pre- (κ = 0.764) and postsurgical (κ = 0.786) mRS had
substantial interobserver reproducibility.

DISCUSSION

In this study, we analyzed the characteristics of pre- and
postsurgical ASL images in MMA patients who underwent
combined bypass surgery to explore the possible role of
presurgical ASL in predicting the occurrence of good surgical
collateral circulation. We found that the presurgical collateral
score was correlated with the MRA score and was lower
in patients with good surgical collaterals than in those with
poor surgical collaterals. The collateral score increased, and
mRS improved after combined bypass surgery. The presurgical

collateral score, sex, age, and hypertension may be predictors of
surgical collaterals.

The presurgical collateral score based on ASL in this study
was evaluated according to the presence of ATA in Alberta Stroke
Program Early CT Score areas. ATA is a characteristic artifact in
the cerebral cortex and sulcus and is affected by the PLD value
(Deibler et al., 2008). ATA on ASL images with a PLD of 1,500 ms
has been reported to be correlated with the MRA score in MMA
patients. In addition, PLDs of 1,500 ms had a wider range median
of the ATA values and a higher correlation coefficient compared
with PLDs of 1,000 and 2,000 ms (Ukai et al., 2020). In this
study, a PLD of 1,500 ms was adopted in the ASL exam. We also
found that the presurgical collateral score based on the ATA was
correlated with the MRA score.

Revascularization can improve the clinical outcome in MMA
patients with a long median follow-up time (18 and 26.3 months,
12 years) (Duan et al., 2012; Ha et al., 2019; Zhang et al.,
2020). In this study, the clinical outcome was improved in all
MMA patients, and the postoperative mRS score increased in
both good and poor surgical collateral circulation. None of the
MMA patients had recurrent cerebrovascular events. This may
be due to a shorter median follow-up time of 7 months in our
subjects. All MMA patients in our study will be followed in the
future continuously.

Collateral circulation is a critical determinant of
cerebral perfusion in cerebral ischemia (Liebeskind, 2003).
Leptomeningeal collateral circulation plays an important
role in the blood supply of ischemic stroke in the anterior
cerebral artery and MCA territories in MMA patients (Wang
Q. N. et al., 2021). A significantly lower presurgical collateral
score on ASL was found in MMA patients with good surgical
collateral circulation, which often indicates more severe
cerebral hypoperfusion. However, presurgical rCBF in the
two groups was not significantly different. This might be
because of lower PLD (1,500 ms). Long delay (4,000 ms) and
multi-delay ASL can provide more accurate cerebral blood
flow in MMA patients compared with positron emission
tomography (Fan et al., 2017; Hara et al., 2017). We chose
rCBF instead of CBF to reduce the effect of lower PLD in
this study. In addition, perfusion differences were calculated
using the rCBF of one hemisphere without using an intergroup
analysis based on voxels, which may be another reason.
The presence of presurgical transdural collaterals trended
better surgical collaterals in MMA patients, which also
indicated a severe cerebral perfusion defect (Storey et al.,
2017). After combined bypass surgery, a higher elevation of
the collateral score was found in patients with good surgical
collateral circulation.

Younger age was reported to be associated with good
surgical collaterals after indirect bypass surgery (Wang Q. N.
et al., 2021). It has been demonstrated to be more effective
for younger patients than older patients in the long term
(Goda et al., 2004). In this study, youth age was also found
to be a predictor of good surgical collateral circulation after
combined bypass surgery. Moreover, predictors included sex
and hypertension. Hypertension was an independent risk factor
for unfavorable clinical outcomes and may be a risk factor
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FIGURE 3 | A 48-year-old male patient with moyamoya angiopathy. (A) Presurgical MR angiography image. (B,C) Two-slice ASL images of ASPECT regions, and
preoperative collateral score was 10 in (B) and 9 in (C). (D) Postoperative super-selective 4D MRA images of external carotid artery. Postsurgical collaterals were
defined as poor (1 score according to Matsushima standard). (E,F) Same postoperative two-slice ASL images as (B,C). Postoperative collateral scores increased
(white arrows) to 10 in (E) and 11 in (F).

FIGURE 4 | A 68-year-old male patient with unilateral moyamoya angiopathy. (A) Presurgical MR angiography image. Right middle cerebral artery was occluded.
(B,C) Two-slice ASL images of ASPECT regions, and cerebral perfusion was significantly reduced. Preoperative collateral score was almost 0 in (B) and 1 in (C).
(D) Postoperative super-selective 4D MRA images of external carotid artery. Postsurgical collaterals were defined as good (2 scores according to Matsushima
standard). (E,F) ASL images at same level as (B,C). Postoperative collateral scores increased (white arrows), which were 6 in (E) and 6 in (F).
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for decreased bypass patency (superficial temporal artery to
MCA) in patients with cerebral atherosclerotic disease (Matano
et al., 2016; Ma et al., 2020). This might be the cause of poor
surgical collateral circulation. Khan et al. (2012) reported that
females might be at a higher risk of postoperative adverse
events despite successful bypass surgery in MMA patients.
However, in previous studies, sex was not a predictor in
MMA patients with good surgical collaterals after indirect
bypass surgery (Zhao et al., 2019; Wang Q. N. et al., 2021),
which was different from this study. The reason might be the
limited sample size.

Several limitations existed in this study. First, different
surgeons performing bypass surgery may have an effect on
surgical collaterals. The number of surgeons performing bypass
surgery in this study was three in the same group. This may
need to be confirmed in the future to choose patients from
the same surgeon. Second, the current study aimed to explore
potential clinical and radiographic predictors based on ASL
for good surgical collateral circulation after combined bypass
surgery. Some of the other potential biomarkers, such as gene
type, were not included. Third, perioperative hyperperfusion
reaction was not recorded because this information was not
clear in electronic medical records. However, a hemorrhagic
event in the anastomosis site was considered according
to the deposition of hemosiderin on SWI. Finally, limited
sample size was used in this study. We will continuously
follow up with more MMA patients after cerebral bypass
surgery in the future.

CONCLUSION

Patients with good surgical collaterals had lower presurgical
collateral scores and higher increased collateral scores on
ASL. Lower presurgical collateral scores, youth, female
sex, and nonhypertension may indicate good surgical
collateral circulation. This may play an important role in
improving the management of adult MMA patients and
therapeutic decisions.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Medical Ethics Committee of the Nanjing Drum
Tower Hospital. The patients/participants provided their written
informed consent to participate in this study. Written informed
consent was obtained from the individual(s) for the publication of
any potentially identifiable images or data included in this article.

AUTHOR CONTRIBUTIONS

MW, YW, and BZ designed the study. WZ and XZ performed the
statistical analyses. MW and YW contributed to data preparation
and drafting of the original manuscript. MW was responsible
for MR scanning. MW, YW, and YY evaluated radiological
and clinical information. YW and YY managed the subject
recruitment. BZ and YY modified and confirmed the final
article. All authors contributed to the article and approved the
submitted version.

FUNDING

This work was supported by the National Natural Science
Foundation of China (81720108022 BZ); the social development
project of science and technology project in Jiangsu Province
(BE2017707); key medical talents of the Jiangsu province,
the “13th Five-Year” health promotion project of the Jiangsu
province (ZDRCA2016064); and the project of the sixth peak
of talented people (WSN -138). The funders had no role in the
study design, data collection and analysis, decision to publish, or
preparation of the manuscript.

REFERENCES
Alsop, D. C., Detre, J. A., Golay, X., Günther, M., Hendrikse, J., Hernandez-

Garcia, L., et al. (2015). Recommended implementation of arterial spin–labeled
perfusion MRI for clinical applications: a consensus of the ISMRM perfusion
study group and the European consortium for ASL in dementia. Magn. Reson.
Med. 73, 102–116. doi: 10.1002/mrm.25197

Deibler, A. R., Pollock, J. M., Kraft, R. A., Tan, H., Burdette, J. H., and Maldjian,
J. A. (2008). Arterial spin–labeling in routine clinical practice, part 1: technique
and artifacts. AJNR Am. J. Neuroradiol. 29, 1228–1234. doi: 10.3174/ajnr.A1030

Duan, L., Bao, X. Y., Yang, W. Z., Shi, W. C., Li, D. S., Zhang, Z. S., et al. (2012).
Moyamoya disease in China: its clinical features and outcomes. Stroke 43,
56–60. doi: 10.1161/STROKEAHA.111.621300

Esposito, G., Sebök, M., Amin-Hanjani, S., and Regli, L. (2018). Cerebral bypass
surgery: level of evidence and grade of recommendation. Acta Neurochir. Suppl.
129, 73–77. doi: 10.1007/978-3-319-73739-3_10

Fan, A. P., Guo, J., Khalighi, M. M., Gulaka, P. K., Shen, B., Park, J. H., et al.
(2017). Long–delay arterial spin labeling provides more accurate cerebral blood
flow measurements in moyamoya patients: a simultaneous positron emission

tomography/MRI study. Stroke 48, 2441–2449. doi: 10.1161/STROKEAHA.117.
017773

Goda, M., Isono, M., Ishii, K., Kamida, T., Abe, T., and Kobayashi, H. (2004).
Long–term effects of indirect bypass surgery on collateral vessel formation in
pediatric moyamoya disease. J. Neurosurg. 100, 156–162. doi: 10.3171/ped.2004.
100.2.0156

Ha, E. J., Kim, K. H., Wang, K. C., Phi, J. H., Lee, J. Y., Choi,
J. W., et al. (2019). Long–term outcomes of indirect bypass for 629
children with moyamoya disease longitudinal and cross–sectional
analysis. Stroke 50, 3177–3183. doi: 10.1161/STROKEAHA.119.02
5609

Hara, S., Tanaka, Y., Ueda, Y., Hayashi, S., Inaji, M., Ishiwata, K., et al. (2017).
Noninvasive evaluation of CBF and perfusion delay of moyamoya disease using
arterial spin–labeling MRI with multiple postlabeling delays: comparison with
(15)O-Gas PET and DSC-MRI. AJNR Am. J. Neuroradiol. 38, 696–702. doi:
10.3174/ajnr.A5068

Hernandez-Garcia, L., Lahiri, A., and Schollenberger, J. (2019). Recent
progress in ASL. Neuroimage 187, 3–16. doi: 10.1016/j.neuroimage.2017.1
2.095

Frontiers in Neuroscience | www.frontiersin.org 7 March 2022 | Volume 16 | Article 83948551

https://doi.org/10.1002/mrm.25197
https://doi.org/10.3174/ajnr.A1030
https://doi.org/10.1161/STROKEAHA.111.621300
https://doi.org/10.1007/978-3-319-73739-3_10
https://doi.org/10.1161/STROKEAHA.117.017773
https://doi.org/10.1161/STROKEAHA.117.017773
https://doi.org/10.3171/ped.2004.100.2.0156
https://doi.org/10.3171/ped.2004.100.2.0156
https://doi.org/10.1161/STROKEAHA.119.025609
https://doi.org/10.1161/STROKEAHA.119.025609
https://doi.org/10.3174/ajnr.A5068
https://doi.org/10.3174/ajnr.A5068
https://doi.org/10.1016/j.neuroimage.2017.12.095
https://doi.org/10.1016/j.neuroimage.2017.12.095
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-16-839485 March 12, 2022 Time: 9:55 # 8

Wang et al. Predictors of Surgical Collaterals

Herve, D., Kossorotoff, M., Bresson, D., Blauwblomme, T., Carneiro, M., Touze, E.,
et al. (2018). French clinical practice guidelines for moyamoya angiopathy. Rev.
Neurol. (Paris) 174, 292–303. doi: 10.1016/j.neurol.2017.12.002

Houkin, K., Nakayama, N., Kuroda, S., Nonaka, T., Shonai, T., and Yoshimoto,
T. (2005). Novel magnetic resonance angiography stage grading for moyamoya
disease. Cerebrovasc. Dis. 20, 347–354. doi: 10.1159/000087935

Khan, N., Achrol, A. S., Guzman, R., Burns, T. C., Dodd, R., Bell-Stephens,
T., et al. (2012). Sex differences in clinical presentation and treatment
outcomes in moyamoya disease. Neurosurgery 71, 587–593. doi: 10.1227/NEU.
0b013e3182600b3c

Kronenburg, A., Braun, K. P., van der Zwan, A., and Klijn, C. J. (2014). Recent
advances in moyamoya disease: pathophysiology and treatment. Curr. Neurol.
Neurosci. Rep. 14:423. doi: 10.1007/s11910-013-0423-7

Lee, S., Yun, T. J., Yoo, R. E., Yoon, B. W., Kang, K. M., Choi, S. H., et al. (2018).
Monitoring cerebral perfusion changes after revascularization in patients with
moyamoya disease by using arterial spin–labeling MR imaging. Radiology 288,
565–572. doi: 10.1148/radiol.2018170509

Liebeskind, D. S. (2003). Collateral circulation. Stroke 34, 2279–2284. doi: 10.1161/
01.STR.0000086465.41263.06

Liu, Z. W., Han, C., Zhao, F., Qiao, P. G., Wang, H., Bao, X. Y., et al. (2019).
Collateral circulation in moyamoya disease: a new grading system. Stroke 50,
2708–2715. doi: 10.1161/STROKEAHA.119.024487

Ma, Y., Zhao, M., Deng, X., Zhang, D., Wang, S., Zeng, Z., et al. (2020). Comparison
of clinical outcomes and characteristics between patients with and without
hypertension in moyamoya disease. J. Clin. Neurosci. 75, 163–167. doi: 10.1016/
j.jocn.2019.12.016

Matano, F., Murai, Y., Tateyama, K., Tamaki, T., Mizunari, T., Matsukawa, H., et al.
(2016). Long–term patency of superficial temporal artery to middle cerebral
artery bypass for cerebral atherosclerotic disease: factors determining the bypass
patent. Neurosurg. Rev. 39, 655–661. doi: 10.1007/s10143-016-0736-5

Miyamoto, S., Yoshimoto, T., Hashimoto, N., Okada, Y., Tsuji, I., Tominaga,
T., et al. (2014). Effects of extracranial–intracranial bypass for patients with
hemorrhagic moyamoya disease: results of the Japan adult moyamoya trial.
Stroke 45, 1415–1421. doi: 10.1161/STROKEAHA.113.004386

Storey, A., Michael Scott, R., Robertson, R., and Smith, E. (2017). Preoperative
transdural collateral vessels in moyamoya as radiographic biomarkers of
disease. J. Neurosurg. Pediatr. 19, 289–295. doi: 10.3171/2016.9.PEDS16161

Togao, O., Hiwatashi, A., Obara, M., Yamashita, K., Kikuchi, K., Kamei, R., et al.
(2018). Acceleration–selective arterial spin–labeling MR angiography used to
visualize distal cerebral arteries and collateral vessels in moyamoya disease.
Radiology 286, 611–621. doi: 10.1148/radiol.2017162279

Ukai, R., Mikami, T., Nagahama, H., Wanibuchi, M., Akiyama, Y., Miyata,
K., et al. (2020). Arterial transit artifacts observed by arterial spin labeling
in moyamoya disease. J. Stroke Cerebrovasc. Dis. 29:105058. doi: 10.1016/j.
jstrokecerebrovasdis.2020.105058

Wang, M., Yang, Y., Wang, Y., Li, M., Zhang, J., and Zhang, B. (2021).
Vessel–selective 4D MRA based on ASL might potentially show
better performance than 3D TOF MRA for treatment evaluation
in patients with intra–extracranial bypass surgery: a prospective
study. Eur. Radiol. 31, 5263–5271. doi: 10.1007/s00330-020-07
503-3

Wang, Q. N., Yang, R. M., Zou, Z. X., Wang, X. P., Zhang, Q., Li,
D. S., et al. (2021). Predictors of neoangiogenesis after indirect
revascularisation in moyamoya disease: a 10-year follow-up study.
J. Neurol. Neurosurg. Psychiatry 92, 1361–1362. doi: 10.1136/jnnp-2020-32
5401

Zaharchuk, G., Do, H. M., Marks, M. P., Rosenberg, J., Moseley, M. E.,
and Steinberg, G. K. (2011). Arterial spin-labeling MRI can identify
the presence and intensity of collateral perfusion in patients with
moyamoya disease. Stroke 42, 2485–2491. doi: 10.1161/STROKEAHA.111.61
6466

Zhang, M., Tang, J., Liu, N., Xue, Y., Ren, X., and Fu, J. (2020).
Postoperative functional outcomes and prognostic factors in two types
of adult moyamoya diseases. J. Stroke Cerebrovasc. Dis. 29:104846. doi:
10.1016/j.jstrokecerebrovasdis.2020.104846

Zhao, Y., Li, J., Lu, J., Zhang, Q., Zhang, D., Wang, R., et al. (2019). Predictors
of neoangiogenesis after indirect revascularization in moyamoya disease: a
multicenter retrospective study. J. Neurosurg. 132, 98–108. doi: 10.3171/2018.
9.JNS181562

Conflict of Interest: XZ was employed by the company Philips Healthcare,
Shanghai.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Wang, Wang, Zhang, Zhao, Yang and Zhang. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Neuroscience | www.frontiersin.org 8 March 2022 | Volume 16 | Article 83948552

https://doi.org/10.1016/j.neurol.2017.12.002
https://doi.org/10.1159/000087935
https://doi.org/10.1227/NEU.0b013e3182600b3c
https://doi.org/10.1227/NEU.0b013e3182600b3c
https://doi.org/10.1007/s11910-013-0423-7
https://doi.org/10.1148/radiol.2018170509
https://doi.org/10.1161/01.STR.0000086465.41263.06
https://doi.org/10.1161/01.STR.0000086465.41263.06
https://doi.org/10.1161/STROKEAHA.119.024487
https://doi.org/10.1016/j.jocn.2019.12.016
https://doi.org/10.1016/j.jocn.2019.12.016
https://doi.org/10.1007/s10143-016-0736-5
https://doi.org/10.1161/STROKEAHA.113.004386
https://doi.org/10.3171/2016.9.PEDS16161
https://doi.org/10.1148/radiol.2017162279
https://doi.org/10.1016/j.jstrokecerebrovasdis.2020.105058
https://doi.org/10.1016/j.jstrokecerebrovasdis.2020.105058
https://doi.org/10.1007/s00330-020-07503-3
https://doi.org/10.1007/s00330-020-07503-3
https://doi.org/10.1136/jnnp-2020-325401
https://doi.org/10.1136/jnnp-2020-325401
https://doi.org/10.1161/STROKEAHA.111.616466
https://doi.org/10.1161/STROKEAHA.111.616466
https://doi.org/10.1016/j.jstrokecerebrovasdis.2020.104846
https://doi.org/10.1016/j.jstrokecerebrovasdis.2020.104846
https://doi.org/10.3171/2018.9.JNS181562
https://doi.org/10.3171/2018.9.JNS181562
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-16-864040 April 8, 2022 Time: 15:26 # 1

ORIGINAL RESEARCH
published: 14 April 2022

doi: 10.3389/fnins.2022.864040

Edited by:
Long-Biao Cui,

Fourth Military Medical University,
China

Reviewed by:
Baojuan Li,

Massachusetts General Hospital
and Harvard Medical School,

United States
Xiaoming Chen,

Fourth Military Medical University,
China

*Correspondence:
Ming Ke

keming@lut.edu.cn
Guangyao Liu

lgy362263779@163.com

Specialty section:
This article was submitted to

Brain Imaging Methods,
a section of the journal

Frontiers in Neuroscience

Received: 28 January 2022
Accepted: 15 March 2022

Published: 14 April 2022

Citation:
Ke M, Li H and Liu G (2022) The

Local Topological Reconfiguration
in the Brain Network After Targeted

Hub Dysfunction Attacks in Patients
With Juvenile Myoclonic Epilepsy.

Front. Neurosci. 16:864040.
doi: 10.3389/fnins.2022.864040

The Local Topological
Reconfiguration in the Brain Network
After Targeted Hub Dysfunction
Attacks in Patients With Juvenile
Myoclonic Epilepsy
Ming Ke1* , Huimin Li1 and Guangyao Liu2*

1 School of Computer and Communication, Lanzhou University of Technology, Lanzhou, China, 2 Department of Magnetic
Resonance, Lanzhou University Second Hospital, Lanzhou, China

The central brain regions of brain networks have been extensively studied in terms
of their roles in various diseases. This study provides a direct measure of the brain’s
responses to targeted attacks on central regions, revealing the critical role these
regions play in patients with juvenile myoclonic epilepsy (JME). The resting-state data
of 37 patients with JME and 37 healthy subjects were collected, and brain functional
networks were constructed for the two groups of data according to their Pearson
correlation coefficients. The left middle cingulate gyrus was defined as the central brain
region by the eigenvector centrality algorithm and was attacked by the CLM sequential
failure model. The rich-club connection differences between the patients with JME and
healthy controls before and after the attacks were compared according to graph theory
indices and the number of rich-club connections. We found that the numbers of rich
connections in the brain networks of the healthy control group and the group of patients
with JME were significantly reduced [p < 0.05, false discovery rate (FDR) correction]
before the CLM sequential failure attacks, and no significant differences were observed
between the feeder connections and local connections. In the healthy control group,
significant rich connection differences were obtained (p < 0.01, FDR correction), and
no statistically significant differences were observed regarding the feeder connections
and local connections in the brain network before and after CLM failure attacks on
the central brain region. No significant differences were obtained between the rich
connections, feeder connections, and local connections in patients with JME before and
after CLM successive failure attacks on the central brain area. The rich connections,
feeder connections, and local connections were not significantly different in the brain
networks of the healthy control group and the group of patients with JME after CLM
successive failure attacks on the central brain region. We concluded that the damage
to the left middle cingulate gyrus is closely linked to various brain disorders, suggesting
that this region is of great importance for understanding the pathophysiological basis of
myoclonic seizures in patients with JME.

Keywords: rich-club, eigenvector centrality, Crucitti-Latora-Marchiori, resting-state network, juvenile myoclonic
epilepsy
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INTRODUCTION

Juvenile myoclonic epilepsy (JME) is a highly prevalent genetic
generalized epilepsy syndrome, which accounts for up to
10% of all epilepsy cases (Camfield et al., 2013; Scheffer
et al., 2017). JME is a common type of idiopathic generalized
epilepsy that occurs mostly in people aged 12–18 years, and
it accounts for 8–10% of the prevalence in the epileptic
population. The clinical manifestations of JME are mainly
myoclonic seizures, disorientation seizures, generalized tonic-
clonic seizures, cognitive impairment, and motor impairment
(Wolf et al., 2015). At present, the complex network method
of functional magnetic resonance imaging (fMRI)-based data
analysis has been widely used in the study of neuropsychiatric
diseases. JME studies conducted with complex networks based
on graph theory suggest that JME episodes likely originate in
cortical networks associated with movement (Krauss, 2011).
The associations between identified discharge-affecting networks
and the relationships among resting-state networks might be
influenced by aspects of epilepsy in patients with JME (Dong
et al., 2016). Brain network studies have pointed to the fact that
alterations in brain network organization are closely associated
with brain disorders (Liu et al., 2008; Bassett and Bullmore,
2009; Fornito et al., 2015). Our existing CLM sequential failure
model for adolescent myoclonic epilepsy revealed that the left
middle frontal lobe might be a potential focal area regarding the
initiation of generalized tonic-clonic seizures (Ke et al., 2019).

However, there is currently no clear understanding of the
internal causes of these large-scale network changes. A key
hypothesis was that central brain region dysfunction was likely
to be associated with disease (van den Heuvel et al., 2013).
A highly central and interconnected organization was presented
for the brain network, which played a crucial role in the
integration process of the brain, forming the central backbone
of global brain communication. The hub region at the center
of the brain network topology is the center of information
integration between different subsystems of the human brain,
and it is capable of collaboratively integrating multisensory
information (Zamora-Lopez et al., 2010; Zuo et al., 2012).
Central nodes play pivotal roles in the overall architectures of
functional brain networks (Sporns et al., 2007; Sporns, 2011; van
den Heuvel and Sporns, 2011). These regions of information
transmission form highly aggregated brain communication hubs
that make important contributions to cross-regional information
transmission (van den Heuvel et al., 2013). It is known from past
studies of diseases that abnormalities in the central brain regions
of patients with schizophrenia lead to brain network topology
reorganization, resulting in reduced connectivity within the brain
network (van den Heuvel et al., 2013). Moreover, a neuroimaging
study reported that the presence of abnormal brain network
topologies in patients with JME increased the importance of the
motor-related cortex in functional brain networks, which implied
a reorganization of the central network nodes in the patients
with JME. The changed topologies of the brain networks in the
patients with JME caused connectivity to decrease within these
brain networks (Ray et al., 2014). From the above description
of the central region, we know that the central region plays

an important role in brain network topology and information
transmission. Once abnormalities occur in the central region,
the brain network is greatly affected. Therefore, it is crucial to
comprehensively understand the causal relationship between the
central nodes of the brain network and the network topology.

We used the CLM sequential failure model to assess the role
played by lesions of the central brain regions in brain networks.
The CLM sequential failure model is a submodel of the load-
capacity model, also known as the node-edge hybrid dynamic
model, which does not separate the two factors of nodes and edges
but rather considers the importance of both and the role they
play in load distribution. Unlike previous approaches to node
failure, the CLM model does not remove the node directly but,
instead, reduces the efficiency of the edges associated with the
node (Crucitti et al., 2004). Kinney et al. (2005) applied the CLM
sequential failure model to a North American power network
and found that the overall performance of the network degrades
relative to the normal state when attacking the highest-loaded
generation or transmission nodes. Using the CLM sequential
failure model to simulate seizures and their dynamic propagation
process in patients with epilepsy, our laboratory found that
the left middle frontal lobe may be a potential focal area in
the onset of generalized tonic-clonic seizures (Ke et al., 2019).
CLM successive failures are already present in the application
of the model to complex networks. The model is an important
inspiration for our study.

This research adopted the eigenvector centrality (EC)
algorithm by choosing the left cingulate gyrus regions of the brain
network as central brain regions. The CLM sequential failure
model was used to attack the central brain network regions of
the healthy control group and the JME group. To study the
influence of the central node abnormalities on brain networks,
as well as the relationships between these abnormalities and the
causes of disease, a rich-club connection analysis was performed
on the brain networks of the two groups before and after the
attacks. The results showed that the abnormal central nodes in
the brain networks of patients with JME led to brain network
topology reorganization, affected the functional connections
of the brain networks, and obstructed functional information
transmission. This is of great significance for understanding the
pathophysiological mechanism of JME and indicates that these
central brain regions are central brain regions of adolescent
clonic epilepsy.

MATERIALS AND METHODS

Participants
Resting-state fMRI data were collected from 37 patients with
JME (with average illness duration of 4.03 years) admitted to
the Epilepsy Center of Lanzhou University Second Hospital.
The patients were diagnosed with JME according to the criteria
for epilepsy classification contained in the International League
Against Epilepsy (ILAE) guidelines of 2001. Patients were
excluded if they had any of the following characteristics: (1) a
history of antiepileptic medication intake, (2) other neurological
or psychiatric illness, (3) other developmental disabilities, such
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as autism and intellectual impairment, and (4) an acute physical
illness that would affect the scanning. To evaluate the severity
of the epilepsy cases, each patient was required to complete the
National Hospital Seizure Severity Scale (NHS3) before the MRI
examination. This scale contains six seizure-related factors and
produces a total score from 1 to 23. The patients included 21
males and 16 females with an average age of 17.757 ± 5.33
years. No structural abnormalities were found during the routine
MRI examinations; the electroencephalography (EEG) results
obtained during seizures exhibited extensive multispinous slow
waves or compound spinous slow waves at 4∼6 Hz; and none
of the patients had received formal treatment. At the same time,
the fMRI and 3DT1 images of 37 normal volunteers, including 13
males and 24 females with an average age of 20.081± 4.723 years,
were selected. The subjects in both groups were right-handed. No
significant differences in age, handedness, or sex were observed
between the two groups after conducting intragroup paired
false discovery rate (FDR) correction (p > 0.05). The normal
volunteers were recruited through advertising and excluded
before excluding those with acute physical illness, substance
abuse or dependence, a history of loss of consciousness due to
craniocerebral injury, and neurological or psychiatric disorders.
This study was approved by the Ethics Committee of the Second
Hospital of Lanzhou University, and written informed consent
was obtained from each subject or his or her legal guardian
after the experimental protocol. Subject information is shown in
Table 1.

Data Acquisition
All data were collected by a Siemens Verio 3.0 T MR scanner. The
data collection process required each subject to lie supine, fix his
or her head, close his or her eyes, plug his or her ears, and try
not to perform specific thinking. The fMRI data were collected
via a gradient-echo echo-planar imaging (GRE-EPI) sequence.
The specific parameters were as follows: the repetition time
(RT) = 2,000 ms, echo time (TE) = 30 ms, slice thickness = 4 mm,
slice gap = 0.40 mm, number of layers = 33 layers, field of view
(FOV) = 240 mm × 240 mm, in-plane matrix resolution = 64
× 64, and flip angle (FA) = 90◦, and 200 time points were
collected in total. T1-weighted images were acquired by a 3D
magnetization-prepared rapid gradient echo sequence (3D MP-
RGE). The specific parameters were as follows: the repetition
time (TR) = 1,900 ms, TE = 30 ms, slice thickness = 0.9 mm,
FOV = 256 mm× 230 mm, matrix = 256× 256, FA = 90◦.

Data Preprocessing
We implemented the data preparation process in MATLAB
version 2013a, which ran on the Windows 10 operating system.
The graph theoretical network analysis toolbox (GRETNA)1

(Wang et al., 2015), which ran on MATLAB, was also used to
preprocess the data. The main steps of preprocessing included
(1) formatted conversion of the DICOM data (conversion of
the two-dimensional images in the DICOM format into three-
dimensional images in the NIFTI format); (2) removal of the
first few time points: the first 10 time points were selected to

1https://github.com/sandywang/GRETNA

TABLE 1 | Subject information.

Variables JME (n = 37) HC (n = 37)

Sex 21/16 13/24

Mean age (year) 17.757 ± 5.33 20.081 ± 4.723

Mean disease duration (months) 46.919 ± 10.627 0

Handedness (right/left) 37/0 37/0

Mean score of the NHS3 9.054 ± 3.778 0

Mean first time of onset 3.185 ± 2.661 0

NHS3, National Hospital Seizure Severity Scale.

eliminate data instability caused by reasons such as the starting
of the mcassociations between identifiedahine; (3) slice-timing
correction, in which all scan time points were corrected to the
same reference point. The interval time is 2 s, and there are 33
time layers in total. Using interlayer scanning, the scanning order
alternated in the positive direction starting with odd-numbered
slices (i.e., 1, 3, 5,... 2, 4, 6, . . .); (4) head movement correction
if the translation was greater than 1 mm, and the rotation was
greater than 1 degree; (5) within-subject coregistration of the T1
image to a mean functional image; (6) spatial normalization: each
scan was stretched, compressed, and coiled to make the scanned
brain consistent with a standard brain template; (7) removal of
linear drift: removing linear trends that arose from warming or
subjects not adapting due to the functioning of the machine;
(8) low-pass filtering: the range of low-pass filtering was 0.01–
0.08 Hz; and (9) regressing out of the covariates: for the fMRI
datasets, several nuisance signals were typically removed from
each voxel’s time series to reduce the effects of non-neuronal
fluctuations, including head motion profiles, cerebrospinal fluid
signals, white matter signals, and global signals.

Brain Network Construction
In graph theory, the brain network refers to a collection of
nodes (brain areas) and edges (connections). The automated
anatomical labeling (AAL) brain atlas was employed to define the
regions of interest (ROIs), and the ROI function was employed to
compute the functional connectivities between the 90 nodes. To
construct the brain functional network, the response sequence of
each brain region of each subject was extracted over time. The
Pearson correlation coefficient was used to obtain the correlation
coefficient matrix over time. The expression is as follows:

r(xn, yn) =
∑

(xn−
_
x )(yn−

_
y )√∑

(xn−
_
x )2

∑
(yn−

_
y )2

(1)

xn is the time series of the n-th brain region.
_
x is the mean

value across all scan layers in the brain region. yn and
_
y

are the time series and mean value of another brain region.
When the correlation coefficient r(xn, yn) was greater than a
given threshold value Tm, it was considered that there was a
functional connection between xn and yn ; i.e., an edge connection
existed between them.

In this experiment, we performed Fisher’s z-transformation
on the brain functional connectivity. First, binarization was
performed on the brain network; when the connection value
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FIGURE 1 | A brain network connectivity map generated using the BrainNet Viewer toolbox.

between two brain regions was greater than the threshold value,
they were considered to have an edge, whose value was set to
1; otherwise, the edge value was set to 0. In this experiment, we
chose 0.3 as the threshold value in constructing the binary brain
network; at this value, the network density is between 10 and 50%,
and the average network degree < k > is greater than two times
the natural logarithm of the number of network nodes N. In this
case, this also yielded no isolated nodes in the brain network, and
so the entire network has connectivity. These are the two rules to
follow when building a brain network, and choosing this value for
the threshold ensures that our brain network satisfies these two
rules. Figure 1 shows the connectivity graph of the brain network
generated using the BrainNet Viewer toolbox.

Eigenvector Centrality
Eigenvector centrality is a measure of the importance of a node
and depends on both the number (i.e., the degree of the node)
and the importance of its neighbor nodes. The EC of a node was
proportional to the sum of the centrality scores of its neighbor
nodes. The centrality of the eigenvector vectors emphasized
the surrounding environment (the number and quality of node
neighbors), which, in essence, meant that a node’s score was the
sum of its neighbors’ scores. A node could increase its importance
by connecting to many other important nodes. A node with
a high score could be connected to either a large number
of ordinary nodes or a small number of other high-scoring
nodes. From the perspective of transmission, the centrality of
eigenvectors was suitable for describing the long-term influence
of nodes. For example, during the spread of a disease or spread,
a larger EC score indicates that the corresponding node is more
likely to be closer to the source of infection and is a key node that
needs to be prevented (Bonacich and Lloyd, 2001).

The expression is as follows: if xi is an important measure of
node I, then:

EC(i) = xi = c
n∑
j=1

aijxj (2)

where, c is a proportionality constant, x = (x1, x2, x3,..., xn)T , and
when the steady state is reached after multiple iterations, it can be

written as the following expression:

x = cAx (3)

This means that x was the eigenvector corresponding to the
eigenvalue c of Matrix A minus 1. The basic method for
calculating the vector x was to give an initial value x(0) and then
use the following iterative algorithm:

x(t) = cAx(t− 1), t = 1, 2... (4)

Then, it was normalized: x′(t) = x′(t − 1). During each iteration
step, if x was divided by λ, a convergent non-zero solution
x = Ax/λ could be obtained for this equation, where λ is the
principal eigenvalue of the binarized brain network adjacency
Matrix A, i.e., the constant c = 1/λ.

From the perspective of the method itself, EC identifies the
importance of a node (within network) by considering the quality
of its connections (not only how many connections it has but
also whether the connections are formed with important nodes).
An increasingly popular centrality metric, the EC is unique in
that it considers the centrality of immediate neighbors when
computing the centrality of a node. Mathematically, EC is a
positive multiple of the sum of the adjacent centralities and
is based on the philosophy that a node is more central if its
neighbors are also highly central. The novelty of the approach
is that it assigns an "importance" score to each feature by
considering all other features mapped as nodes on the graph,
bypassing the combinatorial problem in a methodologically
sound fashion. Indeed, EC differs from other measurements
(e.g., degree centrality) since a node (feature) with many links
does not necessarily have a high EC because not all nodes are
equivalent, some are more relevant than others, and, reasonably,
endorsements from important nodes count more. The analysis
presented by Lohmann et al., shows that feature vector centrality
is an effective computational tool for capturing intrinsic neural
structure at the voxel level. Therefore, the method is informative
in measuring the importance of nodes.

We used the principle of EC to obtain the EC value of
each node and selected the central nodes of the brain network
according to the ranked values. This node represents the attack
node in subsequent CLM failure attacks.
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Successive Failure of CLM
The CLM model not only separated the two factors of nodes and
edges but also considered the importance of nodes and edges in
terms of load allocation by studying their joint effects. The CLM
model did not remove nodes directly but instead reduced the
efficiency of the edges associated with the nodes. The principle
was that the information passing through a faulty node would
choose other alternative transmission paths.

From the point of view of graph theory, assuming that the
network was an undirected weighted graph G, the transmission
of network information between any two points was always
conducted along the shortest path, namely, the optimal path with
respect to transmit efficiency. The value of the edge between
nodes i and j was eij, which was expressed by the reciprocal of
the shortest path length Lij between the nodes (when there was
no path between nodes i and j, the reciprocal of the shortest
path length value Lij was 0), which represented the transmission
efficiency between nodes i and j at time t; the associated formula
is:

εij = 1/dij (5)

The construction of this model was divided into two parts: the
load distribution without node failure and the load distribution
after node failure.

(1) Before a node failure occurred, Li(t) was defined to
represent the load of node i at time t. Additionally, Li(t)
represented the number of paths passing through the shortest
distance from node i at time t. When t was 0, the initial load was
Li(0). Ci was the capacity of node i, and its calculation expression
was:

Ci = a · Li(0)(a ≥ 1) (6)

where, Ci represents the capacity coefficient, which represents the
ability of nodes to handle the load and transmit information.

(2) When a failure occurred, an attack on a node inevitably
changed the shortest paths between nodes, resulting in a
redistribution of the total load. The load redistribution among
the nodes might have led to the overload of other nodes, which,
in turn, led to a new round of load redistribution, leading to
successive failures. In this model, when a node was overloaded,
the load allocated to this point was gradually reduced by reducing
the transmission efficiency of the edge connected to it. When the
load was less than the capacity, the node worked normally again.
The internode efficiency iteration formula at time t is:

eij(t+ 1) =

{
eij(0) · Ci

Li(t) , Li(t) > Ci

eij(0), Li(t) ≤ Ci
(7)

In this study, we focused on the calculation of the brain network
matrices before and after attacks. The successive brain network
fault matrix removed all edges related to the central node (when
the edge value of the node connected to the central node was
reduced to 0; otherwise, the value remained unchanged). The
edge connection values of the remaining nodes did not change.
The brain networks before and after successive failures were
taken as the input values of the rich-club structure, and the rich
club was used to analyze the results.

To study the changes in brain network topology before and
after successive fault attacks, we used the graph theory indices
of complex networks to study the difference in brain network
information transmission before and after successive CLM fault
attacks. The topological changes in the brain networks before and
after successive failures were measured by rich-club connections.

Graph Theory Indicators
To study the role of the cingulate gyrus in disease, we adopted
a CLM sequential failure model to attack the cingulate gyrus
and simulate the process of cingulate gyrus damage. Then,
we used the graph theory indices of complex networks to
analyze the difference between the brain networks after successive
CLM failure attacks occurred. In this experiment, we used the
clustering coefficient and global efficiency as two graph theory
indicators for study and analysis.

Clustering Coefficient
The clustering coefficient was an important parameter that was
used to describe the nodes’ tightness in the network. For a node i
with a degree value of ki, its clustering coefficient ci was defined
as the ratio of the actual number of edges between the ki nodes
connected to node i and the possible number of edges between
these nodes ei, namely:

ci =
2ei

ki(ki − 1)
(8)

The clustering coefficient C of the entire network was defined as
the mean clustering coefficient ci across all nodes in the network,
namely:

C =
1
N

N∑
i=1

ci (9)

Global Efficiency
When isolated nodes were contained in the network, the shortest
path length of the network was infinite. To avoid this problem,
someone put forward the concept of efficiency. In-network
efficiency (the global efficiency), which measured the global
information transmission ability, was Eglob.

The global efficiency was defined as the mean of the reciprocals
of the shortest path lengths between all pairs of nodes in the
network, i.e.,

Eglob =
1

N(N− 1)

∑
i,j∈V,i6=j

1
lij

(10)

where, N represents the number of nodes in the brain network
and lij represents the length of the shortest path between nodes i
and j in the subgraph.

Rich Club
A rich club is defined as a group of nodes in a random network
whose connectivity level exceeds the expected connectivity level.
Here, the degree value k of each node in the functional network
of the healthy control group was first calculated. The detection
process involved the following steps. (1) We discarded all nodes
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in the network whose degrees were less than k. (2) Then, we
calculated the ratio of the connections between the remaining
nodes and the total number of possible connections when the
network was in a fully connected state. (3) For each k, the
normalized rich-club coefficient was divided by the average rich-
club coefficient of 100 random networks (Colizza et al., 2006).

The normalized rich-club coefficient ϕnorm(k) was the ratio of
the rich-club coefficient ϕ(k) to ϕrandom(k), where, ϕrandom(k)
represents 100 random brain networks. The expression is as
follows:

φnorm(k) =
φ(k)

φrandom(k)
(11)

where, ϕ(k) is expressed as:

φ(k) =
2E>k

N>k(N>k − 1)
(12)

In the formula, E>k represents the number of connections
between nodes whose degrees were greater than k in the network,
and the denominator represents the total number of possible
connections between the nodes when the degree was set to “full
connection.” N>k denotes the number of nodes whose degree
was greater than k. E>k took the node degree K as the threshold
and constantly adjusted k to remove the nodes whose node
degrees were less than or equal to K from the network. In this
experiment, the value of K ranged from 1 to 89, and each value
was utilized one time to obtain a corresponding normalized rich-
club coefficient. Through the three steps of the rich-club test,
this paper found that the normalized rich-club coefficients of the
two groups of brain networks were greater than 1 in a certain
range, which was consistent with the results obtained by existing
studies (Li et al., 2016). The normalized rich-club coefficients
were obtained through a one-sample t-test. It was proved that the
brain functional networks of both the healthy control group and
the JME group had rich-club characteristics, which could be used
for subsequent rich-club studies.

Rich-club connections refer to the three types of connections
that can be formed according to the utilized node selection
standard: (1) rich connections, i.e., connections between rich-
club nodes; (2) feeder connections, i.e., connections between
rich-club and non-rich-club nodes; and (3) local connections, i.e.,
connections between non-rich-club nodes.

In this study, the brain networks of 37 healthy controls were
first calculated, and the average brain network of the 37 healthy
controls was constructed. On this basis, the degree value of
each node in the average brain network was obtained. The node
selection criteria included that the top 10% of nodes among
the 90 ranked nodes in terms of their degrees were selected
as "rich nodes," and the rest were defined as "non-rich nodes"
(Yan et al., 2018). According to the node selection criteria, nine
regions in the brain network satisfied the "rich node" selection
criteria, including the left middle cingulate gyrus, the left anterior
central gyrus, the right anterior central gyrus, the left precuneus,
the left dorsolateral superior frontal gyrus, the right dorsolateral
superior frontal gyrus, the left supplementary motor area, the
left parahippocampal gyrus, and the left middle frontal gyrus.
Therefore, these nine brain regions were defined as "rich nodes,"

TABLE 2 | Eigenvector centrality results.

Brain area Eigenvector centrality results

Left middle cingulate gyrus 0.1650

Right middle cingulate gyrus 0.1568

Right inferior temporal gyrus 0.1559

Right orbital inferior frontal gyrus 0.1475

Right supplementary motor area 0.1436

Left supplementary motor area 0.1434

Right middle frontal gyrus 0.1425

Left superior temporal gyrus 0.1413

Left inferior temporal gyrus 0.1405

while the other 81 brain regions were defined as "non-rich nodes."
The rich nodes and non-rich nodes were used to classify the
three kinds of connections. To ensure the reliability of the control
experiment, the same "rich nodes" and "non-rich nodes" were
selected from the healthy control group and the group of patients
JME for the division of the three kinds of connections instead
of selecting the "rich nodes" from the healthy control group. In
the group of patients with JME, the "rich nodes" of the brain
network for the patients with JME were selected according to the
node selection criteria, and then the three connection values were
calculated. The rich connection value was calculated as the sum of
the weights of the connections between all rich nodes in the brain
network. The feeder connection value was calculated as the sum
of the weights of the connections existing between rich nodes and
non-rich nodes. The local connection value was the sum of the
weights of all connections that existed between non-rich nodes.

RESULTS

The Eigenvector Centrality Results
The EC results for the top 10% of the node degrees in the 90 brain
regions are shown in Table 2. The left side shows the top nine
brain regions among the 90 brain regions in terms of EC, and
the right side shows the top nine EC values among the 90 brain
regions as calculated by the EC algorithm. The EC value of the
left middle cingulate gyrus was the highest in Table 2.

According to the principle of feature vector centrality, the
higher the value of feature vector centrality of a particular node,
the more important the node is. Therefore, in this experiment, we
selected the left middle cingulate region as the core region, as it
had the highest EC value.

Statistical Analysis Results Before and
After CLM Successive Failure Attacks
In this experiment, we used the clustering coefficient and global
efficiency as two graph theory indicators for study and analysis.

The statistical results for the clustering coefficients are shown
in Figure 2A. The left side of Figure 2A shows the clustering
coefficients before the CLM attack for the healthy control group
and the JME group. The right side of Figure 2A shows the
clustering coefficients after the CLM attack for the healthy control
group and the JME group. The results showed that the cluster
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FIGURE 2 | Statistical clustering coefficient and global efficiency results for the left middle cingulate gyrus before and after the attacks in the healthy control group
and the JME group. (A) Clustering coefficient results. (B) Global efficiency results. ∗p < 0.05, ∗∗p < 0.01, FDR-corrected.

values of the brain networks were significantly different between
groups before the CLM successive failure attacks (p < 0.01, FDR-
corrected). The cluster values of the brain networks were not
significantly different after the CLM attack between the healthy
control group and the JME group.

The statistical results regarding global efficiency are shown
in Figure 2B. The left side of Figure 2B shows the global
efficiency values before the CLM attack for the healthy control
group and the JME group. The right side of Figure 2B
contains the global efficiency results obtained after the CLM
attack for the healthy control group and the JME group. The
results showed that the global efficiency values of the brain
networks were significantly different between groups before the
CLM successive failure attacks (p < 0.05, FDR-corrected). The
global efficiency values of brain networks were not significantly
different after the CLM attacks between the healthy control group
and the JME group.

The Rich-Club Results
In this study, the rich-club organization of the brain network was
studied to explore the changes in the brain network before and
after the occurrence of successive failures. Two-sample t-tests
and a variance analysis were performed on the three types of
connections (rich connections, local connections, and feeder
connections) before and after CLM sequential failure attacks in
the healthy control group and the JME patient group.

The rich-club connections before and after the left
middle cingulate gyrus that was attacked for the healthy
control group and the JME group are shown in Figure 3.
Figure 3A shows the rich-club junction in the attacked
left middle cingulate gyrus for the healthy control group.
Figure 3A shows that the rich connections in the brain
network exhibited statistically significant differences before
and after the CLM attacks (p < 0.01, FDR-corrected), while
there were no significant differences in the feeder and
local connections. Figure 3B shows the rich-club junction
in the attacked left middle cingulate gyrus of the JME
group. The results showed that the rich, feeder, and local
connections were not statistically different in the brain network

before and after the CLM attack (p > 0.05, FDR-corrected)
for the JME group.

The rich-club connections before the left cingulate gyrus
attack for the healthy control and JME groups are shown
in Figure 4A. The results in Figure 4A show that the rich-
club organization of the brain network in the JME patient
group was changed from that in the healthy control group
before the CLM attack. The number of rich connections
was significantly reduced (p < 0.05, FDR-corrected), while
the feeder connections and local connections were not
significantly different. The rich-club connections after
attacking the left middle cingulate gyrus in the healthy
control group and the JME group are shown in Figure 4B.
The results showed that there were no significant differences
in the rich, feeder, and local connections after the CLM
attacks in the healthy control group and the JME group
(p > 0.05, FDR-corrected).

The variance analysis results for the rich clubs before the
attack in the healthy control group and JME group show that
there were fewer rich connections in the brain networks of the
patients with JME (p <0.05) than in those of the healthy controls
before the CLM attack. The feeder and local connections were not
significantly different.

The variance analysis results for the rich clubs before
and after the attack in the healthy control group show that
there were fewer rich connections in the brain networks of
the healthy controls (p < 0.01) before the CLM attack. The
feeder and local connections were not significantly different. No
statistically significant differences were observed among the rich
connections, feeder, or local connections after the CLM attacks
for the healthy controls.

The variance analysis results for the rich clubs before and after
the attack in the JME group show that the rich, feeder, and local
connections in the JME group before and after the CLM attacks
were not significantly different.

The variance analysis results for the rich clubs after the attacks
in the healthy control group and the JME group show that the
rich, feeder, and local connections after the CLM attacks were not
significantly different between the healthy control group and the
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FIGURE 3 | Statistical testing results for the rich-club junction of the left middle cingulate gyrus before and after the attacks in the healthy control group (A) and JME
group (B). ∗∗p < 0.01, FDR-corrected.

JME group. These results were consistent with those of the rich-
club single-sample t-test.

Additionally, to better understand the relationships between
the damage to the rich-club topological structure and patients’
diseases, we performed a correlation study between the rich
connections and patient disease durations.

The relationship between disease duration and the number of
rich connections is shown in Figure 5. The abscissa represents
the disease duration for patients with JME, and the ordinate
denotes the patient’s rich connection weights. The results showed
that there was a negative correlation between the rich connection
weights and the patients’ disease durations. This result showed
that the weight values of rich connections in the brain network
decreased as the illness duration increased.

DISCUSSION

In this paper, we examined JME disorders in terms of network
modularity and network topological organization. The EC
algorithm was used to calculate the EC values of 90 brain regions.
The left middle cingulate gyrus was determined as a core brain
region, and its role in JME disease was studied. This method was
more feasible than the previous method of selecting core nodes
according to their degree centrality (Yu et al., 2018).

Previous studies of the cingulate gyrus have shown that
atrophy of the right caudal anterior cingulate cortex (cACC) may
contribute to reduced performance in functional tasks such as

the stroop and auditory consonant trigrams (ACT), although
this may be only one node of a broad brain network involved
in these cognitive processes (Merkley et al., 2013). Functional
connectivity between the cingulate gyrus and other brain regions
is abnormal in cortical areas that facilitate motor function and
sensory-motor integration (Clemens et al., 2013). The anterior
cingulate cortex (ACC) is known to be involved in functions
such as emotion, pain, and cognitive control (Parvizi et al., 2013).
The cingulate motor areas project to the spinal cord and red
nucleus and have premotor functions, while the nociceptive area
is engaged in both response selection and cognitively demanding
information processing. Cingulate epilepsy syndrome provides
important support from experimental animal and human
functional imaging studies for the role of anterior cingulate cortex
in movement, affect, and social behaviors. Excessive cingulate
activity in patients with seizures confirmed in the anterior
cingulate cortex via subdural electrode recordings can impair
consciousness, alter affective state and expression, and influence
skeletomotor and autonomic activity. The above findings suggest
that, in JME, the cingulate gyrus is involved in both cognitive and
motor activity in the brain network. Abnormalities in this brain
region cause abnormalities in both cognitive and motor activity in
the brain network. This is consistent with the clinical appearance
of cognitive and motor deficits in JME and suggests that the
cingulate gyrus has an important role in the study of JME. This
corroborates the previous results on feature vector centrality.
Both in conjunction with the feature vector centrality algorithm
and in relation to previous studies of the middle cingulate gyrus,
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FIGURE 4 | Results for the rich-club junctions in the healthy control group and the JME group. (A) Results for the rich-club junctions before the attacks. (B) Results
for the rich-club junctions after the attacks. ∗p < 0.05, FDR-corrected.

our selected left middle cingulate brain region does play an
important role in the brain network.

To study the influence of cingulate gyrus malfunction on the
brain network, the clustering coefficient and global efficiency
of the brain network were calculated, and the results were
statistically analyzed. We found that the clustering coefficient
and global efficiency results before and after successive CLM
failure attacks exhibited significant differences. The clustering
coefficient represented an important parameter regarding the
degree of node connections. The observed significant reduction
in the clustering coefficient indicated that the node connections
related to the left middle cingulate gyrus were blocked after
successive failure attacks, which led to a significant decrease in
the clustering coefficient results. Global efficiency represents the
global information transmission capability of the brain network.
After successive failure attacks, the transmitted and received
information that passed through the middle cingulate gyrus in
the brain network was interrupted. This phenomenon led to
information transmission capability changes.

To investigate the effect of the left cingulate gyrus on the
network topology, we used CLM successive failure attacks on
the central brain region to study the rich-club organization
differences in the brain networks of healthy controls and patients
with JME before and after the attacks. First, we calculated the
rich-club connections of the healthy controls and patients with
JME before executing CLM successive failure attacks. The results

FIGURE 5 | Relationship between disease duration and the number of rich
connections.

showed a statistically significant difference between the numbers
of rich connections in the group of patients with JME and
the healthy control group. The number of rich connections
was significantly reduced (p < 0.05, FDR-corrected). The feeder
connection and local connection results showed no significant
difference between the two groups. The above results suggest that
there were fewer rich-club connections in the brain networks
of patients with JME than in those of the healthy controls
before CLM successively failed to attack the left middle cingulate
gyrus. The most significant results were for the rich connections,
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which indicated that the rich-club tissue in the brain networks
of the patients was damaged. A comparison between the rich-
club results of the healthy subjects and patients with JME before
and after CLM successive failure attacks showed that only the
rich connections in the healthy controls exhibited statistically
significant differences before and after the attacks (p < 0.01,
FDR-corrected). There was no significant difference between
the feeder connections and local connections. No significant
differences were observed among the rich connections, local
connections, and feeder connections in the patients with JME
before and after successive CLM failure attacks on the left
middle cingulate gyrus. This indicated that left middle cingulate
gyrus lesions were already present in the group of patients with
JME, so there were no significant differences before and after
successive CLM failure attacks. The rich-club organization results
of healthy subjects and patients with JME after successive CLM
failure attacks showed no significant differences in terms of
the rich connections, feeder connections, and local connections
(p > 0.05, FDR-corrected) after successive CLM failure attacks.
This means that the results changed from a significant difference
regarding the rich connections before the attack to no significant
difference in the healthy controls after successive CLM failure
attacks on the left middle cingulate gyrus. This suggested that
the rich-club connections in the healthy control brain networks
after successive failure attacks were similar to the rich-club
connections in the patients with JME. The hub regions were
damaged in the patients with JME relative to those of normal
subjects, and the left middle cingulate gyrus abnormalities might
be related to the physiological mechanism of juvenile myoclonic
seizures. Damage to the left middle cingulate gyrus in healthy
controls was likely to induce disease in healthy subjects. At the
same time, to better understand the relationship between the
impairment of the rich-club topological structure and disease,
we performed a correlation study between rich connections and
patients’ disease durations. We found that there was a negative
correlation between the rich connection weights and patients’
illness durations. This result showed that the weight values of rich
connections in the brain network decreased as the duration of
illness increased.

These results suggested that the left middle cingulate gyrus in
patients with JME was impaired compared with that in normal
subjects; this may be related to the physiological mechanism
of adolescent clonic seizures. The rich-club organization was
made up of three types of connections. Rich connections in
the rich club referred to the connections between rich nodes,
which were located in the central position of brain network. Rich
connections played a key role in achieving whole-brain neural
signal reception and communication between brain regions,
which affected many structural and functional properties of
the network, including its topology, path efficiency, and load
distribution (Csigi et al., 2017). The left middle cingulate fell
within the category of rich nodes. Therefore, for healthy controls
before the successively CLM failure attacks, the central brain
region functioned normally in terms of the rich-club connections
and graph theory indicators, and the rich connection weight
values were normal. In the JME group, the left middle cingulate
gyrus was damaged, and the rich connection weight values

were outside of the normal range. On this basis, the rich-
club connections in the healthy control group and the group
of patients with JME were significantly different before the
successive CLM failures. The left middle cingulate gyrus lesions
were simulated after successive CLM failure attacks on the
core brain region. After the lesions, the neural signals passing
through the rich nodes and the communication information
between the functional network regions were greatly reduced.
This caused more information that should be transmitted
through this road in the brain network to be blocked. Then,
the communication information of the whole brain was greatly
reduced in terms of a reduction in the number of rich
connections. The topology and function connections of the
brain network and the graph theory indicators were reorganized
(Zhu et al., 2016). Therefore, the rich connections exhibited
significant differences for the healthy controls before and after
the CLM attacks. The impacts of the left middle cingulate
gyrus on the local connections and feeder connections were
smaller. No significant differences were observed between the
local connections and feeder connections. Similarly, the "rich
node" of the midbrain network of the left middle cingulate node
was diseased before the CLM attacks in each patient with JMEt,
which resulted in the reorganization of the topological structure
of the rich-club connections of the brain network, and the
weight values of the rich connections were reduced. Therefore,
the CLM sequential failure attack was carried out again. There
was no significant change in the weight values of the rich
connections. No significant differences were observed between
the rich connections before and after the CLM attacks in the
group of patients with JME. The middle cingulate gyrus had little
influence on the local connections and feeder connections. There
were no significant differences between the local connections and
feeder connections. After the CLM attacks, left middle cingulate
gyrus legions were found in both the healthy control group
and the group of patients with JME, and the changes in the
left middle cingulate gyrus legions of the brain networks of the
two groups were relatively consistent. The results showed that
the rich-club connections in the two brain networks changed
from exhibiting a significant difference before the attacks to
presenting no significant difference. This suggested that damage
to the left middle cingulate gyrus in healthy controls is likely
to induce disease in healthy subjects. Research papers have
shown a link between damaged brain connectivity and disease
(Ansari et al., 2019).

It is worth noting that the cingulate gyrus could also integrate
other neural networks and had close connections between its
interneurons (Bagla and Skidmore, 2011; Unnwongse et al.,
2012). The middle cingulate gyrus is a part of the cingulate
gyrus and plays a role in communication between the anterior
and posterior cingulate gyri. Therefore, the function of the left
middle cingulate gyrus might be similar to that of the cingulate
gyrus, and it may play an important role in communicating
with other neural networks. Studies on the cingulate gyrus have
confirmed that the middle cingulate gyrus is also known as
the cingulate motor area (CMA). The middle cingulate gyrus
is located below the pre-supplementary motor area (SMA)
between the vertical commissure anterior (VCA) and vertical

Frontiers in Neuroscience | www.frontiersin.org 10 April 2022 | Volume 16 | Article 86404062

https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-16-864040 April 8, 2022 Time: 15:26 # 11

Ke et al. Topological Reconfiguration in Brain Network

commissure posterior (VCP) lines (McConachie and King,
1997), and it is another cortical area that is associated with
the motor area (Vogt et al., 1992). The middle cingulate
gyrus, which lies below the presubjective motor area (pre-
SMA), had projections to the anterior part of the subjective
motor area, the dorsolateral prefrontal cortex, the primary
motor cortex, the inferior parietal cortex, the reticular formation
and motor thalamus, the red nucleus, and the spinal cord.
The middle cingulate gyrus exhibited three characteristics
with respect to information processing; i.e., it had a unique
way of processing emotional, sensory, motor, and cognitive
information. It could also integrate inputs from multiple sources,
including motivation formations, error predictions, and cognitive
and affective network reappearances. It also affected activity
in other brain regions, such as the regulation of motor,
cognitive, endocrine, and visceral responses (Devinsky et al.,
1995; Bagla and Skidmore, 2011; Unnwongse et al., 2012).
From an anatomical point of view, the cingulate has a unique
emotional, sensory, motor, and cognitive information process
(Bagla and Skidmore, 2011; Unnwongse et al., 2012). At the
functional level of the brain, the middle cingulate might be
involved in the ability to communicate with other neural
networks of the brain and the ability to modulate executive
functions. Combined with the role of the middle cingulate
gyrus regarding the anatomy and functional connectivity of the
brain network, it is known that left middle cingulate gyrus
lesions can, indeed, cause abnormalities in neural network
communication within the brain network and abnormalities in
terms of motor area function, which would lead to physiological
abnormalities at the motor level in patients. This is consistent
with the descriptions of myoclonic seizures, atonic seizures,
generalized tonic-clonic seizures, cognitive impairment, and
motor impairment in the clinical presentation of JME. This
result suggested that left middle cingulate gyrus lesions had the
potential to cause abnormalities in the functional interactions
among brain networks, which, in turn, led to motor impairment
in patients with JME.

Studies of patients with middle cingulate epilepsy have
suggested that middle cingulate epilepsy might be associated
with paramotor movements and might manifest clinically as
generalized tonic-clonic seizures (GTCSs), tonic seizures or
paroxysmal seizures (Devinsky et al., 1995). Lim et al. reported
that the main manifestations of middle cingulate epilepsy are
spastic seizures (Lim et al., 2004). It has also been shown
that the clinical manifestations of middle cingulate epilepsy
are spastic seizures (Schrader et al., 2009). A recent study has
reported protean manifestations of epileptic seizures that have
been ascribed to the cingulate gyrus (Lim et al., 2004). These
studies suggested that the left cingulate gyrus plays a role in
the disease not only by regulating the communication between
brain networks and other neural networks and regulating

executive functions but also by affecting motor area function.
The left middle cingulate gyrus lesions exhibited spastic seizures,
which was consistent with the descriptions of the physiological
phenomena of JME clinical manifestations (myoclonic seizures,
motor seizures, generalized tonic-clonic seizures, cognitive
impairment, and motor deficits). It was further demonstrated
that the abnormalities of the left middle cingulate gyrus were,
indeed, related to the functional interactions among brain
networks and motor disorders from a pathological perspective.
Therefore, the findings of our study showed that abnormalities
in the left middle cingulate gyrus might lead to brain network
topological reorganization and motor deficits. Our findings
suggested that the left middle cingulate gyrus is a key brain
region in patients with JME and is strongly associated with
the pathogenesis of JME. However, the present experiment also
has limitations. Brain mapping was performed in the present
experiment with the AAL-90 without the cerebellum. According
to the function of the cerebellum, abnormalities in this region are
also associated with motor deficits. Therefore, the absence of the
cerebellar template in the AAL-90 brain atlas could have affected
the results of our experiment. We will address this limitation in
subsequent experiments.
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Background and Purpose: The proportion of patients with somatic diseases
associated with anxiety is increasing each year, and pulmonary nodules have become a
non-negligible cause of anxiety, the mechanism of which is unclear. The study focus on
the cerebral blood flow (CBF) of anxiety in patients with pulmonary nodules to explore
the cerebral perfusion pattern of anxiety associated with pulmonary nodules, blood
perfusion status and mode of pulmonary nodule induced anxiety state.

Materials and Methods: Patients with unconfirmed pulmonary nodules were evaluated
by Hamilton Anxiety Scale (HAMA). The total score > 14 was defined as anxiety group,
and the total score ≤ 14 points was defined as non-anxiety group. A total of 38 patients
were enrolled, of which 19 patients were the anxiety group and 19 were the non-
anxiety group. All subjects underwent arterial spin labeling imaging using a 3.0 T MRI.
A two-sample t-test was performed to compare the CBF between the two groups.
The CBF was extracted in brain regions with difference, and Spearman correlation was
used to analyze the correlation between CBF and HAMA scores; ROC was used to
analyze the performance of CBF to distinguish between the anxiety group and the
non-anxiety group.

Results: The CBF in the right insula/Heschl’s cortex of the anxiety group decreased
(cluster = 109, peak t = 4.124, and P < 0.001), and the CBF in the right postcentral
gyrus increased (cluster = 53, peak t = −3.912, and P < 0.001) in the anxiety group.
But there was no correlation between CBF and HAMA score. The ROC analysis of the
CBF of the right insula/Heschl’s cortex showed that the AUC was 0.856 (95%CI, 0.729,
0.983; P < 0.001), the optimal cutoff value of the CBF was 50.899, with the sensitivity of
0.895, and specificity of 0.789. The ROC analysis of CBF in the right postcentral gyrus
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showed that the AUC was 0.845 (95%CI, 0.718, 0.972; P < 0.001), the optimal cutoff
value of CBF was 43.595, with the sensitivity of 0.737, and specificity of 0.842.

Conclusion: The CBF of the right insula/Heschl’s cortex decreased and the CBF of
the right postcentral gyrus increased in patients with pulmonary nodules under anxiety
state, and the CBF of the aforementioned brain regions can accurately distinguish the
anxiety group from the non-anxiety group.

Keywords: pulmonary nodules, anxiety, arterial spin labeling, cerebral blood flow, cerebral perfusion

INTRODUCTION

Anxiety disorder is a group of mental disorders that mainly
manifested by pathological anxiety symptoms. According to
the clinical manifestations and pathogenesis, it mainly includes
generalized anxiety disorder (GAD), specific phobia (animal,
natural environment and blood-injection-injury, etc.), panic
disorder, anxiety disorders due to another medical condition, etc.
In recent years, the proportion of patients with somatic diseases
accompanied by anxiety disorders has increased significantly.
The somatic diseases highly related to anxiety mainly include
neurological diseases, non-cardiac chest pain, diabetes,
gastrointestinal diseases, and cardiovascular and respiratory
diseases. Somatic and mental disorders are inextricably linked
(Wang et al., 2019). Psychological abnormalities caused by
somatic diseases can lead to damage to social functions that
required timely intervention. Currently, pulmonary nodules
have become a non-negligible somatic disease of anxiety.

Low-dose computed tomography (LDCT) has been widely
recommended to screen lung cancer for high risk adults (Zhou
et al., 2018), and lung cancer mortality and overall mortality
might decrease by 20 and 6.7%, respectively (Aberle et al., 2011).
As the increasing number of people undergo LDCT screening,
millions of people are found to have pulmonary nodules every
year (Slatore and Wiener, 2018). However, the vast majority of
pulmonary nodules are benign (Fan et al., 2019; Lin et al., 2019),
individuals with which may experience psychological harm as a
result of a “near-cancer” diagnosis (Slatore and Wiener, 2018;
Li L. et al., 2020). Previous studies show the incidence of anxiety
in patients with pulmonary nodules ranges from 39.8 to 59.3%
(Freiman et al., 2016; Li L. et al., 2020; Wang et al., 2020). But the
neural basis of anxiety in patients with pulmonary nodules is still
complex and vague.

The neuroimaging, especially magnetic resonance imaging
(MRI), may provide critical information for understanding the
disease. The cerebral perfusion is fundamental for the function
of brain, and perfusion imaging can be used to indirectly or
directly understand these changes. Arterial spinal labeling (ASL)
is a imaging method with greater reliability over blood oxygen
level-dependent functional magnetic resonance imaging (BOLD-
fMRI) that can measure the regional cerebral blood flow (CBF)
quantitatively (Tuite, 2017). In recent years, CBF is closely related
to normal brain function, so it has attracted much attention in the
research of brain function, and may provide a large amount of
brain physiological information (Liang et al., 2013), particularly
in neurological and psychiatric disorders (Cui et al., 2017a,b;

Yu et al., 2021; Chen et al., 2022; Hu et al., 2022; Wang et al.,
2022). However, no study has researched the changes of CBF in
anxiety of patients with pulmonary nodules.

Therefore, we conducted CBF research based on ASL to
explore the cerebral perfusion pattern of anxiety associated
with pulmonary nodules, blood perfusion status and mode of
pulmonary nodule anxiety induced state, so as to contribute to a
more comprehension of its neuroimaging phenotype and provide
the basis and possibility for exploring new and more effective
intervention measures.

MATERIALS AND METHODS

Patients
From March 2021 to September 2021, 42 patients with
unconfirmed pulmonary nodules from the Pulmonary and
Critical Care Medicine, the First Affiliated Hospital of Chongqing
Medical University underwent MRI. Four patients were excluded,
two of which were found obvious demyelinating lesions, and
the other 2 patients’ image quality could not meet the analysis
standards. A total of 38 patients were included in this study, of
which 19 patients entered the anxiety group and 19 entered the
non-anxiety group. The patients of the two groups were matched
for sex, age, and years of education. The inclusion criteria were
as follows: (1) all patients were aged from 18 to 65 years old;
(2) pulmonary nodules were found by chest CT examination
without definite pathological diagnosis by puncture or surgery,
diameter of which ≤3 cm; and (3) they were right handed. The
exclusion criteria were as follows: (1) a history of mental illness;
(2) communication impairments, such as hearing or speech
impairments; (3) suffering from a severely unstable physical
condition; (4) combined with hypertension, diabetes, thyroid
disease, heart disease, chronic obstructive pulmonary disease,
bronchiectasis, narrow-angle glaucoma, previous head trauma,
cerebral infarction, cerebral hemorrhage, intracranial mass,
epilepsy, disturbance of consciousness, and other intracranial
organic lesions; (5) pregnant or breast-feeding women, or those
planning to become pregnant; (6) presence of fixed dentures
or tattoos; (7) MRI examination revealed intracranial dysplasia,
mass, severe multiple lacunar infarction and demyelinating
lesions; (8) metal implants in the body, such as the skull
and mouth, which affect the quality of image data; and (9)
contraindications to MRI scanning.

The demographic characteristics of the patients were collected,
including gender, age, ethnicity, marital status, years of
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education, occupation, alcohol consumption, smoking history,
second-hand smoke exposure, malignant tumor history, and
family history of malignancy. The clinical data were collected,
including respiratory symptoms, course of pulmonary nodules,
number of pulmonary nodules, diameter of the largest pulmonary
nodule, and the decision of doctors. The written informed
consent of all individuals were obtained. The study was approved
by the institutional of the First Affiliated Hospital of Chongqing
Medical University Ethics Board (2019-083).

Clinical Assessment
Patients were evaluated by Hamilton Anxiety Scale (HAMA) in a
quiet studio before undertaking MRI. The HAMA is a 14-item
rating scale that measures the severity of anxiety based on the
frequency and impairment of symptoms during the past week.
Each item ranges from 0 (not present) to 4 (very severe). Higher
scores indicate a greater degree of anxiety. The total score > 14
was defined as anxiety group, and the total score ≤ 14 points was
defined as non-anxiety group.

Image Acquisition
The subjects were required to lie down quietly and with their
eyes closed. During the scanning process, they were required
to stay awake and not fall asleep. Both ears were plugged with
earplugs to protect their hearing. The head was fixed with a
sponge to reduce head movement. A standard 8-channel head
coil was used with a GE signal Signa HDx 3.0 T MRI scanner
(United States). Intracranial lesions and structural abnormalities
were excluded using 3D high-resolution T1WI, T2WI, and T2
FLAIR sequences, followed by ASL. ASL parameters: TR 4639 ms,
TE 9.8 ms, slice thickness 4.0 mm, acquisition slices 40, NEX 3,
FOV 24 mm × 240 mm, matrix 512 × 8 (3D spiral filling), PLD
1525 ms, acquisition time 4 min 20 s.

Image Processing
The DICOM images were converted into NIFTI format by
dcm2nii software, and then SPM12 was run in the Matlab13b,
and the image of each subject was registered by the one-step
registration method, and the image quality after registration
was checked. Then, dpabi4.3 was used for image normalization;
SPM12 was used for spatial smoothing, and the full width at half-
maximum of the Gaussian kernel was 6 mm. As performed by a
previous study (He et al., 2019), the data were standardized by the
signal of whole brain.

Statistical Analysis
Two-sample t-test was used to compare CBF between groups,
and age, gender, and years of education were used as covariates
for regression. The P value was set as 0.001 (cluster > 50). The
above steps was completed based on SPM12. Xjview10 was used
to visualize the results, combined with DPABI 4.3 to extract
the CBF values of the brain regions with difference. Spearman
correlation analysis was used to evaluate the correlation between
the CBF value and HAMA score; ROC analysis was used to
assess the capacity of the CBF for distinguishing the anxiety
group from the non-anxiety group, and P < 0.05 were considered
statistically significant.

RESULTS

Demographic and Clinical Data
The proportion of single pulmonary nodules in the anxiety
group was significantly lower than that in the non-anxiety group
(15.79% vs. 47.37%, P = 0.039). There were no significant
difference between the two groups in gender, marital status,
daily alcohol consumption, smoking history, secondhand smoke
exposure history, malignant tumor history, tumor family history,
occupational exposure history, pulmonary nodules detected by
physical examination, respiratory symptoms, decision of doctors,
age, years of education, course of pulmonary nodules, and the
diameter of the largest pulmonary nodule (P > 0.05, Table 1).

Difference of Cerebral Blood Flow
Between Anxiety Group and Non-anxiety
Group
Compared with the non-anxiety group, CBF decreased in the
right insula/Heschl’s cortex (cluster = 109, peak t = 4.124, and
P < 0.001; Figure 1A), and increased in the right postcentral
gyrus (cluster = 53, peak t = −3.912, and P < 0.001; Figure 1B) in
anxiety group. Two-sample t-test revealed that CBF in the right
insula/Heschl’s cortex of anxiety group was significantly lower
than non-anxiety (49.34 ± 4.76 vs. 56.42 ± 5.21, t = −4.374,
and P < 0.001; Figure 2), while CBF in the right postcentral
gyrus of anxiety group was significantly higher than non-anxiety
(45.37 ± 2.25 vs. 41.31 ± 3.77, t = 4.024, and P< 0.001; Figure 3).

Correlation Between Cerebral Blood
Flow and Hamilton Anxiety Scale Score
There was no correlation of CBF in the right insula/Heschl’s
cortex and HAMA in both anxiety and non-anxiety groups
(r = −0.115, P = 0.640; r = −0.062, P = 0.802; Figure 4). There was
no correlation between CBF in the right postcentral gyrus with
difference and HAMA in both anxiety and non-anxiety groups
(r = 0.059, P = 0.811; r = 0.081, P = 0.740; Figure 5).

Capacity of Cerebral Blood Flow in
Anxiety Classification
The ROC analysis of CBF in the right insula/Heschl’s cortex
showed an AUC of 0.856 (95%CI, 0.729, 0.983; P < 0.001). When
the optimal cutoff value of CBF was 50.899, the Youden index was
0.684, the sensitivity was 0.895, the specificity was 0.789, and the
accuracy was 0.821 (Figure 6). The ROC analysis of CBF in the
right postcentral gyrus showed an AUC of 0.845 (95%CI, 0.718,
0.972; P < 0.001). When the optimal cutoff value of CBF was
43.595, the Youden index was 0.579, the sensitivity was 0.737, the
specificity was 0.842, and the accuracy was 0.789 (Figure 7).

DISCUSSION

In this study, we performed ASL imaging and calculated CBF. It
was found that in patients with pulmonary nodules combined
with anxiety, the CBF of the right insula/Heschl’s cortex
decreased, and the CBF of the right postcentral gyrus increased.
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TABLE 1 | Comparison of demographic characteristics and clinical data between
anxiety group and non-anxiety group.

Anxiety
group

Non-anxiety
group

χ2 or t or
Z value

P value

Gender
Female, n (%) 13 (68.42%) 11 (57.89%) 0.440 0.507
Male, n (%) 6 (31.58%) 8 (42.11%)
Marital status
Married, n (%) 15 (78.95%) 18 (94.74%) 2.018 0.155
No spouse, n (%) 4 (21.05%) 1 (5.26%)
Daily alcohol consumption
Yes, n (%) 1 (5.26%) 1 (5.26%) 0.000 1.000
No, n (%) 18 (94.74%) 18 (94.74%)
Smoking
Yes, n (%) 4 (21.05%) 4 (21.05%) 0.000 1.000
No, n (%) 15 (78.95%) 15 (78.95%)
Malignant tumor history
Yes, n (%) 1 (5.26%) 0 (0.00%) 1.000 0.317
No, n (%) 18 (94.74%) 19 (100.00%)
Family history of tumor
Yes, n (%) 9 (47.37%) 8 (42.11%) 0.104 0.748
No, n (%) 10 (52.63%) 11 (57.89%)

Occupational exposure history

Yes, n (%) 2 (10.53%) 0 (0.00%) 2.056 0.152

No, n (%) 17 (89.47%) 19 (100.00%)

Secondhand smoke exposure history

Yes, n (%) 8 (42.11%) 3 (15.79%) 3.114 0.078

No, n (%) 11 (57.89%) 16 (84.21%)

Pulmonary nodules detected by physical examination

Yes, n (%) 13 (68.42%) 13 (68.42%) 0.000 1.000

No, n (%) 6 (31.58%) 6 (31.58%)

Respiratory symptoms

Yes, n (%) 3 (15.79%) 3 (15.79%) 0.000 1.000

No, n (%) 16 (84.21%) 16 (84.21%)

Numbers of pulmonary nodules

Single, n (%) 3 (15.79%) 9 (47.37%) 4.269 0.039

≥2 nodules, n (%) 16 (84.21%) 10 (52.63%)

Decision of doctors

Follow-up, n (%) 12 (63.16%) 16 (84.21%) 2.114 0.146

Puncture or surgery, n (%) 7 (36.84%) 3 (15.79%)

Age (years),−x ± s 48.58 ± 7.11 43.37 ± 10.67 1.771 0.086

Years of education, M (Q1,
Q3)

12 (9, 15) 14 (10, 15) −0.747 0.455&

Course of pulmonary
nodules (month), M (Q1,
Q3)

4 (1, 12) 8 (1, 17) −0.927 0.354&

The diameter of the largest
pulmonary nodule (mm), M
(Q1, Q3)

5 (4, 10) 5 (4, 7) −0.695 0.487&

“&” Years of education, course of pulmonary nodules, and the diameter of the
largest pulmonary nodule showed non-normal distribution, using Mann–Whitney
U test.

And the CBF values of the above-mentioned brain regions with
difference can accurately distinguish the anxiety group from the
non-anxiety group. ASL is a non-invasive imaging technique that
can quantitatively reflect tissue perfusion. Blood flow is the blood
delivered to a unit of tissue per unit time, reflecting the metabolic
and functional state of the tissue. It has been used for the
research in brain tumors (Batalov et al., 2021), vascular cognitive
impairment (Malojcic et al., 2017), brain injury (Li N. et al.,

2020), ischemic stroke (Aracki-Trenkic et al., 2020), depression
(Zhang et al., 2020), Alzheimer’s disease (Malojcic et al., 2017),
kidney disease (Nery et al., 2019), musculoskeletal tumor (Xu
et al., 2018), and even lung cystic fibrosis (Hernandez-Garcia
et al., 2019), at the same time, it has also been widely used in
clinical practice.

From a cognitive neuroscience perspective, anxiety is a state
of distress and arousal prototypically evoked by uncertain danger
(Hur et al., 2020), and anxiety disorder is the most common
familial mental disorder (Collaborators, 2016). Persistent state
of anxiety can cause social and physical dysfunction sometimes
(Conway et al., 2019). Existing treatments still need to improve on
the effectiveness and the side effects (Griebel and Holmes, 2013).
Therefore, it is urgent to explore its neurobiological mechanism
further. Previous studies have proved the high incidence of
anxiety in patients with pulmonary nodules (Freiman et al., 2016;
Li L. et al., 2020; Wang et al., 2020), so pulmonary nodules have
become a non-negligible cause of anxiety, the CBF changes of
which is still unclear.

This study has explored the CBF in anxiety patients with
pulmonary nodules and found decreased CBF in the right
insula/Heschl’s cortex and increased CBF in the right postcentral
gyrus. Although there was no correlation of CBF in the
aforementioned brain regions and HAMA scores, they contribute
to the differentiation of anxiety group from the non-anxiety
group. When the CBF value was selected at the optimal cutoff
point, the accuracy of CBF in right insula/Heschl’s cortex is
higher than right postcentral gyrus.

Cerebral blood flow has been used to investigate the
neurobiological mechanisms of other anxiety disorders.
Anxiety may lead to poor performance in cognitive tests and
neuroimaging differences in patients with somatic diseases.
Studies have shown that individuals with comorbid symptoms
of anxiety and depression have lower performance in all
cognitive tests, and reduced CBF in gray matter (Raffield
et al., 2016). Anxiety and depression are the most common
symptoms in neuropsychiatric systemic lupus erythematosus
(NPSLE; Moustafa et al., 2020), that may have significant impact
on mental health and health-related quality of life. Reduced
prefrontal white matter perfusion was reported in a group of
patients with NPSLE, which was associated with more severe
anxiety symptoms (Papadaki et al., 2019). The frontal lobe is also
considered to be an essential part of emotion assessment and
regulation networks (Dixon et al., 2017).

Further studies have shown that individual differences in
anxiety symptoms in NPSLE are related to specific and complex
hemodynamics in the limbic system and prefrontal brain regions,
as anxiety symptoms are mainly related to the increased perfusion
dynamics in the right amygdala (Antypa et al., 2021). This study
found changes in the CBF of the right insula/Heschl’s cortex and
postcentral gyrus in anxiety patients with pulmonary nodules,
of which the insula is currently considered to belong to the
limbic system. The connectivity of subcortical areas to insula
plays a pivotal role in anxiety (Robinson et al., 2019). However,
the present study did not find abnormal perfusion in the frontal
lobe of patients with pulmonary nodules combined with anxiety,
which may be related to different underlying diseases.
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FIGURE 1 | CBF differences between anxiety and non-anxiety group patients with pulmonary nodules. (A) The blue area represents CBF decrease
(Insula_R/Heschl_R). (B) The red area represents CBF increase (Postcentral_R).

A previous study reported increased CBF in the posterior
temporal-occipital area of patients with GAD when dealing
with sentences induced anxiety, meanwhile, no significant

FIGURE 2 | Two-sample t test of CBF in the right insula/Heschl’s cortex
between anxiety group and non-anxiety group.

FIGURE 3 | Two-sample t test of CBF in the right postcentral gyrus between
anxiety group and non-anxiety group.

between-group difference was observed between the patients
and healthy control (Andreescu et al., 2011). In addition,
when patients with GAD were instructed to suppress
their worries through reassessment, reduced CBF was
found in the striatum, prefrontal cortex, middle cingulate,
and sensorimotor areas (Karim et al., 2017a). In patients
with chronic traumatic brain injury, voxel-wise analysis
showed that CBF in the hippocampus, parahippocampus,
rostral anterior cingulate, inferior frontal gyrus, and other
temporal regions were negatively associated with self-reported
anxiety. Moreover, region of interest (ROI) analysis revealed
that CBF in hippocampal and rostral anterior cingulate
were negatively associated with symptoms of anxiety
(Thomas et al., 2021).

Notably, the changed brain areas are not common areas
in anxiety disorders-related studies. The subcortical areas (the
bed nucleus of the stria terminalis, the amygdala, and the
hippocampus) are highlighted in the neural circuitry of anxiety
(Robinson et al., 2019). However, somatic diseases are risk factors
for developing anxiety symptom by causing neurohumoral
dysfunction, and there is a bidirectional association between
anxiety and somatic disease (Henning et al., 2020). The
underlying mechanisms of comorbid anxiety in individuals with
somatic diseases comprise unhealthy lifestyles, low treatment
adherence, and dysregulations of psychobiological stress systems
(Penninx et al., 2021), differing from anxiety disorders. As
the first research of CBF in patients with pulmonary nodules
complicated with anxiety, it was found that CBF decreased in the
right insula/Heschl’s cortex and increased in the right postcentral
gyrus, which is inconsistent with the abnormal CBF brain
region found in the above study, suggesting that patients with
pulmonary nodules complicated with anxiety have a different
cerebral perfusion pattern from other anxious people. But, in
another study revealed group differences in CBF in the inferior
parietal lobule and in the postcentral and precentral gyri during
anxiety induction of patients (Karim et al., 2017b), and the CBF
alteration in the postcentral gyrus was consistent with the present
study, suggesting a common neuroimaging phenotype in certain
types of anxiety.
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FIGURE 4 | Correlation analysis of CBF in brain regions with difference (Insula_R/Heschl_R) and HAMA score in two groups. (A) The correlation analysis in anxiety
group. (B) The correlation analysis in non-anxiety group.

FIGURE 5 | Correlation analysis of CBF in brain regions with difference (Postcentral_R) and HAMA score in two groups. (A) The correlation analysis in anxiety group.
(B) The correlation analysis in non-anxiety group.

However, the mechanisms of anxiety are quite complex. Lots
of studies show that anxiety-fear stimuli affect multiple regions,
including the anterior insula, middle cingulate cortex, thalamus,
and amygdala (Fullana et al., 2018). A meta-analysis showed that
both induced anxiety and pathological anxiety showed increased

FIGURE 6 | The ROC curve of CBF in the brain regions with difference
(Insula_R/Heschl_R) for distinguishing the anxiety group from the non-anxiety
group.

activity in the left and right insula and cingulate cortex/medial
prefrontal cortex; however, When the analyses were split by
disorder, specific phobia appeared the most, and GAD the least,
similar to induced anxiety (Chavanne and Robinson, 2021). Even

FIGURE 7 | The ROC curve of CBF in the brain regions with difference
(Postcentral_R) for distinguishing the anxiety group from the non-anxiety
group.
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Murty et al. (2022) found that the effect of anxious apprehension
was distributed across the brain and that the temporal evolution
of the responses was quite varied, including more transient and
more sustained profiles, as well as signal increases and decreases
with threat. Hence, more researches need to be performed to
validate the results.

There are some limitations of our study. First, a single-
modality study sequence was used in our study. Diffusion tensor
imaging and fMRI will be needed in the future. Second, the
sample size was not large. Although our study was able to detect
clinically relevant effects, it is important to conduct large sample
research in the future.

CONCLUSION

Therefore, decreased CBF in the right insula cortex of the
anxiety group found by the current study demonstrates the
neurobiological basis of the anxiety state to some extent.
CBF in the right insula/Heschl’s cortex and right postcentral
gyrus has a capability to distinguish anxiety group from the
non-anxiety group. This study broadens the perspective for
analyzing the brain phenotype of patients with pulmonary
nodules complicated with anxiety.
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Obstructive sleep apnea (OSA) is a serious breathing disorder, leading to myocardial
infarction, high blood pressure, and stroke. Brain morphological changes have been
widely reported in patients with OSA. The pathophysiological mechanisms of cerebral
blood flow (CBF) changes associated with OSA are not clear. In this study, 20 patients
with OSA and 36 healthy controls (HCs) were recruited, and then pseudo-continuous
arterial spin labeling (pCASL) and voxel-based morphometry (VBM) methods were
utilized to explore blood perfusion and morphological changes in the patients with OSA.
Compared with the HC group, the OSA group showed increased CBF values in the
right medial prefrontal cortex (mPFC), left precentral gyrus, and right insula and showed
decreased CBF values in the right temporal pole (TP) and the right cerebellum_Crus2.
Compared with the HC group, the patients with OSA showed decreased gray matter
volume (GMV) in the right dorsal lateral prefrontal cortex (DLPFC), the right occipital
pole, and the vermis. There were no significantly increased GMV brain regions found in
patients with OSA. Pearson correlation analysis showed that the reduced GMV in the
right DLPFC and the right occipital pole was both positively correlated with Mini-Mental
State Examination (MMSE) (r = 0.755, p < 0.001; r = 0.686, p = 0.002) and Montreal
Cognitive Assessment (MoCA) scores (r = 0.716, p = 0.001; r = 0.601, p = 0.008),
and the reduced GMV in the right occipital pole was negatively correlated with duration
of illness (r = −0.497, p = 0.036). Patients with OSA have abnormal blood perfusion
metabolism and morphological changes in brain regions including the frontal lobe and
the cerebellum and were closely related to abnormal behavior, psychology, and cognitive
function, which play an important role in the pathophysiological mechanism of OSA.

Keywords: obstructive sleep apnea, pseudo-continuous arterial spin labeling, cerebral blood flow, voxel-based
morphometry, Montreal Cognitive Assessment
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INTRODUCTION

Obstructive sleep apnea (OSA) is a frequently but insufficiently
recognized breathing disorder, associated with prominent
comorbidities, especially cerebrovascular and cardiovascular
diseases such as high blood pressure, myocardial infarction, and
stroke (Arzt et al., 2005; Yaggi et al., 2005; Chang et al., 2014;
Lamberts et al., 2014). Obstructive sleep apnea can cause sleep
fragmentation, daytime sleepiness, reduced work performance,
increased risk of traffic accidents, and reduced quality of
life (Bennett et al., 1999). The deficits in attention, memory,
and visuoconstructive abilities frequently accompany OSA.
Intermittent episodes of hypoxia during sleep and significant
hemodynamic changes during apnea are considered to be central
to the pathophysiology of the development of ischemic brain
injury (Pizza et al., 2012; Winklewski and Frydrychowski, 2013).
Previous studies have reported morphological brain changes that
could underlie those symptoms in patients with OSA (Macey
et al., 2002; Morrell et al., 2003; Canessa et al., 2011; O’Donoghue
et al., 2012). However, the pathophysiological mechanisms of
cerebral blood flow (CBF) changes associated with OSA are not
fully understood.

During the past three decades, neuroimaging studies explored
abnormal functional metabolism neural regions of various
medical disorders such as OSA, by analyzing CBF and metabolic
processes. A considerable number of studies focus on the
CBF and the continuous positive air pressure therapy for
the possible improvement of CBF in OSA. CBF is controlled
by a variety of automatic regulatory mechanisms, including
chemical, metabolic, and neurogenic regulation, with changes
in carbon dioxide and oxygen (to a lesser extent) being the
most powerful stimuli leading to changes in cerebrovascular
flow. Acute hypoxia stimulates cerebral vasodilation and
increases CBF as a compensatory mechanism. Single-photon
emission computed tomography (SPECT) and positron emission
tomography (PET) have been previously used for the observed
brain hemometabolic process. However, SPECT and PET scans
take a long time, need to inject invasive radiotracers, cause
strong ionizing radiation, and have a low spatial resolution
of SPECT and PET images. Compared with SPECT and PET,
pseudo-continuous arterial spin labeling (pCASL) is a recent
non-invasive MRI technique that can rapidly quantify local
CBF using endogenous contrast agents instead of invasive
radiotracers and has a high temporal and spatial resolution.
Resting CBF is closely related to brain metabolisms such as
glucose utilization, oxygen consumption, and aerobic glycolysis.
Resting CBF indicator was widely used in bipolar disorder,
major depressive disorder, schizophrenia, and multiple sclerosis
to identify abnormal hemometabolic brain regions. However, no
studies have focused on abnormal CBF changes in OSA using the
pCASL technique.

In addition, voxel-based morphometry (VBM) is a widely
used neuroimaging technique for measuring changes in gray
matter and white matter volumes (GMV and WMV) in a non-
invasive and region-specific manner. It is also an automatic
whole-brain method that can calculate the local volume of
gray matter in an unbiased manner. Several previous VBM

studies found abnormal GMV brain regions in OSA. However,
these results are inconsistent such as gray matter loss in the
frontal and parietal cortex (Canessa et al., 2011), anterior
cingulate (Macey et al., 2012), hippocampus (Morrell et al.,
2003; Canessa et al., 2011), and cerebellum (Macey et al.,
2002). Moreover, Fergal et al., found no GMV deficits nor
focal structural changes in severe OSA (O’Donoghue et al.,
2005). These differences may be related to the differences in
methodologies, study population, or disease severity. However,
with continuous positive airway pressure (CPAP) therapy, most
of the VBM differences in GMV in patients with OSA were
observed to be reversible, possibly due to changes in neuronal
blood flow caused by changes in neurons or angiogenesis
(Canessa et al., 2011; O’Donoghue et al., 2012). Furthermore,
previous studies adopted a separate CBF method or VBM method
to investigate OSA, abnormal CBF is closely related to GMV
changes (Gonchigsuren et al., 2022), and therefore more efforts
should be made to concentrate on CBF and VBM imaging
modalities to explore the common changes and specific changes
of CBF and VBM and to identify whether abnormal changes in
GMV are the basis of abnormal CBF or abnormal CBF leading to
abnormal GMV in OSA.

Thus, we aimed to obtain an understanding of the correlation
between hemodynamic differences and morphological
abnormalities in patients with OSA by using pCASL and
VBM imaging and to detect shared and specific patterns of
neuronal blood flow and GMV in OSA. The characteristic altered
patterns of CBF and GMV may play important roles in the
pathophysiological mechanism of OSA.

MATERIALS AND METHODS

Participants
A total of 20 outpatients diagnosed with moderate-to-severe OSA
[apnea-hypopnea index (AHI) > 15 events/h] were recruited
from the Center for Sleep Medicine of Second People’s Hospital
of Guangdong Province. And 36 healthy control sex-, age-,
and education-matched participants as healthy controls (HCs)
(AHI < 5) were recruited through local advertisements. All
participants were right-handed and drug-naive. The exclusion
criteria included the presence of severe lung, heart, or kidney
disease; history of mental retardation, neurological disorders,
organic brain disorder, or any comorbid somatic disorders; body
mass index (BMI) > 40 kg/m2; malignant disease; pregnancy or
breastfeeding; use of antidepressants, hypnotics, morphine, other
respiratory-depressant medication, or non-psychiatric drugs;
comorbidity with any other Axis-I mental disorders or Axis-
II personality disorder; any clinical sign of previous stroke or
transient ischemic attack; and drink more than 14 units per week.
During the three days before the imaging period, the Epworth
Sleepiness Scale (ESS), which is a validated questionnaire, was
used to evaluate subjective daytime sleepiness in the context
of sleep disorders for each participant. The Mini-Mental State
Examination (MMSE) was published more than 30 years ago
in 1975 as a practical method of grading cognitive impairment
(Folstein et al., 1975). The Montreal Cognitive Assessment
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(MoCA) is an increasingly popular cognitive screening tool
that has good sensitivity and specificity in detecting cognitive
impairment and includes an assessment of multiple cognitive
domains (Shi et al., 2018). The MMSE and MoCA were used
to assess the psychological state and cognitive impairment of
each participant.

This study was approved by the Ethics Committee of the
Second People’s Hospital of Guangdong Province, and the
ethics approval was given in March 2022. This study was
carried out in accordance with the World Medical Association’s
Declaration of Helsinki. All participants agreed in writing to
participate in this study.

Image Acquisition
Imaging data were performed using a 3.0 T MRI scanner
(Ingenia; Philips, Best, The Netherlands). The pCASL
sequence was used for three-dimensional (3D) fast spin-echo
acquisition and background suppression in the resting-
state perfusion imaging. The acquisition parameters were
the following: repetition time (TR) = 4,155 ms, echo time
(TE) = 33 ms, post-labeling delay (PLD) = 2,000 ms, field of view
(FOV) = 240 × 240 mm2, in-plane matrix = 64 × 59, in-plane
voxel size = 3.75 × 3.75 × 6.00, slice thickness/gap = 6.0/0 mm,
20 axial slices covering the whole brain, number of signals
averaged (NSA) = 1, and acquisition time = 4 min 51 s. In
addition, a 3D T1-weighted brain volume imaging sequence
covering the whole brain was used for structural data acquisition
with the following: TR/TE = 7.8/3.6 ms, flip angle = 8◦,
slice thickness/gap = 1.0/0 mm, FOV = 240 × 240 mm,
matrix = 256 × 256, NSA = 1, and acquisition time = 5 min
56 s. Routine MRI images were also collected to exclude
anatomical abnormalities. All participants were found by two
experienced radiologists to confirm that there were no brain
structural abnormalities.

Cerebral Blood Flow Processing
The pCASL images were analyzed on a Philips post-processing
workstation. Quantification of CBF was calculated using the
following equation:

CBF =
6000λ (SIcontrol − SIlabel) e

PLD
T1,blood

2αT1,bloodSIPD(1− e
−

τ
T1,blood )

[ml/100g/ min],

where T1 of blood (T1,blood) was assumed to be 1,650 ms at
3.0T, partition coefficient (λ) 0.9, labeling efficiency (α) 0.85,
labeling duration (τ) 1,800 ms, and PLD 2,000 ms. SIcontrol and
SIlabel are the time-averaged signal intensities in the control
and label images, respectively, SIPD is the signal intensity of a
proton density-weighted image. Using the Statistical Parametric
Mapping (SPM121) software standardizes the CBF maps into a
standard Montreal Neurological Institute (MNI) space: (1) the
individual 3D T1-weighted structure images and the individual
CBF brain maps were co-registered to obtain the individual T1’
brain maps; (2) all the individual T1’ brain maps were non-
linearly normalized to T1 template in standard space; (3) using

1http://www.fil.ion.ucl.Ac.uk/spm

TABLE 1 | Demographic and clinical data and (standard deviations) by group.

OSAS HCs p values

Number of subjects 18 36

Age (years) 43.00 (15.73) 40.61 (12.01) 0.538*

Education (years) 13.50 (3.47) 13.42 (3.36) 0.933*

Sex (male/female) 13/5 27/9 0.826†

TIV (mm3) 1514.61 (93.54) 1439.58 (126.68) 0.031*

BMI (kg/m2) 25.42 (3.86) 21.49 (1.50) < 0.001*

AHI (times/min) 37.86 (25.96) 2.26 (1.01) < 0.001*

MMSE 28.28 (1.56) 29.36 (0.83) < 0.001*

MoCA 27.56 (2.06) 29.08 (1.20) < 0.001*

ESS 10.33 (4.59) 3.14 (1.59) < 0.001*

Duration of illness (years) 13.72 (13.55) n/a

Means (with standard deviations in parentheses) are reported unless otherwise
noted. OSAS, Obstructive sleep apnea syndrome; HCs, healthy controls; TIV, total
intracranial volume; BMI, Body Mass Index; AHI, apnea-hypopnea index; MMSE,
Mini-mental State Examination; MoCA, Montreal Cognitive Assessment; ESS,
Epworth Sleepiness Scale. *The p values were obtained by independent-sample
t-tests. †The p value for sex distribution was obtained by chi-square test.

the normalization parameters estimated in step (2), all the CBF
images were normalized to MNI space and resampled to the voxel
size of 2 × 2 × 2 mm3. (4) For standardization, the z-transform
was performed on the CBF value of each voxel: zCBF = (single
voxel CBF - mean CBF of whole-brain)/standard deviation of
the whole brain CBF. (5) The zCBF maps were smoothed using
a Gaussian smoothing kernel with a half maximum and full
width (FWHM) of 6 mm.

Voxel-Based Morphometry Processing
All T1-weighted brain structure images were processed using
CAT122 based on the SPM12 software3. For the VBM analysis,
diffeomorphic anatomical registration through an exponentiated
Lie algebra algorithm (DARTEL) (Ashburner, 2007) was used
to improve the quality of structural image registration (Klein
et al., 2009). The preprocessing process of structural MRI data
is as follows: (1) the original individual T1-weighted images
were segmented into white matter (WM), gray matter (GM), and
cerebrospinal fluid (CSF). (2) After segmenting GM and WM
images of all subjects, a study-specific template was created using
DARTEL. (3) The individual segmented images were warped
to a special template for the study and spatially normalized
to the MNI space using modulation. (4) The modulated GM
images were smoothed using a Gaussian smoothing kernel with
an FWHM of 6 mm.

Statistical Analysis
SPSS for the Windows software, version 19.0 (SPSS Inc., Chicago,
IL, United States) was performed for statistical analyses. The
Kolmogorov-Smirnov test was used to evaluate the normality
of age, years of education, total intracranial volume (TIV),
BMI, AHI, MMSE, MoCA, and ESS. In addition, age, years
of education, TIV, BMI, AHI, MMSE, MoCA, and ESS follow

2http://dbm.neuro.uni-jena.de/cat/
3http://www.fil.ion.ucl.ac.uk/spm/software/spm12/
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FIGURE 1 | (A) Patients with OSA showed significantly increased CBF clusters than HCs. (B) Patients with OSA showed significantly decreased cerebral CBF
clusters than HCs. (C) Patients with OSA showed significantly decreased VBM clusters than HCs. OSA, obstructive sleep apnea syndrome; HCs, healthy controls;
CBF, cerebral blood flow; VBM, voxel-based morphometry; L (R), left (right) hemisphere.
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the normal distribution. The independent-sample t-test was
used to compare age, years of education, TIV, BMI, AHI,
MMSE, MoCA, and ESS between the OSA and HC groups. X 2

test was used to compare the gender differences between two
groups. All tests were two-tailed, and p < 0.05 was considered
statistically significant.

For comparisons of CBF and VBM maps, a voxel-based
comparison of CBF maps and VBM maps was performed
between OSA and HCs groups using two-sample t-tests, with
individuals’ age, sex, years of education, and TIV as nuisance
covariates. A family wise error (FWE) cluster-level correction
for multiple comparisons (p < 0.001, cluster level p < 0.05,
cluster > 165 voxels) was used in all group comparisons.

Once the clusters showing significant group differences in CBF
and VBM maps between two groups were identified, the cluster
was saved as a binary mask to extract the CBF and GMV values.
Then, we further calculated the Pearson’s correlation coefficients
between these CBF and GMV values and the MMSE, MoCA, ESS,
and duration of illness. The Bonferroni correction was used for
multiple comparisons.

RESULTS

Demographic Information
Table 1 shows the demographic information and clinical
characteristics of all recruited participants. Two patients with
OSA were excluded from further analyses due to image artifacts.
Two experienced radiologists confirmed that all participants have
no brain structural abnormalities from routine MRI images.
Finally, 18 patients with OSA and 36 HCs were included.
There were no significant differences in age, education, and
sex between two groups. The TIV, BMI, AHI, and ESS of

patients with OSA were greater than those in HCs. The scores
of MMSE and MoCA in the OSA group were lower than those
in the HC group.

Differences in Cerebral Blood Flow
Values Between Two Groups
Compared with the HC group, the OSA group showed increased
CBF values in the right medial prefrontal cortex (mPFC), left
precentral gyrus (extending to the left insula and left putamen),
and right insula (extending to the right rolandic_oper) and
showed decreased CBF values in the right TP and the right
cerebellum_Crus2 (Figures 1A,B and Table 2).

Differences in Voxel-Based Morphometry
Values Between Two Groups
Compared with the HC group, the patients with OSA showed
decreased GMV in the right DLPFC, the right occipital pole, and
the vermis. There were no significantly increased GMV brain
regions found in patients with OSA (Figure 1C and Table 2).

Correlation Analysis
Pearson correlation analysis showed that the reduced GMV in the
right DLPFC and the right occipital pole was positively correlated
with both MMSE (r = 0.755, p < 0.001; r = 0.686, p = 0.002)
and MoCA scores (r = 0.716, p = 0.001; r = 0.601, p = 0.008),
and the reduced GMV in the right occipital pole was negatively
correlated with duration of illness (r = −0.497, p = 0.036)
(p < 0.05/32 = 0.0016, Bonferroni corrected) (Figure 2). There
were no significant correlations between the left precentral gyrus,
right insula, right TP, right cerebellum_Crus2, and vermis and the
MMSE, MoCA, ESS, and duration of illness.

TABLE 2 | The areas of significantly different CBF and VBM values between the OSAS patients and the HCs. (p < 0.001, cluster level p < 0.05,
cluster > 165, FWE corrected).

Brain regions Extending regions Brodman Area Montreal Neurological Institute Coordinates Peak t Value Cluster Size (voxel numbers)

X Y Z

CBF values: OSAS > HCs

R mPFC 11 14 52 −10 5.23 262

L precentral gyrus 6 −42 −2 30 6.43 606

L insula 48 −33 −9 16 5.11

L putamen NA −23 8 10 4.285

R insula 48 36 −6 18 5.66 244

R rolandic_oper 48 37 −4 16 5.07

CBF values: OSAS < HCs

R TP 36 20 7 −40 5.31 165

R cerebellum_Crus2 NA 45 −49 −44 4.195 202

VBM values: OSAS < HCs

R DLPFC 45 42 35 17 6.65 2494

R occipital pole 17 14 −101 2 4.21 1163

Vermis NA −3 −68 −35 4.46 541

CBF, cerebral blood flow; VBM, voxel Based morphometry; OSAS, obstructive sleep apnea syndrome; HCs, healthy controls; FWE, family wise error; mPFC, medial
prefrontal cortex; TP, temporal pole; DLPFC, dorsal lateral prefrontal cortex; R, right hemisphere.
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FIGURE 2 | Correlation analysis between significantly different CBF or VBM clusters and cognitive and clinical variables. DLPFC, dorsal lateral prefrontal cortex;
MMSE, Mini-Mental State Examination; MoCA, Montreal Cognitive Assessment; R, right hemisphere.

DISCUSSION

To the best of our knowledge, this is the first study to combine
VBM and CBF modalities to detect the pathophysiological
mechanism in patients with OSA. The results showed that, for
VBM modality, compared with HCs, the patients with OSA
showed decreased GMV in the right DLPFC, the right occipital
pole, and the vermis. The reduced GMV in the right DLPFC
and the right occipital pole was positively correlated with both
MMSE and MoCA scores, and the reduced GMV in the occipital
pole was negatively correlated with the duration of illness. For
CBF modality, compared with HCs, the patients with OSA
showed decreased CBF values in the right TP and the right
cerebellum_Crus2 and increased CBF values in the right mPFC,
the left precentral gyrus, and the right insula. All the results
suggested that disturbed brain volume and blood flow mainly
located in the frontal lobe, cerebellum, primary functional area
(including precentral gyrus and occipital pole), insula, and TP
and were closely related to the psychological problems and
cognitive deficits.

In this study, in OSA, GMV reductions and CBF increases
were observed in the right DLPFC and the right mPFC,
respectively. In addition, the reduced GMV in OSA was positively
correlated with MMSE and MoCA scores. The prefrontal cortex,
particularly DLPFC, is the area of the brain that controls various
executive functions, such as behavioral inhibition, environmental

switching, emotional self-regulation, and arousal (Beebe and
Gozal, 2002). The mPFC is the hub of the default mode network
(DMN) and is generally more active at rest than during cognitive
activity. Recently, the executive dysfunction associated with OSA
cannot be explained by sleepiness itself (Harrison and Horne,
2000) but may be a manifestation of neuronal damage in the
prefrontal cortex (including DLPFC and mPFC) (Nofzinger,
2005). A previous VBM meta-analysis reported GMV reductions
in the frontal lobe in OSA (Shi et al., 2017), and Bai et al.
(2021) found decreased fractional amplitude of low-frequency
fluctuation and regional homogeneity in the prefrontal cortex in
childhood OSA, which supported our findings. In DMN (such
as mPFC), changes in functional connectivity and regional brain
activity were observed in resting states (Li et al., 2016), and
abnormal inactivation was observed in working memory tasks
in patients with OSA (Prilipko et al., 2011). Previous studies
have found that prefrontal CBF decreases in patients with OSA
during exercise stimulation, explaining the intolerance of exercise
in patients with OSA (Marillier et al., 2018). OSA is associated
with loss of slow-wave sleep, and there are behavioral deficits that
reflect changes in prefrontal cortex function in OSA (Nofzinger,
2005). Studies of the metabolic and cognitive consequences of
sleep deprivation suggest that sleep plays a role in the restoration
of prefrontal cortex function (Thomas et al., 2000). Combined
with our results, the GMV atrophy of the DLPFC may be
caused by poor sleep quality and sleep hypoxia, which could lead
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to abnormal cognitive function and psychological status, and the
increased CBF in the mPFC may be a compensatory response to
the GMV reduction of prefrontal lobe in OSA.

The cerebellum is considered a crucial module in motor
control systems, closely related to movement and balance. It
also connects to a wide range of areas of the brain, including
cortex-associated and limbic regions (Schmahmann and Pandya,
1997). In this study, patients with OSA showed decreased
GMV and CBF values in the cerebellum, suggesting impairment
in both atrophy and blood metabolism in the cerebellum in
OSA. The cerebellum is known to be susceptible to hypoxia or
ischemia and is proved to be an important role in maintaining
sleep, and lack of sleep may interfere with the function of
the cerebellum (DelRosso and Hoque, 2014). Exposure to sleep
apnea with recurrent intermittent hypoxia may be associated with
abnormal GMV and CBF in the cerebellum. Several previous
studies have reported decreased GMV of the cerebellum in
patients with OSA when compared with HCs (Celle et al., 2009;
Yaouhi et al., 2009; Joo et al., 2010; Kim et al., 2016), and
Celle et al. found inverse correlations between the GMV of
cerebellum and AHI scores in OSA (Celle et al., 2009), which
were consistent with our results. In addition, in sensorimotor
tasks, sleep deprivation interferes with functional MRI signals
from many brain regions, including the cerebellum (Gazes et al.,
2012). Combined with this study, the cerebellum is important for
motor and cognitive networks to function properly, and reduced
GMV and CBF in the cerebellum may lead to abnormal behavior
in patients with OSA.

Moreover, decreased GMV in the right occipital pole,
decreased CBF values in the right TP, increased CBF values
in the left precentral gyrus, and the right insula were also
observed in patients with OSA when compared with HCs, and
the GMV loss of the occipital pole was negatively correlated
with the duration of illness. Previous studies revealed reduced
scattered sites of GM concentration in the temporo-parieto-
occipital cortices (Yaouhi et al., 2009) and abnormal white matter
volume in the occipital gyrus in patients with OSA (Huynh et al.,
2014), which supported our results. After 6 weeks of continuous
positive airway pressure treatment, CBF of the occipital and
temporal lobe increased in patients with OSA (Maresky et al.,
2019). Joo et al. (2010) reported reduced GM density in the
left precentral gyrus and right insula in patients with OSA
when compared with HCs, and combined with our results, we
speculated that the increased CBF values of the left precentral
gyrus and the right insula could be a compensatory response
to GMV deficits of the left precentral and the right insula. It
should be noted that GM atrophy (Joo et al., 2010; Kim et al.,
2016) and hypertrophy (Fatouleh et al., 2014; Lin et al., 2016)
were both found in the insula in OSA. In addition, reduced
GMV of the hippocampus was reported in patients with OSA
in previous studies (Morrell et al., 2003; Yaouhi et al., 2009;
Canessa et al., 2011; Torelli et al., 2011; Kim et al., 2016)
that did not survive in this study after FWE correction. The
possible reasons accounting for these discrepancies may include

small samples, demographic information, methodology (e.g.,
different statistical correction methods), and the duration and
severity of the OSA.

The strength of this study is that it is the first time to utilize two
modalities (VBM and CBF index) in patients with OSA. However,
there were several limitations in this study. First, the sample size
of this study was relatively small, and the findings should be
verified in a larger sample study in the future. Second, as this
was a cross-sectional design study, longitudinal studies such as
taking CPAP therapy combined with VBM and CBF methods
should be considered in the future. Finally, several potentially
important new imaging markers have recently been identified
that we were unable to analyze, such as cortical microinfarcts
and brain atrophy.

In conclusion, this study suggested that patients with OSA had
widely structural and hemometabolic abnormalities, particularly
in the frontal lobe and cerebellum, and were closely related
to abnormal behavior, psychology, and cognitive function,
which may contribute to the pathogenesis of OSA. Large-
scale, longitudinally designed randomized controlled studies
are needed to further evaluate the correlation between efficacy
of treatment and brain structural and blood metabolic in
patients with OSA.
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Background: Cerebral blood flow (CBF) alterations are involved in the onset and
progression of Alzheimer’s disease (AD) and can be a potential biomarker. However, CBF
measured by single-delay arterial spin labeling (ASL) for discrimination of mild cognitive
impairment (MCI, an early stage of AD) was lack of accuracy. Multi-delay ASL can not
only provide CBF quantification but also provide arterial transit time (ATT). Unfortunately,
the technique was scarcely applied to the diagnosis of AD. Here, we detected the utility
of ASL with 1-delay and 7-delay in ten regions of interest (ROIs) to identify MCI and AD.

Materials and Methods: Pseudocontinuous ASL (pCASL) MRI was acquired on a
3T GE scanner in adults from the Chinese Imaging, Biomarkers, and Lifestyle (CIBL)
Study of AD cohort, including 26 normal cognition (NC), 37 MCI, and 39 AD. Receiver
operating characteristic (ROC) analyses with 1-delay and 7-delay ASL were performed
for the identification of MCI and AD. The DeLong test was used to compare ROC curves.

Results: For CBF of 1-delay or 7-delay the AUCs showed moderate-high performance
for the AD/NC and AD/MCI comparisons (AUC = 0.83∼0.96) (p < 0.001). CBF of
1-delay performed poorly in MCI/NC comparison (AUC = 0.69) (p < 0.001), but CBF
of 7-delay fared well with an AUC of 0.79 (p < 0.001). The combination of CBF
and ATT of 7-delay showed higher performance for AD/NC, AD/MCI, and MCI/NC
comparisons with AUCs of 0.96, 0.89, and 0.89, respectively (p < 0.001). Furthermore,
combination of CBF, ATT, sex, age, APOE ε4, and education improved further the
accuracy (p < 0.001). In subgroups analyses, there were no significant differences in
CBF of 7-delay ASL for identification of AD or MCI between age subgroups (p > 0.05).
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Conclusion: The combination of CBF and ATT with 7-delay ASL showed higher
performance for identification of MCI than CBF of 1-delay, when adding to sex, age,
APOE ε4 carrier status, and education years, the diagnostic performance was further
increased, presenting a potential imaging biomarker in early AD.

Keywords: Alzheimer’s disease, mild cognitive impairment, diagnosis, multi-delay arterial spin labeling, cerebral
blood flow, arterial transit time

INTRODUCTION

Alzheimer’s disease (AD) is the most common neurodegenerative
disorder and is neuropathologically hallmarked by extracellular
β-amyloid (Aβ) plaques and by intracellular neurofibrillary
tangles consisting of hyperphosphorylated tau protein, which
starts 10–20 years before the onset of clinical symptoms
(Frisoni et al., 2011; Dubois et al., 2016; Jack et al., 2018).
Specific biomarkers of AD, Aβ, and Tau could be detected on
positron emission tomography (PET) or in cerebrospinal fluid
(CSF), which are expensive, invasive, and limiting widespread
application clinically (Verberk et al., 2018). For this reason,
studies have increasingly focused on affordable and non-invasive
methods for the detection of AD at an earlier stage [such
as mild cognitive impairment (MCI) and predementia phase
of AD] to delay and prevent the progression of the disease
(Alzheimer’s Association, 2018; Thomas et al., 2021). Cerebral
blood flow (CBF) changes are part of neurovascular unit
impairment that is considered as an essential role in AD
pathogenesis (Bell and Zlokovic, 2009; Zlokovic, 2011). The two-
hit vascular hypothesis of AD states that cerebrovascular damage
(“hit one”), including blood-brain barrier (BBB) breakdown and
CBF reductions, contributes to the accumulation of neurotoxic
molecules and hypoperfusion that can directly initiate neuronal
injury; subsequently, there is Aβ deposition (“hit two”) leading
to the onset and progression of AD dementia (Nelson et al.,
2016; Kisler et al., 2017). CBF has gained attention, which is
measured by arterial spin labeling (ASL) MRI, and ASL is a non-
invasive technique using magnetically labeled arterial water as an
endogenous tracer (Sierra-Marcos, 2017; Zhang et al., 2017).

Using ASL, several studies have supported the pattern of
spread of hypoperfusion in AD starting from the precuneus,
spreading to the rest of the parietal cortex and the cingulate gyrus,
then the frontal and temporal lobes and eventually the occipital
cortex (Dai et al., 2009; Binnewijzend et al., 2013; Wierenga
et al., 2014; Xekardaki et al., 2015; Love and Miners, 2016; Duan
et al., 2021). In cross-sectional studies, positive correlations have
been found between general cognition and cortical CBF in the
precuneus and posterior cingulate, parietal, frontal, temporal,
and occipital lobes (Binnewijzend et al., 2013; Leeuwis et al.,
2017; Duan et al., 2020). Decreased CBF of all of the above-
mentioned regions and entorhinal cortex has also been reported
to be a useful predictor of future cognitive decline in longitudinal
studies (De Vis et al., 2018; Sanchez et al., 2020; Bangen et al.,
2021; Duan et al., 2021). Moreover, areas of hypoperfusion
measured with ASL have a significant agreement with areas
of hypometabolism measured by 18F-fluorodeoxyglucose PET
(18F-FDG PET) in bilateral parietotemporal cortex, precuneus,

and posterior cingulate cortex in patients with AD and MCI
compared with healthy control participants (Riederer et al., 2018;
Dolui et al., 2020); and studies have shown that these imaging
modalities had similar associations with amyloid deposition in
regions of frontal, parietal, and temporal cortex performed with
voxel-wise regression based on cross-sectional analyses (McDade
et al., 2014; Yan et al., 2018). Although these studies indicate that
ASL-MRI CBF may be a valuable biomarker for AD, only a few
studies explored the diagnostic performance for discrimination
of MCI stage, which did not show high sensitivity and specificity
(Binnewijzend et al., 2013; Xekardaki et al., 2015; Dolui et al.,
2020).

Notably, ASL studies in AD to date have mostly been
performed using a single post-labeling delay (PLD), the time
between labeling and acquisition of the image for evaluating CBF.
The main limitation of single-delay ASL is that any variation
in arterial transit time (ATT) is ignored. ATT represents the
duration for labeled blood to travel from the labeling region to
the point of delivery to the brain tissue, which varies widely with
vascular pathology and normal aging and can have a significant
effect on quantifying CBF (Liu et al., 2012; Wang et al., 2013).
Multi-delay ASL, with multiple PLDs, can not only improve the
accuracy of CBF quantification by calculating mean values of CBF
at each PLD corrected by ATT but also enable the calculation
of ATT itself (Yoshiura et al., 2009; Wang et al., 2013). Little is
known about how CBF and ATT change with multi-delay ASL in
AD and whether the multi-delay is better than single-delay ASL
for the identification of MCI.

Considering spiral readout and background suppression, 3D
fast-spin-echo pseudocontinuous ASL (pCASL) is recommended
as the standard method for ASL image in the clinical setting
(Alsop et al., 2015), the current study investigated the changes in
CBF and ATT using 7-delay ASL and compared the diagnostic
value between 1-delay and 7-delay ASL in ten regions of
interest (ROIs): left and right regions of olfactory, posterior
cingulate, hippocampus, cuneus, and precuneus. Besides, we
also examined associations of cognitive performance with CBF
and ATT in ROIs.

MATERIALS AND METHODS

Participants
Subjects (n = 102) with ASL-MRI data were included in the
Chinese Imaging, Biomarkers, and Lifestyle (CIBL) Study of
AD cohort from April to October 2021. They were carefully
screened with a medical history, neuropsychological assessment,
and brain MRI. In this study, all participants from both
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genders with minimum primary school education, and were
clinically diagnosed with normal cognition (NC), MCI, and
AD. Patients with AD fulfilled the clinical criteria of probable
AD dementia defined by the National Institute on Aging
and Alzheimer’s Association (NIA-AA, 2011) (McKhann et al.,
2011). Patients with MCI had memory complaints and fulfilled
the criteria defined by NIA-AA (Albert et al., 2011). NC
subjects had no cognitive impairment and had Mini-Mental
State Examination (MMSE) scores of 25–30 and Montreal
Cognitive Assessment (MOCA) scores of 26–30. Subjects with the
evidence that might affect cognition, including cerebrovascular
diseases (e.g., stroke, multiple infarcts, and severe white matter
hyperintensity burden), other neurodegenerative diseases (e.g.,
frontotemporal dementia and dementia with Lewy bodies), and
other neurological diseases (e.g., head injury, hydrocephalus, and
encephalitis), were excluded. Subjects who suffered from organ
failure, cancer, severe depression, psychiatric illness, drugs or
alcohol abuse, and inability to perform MRI scan were also
excluded. The study was approved by the Institutional Review
Board of Beijing Tiantan Hospital of Capital Medical University
(KY2021-028-01). And the CIBL study had been registered
at http://www.chictr.org.cn/index.aspx (ChiCTR2100049131),
before enrolling participants. Written informed consent was
acquired from each participant or their guardians.

MRI Acquisition
Imaging data were acquired on a 3T MR scanner (SIGNA
Premier; GE HealthCare, Milwaukee, WI, United States) with
a 48-channel head coil. A high-resolution 3D T1-weighted
sequence was acquired with the following parameters: repetition
time (TR)/echo time (TE)/inversion time (TI) = 7.3/3.0/450 ms,
flip angle = 12◦, field of view (FOV) = 256 mm × 256 mm,
matrix size = 256 × 256, and slice thickness = 1.0 mm.
A high-resolution 3D T2-weighted FLAIR sequence was acquired
with the following parameters: TR/TE/TI = 5,000/106/1,515 ms,
FOV = 256 mm × 256 mm, matrix size = 256 × 256,
and slice thickness = 1.0 mm. ASL images were acquired
with a background-suppressed 3D stack-of-spirals fast-spin-
echo sequence preceded by a Hadamard-encoded pCASL
module. ASL imaging parameters with 1-delay were acquired
with the following parameters: TR/TE = 4,849/10.6 ms,
FOV = 220 mm × 220 mm, slice thickness = 4.0 mm, label
duration = 1,450 ms, and PLD = 2,025 ms, with these the proton
density image and the perfusion weighted image were generated;
and with 7-delay were acquired with the following parameters:
pCASL module modified to acquire an additional control-only
phase, TR/TE = 7,152/11.2 ms, FOV = 220 mm × 220 mm, slice
thickness = 3.0 mm, label durations = 220, 260, 300, 370, 480,
680, and 1,180 ms, and PLDs = 1,000, 1,220, 1,480, 1,780, 2,150,
2,620, and 3,320 ms.

Arterial Spin Labeling Processing
Arterial spin labeling data were quantitatively analyzed through
an automatic software “CereFlow” by AnImage (Beijing)
Technology Co., Ltd. with the following steps: (i) brain perfusion
images were calculated from the raw ASL data [CBF for 1-
delay ASL (Alsop et al., 2015) and CBF/ATT for 7-delay ASL

(van der Thiel et al., 2018)]; (ii) the M0 image and the T1-
weighted image were coregistered (rigid-body transformation
with mutual information as similarity metric optimized with
exhaustive method); (iii) T1-weighted image was normalized
(non-linear transformation, minimizing the bending energies of
the deformation fields, and the residual squared difference) onto
Montreal Neurological Institute (MNI) template (Binnewijzend
et al., 2013), and the M0 image and the perfusion images were
then transformed onto the same space as the template as well;
(iv) the gray matter regions were further mapped into different
cortical regions by masking with automated anatomical labeling
(AAL) atlas (Rolls et al., 2015); and (v) ten ROIs were chosen: left
and right of olfactory, posterior cingulate, hippocampus, cuneus,
and precuneus from the masked regions.

Total Gray Matter Volume
Total gray matter volume was acquired through the software
“Dr. Brain” by YIWEI medical technology Co., Ltd. (Wei
et al., 2020). Briefly, (i) the T1-weighted image was segmented
into gray matter, white matter, and CSF; (ii) a template is
created using the Dartel algorithm from the subjects’ tissue
probability maps obtained at the previous step; (iii) iterate the
created template, register the subject’s organization probability
map with the previous template in each iteration, average
the registered organization probability map again to obtain a
new template, and finally register the probability map to MNI
space; and (iv) total gray matter was then computed based on
neuromorphometrics atlas.

White Matter Hyperintensity Volume
Detailed methods for WMH volumetric quantification have been
previously described (Jiang et al., 2020). First, all T2-weighted
FLAIR images uniformly went through preprocessing operations
(bias correction and spatial normalization), followed by a
segmentation stage where the WMH was delineated. Sequentially,
coregistration of T2-weighted FLAIR image with MNI template
and Hammers atlas is used to analyze the distribution of WMH.

Covariates
Demographic information included sex, age, education years,
apolipoprotein E (APOE) ε4 carrier status, pulse pressure
(systolic-diastolic blood pressure), and body mass index (BMI).
The presence of APOE ε4 genotype was tested by using restriction
enzyme isoform genotyping on deoxyribonucleic acid (DNA)
extracts. APOE ε4 carriers were defined as subjects with at least
one ε4 allele (ε4/ε4, ε4/ε3, or ε4/ε2). WMH volume and total gray
matter volume were also selected as covariates.

Statistical Analyses
For continuous variables, differences between groups were
analyzed using one-way ANOVA with post-hoc least significance
difference (LSD) tests. Chi-squared tests were used to compare
frequency distributions of categorical variables. Differences in
CBF and ATT between diagnostic groups were analyzed using
ANOVA with post-hoc LSD tests, followed by correction with sex,
age, pulse pressure, BMI, WMH volume, and total gray matter
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volume. Linear regression analyses were performed to assess
relationships between CBF or ATT of each ROI (independent
variables) and cognition tested by MMSE and MoCA scores
(dependent variables) across the diagnostic groups. Sex, age,
education years, APOE ε4 carrier status, WMH volume, and
total gray matter volume were entered into each model as
covariates. The area under the curves (AUCs) between 1-
delay and 7-delay ASL for identification of AD were compared
through receiver operating characteristic (ROC) analyses in
leave-one-out cross-validation, in which the predicted values
were calculated using a binary logistic regression model. The
ROC curves were compared using the DeLong test. All tests
were two-tailed, and p < 0.05 was considered statistically
significant. All statistical analyses were performed using SPSS
24.0 and Medcalc software, and ROC figures were generated with
GraphPad Prism 8.0.

RESULTS

Participants and Characteristics
Table 1 summarized demographic and clinical data of 102
subjects, namely, 26 NC, 37 MCI, and 39 AD. AD group had
significantly older age, lower MMSE and MoCA scores, less BMI
and total gray matter volume, and more WMH volume compared
with MCI and NC groups (p < 0.05). Patients with AD had a
higher proportion of APOE ε4 carrier status than patients with
MCI and had lower education years than NC subjects (p < 0.05).
MoCA scores and gray matter volume were lower in the MCI
group than in the NC group (p< 0.05). There were no significant
differences in sex, pulse pressure, hypertension, diabetes, and
heart disease between groups (p > 0.05). Supplementary
Figure 1 showed the example images of CBF and ATT changes
in NC, MCI, and AD subjects.

Cerebral Blood Flow and Arterial Transit
Time Changes
The patients with AD had decreased CBF from 1-delay ASL
in all ROIs compared with MCI and NC groups (p < 0.05),
which consisted of 7-delay ASL except in the left hippocampus
(p = 0.051) (Table 2). ATT was prolonged in patients with AD
compared with MCI and NC groups in each ROI (p < 0.05)
(Table 3). There were no significant differences between MCI and
NC in CBF and ATT (p > 0.05). Additional correction for sex,
age, WMH volume, total gray matter volume, pulse pressure, and
BMI did not change the differences between groups.

Associations of Cognitive Performance
With Cerebral Blood Flow and Arterial
Transit Time
Across diagnostic groups, CBFs of posterior cingulate, cuneus,
and precuneus in 1-delay ASL were associated with MMSE and
MoCA adjusted for sex, age, education years, APOE ε4 carrier
status, gray matter volume, and WMH volume (β = 0.207∼0.306,
p < 0.05) (Supplementary Table 1). This relationship in 7-delay
had appeared in the left posterior cingulate, left hippocampus,
cuneus, and precuneus (β = 0.186∼0.305, p < 0.05 except
for the relationship between CBF in cuneus and MMSE)
(Supplementary Table 1). Regional ATT of right olfactory,
left hippocampus, and right hippocampus was significantly
correlated with MMSE (β = −0.212, −0.193, and −0.204,
respectively, p < 0.05). There was no significant relationship
between regional ATT and MoCA (p > 0.05).

Receiver Operating Characteristic
Analyses
To compare 1-delay and 7-delay ASL for the diagnostic accuracy,
we applied ROC analyses on perfusion parameters in all ROIs.

TABLE 1 | Demographic and clinical characteristics of participants.

NC (n = 26) MCI (n = 37) AD (n = 39) P-value‡

Age, year 59.77 ± 7.83 63.00 ± 7.06 68.15 ± 8.71*† <0.001

Female, n (%) 17 (65.4) 28 (75.7) 20 (51.3) 0.085

Education, year 12.35 ± 3.73 11.57 ± 3.36 10.05 ± 3.53* 0.030

APOE ε4 carrier, n (%) 7 (26.9) 4 (10.8) 19# (50.0)† 0.001

BMI, kg/m2 24.40 ± 2.59 24.11 ± 3.90 22.33 ± 3.22*† 0.020

Pulse pressure, mmHg 43.15 ± 14.17 46.35 ± 10.56 49.59 ± 14.20 0.150

MMSE score 29.04 ± 0.87 27.14 ± 1.57 17.10 ± 6.12*† <0.001

MoCA score 27.31 ± 1.49 21.70 ± 1.87* 11.03 ± 5.94*† <0.001

Gray matter volume, cm3 622.32 ± 61.33 570.56 ± 57.90* 535.37 ± 52.54*† <0.001

WMH volume, cm3 1.45 ± 2.90 1.62 ± 1.73 5.67 ± 5.47*† <0.001

Hypertension, n (%) 8 (30.8) 12 (32.4) 10 (25.6) 0.797

Diabetes, n (%) 3 (11.5) 8 (21.6) 5 (12.8) 0.457

Heart disease , n (%) 2 (7.7) 10 (27.0) 5 (12.8) 0.092

Data are mean ± standard deviation for continuous variables, and percentage (%) and number (n) of participants for categorical variables. Abbreviations: NC, normal
cognition; MCI, mild cognitive impairment; AD, Alzheimer’s disease; APOE, apolipoprotein E; BMI, body mass index; MMSE, mini-mental state examination; MoCA,
Montreal cognitive assessment; WMH, white matter hyperintensity; LSD, least significance difference.
‡Analysis of variance and chi-squared tests.
Including coronary atherosclerotic heart disease and heart arrhythmia (such as atrial fibrillation).

#One patient had missing value.
Bolded values means the significant differences between AD/MCI/HC comparison. *refers to the significant differences between AD and NC. †refers to the significant
differences between AD and MCI.
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TABLE 2 | Regions of interest (ROI)-based CBF with 1-delay and 7-delay ASL in groups.

1-delay 7-delay

NC MCI AD P-value‡ NC MCI AD P-value‡

Olfactory L 46.82 ± 9.41 45.12 ± 10.30 37.19 ± 6.91*† <0.001 50.44 ± 10.64 51.74 ± 13.96 43.73 ± 10.70*† 0.011

Olfactory R 46.62 ± 9.70 44.61 ± 10.13 37.63 ± 6.99*† <0.001 49.73 ± 12.10 50.44 ± 14.48 42.55 ± 9.98*† 0.012

Posterior Cingulate L 67.27 ± 12.77 64.57 ± 18.07 47.06 ± 14.36*† <0.001 60.18 ± 13.52 61.00 ± 21.80 43.73 ± 16.22*† <0.001

Posterior Cingulate R 56.50 ± 11.12 55.08 ± 14.77 40.67 ± 11.08*† <0.001 48.56 ± 12.63 53.63 ± 18.24 38.45 ± 12.42*† <0.001

Hippocampus L 43.94 ± 8.79 44.39 ± 9.44 37.13 ± 6.75*† <0.001 44.27 ± 9.46 48.69 ± 14.83 38.29 ± 10.22† 0.001

Hippocampus R 43.23 ± 7.73 42.99 ± 10.29 36.16 ± 7.34*† 0.001 44.30 ± 9.00 47.83 ± 14.58 37.93 ± 9.53*† 0.001

Cuneus L 52.86 ± 10.66 51.90 ± 16.79 37.06 ± 12.11*† <0.001 53.94 ± 13.87 55.66 ± 20.59 38.65 ± 12.23*† <0.001

Cuneus R 53.22 ± 12.15 52.91 ± 17.29 38.33 ± 13.69*† <0.001 52.18 ± 13.87 56.58 ± 21.71 39.62 ± 13.85*† <0.001

Precuneus L 54.40 ± 10.48 53.02 ± 15.07 40.33 ± 10.60*† <0.001 55.45 ± 13.73 56.10 ± 19.70 40.47 ± 13.01*† <0.001

Precuneus R 53.57 ± 9.62 52.32 ± 14.07 38.88 ± 10.54*† <0.001 52.42 ± 12.42 55.00 ± 18.07 39.53 ± 11.18*† <0.001

Data are mean ± standard deviation (in milliliters per 100 g/min). Abbreviations: NC, normal cognition; MCI, mild cognitive impairment; AD, Alzheimer’s disease; ROI,
region of interest; CBF, cerebral blood flow; ASL, arterial spin labeling; L, left; R, right; LSD, least significance difference.
‡Analysis of variance.
*p < 0.05 compared to the NC group with LSD tests.
†p < 0.05 compared to the MCI group with LSD tests.

TABLE 3 | Region of interest (ROI)-based ATT with 7-delay ASL in groups.

NC MCI AD P-value‡

Olfactory L 1.28 ± 0.16 1.29 ± 0.13 1.38 ± 0.25*† 0.037

Olfactory R 1.30 ± 0.19 1.27 ± 0.11 1.42 ± 0.24*† 0.003

Posterior Cingulate L 1.60 ± 0.19 1.57 ± 0.20 1.71 ± 0.19*† 0.005

Posterior Cingulate R 1.52 ± 0.17 1.52 ± 0.19 1.64 ± 0.20*† 0.009

Hippocampus L 1.34 ± 0.14 1.34 ± 0.14 1.49 ± 0.20*† <0.001

Hippocampus R 1.40 ± 0.16 1.37 ± 0.14 1.49 ± 0.20*† 0.008

Cuneus L 1.73 ± 0.20 1.71 ± 0.20 1.86 ± 0.20*† 0.003

Cuneus R 1.77 ± 0.18 1.72 ± 0.20 1.87 ± 0.20*† 0.003

Precuneus L 1.70 ± 0.18 1.65 ± 0.18 1.80 ± 0.19*† 0.002

Precuneus R 1.66 ± 0.18 1.64 ± 0.18 1.78 ± 0.20*† 0.003

Data are mean ± standard deviation (in seconds). Abbrevaitions: NC, normal cognition; MCI, mild cognitive impairment; AD, Alzheimer’s disease; ROI, region of interest;
ATT, arterial transit time; ASL, arterial spin labeling; L, left; R, right; LSD, least significance difference.
‡Analysis of variance.
*p < 0.05 compared to the NC group with LSD tests.
†p < 0.05 compared to the MCI group with LSD tests.

As a result, for CBF of 1-delay the AUCs for the AD/NC and
AD/MCI comparisons were 0.94 (p< 0.001) and 0.83 (p< 0.001),
respectively, which were similar to CBF of 7-delay (AUC = 0.96,
p < 0.001 for AD/NC comparison; AUC = 0.83, p < 0.001
for AD/MCI comparison) (Figures 1A,B and Supplementary
Table 2). While the AUC for CBF of 7-delay in MCI/NC
comparison was higher (AUC = 0.79, p < 0.001) compared with
that for CBF of 1-delay (AUC = 0.69, p < 0.001) (Figure 1C and
Supplementary Table 2). We compared the diagnostic capacities
of combination of CBF and ATT of 7-delay and found that
was more discriminative performance for AD/NC, AD/MCI,
and MCI/NC comparisons with AUCs of 0.96 (p < 0.001), 0.89
(p< 0.001), and 0.89 (p< 0.001), respectively (Figures 1A–C and
Supplementary Table 2). Furthermore, the AUCs of combination
of CBF and ATT of 7-delay, sex, age, APOE ε4 carrier status,
and educational years (as a composite biomarker) were higher
than those mentioned above (AUC = 0.98, p < 0.001 for AD/NC
comparison; AUC = 0.96, p < 0.001 for AD/MCI comparison;

and AUC = 0.90, p< 0.001 for MCI/NC comparison) (Figure 1D
and Supplementary Table 2). In comparison of AUCs between
groups, there were no differences in AUCs between AD and
NC groups (p > 0.05). The AUC of composite showed higher
diagnostic efficiency than other methods in AD/MCI comparison
(p < 0.05). The AUCs of CBF and ATT of 7-delay and composite
were more powerful than that of CBF in 1-delay for MCI/NC
identification (p < 0.05) (Supplementary Table 3).

Subgroup Receiver Operating
Characteristic Analyses by Age
We performed subgroup ROC analyses according to age (middle-
aged group [<65 years] and old-aged group [≥65 years]) in
CBF of 7-delay ASL. CBF of 7-delay ASL in middle-age group
had a significantly discriminative performance for the AD/NC,
AD/MCI, and MCI/NC comparisons (AUC = 0.97, 0.95, and
0.83, respectively, p < 0.05). The method still had significantly
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FIGURE 1 | Receiver operating characteristic (ROC) analyses for perfusion parameters of 1-delay and 7-delay ASL in all ROIs in distinguishing different stages of AD.
ROC curves for CBF of 1-delay, CBF of 7-delay, or the combination of CBF and ATT of 7-delay in differentiating AD from NC (A) and MCI (B) and MCI from NC (C).
(D) AUCs for the combination of CBF and ATT of 7-delay, sex, age, APOE ε4 carrier status, and education years (composite) in NC, patients with AD and MCI. NC,
normal cognition; MCI, mild cognitive impairment; AD, Alzheimer’s disease; APOE, apolipoprotein E; ROI, region of interest; CBF, cerebral blood flow; ATT, arterial
transit time; AUC, area under the curve; ROC, receiver operating characteristic.

diagnostic performance in old-age group (AUC = 0.97, 0.78, and
0.94, respectively, p < 0.05). Besides, there were no significant
differences in CBF of 7-delay ASL for identification of AD or MCI
between age subgroups (p > 0.05) (Supplementary Table 4).

DISCUSSION

Our study revealed significant CBF decrease and ATT
prolongation in the ten ROIs in patients with AD. Correlation
analysis showed a strong association between regional CBF and
cognitive function across the diagnostic groups. Combining
CBF and ATT of 7-delay ASL based on ROIs showed a

higher performance for the differentiation of MCI compared
with CBF of 1-delay.

The regional hypoperfusion changes measured by 1-delay ASL
of patients with AD compared with patients with MCI and
NC subjects in this study were consistent with previous studies
(Asllani et al., 2008; Dai et al., 2009; Binnewijzend et al., 2013;
Ma et al., 2017), similar to CBF changes measured with 7-delay
ASL, supporting the theory that patients with AD have a greater
decrease of CBF in the widespread brain than MCI and NC
groups. It was found that patients with MCI exhibited decreased
CBF in the precuneus and posterior cingulate compared to
healthy control or subjective cognitive impairment subjects (Dai
et al., 2009; Binnewijzend et al., 2013; Soman et al., 2021).

Frontiers in Neuroscience | www.frontiersin.org 6 July 2022 | Volume 16 | Article 93447187

https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-16-934471 July 14, 2022 Time: 17:31 # 7

Sun et al. Diagnostic Applications of ASL in AD

Dai et al. (2009) observed increased CBF in the hippocampus
and limbic system in patients with MCI, which suggests a
compensatory mechanism during the MCI stage of AD. However,
our results showed no significant differences in CBF of these
ROIs measured by 1-delay or 7-delay ASL in patients with MCI
compared to NC. Another prominent abnormality using 7-delay
ASL was a significant prolongation of ATT in patients with AD
compared to MCI and NC subjects. Such findings might support
the hypothesis that there is a neurovascular impairment with
the AD pathologic process (Østergaard et al., 2013; Love and
Miners, 2016; Nelson et al., 2016). While Yoshiura et al. (2009)
using multi-TI pulsed ASL reported patients with AD had no
significant ATT prolongation in the hypoperfusion area of the
bilateral precunei and the left posterior cingulate compared to
NC. The lower signal-to-noise ratio with pulsed ASL and different
sample sizes might contribute to the discrepancy in our results
(Alsop et al., 2015).

There were positive correlations between CBF with 1-
delay and MMSE or MoCA in the posterior cingulate,
precuneus, and cuneus with all subjects after adjusting for
sex, age, education years, APOE ε4 carrier status, total gray
matter volume, and WMH volume, consistent with the
previous studies (Binnewijzend et al., 2013; Liu et al., 2015;
Soman et al., 2021; Zhang et al., 2021). We also found the
association between CBF with 7-delay and cognition was
prominent in the left posterior cingulate, left hippocampus,
left cuneus, and precuneus; and ATT was negatively associated
with MMSE but not MoCA in the hippocampus and right
olfactoffff0100a0210000ffff0100a0210000ry. The results may
suggest that multi-delay ASL can also add value to objective
cognitive evaluation.

According to previous literature, CBF in the precuneus and
posterior cingulate using pCASL identified patients with AD
from NC or subjective cognitive impairment with an AUC up
to 0.80, but the predicted probability was poor in distinguishing
MCI from AD or NC with AUCs of 0.59 and 0.78, respectively
(Binnewijzend et al., 2013; Thomas et al., 2019). Liu et al. (2015)
found similar AUC for CBF of posterior cingulate measured by
pCASL with PLD of 1.5 s and 2.5 s in AD and NC (0.891 and
0.882, respectively), whereas Dolui et al. (2020) reported AUC of
0.77 for CBF in the same region using pCASL with PLD of 1.5 s.
In the present study, given the pattern of spread of hypoperfusion
in AD starting from the precuneus, spreading to the rest of
the parietal cortex and the cingulate gyrus, then the frontal
and temporal lobes, we selected the ten ROIs, namely, the left
and right regions of olfactory, posterior cingulate, hippocampus,
cuneus, and precuneus to perform ROC analyses (Dai et al., 2009;
Binnewijzend et al., 2013; Wierenga et al., 2014; Xekardaki et al.,
2015; Love and Miners, 2016; Duan et al., 2021). As a result,
ROIs-based CBF with 1-delay performed well in distinguishing
AD from MCI and NC, but not MCI from NC. A similar
observation was found in predicting AD with 7-delay pCASL,
with higher performance in differentiating MCI from NC with
an AUC of 0.79. Combining CBF and ATT with 7-delay showed
higher discriminatory power in predicting AD or MCI with
AUCs up to 90%, when adding to sex, age, APOE ε4 carrier
status, and education years, the diagnostic performance was

further increased. Our study indicated that the combination
of regional CBF and ATT of the ten ROIs measured by 7-
delay pCASL could be a potential sensitive biomarker for the
identification of early AD.

Our study had several limitations. First, the sample size was
limited to a single center and some analyses may lack sufficient
power. More subjects need to be recruited from multi-centers
to validate the current findings. Second, the diagnosis of MCI
or AD was based on clinical symptoms and neuropsychological
assessment with no evidence of specific biomarkers for Aβ and
tau pathology. However, we screened subjects carefully with
a medical history, detailed neuropsychological evaluations to
exclude those with MCI or dementia not due to AD, and
the final consensus diagnosis was decided by the experienced
neurologists. Of course, further studies will perform on subjects
with pathological biomarkers of AD. Finally, partial volume
correction (PVC) was not performed for the measurement of
CBF, which confounds the evaluation of perfusion due to brain
atrophy (Zhang et al., 2017; Chappell et al., 2021). Our results
have shown the high differentiation performance for patients
with AD, possibly owing to the additive discriminatory effect of
cortical atrophy (Østergaard et al., 2013; Wierenga et al., 2014;
Kisler et al., 2017; Ma et al., 2017), indicating that PVC may not
necessary for the identification of AD. However, further research
is warranted to use PVC with ASL to explore the CBF changes and
diagnostic performance for NC subjects and patients with MCI
because of the complex changes in atrophy and in perfusion with
age and disease (Chen et al., 2011).

CONCLUSION

Our study showed patients with AD had apparent CBF
decrease and ATT prolongation in ROIs using multi-delay ASL,
supporting that there is a neurovascular impairment with the
AD pathologic process. The combination of CBF and ATT
with 7-delay ASL in the ten ROIs showed a higher diagnostic
performance for MCI than CBF of 1-delay, when adding to
sex, age, APOE ε4 carrier status, and education years, the
diagnostic performance was further increased, presenting a
potential imaging biomarker in early AD.
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Purpose: The major depressive disorder (MDD) can be a threat to the

health of people all over the world. Although governments have developed

and implemented evidence-based interventions and prevention programs to

prevent MDD and maintain mental health in adolescents, the number of

adolescents with this condition has been on the rise for the past 10 years.

Methods: A total of 60 adolescents were recruited, including 32 drug-

naive adolescents with first-episode MDD and 28 healthy controls (HCs).

Alterations in the intrinsic cerebral activity of the adolescents with MDD

were explored using arterial spin labeling (ASL) while differences in the

regional cerebral blood flow (rCBF) of the two groups were assessed

based on voxel-based whole-brain analysis. Finally, correlations between the

regional functional abnormalities and clinical variables were investigated for

adolescents with MDD.

Results: Compared with HCs, MDD patients had a lower rCBF in the left

triangular part of the inferior frontal gyrus (IFGtriang) but a higher one in the

right Precental gyrus (PreCG). Negative correlations were also noted between

the CBF in the left IFGtriang and the Hamilton depression scale (HAMD) scores

of MDD patients.

Conclusion: Elucidating the neurobiological features of adolescent patients

with MDD is important to adequately develop methods that can assist in early

diagnosis, precaution and intervention.

KEYWORDS

major depressive disorder, adolescent, arterial spin labeling, regional cerebral blood
flow, fMRI
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Introduction

Major depressive disorder (MDD), a mental illness
characterized by persistent low mood, is linked to significant
morbidity and mortality. According to the World Health
Organization (WHO), around 350 million people from around
the world suffer from depression which largely contributes to
illness and disability (Frankish et al., 2018). At the same time,
for half of the people diagnosed with mental disorders, the first
symptoms generally appear before the age of 14 (Kessler et al.,
2007). The case for MDD is not different as its incidence largely
increases after adolescence (Kessler et al., 2003). Indeed, while
10–20% of adolescents are estimated to have a mental health
disorder (Olfson et al., 2014), the lifetime prevalence of MDD
in adolescents exceeds 15% (Kessler et al., 2007). Furthermore,
numerous studies have shown some degree of continuity
between MDD in adolescents and that of adults (Kessler et al.,
2007) since the risk of depression persisting into adulthood
is two to four times higher (Pine et al., 1999). Although
governments have developed and implemented evidence-based
interventions and prevention programs to prevent MDD and
maintain mental health in adolescents, between 34 and 75% of
them experience a relapse within the first five years since the
first depressive events (Kennard et al., 2006). Unfortunately,
these cases tend to remain underdiagnosed and undertreated
(Olfson et al., 2014).

Early (<30 years) depression and higher heritability (Lyons
et al., 1998) as well as suicidal ideation associated with longer
symptom duration (Korten et al., 2012) are strongly associated
with later relapse (Birmaher et al., 2004).

At present, the pathogenesis of MDD remains unclear, with
its clinical diagnosis being mainly based on symptoms (Gao
et al., 2019; Yu et al., 2021). At the same time, due to self-
reports and doctor bias, misdiagnosis and missed diagnosis may
also occur. Nevertheless, with the brain being in a developing
state during adolescence (Dennis et al., 2013; Luna et al., 2015),
plasticity provides a means for applying additional diagnostic
interventions. However, to date, the understanding of the neural
basis of adolescent MDD remains limited.

Considering the breadth and severity of MDD in
adolescents, in-depth research on its neural mechanism is
crucial in order to provide evidence for the early diagnosis of
depression, the development of interventions as well as the
improvement of current treatments.

Functional neuroimaging provides a means for undertaking
neurobiological studies of MDD. Early studies of brain functions
in depressed patients mainly relied on the positron emission
tomography (PET) and the single photon emission computed
tomography (SPECT) to measure glucose metabolism and
the baseline regional cerebral blood flow (rCBF) (Seminowicz
et al., 2004; Smith and Cavanagh, 2005). However, both
approaches are not free from significant disadvantages which
include the use of radioactive materials, the risk of allergy,

invasiveness, poor spatial resolution, limited scope of use,
high price, and risk factors that limit their use in adolescents
with depression (Ho et al., 2013; Chen et al., 2016). In
contrast, blood oxygenation level dependence (BOLD) is
not only non-radioactive but it is also easily accessible as
well as reliable (Fox and Raichle, 2007; Greicius, 2008;
Detre et al., 2009). However, since the measurement of
BOLD signals relies on vascular factors and is sensitive
to blood flow and blood volume, results may still be
influenced by confounding factors (Wintermark et al., 2005).
Furthermore, BOLD indirectly measures neuronal activation
without focusing on cerebral perfusion and hence, measures
of neural activity tend to be relative instead of absolute.
As such, they cannot be well applied to the study of the
neurophysiology of depression.

Emerging arterial spin labeling (ASL) perfusion magnetic
resonance imaging (MRI) is a technique that applies
magnetically labeled arterial blood water as an endogenous
tracer to quantitatively assess rCBF (Ma et al., 2017; Zheng et al.,
2019; Momosaka et al., 2020; Wang et al., 2022). This approach
not only provides results which are consistent with PET and
SPECT (Chen et al., 2011; Boscolo Galazzo et al., 2016; Tosun
et al., 2016; Verclytte et al., 2016), but it also enables absolute
quantification of rCBF (Detre et al., 2009; Bokkers et al., 2010),
thus presenting ASL as a reliable physiological marker of neural
activity (Akgoren et al., 1994; Hoge and Pike, 2001; Lauritzen,
2001). Assessing whether the rCBF pattern in high-risk groups
for depression deviates significantly from the norm may be
helpful for early diagnosis, intervention and prevention (Bonne
and Krausz, 1997). In addition, in various neuropsychiatric
disorders, perfusion patterns can act as objective biomarkers
which help to track disease progression as well as developmental
brain maturation (Brown et al., 2007; Borogovac and Asllani,
2012). In these contexts, ASL offers several advantages in
terms of its safety, non-invasiveness, non-radioactivity, ease
to obtain, reproducibility, its ability to quantitatively display
perfusion abnormalities, its high spatial resolution and its good
accuracy. Altogether, these features make ASL a powerful tool
for the study of rCBF in patients with depression (Wang et al.,
2011; Ho et al., 2013). In particular, it has the potential to
be applied in the study of the neural basis and for the early
diagnosis of depression.

Previous studies have mostly recruited patients with long-
term diseases and those undergoing drug treatment (Duhameau
et al., 2010; Vasic et al., 2015) as different antidepressants may
have potentiating or weakening effects on rCBF (Nobler et al.,
2002). This fact causes the research to be concentrated on adult
patients (Vasic et al., 2015; Fu et al., 2017), thereby making it
unsuitable for considering the early diagnosis and treatment
of adolescent depression. Therefore, this study, involving first-
episode untreated adolescents with major depressive disorder,
may help in reducing confounding factors, in resolving
inconsistencies in the existing literature, and eventually in
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determining whether hyperactive perfusion or hypoperfusion is
indeed responsible for adolescent MDD potential biomarkers.

Consequently, ASL was applied for testing the following
hypotheses: (1) the rCBF values of the relevant brain regions
in patients with MDD can change compared to the control
group and (2) the changes in rCBF values are linked to the
severity of the disease.

Materials and methods

Participant selection

This study recruited 40 adolescents between 12 and 17 years
old and diagnosed with MDD from the inpatient clinics of
the First Affiliated Hospital of Chongqing Medical University,
China. Two experienced psychiatrists independently evaluated
the presence or absence of diagnoses based on the Mini
International Neuropsychiatric Interview for Children and
Adolescents (MINI-KID). The validated and reliable Chinese
version of the 17-item depression scale Hamilton depression
scale-17 (HAMD-17) was then used to assess the severity
of depression. The HAMD-17 instrument was selected on
account of its extensive application in clinical practice and
scientific research. On the day of MRI-based assessments, the
patients obtained a total score of at least 17 on the HAMD-
17 scale.

The exclusion criteria for the participants were as follows:
being left-handed; drug misuse; intense physical diseases or any
other somatic ones; a history of neurological disorders running
in the family; head motion exceeding 3 mm in translation or
3◦ in rotation; the presence of any surgically-placed electronic
or metal materials that could interfere with functional MRI
(fMRI) assessment; the existence of other psychiatric disorders
such as personality disorders or schizophrenia; the presence of
abnormal cerebral structures after early MRI scanning. In the
case of the healthy controls (HCs), the inclusion criteria were:
aged 12–17 years; being from the Han Chinese population; no
previous history of psychiatric diagnosis; no history of severe
neurological (e.g., stroke, concussion) or medical conditions
(e.g., chronic inflammatory or autoimmune diseases); no
conditions affecting metabolism (e.g., hypertension, diabetes,
or thyroid dysfunction). The same set of exclusion criteria was
applied to both groups. Overall, 32 patients as well as 28 healthy
participants were controlled for variations in factors such as
educational status, age and gender, with the same exclusion
standards as depressive patients.

Prior to participation in the current study, a written
informed consent was signed by all participants. The study
was also performed with the approval of the Medical
Ethics Committee of the First Affiliated Hospital of
Chongqing Medical University in accordance with the
Helsinki’s Declaration.

Image acquisition

Magnetic resonance images were acquired with a 3.0 Tesla
GE Signa HDx system (General Electric Healthcare), housed in
the department of Radiology of the First Affiliated Hospital of
Chongqing Medical University.

After lying down for the scans, participants were required
to remain quiet, close their eyes without thinking of anything
in particular and to relax without moving. Throughout the
scanning process, they were required to remain awake. Their
hearing was also protected with earplugs while head movement
was minimized with the help of a sponge. A standard eight-
channel head coil was used with the MRI scanner. Structural
abnormalities as well as intracranial lesions were excluded
when acquiring 3D T1WI, T2WI, and T2 FLAIR sequences
and the resting state perfusion imaging was performed using
a 3D ASL with the following parameters: NEX 3, TE 9.8 ms,
TR 4,639 ms, FOV 240 mm × 240 mm, slice thickness
4.0 mm, post label delay time 1,525 ms, 3D spiral k-space
filling, points 512, arms 8, acquisition scan slices 40, acquisition
time 4 min 29 s.

Image processing

Quality control of results was performed by one experienced
radiologist who directly checked the data acquired on the MR
scanner. In this case, the scanning process was repeated when
motion artifacts were observed as a result of head movements.
The dcm2nii software1 was then used to convert digital imaging
and communications in medicine (DICOM) images of CBF into
neuroimaging informatics technology initiative (NIFTI) formats
before running SPM122 in MATLAB 2013b. To normalize
images, those of each participant were registered for a one-step
registration method before subsequently checking the image
quality. This was followed by image standardization and spatial
smoothing with dpabi4.33 and SPM12, respectively. The full
width at half-maximum (FWHM) of the Gaussian kernel was
8 mm with the removal of non-brain tissues.

Statistical analyses

All data were analyzed using SPSS22 (Chicago, IL,
United States) software. Education level, gender, age, and
rCBF were compared between groups using two-sample
t-tests, with regression analysis also performed using years
of education, gender and age as covariates. In this case,
a False Discovery Rate (FDR) correction of 0.050, or an

1 https://neuroelf.net/wiki/doku.php?id=dcm2nii

2 https://www.fil.ion.ucl.ac.uk/spm/software/spm12/

3 http://rfmri.org/dpabi
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TABLE 1 Demographic characteristics of healthy controls (HCs) and major depressive disorder (MDD) patients.

Demographic data HCs (n = 28) MDD (n = 32) T (orx2) P-value

Gender (male/female) 28(4/24) 32(4/28) 0.010 0.922a

Age (years) 15.07 ± 3.90 14.31 ± 1.31 1.592 0.117b

Years of education (years) 9.75 ± 2.38 9.06 ± 1.63 1.320 0.192b

HAMD score 0.18 ± 0.48 25.22 ± 5.16

HAMD, Hamilton depression scale. aThe p-value for gender distribution was obtained by chi-square test. bThe p-value were obtained by two sample t-tests.

FIGURE 1

Differences in regional cerebral blood flow (rCBF) between healthy controls (HCs) and major depressive disorder (MDD) patients. The blue area
represents a decrease in rCBF while the red one represents an increase in rCBF.

TABLE 2 Significant differences in regional cerebral blood flow (rCBF) values between healthy controls (HCs) and major depressive disorder (MDD)
patients.

Cluster location Peak (MNI) Number of voxels T-value

X Y Z

Left IFGtriang −54 40 16 1178 4.2955

Right PreCG 22 −24 60 384 −4.5095

MNI, Montreal Neurological Institute; IFGtriang, triangular part of the inferior frontal gyrus; PreCG, Precental gyrus.

uncorrected p-value at 0.001 was selected as the threshold
for statistical significance. The above steps were completed
with SPM12. The CBF values of brain regions showing
differences were extracted with dpabi4.3 before visualizing

results in Xjview10. The relationship between rCBF values and
HAMD scores were eventually determined based on Spearman
correlational analysis, with p-values of <0.05 considered to be
statistically significant.
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Results

Demographic and clinical data

Table 1 summarizes the demographic characteristics of HCs
and MDD patients. The MDD patients and the healthy control
groups were not significantly different from each other in terms
of education level, gender and age (p > 0.05).

Differences in regional cerebral blood
flow between healthy controls and
major depressive disorder patients

The analysis showed that, compared with the HCs, the
MDD group displayed a decrease in rCBF in the left IFGtriang
(cluster = 1178, and peak t = 4.2955), along with an increase in
the right PreCG (cluster = 384, and peak t = −4.5095) (Figure 1
and Table 2). In this case, a p-value of <0.001 was selected as the
cluster threshold.

Correlation between regional cerebral
blood flow and Hamilton depression
scale scores

Correlational analysis indicated a negative but significant
relationship between HAMD scores and rCBF changes in the
left IFGtriang when HCs and MDD patients were compared
(R2 = 0.141, p = 0.034) (Figure 2). However, for the right
PreCG, similar comparisons between the two groups did not
yield significant correlations between Hamilton depression scale
(HAMD) scores and rCBF changes (R2 = 0.038, p = 0.286).

Discussion

Voxel-based whole-brain analysis was performed based on
arterial spin labeling imaging for calculating rCBF (Wang et al.,
2022). Compared with the traditional fMRI data analysis, ASL
provides quantitative and reproducible whole-brain measures
that are closely related to neural activity for local cerebral
blood flow. It also has low inter-subject variability while
providing quantitative measures of cerebral blood flow which
directly reflect neural activities as well as brain physiology
(Haller et al., 2016).

The current study used ASL techniques for quantitatively
investigating rCBF in patients diagnosed with MDD. The
results confirmed the hypotheses that the rCBF values of the
relevant brain regions in MDD patients could change compared
to the control group, with this observation corroborating
previously-reported findings (Cooper et al., 2020). This analysis
revealed reduced rCBF in the right parahippocampus, thalamus,
fusiform, and middle temporal gyrus as well as the left and
right insula, for those with MDD. After comparing the rCBF in
the current study, two abnormal brain regions, namely the left
IFGtriang and the right PreCG were identified. Furthermore,
subsequent correlational analyses indicated that depression
severity (HAMD scores) in MDD was significantly correlated
to altered CBF in the left IFGtriang. Overall, the results suggest
that altered CBF in the left IFGtriang could represent a potential
neural biomarker of vulnerability to MDD.

The influence of rCBF on the pathogenesis of MDD remains
unclear but previous studies have shown that different genotypes
could have some effects on cerebral blood flow metabolism
during depression (Rao et al., 2007; Li et al., 2016). In recent
years, numerous studies (Crookes et al., 2018; Nanayakkara
et al., 2018) have consistently suggested that high-risk factors

FIGURE 2

Correlational analyses between cerebral blood flow (CBF) in the left triangular part of the inferior frontal gyrus (IFGtriang) and Hamilton
depression scale (HAMD) scores for the two groups.
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for cerebrovascular diseases such as hypertension, diabetes,
and atherosclerosis could also influence the occurrence of
depression. It was further found that changes in CBF could be
the result of changes in neurotransmitters such as dopamine,
serotonin, catecholamines, and glutamate as well as gamma-
aminobutyric acid (GABA) that play a role in regulating vascular
responses (Dukart et al., 2018). Correlations between cerebral
blood flow and local neural activity and metabolism are known
as neurovascular coupling (Zhu et al., 2017; Chen et al., 2022).
This feature depends on the integrity of the neurovascular unit
as altered neuronal activity can lead to changes in blood flow.

Studies of the frontal lobe, involved in higher-order
cognitive control and emotional processing, have, so far, yielded
the most consistent findings in MDD (Zhang et al., 2018; Zhao
et al., 2021). In particular, as an important part of the frontal
lobe, the left IFGtriang plays a vital role in anhedonia and
emotional activities (Hou et al., 2021) in patients with MDD as
it is involved in controlling attention and regulating emotions.

The results finally showed that abnormal rCBF values
were negatively correlated to the left IFGtriang and HAMD
scores, and this could possibly be attributed to rumination and
emotional processing in depressive patients.

Limitations

In addition to its small sample size, this study could not
totally exclude physiological noises such as heart and respiratory
rhythms in the resting state. Secondly, the age of the patients
varied between 12 and 17 years and possible confounding
variables regarding age differences could not be removed.
Thirdly, the HAMD-17 is yet to be fully validated for rating
the severity of depression in adolescent samples. Finally, some
patients initially considered to have uni-polar depressions were
subsequently diagnosed with bipolar ones in clinical practice.

Conclusion

This study, in comparing HCs and MDD patients,
highlighted discrepancies in their corresponding rCBF values.
In particular, compared with healthy participants, drug-naive
adolescents with a first-episode of MDD had lower rCBF in
the left IFGtriang and the right PreCG. Finally, abnormal
rCBF values in the left IFGtriang were found to be negatively
correlated with HAMD scores, hence suggesting that the left
IFGtriang could be an area of interest for better understanding
the neurobiology of MDD.
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The characteristics of arterial
spin labeling cerebral blood
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imaging, biomarkers, and
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2China National Clinical Research Center for Neurological Diseases, Beijing, China

Objective: We aimed to characterize the potential risk factors and cerebral

perfusion of patients with subjective cognitive decline (SCD).

Methods: This prospective study enrolled consecutive patients from the

Chinese Imaging, Biomarkers, and Lifestyle (CIBL) Cohort of Alzheimer’s

disease between February 2021 and March 2022. Patients who met the

SCD diagnostic criteria were categorized into the SCD group, while those

without cognitive complaints or any concerns were assigned to the healthy

control (HC) group. The demographic and clinical characteristics and

cerebral blood flow (CBF) from pseudo-continuous arterial spin labeling

(pCASL) in standard cognitive regions were compared between these two

groups. A multivariate analysis was performed to identify independent factors

associated with SCD.

Results: The frequency of family history of dementia in the SCD group

was higher compared with the HC group (p = 0.016). The CBF of left

hippocampus (p = 0.023), left parahippocampal gyrus (p = 0.004), left

precuneus (p = 0.029), left middle temporal gyrus (p = 0.022), right

parahippocampal gyrus (p = 0.018), and right precuneus (p = 0.024) in

the SCD group were significantly increased than those in the HC group.

The multivariate logistic regression analyses demonstrated that the family

history of dementia [OR = 4.284 (1.096–16.747), p = 0.036] and the CBF

of left parahippocampal gyrus [OR = 1.361 (1.006–1.840), p = 0.045] were

independently associated with SCD.
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Conclusion: This study demonstrated that the family history of dementia

and the higher CBF within the left parahippocampal gyrus were independent

risk factors associated with patients with SCD, which could help in the early

identification of the SCD and in intervening during this optimal period.

KEYWORDS

subjective cognitive decline, dementia, cerebral blood flow, neuroimaging,
parahippocampal gyrus

Introduction

With the global increase in the elderly population,
Alzheimer’s disease (AD), the leading cause of dementia in the
elderly, has been the greatest challenge for global public health
and social care. The Alzheimer’s Disease International (ADI)
predicted that the global population suffering from dementia
would rise to 82 million in 2030 and exceed 152 million
in 2050 (Patterson, 2018). However, having limited options
for assessing the exact pathophysiology and early diagnosis
of AD, the clinical experts are faced with great challenge in
providing effective therapeutic strategies (Selkoe, 2021). Current
drugs for AD mainly aim at the correction of neurotransmitter
abnormalities, such as cholinesterase enzyme inhibitors (ChEIs)
andN-methyl D-aspartate (NMDA) receptor antagonists, which
can only provide symptomatic treatment to the disease to
a certain extent but cannot reverse the disease progression
(Joe and Ringman, 2019).

In 2018, the National Institute on Aging and Alzheimer’s
Association (NIA-AA) proposed the “ATN” research
framework, including biomarkers of Aβ deposition, pathologic
tau, and neurodegeneration, which emphasized the progression
of AD as a continuum (Jack et al., 2018). Asymptomatic
individuals with abnormal AD biomarkers should be considered
as a stage of AD, called “preclinical AD,” rather than a separate
diagnosis. The Dominantly Inherited Alzheimer Network
(DIAN) study has demonstrated that in the continuous
progress, longitudinal Aβ begins to change first (starting
25 years before estimated symptom onset), followed by
the declines in cortical metabolism and CSF p-tau181 and
tau (approximately 7–10 years later), then the cognitive
decline and the hippocampal atrophy (approximately 20 years
later) (McDade et al., 2018). In preclinical AD, individuals
still retain sufficiently intact cognitive function that can
be harnessed and directed toward either compensation or
restitution of function (Rabin et al., 2017). Thus, the preclinical
stage should be an important consideration for starting the
interventions to prevent cognitive impairment before the onset
of clinical symptoms.

Subjective cognitive decline (SCD) refers to the self-
perception of cognitive decline and does not require

confirmation by external observation (Jessen et al., 2014).
SCD is a generalized heterogeneous concept that can be
induced by many conditions other than AD (Jessen et al.,
2020). Increasing evidence has demonstrated that SCD in the
elderly is a risk factor for mild cognitive impairment (MCI)
or dementia (van Harten et al., 2018; Jessen et al., 2020; Pike
et al., 2021). Moreover, abnormalities in several AD-related
biomarkers in cerebrospinal fluid or neuroimaging were also
found in individuals with SCD (Slot et al., 2019; Jessen et al.,
2020), which makes SCD the second stage of six numeric stages
in the AD continuum. Thus, effective recognition of SCD may
provide important clues for a preclinical stage closely related
to dementia or AD. It has been widely accepted that modifying
risk factors might prevent or delay up to 40% of dementias
(Livingston et al., 2020), which highlights the feasibility and
importance of early prevention. However, the implementation
of the “ATN” framework has limitations due to the invasive
of lumbar puncture and the expense of positron emission
tomography (PET). The SCD that is being recognized clinically
still needs to be paired with other feasible biomarkers for
improving its diagnostic value.

In addition to Aβ deposition, recent evidence from
neuroimaging cohort studies and animal models strongly
suggests other underlying pathophysiological processes of AD,
particularly neurovascular dysregulation (Iturria-Medina et al.,
2016; Dounavi et al., 2021). Vascular dysfunction result in
reduced clearance of Aβ by periarteriolar and impaired Aβ

transporters across the blood-brain barrier, which can increase
Aβ deposition. Aβ induces contraction of pericytes and vascular
smooth muscle cells and then exacerbates hypoperfusion (Fisher
et al., 2022). Duan et al. (2020) have proposed that CBF could
be a neuroimaging marker to reflect the degree of cognitive
impairment. Arterial spin labeling (ASL) is a non-invasive
technique for quantifying cerebral perfusion that has been
proven as a useful biomarker of the early stages of AD, which is
consistent with the findings of PET (Hays et al., 2016). However,
despite increasing studies of ASL on dementia, only a few on
individuals with SCD are available, and the findings seem to
be not in agreement. Hays et al. (2018) have demonstrated
significant negative correlations between verbal memory and
CBF within the posterior cingulate cortex, middle temporal
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gyrus, hippocampus, fusiform gyrus, and inferior frontal gyrus
in patients with SCD. Another observational study has revealed
that compared with elderly controls, participants with SCD
presented a significant decline in CBF values, mainly in the
hippocampal and posterior cingulate cortex (Yang et al., 2021).
Moreover, the outstanding relevance of classical risk factors for
dementia may not be proven in SCD, which makes SCD difficult
to be identified (Wen et al., 2021). The significant clinical and
neuroimaging characteristics of SCD are yet to be identified.
Therefore, our study aimed to explore risk factors of SCD,
especially the perfusion characteristics, for providing new clues
to early recognition and intervention of SCD.

Materials and methods

Ethics

The study was approved by the Institutional Review Board
of Beijing Tiantan Hospital of Capital Medical University
(KY-2021-028-01) before enrolling participants. All individuals
involved in this study provided written informed consent for
clinical and genetic analyses before enrollment.

Patient or participant selection

All data were analyzed from the Chinese Imaging,
Biomarkers, and Lifestyle (CIBL) study of AD, an ongoing
large-scale prospective cohort study majorly conducted in 2020
and focused on the risk factors, biomarkers, and neuroimaging
in the Chinese population with cognitive impairment, which
is registered at chictr.org.cn (ChiCTR2100049131). This study
selected consecutive patients with SCD between February 2021
and March 2022. The inclusion criteria were as follows: (1)
SCD that met the diagnostic framework proposed by the
SCD Initiative Working Group in 2014 and 2020 (Jessen
et al., 2014; Jessen et al., 2020); (2) self-experienced persistent
decline in memory, rather than other domains of cognition,
while healthy control (HC) volunteers with no cognitive
complaints or any concerns (worries); (3) normal performance
on standardized cognitive tests, adjusted for age, gender, and
years of education; and (4) onset of SCD within the last
5 years. Patients were excluded from the study if they (1)
were left-handed/ambidexter; (2) met the criteria for MCI or
dementia; (3) had other central nervous system diseases that
may cause cognitive impairment, such as stroke, Parkinson’s
disease, frontotemporal dementia, tumor, encephalitis, and
epilepsy; (4) had a mental disorder history that met the
Diagnostic and Statistical Manual of Mental Disorders-5 (DSM-
5); (5) presented cognitive impairment due to traumatic brain
injury; (6) had a history of drug abuse or toxic exposure; (7)
had systemic diseases, such as thyroid dysfunction, syphilis,

and HIV; and (8) had congenital mental developmental
delay. Patients with SCD were categorized into the SCD
group, while those who met HC volunteers were assigned to
the control group.

Data collection

Information on sex, age of enrolled in the cohort, years
of education, medical history, family history of dementia,
and clinical symptoms were collected. DNA samples were
extracted from whole blood samples. Apolipoprotein E (APOE)
genotyping was performed based on two single nucleotide
polymorphism (SNP) sites (rs429358 and rs7412) at WeGene
Lab using a customized Illumina WeGene V3 Array by Illumina
iScan System, which contains roughly 700,000 markers. All
participants completed a comprehensive neuropsychological
assessment to evaluate their global cognitive functions, such
as Mini-mental State Examination (MMSE), the Montreal
Cognitive Assessment (MoCA), the Hamilton Depression
Rating Scale (HAMD), and the Hamilton Anxiety Rating Scale
(HAMA). The SCD-questionnaire 9 (SCD-Q9) was performed
to help diagnose and quantitatively assess the severity of SCD
(Gifford et al., 2015; Hao et al., 2017). In this study, two trained
neurologists or neuropsychologists performed the cognitive
tests, respectively.

Magnetic resonance imaging
acquisition and processing

Image acquisition was performed on a 3-T MR scanner
(SIGNA Premier; GE Healthcare, Milwaukee, WI, United State)
with a 48-channel head coil. High-resolution 3D T1 scans were
performed using the Inversion Recovery Gradient Recalled Echo
(IR-GRE) sequence with the following parameters: repetition
time (TR) = 7.3 ms, echo time (TE) = 3.0 ms, inversion time
(TI) = 450 ms; flip angle (FA) = 12 degrees, field of view
(FOV) = 256 mm × 256 mm, acquisition matrix = 256 × 256,
slice thickness = 1.0 mm, slice number = 176, and scan
time = 4 min 56 s. ASL was performed using pseudo-continuous
arterial spin labeling (pCASL) with a 3D readout (3D pCASL)
sequence with the following parameters: axial acquisition,
TR = 4,849 ms, TE = 10.6 ms, FOV = 220 mm × 220 mm,
acquisition matrix = 512 × 512, slice thickness = 4 mm,
slice number = 36, post-labeling delay = 2,025 ms, and scan
time = 4 min 22 s.

Data processing was performed using CereFlow software
(Anying Technology Beijing Co., Ltd.)1 with the following steps:
(1) calculation of CBF from the GE scanner’s ASL’s perfusion-
weighted (PW) image and proton density (PD) image using

1 www.cereflow.cn
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the standard simple compartment model with an assumption
that the arterial transit time (ATT) is equivalent to post-label
delay (PLD); (2) co-registration of the M0 image (GE ASL’s
PD image) with the anatomical T1w image, the calculated
CBF image was also co-registered to T1w with the same
transformation parameters; (3) normalization of T1w images
to the Montreal Neurological Institute (MNI) template; (4)
CBF image warped into the MNI space using the forward
transformation matrix derived from T1w; and (5) extraction
of the regional CBF by the automated anatomical labeling
(AAL) atlas (Tzourio-Mazoyer et al., 2002). The brain areas
that showed significant CBF differences between the two
groups were further analyzed, including bilateral hippocampal,
parahippocampal gyrus, precuneus, middle temporal gyrus, and
posterior cingulate.

Statistical analysis

All statistical analyses were performed using SPSS 26.0
statistical software (SPSS Inc., Chicago, IL, United States).
Categorical variables are presented as the total number (n) and
percentage (%) per group, and the χ2 or Fisher’s exact test was
used to assess statistical differences. The mean and standard
deviations (SDs) were calculated for continuous variables with
normal distribution, while the median and interquartile range
(IQR) were used for continuous variables lacking a normal
distribution. Subsequently, the t-test was used for normally
distributed data. The Mann–Whitney U-test was used for
data with no normal distribution. Risk factors (p < 0.05)
were further analyzed using univariate and multivariate logistic
regression. The p-values smaller than 0.05 were considered
statistically significant.

Results

Baseline characteristics in both groups

The clinical variables and demographics are shown in
Table 1. In the initial stage, a total of 349 participants
underwent basic information collection and neuropsychological
assessment, and then 61 patients were included in the final
analysis (Figure 1). Of these, 31 patients (50.8%) were diagnosed
with SCD and 30 patients (49.2%) were assigned to the
control group. There was no significant difference between
the two groups in gender, age, education, and the prevalence
of hypertension and diabetes, except for a family history of
dementia. The frequency of family history of dementia in the
SCD group (45.2%) was significantly higher than that in the
HC group (16.7%). Subsequently, we compared the scores of
MMSE, MoCA, HAMD, and HAMA and found that there
was no significant difference between the two groups in the

neuropsychological assessments. Additionally, we found no
significant difference in the frequency of APOE ε4 carriers
between the two groups.

The absolute cerebral blood flow in
both groups

The absolute CBF in various brain regions between the two
groups is shown in Table 2. The CBF of the SCD group was
generally higher than the HC group, and the differences in
six brain regions, including the left hippocampus (p = 0.023),
left parahippocampal gyrus (p = 0.004), right parahippocampal
gyrus (p = 0.018), left precuneus (p = 0.029), right precuneus
(p = 0.024), and left middle temporal gyrus (p = 0.022)
were statistically significant. The comparison of the cerebral
blood perfusion diagram in Figure 2 also conforms to the
above statistics.

Univariate and multivariate logistic
regression analyses

We assessed all risk factors with p values < 0.05 (Tables 1, 2)
using a univariate and multivariate logistic regression model.
The results of univariate logistic regression analyses were
consistent with the T-test and the χ2 test (Table 3), which
showed that the family history of dementia and CBF in the
above-mentioned brain regions were significantly increased in

TABLE 1 Demographic and neuropsychological assessments
for participants.

Variables HC (n = 30) SCD (n = 31) p-value

Age (years) 62.53 ± 7.71 60.94 ± 9.33 0.496

Gender (%, Male) 12 (40) 7 (22.6) 0.142

Education (years) 10.60 ± 4.70 12.68 ± 3.52 0.056

Hypertension (%) 13 (43.3) 7 (22.6) 0.084

Diabetes (%) 7 (23.3) 2 (6.5%) 0.081

Family history of
dementia (%)

5 (16.7) 14 (45.2) 0.016

MMSE (scores) 29 (27.75–29) 29 (28–29) 0.703

MoCA (scores) 26 (23.75–28) 27 (26–28) 0.090

HAMD (scores) 4 (1–7) 6 (3–8) 0.171

HAMA (scores) 3 (0.75–5.5) 4 (1–6) 0.301

APOE genotype (%) 0.603

2/3 8 (26.7) 5 (16.1)

3/3 17 (56.7) 20 (64.5)

3/4 5 (16.7) 6 (19.4)

MMSE, Mini-mental State Examination; MoCA, the Montreal Cognitive Assessment;
HAMD, Hamilton Depression Rating Scale; HAMA, Hamilton Anxiety Rating Scale; HC,
healthy control; SCD, subjective cognitive decline. The numbers in bold are statistically
significant (p-value 0.05).
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FIGURE 1

A flowchart of the inclusion and exclusion criteria. MRI, magnetic resonance imaging; MCI, mild cognition impairment; HC, healthy control;
SCD, subjective cognition decline.

the SCD group compared with the HC group. According to
the odds ratio (OR) value, the first five factors were selected
for multivariate logistic regression analysis. The multivariate
logistic regression analyses demonstrated that the family history
of dementia [OR = 4.284 (1.096–16.747), p = 0.036] and the
CBF of left parahippocampal gyrus [OR = 1.361 (1.006–1.840),
p = 0.045] were independently associated with SCD (Table 4).

Discussion

Currently, there is no consensus on which clinical and
neuroimaging characteristics of individuals lead to a higher risk
of developing SCD, despite the increasing research evidence

about the clinical and cerebral microstructural and blood flow
alterations associated with SCD (Yang et al., 2021; Zhang et al.,
2021). We speculate that the different findings may be related
to the ethnic difference, different inclusion criteria, and factors
analysis methods. This study demonstrated that the family
history of dementia and the hyperperfusion alterations in the left
parahippocampus were independent risk factors associated with
patients with SCD, which could help in the early identification
of the SCD and in intervening during this optimal period.
The results of Wolfsgruber et al. (2022) are consistent with
ours, which found that the first-degree family history of AD
revealed higher SCD-plus scores than healthy controls. Another
prospective cohort study has found that greater subjective
memory impairment is associated with a first-degree family
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TABLE 2 Differences in CBF of cognition-related brain regions
between the two groups.

Brain regions CBF (ml/100 g/min) p-value

HC (n = 30) SCD (n = 31)

Hippocampus_L 40.96 ± 8.20 45.98 ± 8.64 0.023

Hippocampus_R 40.79 ± 8.60 44.80 ± 8.03 0.065

Posterior cingulate_L 62.05 ± 11.08 69.05 ± 17.24 0.064

Posterior cingulate_R 52.99 ± 10.85 58.62 ± 14.83 0.097

Parahippocampal gyrus_L 37.60 ± 6.48 42.52 ± 6.15 0.004

Parahippocampal gyrus_R 39.54 ± 7.67 44.19 ± 7.32 0.018

Precuneus_L 50.62 ± 10.41 56.85 ± 11.33 0.029

Precuneus_R 50.66 ± 10.55 57.06 ± 11.08 0.024

Middle temporal gyrus_L 53.04 ± 9.46 59.30 ± 11.27 0.022

Middle temporal gyrus_R 48.74 ± 8.55 52.69 ± 9.28 0.089

CBF, cerebral blood flow; HC, healthy control; SCD, subjective cognitive decline. The
numbers in bold are statistically significant (p-value 0.05).

history of AD in healthy older adults (Haussmann et al.,
2018). As we all know, the uncontrollable and common risk
factors of dementia include aging, a first-degree family history

of dementia, carrying APOE ε4 allele, and being a female,
especially after the age of 80 years; among these, the strongest
risk factors are advanced age and APOE ε4 allele carrier
(Scheltens et al., 2021). However, there were no significant
differences of APOE ε4 allele and aging between patients with
SCD and those elderly controls in this study. A previous
study found that neither the family history of dementia nor
APOE ε4 status was associated with SCD (Nicholas et al.,
2017). The above-mentioned evidence suggested that SCD was
highly heterogeneous, and the classical risk factors for AD and
SCD might be mismatched (Wen et al., 2021). Therefore, it
is not enough to use AD-related risk factors alone to evaluate
and predict SCD.

One of the key points in our study is the measurement of
CBF via ASL. ASL is an MRI perfusion technique that enables
quantification of the CBF of cerebral regions without the need
for contrast injection. Compared with the Aβ-PET or tau-PET,
ASL is more widely used in clinical practice and research,
and with 18FFDG PET/CT, ASL is less expensive without
ionizing radiation exposure (Dolui et al., 2020). Recently, ASL
has been performed for patients with cognitive impairment,
which is believed to closely match between components,

FIGURE 2

Cerebral perfusion map contrast of SCD and HC. (A–C) Were cerebral blood flow maps from one of the HC. (D–F) Belong to a participant with
SCD [female, 60 years old, complaint of memory decline for 2 years, sister has a history of dementia, mini-mental state examination (MMSE) 30,
the Montreal Cognitive Assessment (MoCA) 29, SCD-Q9 6, and Apolipoprotein E (ApoE) ε3/ε4]. Brain pseudo-continuous arterial spin labeling
(pCASL) revealed the patient with SCD had increased cerebral perfusion, especially in the bilateral middle temporal gyrus (A), the absolute CBF
in the right bilateral middle temporal gyrus of the HC was 42.20 ml/100 g/min, the left was 37.49 ml/100 g/min. (D) The absolute CBF in the
right bilateral middle temporal gyrus of the SCD was 67.69 ml/100 g/min, the left was 74.47 ml/100 g/min, parahippocampal gyrus (B), the
absolute CBF in the right parahippocampal gyrus of the HC was 27.59 ml/100 g/min, the left was 35.27 ml/100 g/min. (E) The absolute CBF in
the right parahippocampal gyrus of the SCD was 50.99 ml/100 g/min, the left was 53.73 ml/100 g/min, precuneus (C), the absolute CBF in the
right precuneus of the HC was 39.44 ml/100 g/min, the left was 43.15 ml/100 g/min. (F) The absolute CBF in the right precuneus of the SCD
was 71.42 ml/100 g/min, the left was 77.33 ml/100 g/min.
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TABLE 3 Univariate logistic regression analyses of risk factors in
patients with SCD.

Variables B SE Wald OR 95% CI p-value

Family history of
dementia

1.415 0.608 5.410 4.118 1.249–3.570 0.020

Hippocampus_L 0.074 0.034 4.736 1.076 1.007–1.150 0.030

Hippocampus_R 0.060 0.033 3.277 1.061 0.995–1.132 0.070

Posterior
cingulate_L

0.035 0.019 3.226 1.035 0.997–1.075 0.072

Posterior
cingulate_R

0.035 0.021 2.671 1.035 0.993–1.079 0.102

Parahippocampal
gyrus_L

0.124 0.046 7.351 1.132 1.035–1.238 0.007

Parahippocampal
gyrus_R

0.085 0.038 5.072 1.089 1.011–1.173 0.024

precuneus_L 0.054 0.025 4.441 1.055 1.004–1.109 0.035

precuneus_R 0.056 0.026 4.655 1.058 1.005–1.114 0.031

Middle temporal
gyrus_L

0.060 0.027 4.771 1.061 1.006–1.120 0.029

Middle temporal
gyrus_R

0.051 0.030 2.813 1.052 0.991–1.117 0.093

SE, standard error; OR, odds ratio; CI, confidence interval. The numbers in bold are
statistically significant (p-value 0.05).

TABLE 4 Multivariate logistic regression analyses of risk factors in
patients with SCD.

Factors B SE Wald OR 95% CI p-value

Family history of
dementia

1.455 0.696 4.375 4.284 1.096–16.747 0.036

Hippocampus_L –0.105 0.084 1.551 0.901 1.006–1.840 0.213

Parahippocampal
gyrus_L

0.308 0.154 4.002 1.361 1.006–1.840 0.045

Parahippocampal
gyrus_R

0.006 0.103 0.003 1.006 0.822–1.230 0.956

precuneus_R −0.018 0.068 0.074 0.982 0.860–1.121 0.786

Middle temporal
gyrus_L

−0.040 0.069 0.345 0.961 0.840–1.099 0.557

SE, standard error; OR, odds ratio; CI, confidence interval. The numbers in bold are
statistically significant (p-value 0.05).

regional and quantitative hypoperfusion and hypometabolism
by 18FFDG PET (Ho, 2018; Riederer et al., 2018). In 2015,
the ISMRM Perfusion Study Group and the European ASL
in Dementia Consortium released consensus guidelines that
recommended the standardized implementation of 3D pseudo-
continuous ASL (pCASL) with background suppression (Alsop
et al., 2015). In a recent head-to-head comparison, the
multiplanar and multi-delay pCASL on a GE Signa PET/MR
have similar diagnostic accuracy in dementia to the 18FFDG
PET (Ceccarini et al., 2020). The evidence suggests significant
diagnostic and application value of pCASL in the cognitive
impairment disorders.

However, to the best of our knowledge, only a few pCASL
studies of individuals with SCD are available, and the findings

are inconsistent. Hays et al. (2018) demonstrated that patients
with SCD displayed higher CBF in the posterior cingulate
cortex, middle temporal gyrus, hippocampus, fusiform gyrus,
and inferior frontal gyrus. Another study that investigated
regional CBF in 162 Alzheimer’s Disease Neuroimaging
Initiative participants had shown that patients with SCD had
increased hippocampal and inferior parietal CBF relative to HC
participants (Thomas et al., 2021). The hyperperfusion within
the classical cognitive areas may reflect early neurovascular
dysregulation, whereby higher CBF is needed to maintain tissue
metabolism and cognitive functioning and is also reflective
of early cognitive inefficiencies that distinguish SCD from
healthy elderly people (Østergaard et al., 2013). Our study
revealed that increased CBF in the left parahippocampus was
independent risk factor associated with SCD, which was rarely
described before in SCD. Choo et al. (2019) have found
that subjective memory complaints were associated with Aβ

depositions, especially in the left parahippocampus (Choo et al.,
2019). There is evidence suggesting that parahippocampus
volume reduction and thinning might reflect the initial sign of
olfactory impairment and lead to dysfunction in the connection
of olfactory memory to the neocortex (Kubota et al., 2020).
These findings indicate that the left parahippocampal gyrus
may be one of the earliest involved areas of cognitive decline.
However, a prospective cohort study displayed that patients
with SCD showed a poor level of CBF in the right middle
frontal gyrus compared with the HC subjects (Zhang et al.,
2021). Participants with SCD plus demonstrated a significant
decline in CBF values, mainly in the hippocampal head and
posterior cingulate cortex (Yang et al., 2021). Moreover, the
study from the Amsterdam Dementia Cohort found that
reduced CBF was not associated with worse performance
in patients with SCD (Leeuwis et al., 2017). We speculate
these controversial results may be due to the use of different
cohorts or inclusion criteria (SCD or SCD plus) and image
processing methodologies.

Our study has several limitations. This was a single-center
study, and included a relatively limited number of individuals.
Thus, the findings may not be applicable to other settings due to
the inherent selection bias.

Conclusion

This study found the family history of dementia and
the hyperperfusion in the left parahippocampal gyrus were
independently associated with SCD patients, which combined
the risk factors of AD and evidence of vascular dysregulation
for earlier identifying the SCD and interfering in this optimal
period. Prospective multicenter studies are needed to evaluate
the effectiveness of this finding and develop a reliable
predictive model for SCD.
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Objective: This study aimed to detect the cerebral blood flow (CBF) values

changes in patients with ankylosing spondylitis (AS) and to evaluate the

correlation between the CBF values and the specific clinical characteristics.

Materials and methods: Forty-eight patients with AS (43 male and

5 female) and 42 healthy controls (HCs) (38 male and 4 female)

were recruited. Three-dimensional pseudo-continuous arterial spin

labeling (3D-pCASL) was performed on a 3.0T magnetic resonance

imaging (MRI). CBF values were obtained on the Philips post-processing

workstation based on arterial spin labeling (ASL) data. The two-

sample t-test was used to compare CBF differences. The correlation

between CBF values and specific clinical characteristics of AS was

evaluated.

Results: The AS group showed increased CBF values in the right precentral

gyrus, the left inferior frontal gyrus, and the left temporal pole compared with

HCs the AS group also showed decreased CBF values in the left precuneus and

the left superior occipital gyrus compared with HCs. There were no significant

correlations between the CBF values and the clinical characteristics including

total back pain (TBP), erythrocyte sedimentation rate (ESR), and C-reactive

protein (CRP).

Conclusion: Patients with AS displayed CBF changes compared with HCs

using 3D-PCASL. These results may enhance our understanding of the neural

substrates of AS and provide evidence of AS-related neurological impairment.

KEYWORDS

ankylosing spondylitis (AS), cerebral blood flow (CBF), arterial spin labeling (ASL),
brain perfusion, magnetic resonance imaging (MRI)
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Introduction

Ankylosing spondylitis (AS) is the major subtype of an inter-
related group of rheumatic diseases named spondyloarthritis
(SpA) that affects the axial skeleton and other joints and
organs (Braun and Sieper, 2007). The global incidence of
AS is about 0.9% and it mainly occurs in young patients
with a male-to-female ratio of roughly 2 to 1 (Feldtkeller
et al., 2003). The main clinical manifestation of AS is lower
back pain in the early stage and motion limitation due to
stiffness of the spine in the late stage. In terms of etiology,
AS may be the result of the dual effects of environmental
factors and genetic inheritance, the most important of which
is HLA-B27 (Bowness, 2015), but the exact pathogenesis is still
unknown.

Increasingly studies have found brain structural and
functional changes in AS (Cidem et al., 2014; Hemington
et al., 2016). From the brain structural perspective, the gray
matter volume in the left putamen in patients with AS
increased significantly and was positively correlated with the
duration of AS and total back pain (TBP) scores, whereas it
was not correlated with bath ankylosing spondylitis disease
activity index (BASDAI) scores, C-reactive protein (CRP), or
erythrocyte sedimentation rate (ESR) (Hua et al., 2020). From
the brain functional perspective, A whole-network analysis
revealed that AS patients exhibited less anticorrelated functional
connectivity (FC) between the salience network and the default
mode network, suggesting that cross-network FC is a metric
of functional brain abnormality in AS (Hemington et al.,
2016). Another FC and low-frequency fluctuations (ALFF)
study found that the FCs of the left middle temporal gyrus
and left precuneus of AS patients were closely related to
BASDAI scores, ESR, and CRP. Additionally, the ALFF values
of multiple brain areas were significantly changed in AS patients
(Li et al., 2017).

Previous studies have also found a relationship between
pain disorders and cerebral perfusion using the method of
arterial spin labeling (ASL). In chronic knee pain, significant
hypo-perfusion was found in the anterior medial prefrontal
cortex, the angular gyrus, and the ventral anterior insular cortex,
while hyper-perfusion was found in posterior default mode,
thalamus, and sensory regions (Iwabuchi et al., 2020). Perfusion
changes in different brain regions in patients with chronic pain
provided valuable insights into the pathogenesis of AS since
the brain perfusion difference can reflect the level of neural
activity.

Therefore, in the present study, we used the three-
dimensional pseudo-continuous ASL (3D-pCASL) method
to detect the brain cerebral blood flow (CBF) differences
between patients with AS and healthy controls (HCs). We also
evaluated the correlation between CBF values and the clinical
characteristics of AS. We hope our results will help to explore
the underlying pathophysiology of AS.

Materials and methods

Subjects

A total of 52 patients with AS were recruited from the
Guangdong Second Provincial General Hospital. 44 sex- and
age-matched HCs were recruited through local advertisements.
All participants were right-handed. The inclusion criteria for AS
patients were as follows: (1) diagnosis of active AS according
to the revised New York criteria; (2) non-steroidal anti-
inflammatory drugs (NSAIDs) were only taken in stable doses
for pain; (3) did not take biological agents during the study
or at any other time; (4) no comorbidities, such as anxiety,
presence of fibromyalgia, and depression and so on; and (5) the
average TBP score of the week before the report was ≥3 (out
of 10, 0 = no pain, 10 = the most severe pain imaginable). The
inclusion criteria for HCs were as follows: (1) 16–55 years old;
(2) no prior diagnosis of neurological disease or mental illness;
(3) no malignant disease in the past 2 years; (4) no pregnancy or
no breastfeeding; and (5) no other MRI contraindications.

Magnetic resonance imaging data
acquisition

The image data were performed on a 3.0T MRI scanner
(Ingenia; Philips, Best, Netherlands). In the resting-state
perfusion imaging, the pCASL sequence was used for three-
dimensional (3D) fast spin-echo acquisition and background
suppression. The acquisition parameters were the following:
echo time (TE) = 33 ms, repetition time (TR) = 4,155 ms, field
of view (FOV) = 240 mm2

× 240 mm2, post-labeling delay
(PLD) = 2,000 ms, in-plane voxel size = 3.75 × 3.75 × 6.00,
in-plane matrix = 64 × 59, slice thickness/gap = 6.0/0 mm, 20
axial slices covering the whole brain, NSA = 1, and acquisition
time = 4 min 51 s. In addition, a 3D T1-weighted brain
volume imaging sequence covering the whole brain was used
for structural data acquisition with: TR/TE = 7.8/3.6 ms,
slice thickness/gap = 1.0/0 mm, flip angle = 8, NSA = 1,
matrix = 256 × 256, FOV = 240 mm × 240 mm, 185 sagittal
slices, and acquisition time = 5 min 56 s. Routine MRI images
were evaluated by two experienced neuroradiologists to confirm
that there were no brain structural abnormalities.

Cerebral blood flow processing

The pCASL images were analyzed on a Philips post-
processing workstation. Quantification of CBF was calculated
with the equation:

CBF =
6000 · λ · (SIcontrol − SIlabel) · ePLD/T1,blood

2 · a · T1,blood · SIPD · (1− e−τ/T1,blood
(1)
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where T1 of blood (T1, blood) was assumed to be 1,650 ms at
3.0T, labeling efficiency (α) 0.85, partition coefficient (λ) 0.9,
PLD 2,000 ms, and labeling duration (τ) 1,800 ms. SIPD is the
signal intensity of a proton density weighted image, SIcontrol is
the time-averaged signal intensities in the control label images,
and SIlabel is the time-averaged signal intensities in the label
images. The CBF maps were normalized to the standard space of
the Montreal Neurological Institute (MNI) using the Statistical
Parametric Mapping (SPM12)1 software: (1) Co-registration
of the individual CBF brain map and the individual 3D T1-
weighted structural image to obtain the individual T1’ brain
map. (2) In the standard space, the T1 brain maps of all
individuals are nonlinearly normalized to T1 templates. (3) All
the CBF images are normalized to MNI space by using the
normalization parameters estimated in step 2, and resampled
to the voxel size of 2 mm × 2 mm × 2 mm. (4) The CBF
value of each voxel was transformed by z transformation: (single
voxel CBF – mean CBF of the whole brain)/standard deviation
of the whole brain CBF. (5) The CBF maps were smoothed
using a Gaussian smoothing kernel with a full width at half
maximum of 6 mm.

Statistical analysis

SPSS for Windows version 22.0 (SPSS Inc., Chicago, IL,
United States) was used for statistical analysis. Independent-
sample t-tests were used to compare age, TBP, ESR, and CRP.
Gender differences between the two groups were compared
using the X 2 test. All tests were the two-tailed test, p < 0.05 was
considered to be statistically significant.

In order to compare the CBF maps, the CBF maps between
the AS group and the HCs group, a voxel-based comparison was
made, using the t-test of the two samples, and the individual’s
age and sex were used as nuisance covariates. The voxel-level
correction of family-wise error (FWE) for multiple comparisons
was used in all group comparisons.

Save the clusters that show significant group differences on
the CBF maps between the two groups as a binary mask to
extract CBF values. We then calculated the partial correlation
analysis between these CBF values and TBP, ESR, and CRP. We
used gender and age as covariates. Multiple comparisons were
performed using the Bonferroni correction.

Results

Demographic information

Demographic information and clinical characteristics of all
recruited participants are shown in Table 1. Two HCs and Four

1 http://www.fil.ion.ucl.Ac.uk/spm

patients with AS were excluded from further analyses because
of image artifacts. Finally, 48 AS patients and 42 HCs were
included. There were no significant differences in age and sex
between the two groups.

Differences in cerebral blood flow
values between two groups

Compared with the HCs group, the AS group showed
increased CBF values (Table 2 and Figure 1) in the right
precentral gyrus, the left inferior frontal gyrus, and the left
Temporal Pole, and showed decreased CBF values in the
left precuneus and the superior occipital gyrus (Table 2 and
Figure 2).

Correlation analysis

Partial correlation analysis showed that there were no
significant correlations between the right precentral gyrus, the
left inferior frontal gyrus, the left Temporal Pole, the left
precuneus, the superior occipital gyrus, and the TBP, ESR, and
CRP (Table 3).

Discussion

In this study, we explored the CBF changes in AS patients
and the relationship between the altered CBF and the clinical
characteristics including TBP, ESR, and CRP. We found
increased CBF values in the right precentral gyrus, the left
inferior frontal gyrus and the left temporal pole in AS patients
compared with the HCs. In addition, our findings showed that
AS patients exhibited decreased CBF values in the left precuneus
and the superior occipital gyrus compared with HCs. There were
no significant correlations between CBF values changes in the
right precentral gyrus, the left inferior frontal gyrus, the left

TABLE 1 Demographic and clinical data comparisons.

Characteristics AS HC Statistics P-value

Case 48 42 N/A N/A

Gender (M/F) 43/5 38/4 χ2 = 0.020a 0.888

Age (years old) 25.9± 6.4 28.1± 3.7 T = 8.460b 0.052

TBP 6.0± 1.4 N/A N/A N/A

ESR 14.3± 7.7 N/A N/A N/A

CRP 11.7± 9.1 N/A N/A N/A

Means and standard deviations (SD) are listed in the table.
AS, ankylosing spondylitis; HC, healthy control; M, male; F, female; TBP, total back pain;
ESR, erythrocyte sedimentation rate; CRP, C-reactive protein; N/A, not applicable.
aχ2-test.
bTwo-sample t-test.
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TABLE 2 The areas of significantly different CBF values between the AS patients and the HCs (voxel-level correction of FWE).

Brain regions Brodman area Montreal neurological institute coordinates Peak t-value Cluster size (voxel numbers)

X Y Z

CBF values: AS > HCs

R precentral gyrus 48 58 4 8 6.37 32

L inferior frontal gyrus 47 –32 38 –18 5.69 19

L inferior frontal gyrus 48 –46 12 4 5.61 9

L temporal pole 36 –28 14 –40 5.51 13

CBF values: AS < HCs

L precuneus 23 –6 –62 18 5.81 59

R superior occipital gyrus 18 24 –94 32 5.44 8

CBF, cerebral blood flow; AS, ankylosing spondylitis; HC, healthy control; FWE, family-wise error; L (R), left (right) hemisphere.

FIGURE 1

Ankylosing spondylitis patients showed significantly increased CBF clusters than HCs (voxel-level correction of FWE). AS, ankylosing spondylitis;
HCs, healthy controls; CBF, cerebral blood flow; L (R), left (right) hemisphere; The color bar indicates the T value from the two-sample t-test.

Temporal Pole, the left precuneus, the superior occipital gyrus,
and the TBP, ESR, and CRP.

To the best of our knowledge, this study is the first to
investigate the CBF changes in AS using ASL. We found that
AS patients exhibited significantly increased CBF values in
the right precentral gyrus, the left inferior frontal gyrus, and
the left temporal pole compared with the HCs. These altered
CBF values in the brain regions described above may reflect

the possible characteristics of neurological changes of AS. The
precentral gyrus, also known as the primary motor cortex, is a
very important structure involved in executing voluntary motor
movements (Banker and Tadi, 2021). A previous functional
MRI (fMRI) study found significantly lower ALFF in the right
precentral gyrus (Li et al., 2017) and we found increased CBF
in the same brain region. Lesions of the precentral gyrus
can result in paralysis of the corresponding limbs or trunk
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FIGURE 2

Ankylosing spondylitis patients showed significantly decreased CBF clusters than HCs (voxel-level correction of FWE). AS, ankylosing spondylitis;
HCs, healthy controls; CBF, cerebral blood flow; L (R), left (right) hemisphere; The color bar indicates the T value from the two-sample t-test.

(Pikula et al., 2011). The increased CBF values in the precentral
gyrus may be a compensatory mechanism for voluntary
motor movement limitation in AS patients. This compensatory
mechanism has also been reported in other motor restriction
disorders (Sabatini et al., 2000; Mallol et al., 2007). The inferior
frontal gyrus is limited above by the inferior frontal sulcus and
below by the external border of the hemisphere in the front,

TABLE 3 Analysis of partial correlation between abnormal CBF values
and clinical information.

TBP ESR CRP

CBF values of the R precentral gyrus r 0.161 –0.022 –0.016

p 0.285 0.887 0.918

CBF values of the L inferior frontal gyrus r –0.034 0.201 0.281

p 0.822 0.180 0.059

CBF values of the L inferior frontal gyrus r 0.004 0.262 0.088

p 0.981 0.079 0.559

CBF values of the L temporal pole r 0.055 0.127 0.222

p 0.717 0.399 0.138

CBF values of the L precuneus r –0.033 –0.223 –0.038

p 0.825 0.137 0.800

CBF values of the R superior occipital gyrus r –0.259 0.121 –0.093

p 0.082 0.422 0.537

CBF, cerebral blood flow; TBP, total back pain; ESR, erythrocyte sedimentation rate; CRP,
C-reactive protein; L (R), left (right) hemisphere.

and by the Sylvian fissure behind (Wagner et al., 2013). The
inferior frontal gyrus is responsible for the motor component
of speech in the dominant hemisphere, which involves related
functions of the lips, tongue, larynx, and pharynx coordinated
to produce phonation (Hartwigsen et al., 2019). Interestingly, we
found the CBF values increased in the left frontal gyrus because
it seems that there is no relationship between the function of
this brain area and AS. There is growing interest regarding the
role of the inferior frontal gyrus during a particular form of
executive control referred to as response inhibition (Paulus et al.,
2002; Picton et al., 2007; Prodoehl et al., 2008; Hampshire et al.,
2010). As pain is one of the main symptoms of AS patients,
the voluntary motor movement pattern may be influenced by
the region of the inferior frontal lobe. The temporal pole is a
complex anatomical region with several distinct areas in the
anterior part of the temporal lobe, each part of which has specific
cytoarchitectural organization and connectivity patterns, and
it has been associated with many different functions (Dupont,
2002; Herlin et al., 2021). The increased CBF values in the left
temporal pole of AS patients may be associated with the socio-
emotional function of the temporal pole, because chronic pain,
activity limitation, and even kyphosis in the late stage of the
disease may cause some psychological problems (Martindale
et al., 2006; Brionez et al., 2009; Yurdakul et al., 2017).

In this study, we also found significantly decreased CBF
values in the left precuneus and the superior occipital gyrus
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in AS patients compared with HCs. The precuneus is a
brain region involved in a variety of complex functions and
it is a functional core of the default-mode network (DMN)
(Utevsky et al., 2014). Previous fMRI studies have proved
that DMN is involved in the integration of autobiographical,
self-monitoring, and social cognitive functions (Spreng et al.,
2009). In addition, DMN may also participate in the central
processing of fatigue or pain-related signals. Investigators have
identified some brain alterations in DMN regions in migraine
(Liu et al., 2015), fibromyalgia (Pujol et al., 2014), and knee
osteoarthritis (Pujol et al., 2017). The decreased CBF values
of the precuneus exhibited in our study may suggest the
impairment of DMN which is common in chronic pain-
related diseases and is consistent with the previous study
(Amiri et al., 2021). The superior occipital gyrus is continuous
along the superomedial margin of the hemisphere with the
cuneus and is involved in many complex functions of the
human body. The decreased CBF value in the superior occipital
gyrus may reflect a neurological function decrease in this
area, but the pathophysiology is still unclear and further
studies are needed.

At last, we evaluated the correlation between the altered
CBF values and clinical characteristics of AS including TBP,
ESR, and CRP. It showed that there were no significant
correlations between the CBF values and the TBP, ESR, and
CRP. These results were in part consistent with previous studies
(Li et al., 2017; Hua et al., 2020), indicating that those CBF
value changes may represent a general basic brain functional
transformation of AS.

There were several limitations in this study. First, in this
cross-sectional study, we found the CBF values changed in
several brain regions in AS patients, but the directionality of
the relationship between AS and altered CBF values remains
unclear, future longitudinal studies are needed to resolve this
question. Second, because of the cross-sectional group data, we
were unable to observe dynamic CBF values change over the
developmental course of AS. Third, the sample of this study was
small and the gender bias was large. Thus, the gender differences
in brain CBF patterns may influence the results. Future studies
should address these issues through longitudinal assessment of
a large and gender-balanced sample of AS patients.

Conclusion

Our preliminary study explored CBF values change in AS
patients compared with HCs using 3D-PCASL. Some of the
increased and decreased CBF values in different brain regions
are consistent with previous fMRI studies. These results may
enhance our understanding of the neural substrates of AS
and provide evidence of AS-related neurological impairment.
Hence, further investigation of the pathophysiology of the
regions with altered CBF values is warranted.
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Background: Pseudo-continuous arterial spin labeling (pCASL) is widely

used to quantify cerebral blood flow (CBF) abnormalities in patients with

Alzheimer’s disease (AD). T1-mapping techniques assess microstructural

characteristics in various pathologic changes, but their application in

AD remains in the exploratory stage. We hypothesized that combining

quantitative CBF and T1 values would generate diagnostic results with higher

accuracy than using either method alone in discriminating AD patients from

cognitively normal control (NC) subjects.

Materials and methods: A total of 45 patients diagnosed with AD and

33 NC subjects were enrolled, and cognitive assessment was performed

for each participant according to the Chinese version of the Mini-Mental

State Examination (MMSE). T1-weighted magnetization-prepared 2 rapid

acquisition gradient echo (MP2RAGE) and pCASL sequence were scanned

on a 3T MR scanner. A brain morphometric analysis was integrated

into prototype sequence, providing tissue classification and morphometric

segmentation results. Quantitative CBF and T1 values of each brain region

were automatically generated inline after data acquisition. Independent

samples t-test was used to compare regional CBF and T1 values controlled by

false discovery rate correction (corrected p < 0.01). The model with combined

CBF and T1 values was compared with the individual index by performing

receiver operating characteristic curves analysis. The associations between

the MMSE score and CBF and T1 values of the brain were investigated using

partial correlations.
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Results: Cerebral blood flow of the right caudate nucleus (RCc) and left

hippocampus (LHc) was significantly lower in the AD group compared with

the NC group, while the T1 values of the right caudate nucleus (RCt) and

left hippocampus (LHt) increased in the AD group. Prediction accuracies of

73.1, 77.2, 75.9, and 81.3% were achieved for each of the above parameters,

respectively. In distinguishing patients from controls using the corresponding

optimized cut-off values, most combinations of parameters were elevated

(area under curve = 0.775–0.894). The highest area under curve value was

0.944, by combining RCc, LHc, RCt, and LHt.

Conclusion: In this preliminary study, the combined model based on pCASL

and T1-mapping improved the diagnostic performance of discriminating

AD and NC groups. T1-mapping may become a competitive technique for

quantitatively measuring pathologic changes in the brain.

KEYWORDS

Alzheimer’s disease, cerebral blood flow, T1-mapping, magnetic resonance imaging,
arterial spin labeling

Introduction

Alzheimer’s disease (AD) is a neurodegenerative disease
with insidious onset and progressive development. Its main
clinical manifestations include memory loss (Jagust et al.,
2001), cognitive impairment, and behavioral abnormalities.
With the rapidly aging population, degenerative diseases of the
central nervous system have become the third most common
diseases affecting human survival after cardiovascular and
cerebrovascular diseases and cancer (Erkkinen et al., 2018).
The number of people with AD-based dementia worldwide is
expected to reach 113.4 million by 2050, and the increasing
incidence has created a challenging scenario for global public
health care systems (Knopman et al., 2021). Despite decades of
research, the exact pathogenesis of AD remains to be elucidated.
In addition to classical hypotheses, including β-amyloid peptide
aggregation leading to neuroplaque formation (Arnold et al.,
1991; Montine et al., 2012) and abnormal phosphorylation of
tau proteins causing neurogenic fiber tangles (Gallardo and
Holtzman, 2019; Dujardin et al., 2020) and early synaptic loss
(Rice et al., 2019), multiple risk factors for cerebrovascular
disease are closely associated with the development of AD
(Cortes-Canteli and Iadecola, 2020). Therefore, discovering
non-invasive, objective, quantitative, and reproducible imaging
methods that indirectly reflect the pathologic changes of AD
pathogenesis will clarify the pathologic process of AD and detect
disease progression.

Abbreviations: AD, Alzheimer’s disease; ASL, arterial spin labeling;
AUC, area under the curve; CBF, cerebral blood flow; FDR, false
discovery rate; LHc, CBF in the left hippocampus; LHt, T1 values in
the left hippocampus; MMSE, Mini-Mental State Examination; MP2RAGE,
magnetization-prepared 2 rapid acquisition gradient echo images; MRI,

Perfusion abnormality is an integral part of assessing the
pathophysiology of AD. Single-photon emission computed
tomography (SPECT) and positron emission tomography-
computed tomography (PETCT) indirectly reflect blood
perfusion through brain glucose metabolism. However, nuclear
medicine methods are invasive and involve intravenous
radioactive tracer administration, limiting clinical applications.
With the development of magnetic resonance imaging (MRI)-
based neuroradiology, arterial spin labeling (ASL) is increasingly
used as a non-invasive, inexpensive, easily accessible, and
reproducible alternative for perfusion measurement (Verfaillie
et al., 2015). ASL can quantitatively measure relative cerebral
blood flow (CBF) in different brain regions using magnetically
labeled water protons in arterial blood as a contrast agent
instead of injecting exogenous contrast agents (Chandra et al.,
2019). The accuracy of cerebral perfusion maps in AD patients
is similar to that of SPECT, whereas ASL is more sensitive to
areas with reduced cerebral perfusion (Kaneta et al., 2017).
Therefore, this technique may be an alternative to invasive
imaging and has the potential to serve as a biomarker in
the early diagnosis of preclinical dementia (Xekardaki et al.,
2015). Three kinds of ASL techniques are commonly used
according to the labeling strategy: continuous ASL, pulsed ASL,
and pseudo-continuous ASL (pCASL). Among them, pCASL
3D imaging can be acquired in multiple segments in a short
period of time, overcoming magnetic sensitivity and distortion
artifacts, and provides good image quality without the need for
high-level hardware support (Soman et al., 2021). In this study,
we used 3D pCASL to obtain CBF in different brain regions.

magnetic resonance imaging; pCASL, pseudo-continuous ASL; RCc, CBF
in the right caudate nucleus; RCt, T1 values in the right caudate nucleus.
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Quantitative MRI parameters can reveal not only
macroscopic changes in brain tissue but also microstructural
changes in the biochemical environment. Among them,
longitudinal relaxation time (T1) is the characteristic time
governing the relaxation of longitudinal magnetization
toward thermal equilibrium after excitation by an RF
pulse, and different biological tissues have specific T1
values due to differences in their cellular and interstitial
components. Previous studies have shown that an altered
T1 value is associated with increased β-amyloid load in
the brain of AD patients (House et al., 2008). Experiments
based on animal models of AD have also confirmed
such tissue alterations (Forster et al., 2013). Previous
study found that T1 in the hippocampus, thalamus
and right caudate nucleus increased significantly with
disease progression in AD patients bilaterally (Su et al.,
2016). Therefore, we introduced the T1 values to enhance
diagnostic confidence.

We hypothesized that combining CBF and T1 values would
yield diagnostic results with greater accuracy than using separate
methods in differentiating patients with AD from subjects
with normal cognition. To test this hypothesis, we aimed to
assess the efficacy of CBF, T1 values, and their combination in
discriminating between AD and normal control (NC) cohorts.

Materials and methods

Participants

From September 2020 to October 2021, we prospectively
recruited patients with AD and cognitively NC subjects from
Beijing Hospital. This study was approved by the Ethics
Committee of Beijing Hospital (batch no. 2018BJYYEC-147-
02 and 2021BJYYEC-123-01), and all participants signed an
informed consent form before the examination.

Criteria for inclusion in the AD group were as follows: (1)
The neurologists or psychiatrists diagnosed the patients
according to the National Institute of Neurological
and Communicative Disorders and Stroke/Alzheimer’s
Disease and Related Disorders Association(NINCDS-
ADRDA) criteria (McKhann et al., 1984). (2) MRI was
completed within 48 h after the clinical diagnosis of AD. (3)
Right handedness.

Normal control subjects were recruited from 20 community
social centers in four districts and were included in this study
based on the following criteria: (1) age and gender matching that
of the AD group; (2) Chinese version of the MMSE score ≥ 27;
and (3) Right handedness.

Exclusion criteria for the AD were as follows: (1) diagnosis
of central nervous system tumor (n = 1), stroke (n = 2), and
hydrocephalus (n = 1) on routine head MRI examination;
(2) dementia of vascular origin with a score of ≥4 on

the Harkinski Ischemic Index Scale (n = 2); (3) thyroid
dysfunction, depression, drug addiction, substance abuse, or
other diseases that cause abnormal cognitive function; (4) other
reasons that prevented head MRI examination or cooperation
with completion of the neuropsychologic scale, Claustrophobia
diseases (n = 1); and (5) motion and metal artifacts (n = 3).
Finally, 45 patients with AD and 33 NC individuals were
eligible for this study.

MRI protocol

Clinical information collection and neuropsychologic scale
scoring were completed at the Department of Neurology, Beijing
Hospital. MRI examinations were performed within 60 min of
clinical information collection.

All MR examinations were performed on a 3T MR
system (MAGNETOM Prisma, Siemens Healthcare,
Erlangen, Germany) with a 64-channel head coil. pCASL
was performed using a prototype 3D gradient and spin-
echo (GRASE) sequence with the following parameters:
TR/TE = 4350/20.9 ms, FOV = 220 mm × 220 mm,
matrix = 64 × 64 (interpolated to 128 × 128), bolus
duration = 1,800 ms, 16 label timesTI = 800–3800 ms
(1 = 200 ms), and acquisition time = 4 min 55 s
including a M0 calibration volume. Regional CBF maps
were automatically generated inline after data acquisition
(Buxton et al., 1998; Alsop et al., 2015). For quantification,
the following parameters were used: blood/tissue water
partition coefficient lambda = 0.9 mL/g, labeling efficiency
alpha = 60% (four background suppression pulses accounted
for), T1_blood = 1650 ms and T1_tissue = 1330 ms. T1
mapping was obtained using a prototype T1 magnetization
prepared 2 rapid acquisition gradient echoes (MP2RAGE)
sequence with the following parameters: TR/TE = 5000/3.59 ms,
TI = 700/2500 ms, FA = 4◦/5◦, FOV = 230 mm × 216 mm,
matrix = 320 × 240, and acquisition time = 3 min. MP2RAGE
sequence produced simultaneously three contrast images
(INV1, INV2, UNI) and a quantitative T1-mapping (Marques
et al., 2010).

TABLE 1 Demographic and clinical data.

AD group NC group p

Number 45 33 –

Age (years) 73.51 ± 7.51 70.51 ± 7.88 0.092

Gender (female %) 64.44 63.64 0.941

BMI 22.59 ± 2.70 23.49 ± 2.57 0.142

Educational years 10.82 ± 3.41 10.70 ± 3.50 0.874

MMSE 18.38 ± 3.07 27.12 ± 1.34 <0.001

AD, Alzheimer’s disease; BMI, body mass index; MMSE, Chinese versions Mini-mental
State Examination; NC, normal control.
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FIGURE 1

Differential cerebral blood flow between AD and NC individuals in 24 brain regions. AD, Alzheimer’s disease; CBF, cerebral blood flow; NC,
normal controls; *corrected p < 0.05; **corrected p < 0.01. (A,B) Boxplots of the CBF in different brain regions.

Image processing

A brain morphometry analysis was integrated into the
prototype MP2RAGE sequence, providing tissue classification
and morphometric segmentation results (Schmitter et al., 2014;
Boto et al., 2017). In short, MP2RAGE-UNI image was used to
segment the brain into 48 areas, among them. After registering

the perfusion-weighted images to the MP2RAGE-UNI images,
the obtained 48 brain area masks were used to extract CBF and
T1 values for regional comparison between the AD and NC
groups. Previous studies have shown that decreased CBF and
elevated T1 values in patients with AD occur in specific brain
regions (Wolk and Detre, 2012; Wang et al., 2013; Chandra et al.,
2019). Therefore, we selected the bilateral thalamus, caudate
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FIGURE 2

Axial view of cerebral blood flow (CBF). (A) Image of a typical AD patient (female; 67 years old). (B) Image of a NC subject (male; 73 years old).
(C) Image of a typical AD patient (female; 64 years old). (D) Image of a NC subject (female; 64 years old). It could be intuitively shown that (A)
views had decreased CBF in right caudate nucleus (RCc) compared to (B) views; (C) views had decreased CBF in left hippocampus (LHc)
compared to (D) views.

nucleus, putamen, pallidum, hippocampus, frontal gray matter,
parietal gray matter, occipital gray matter, temporal gray matter,
cingulate gray matter, corpus callosum white matter, and insula
as regions of interest to reduce the overfitting problem caused
by irrelevant brain regions.

Statistical analysis

All data were analyzed using SPSS (version 24.0),1 MedCalc
19.0, and MATLAB (MathWorks, Natick, MA, United States).
The Kolmogorov–Smirnov and Levene tests were used to
assess the normality and variance of CBF and T1 values.
Data conforming to a normal distribution are expressed as
x ± s, and non-conformities are denoted by M (Q1, Q3).
Normally distributed data with homogeneous variances were
compared between AD and NC groups using independent
samples t-tests, and those with non-homogeneous variances

1 http://www.spss.com

used corrected t-tests. The non-parametric Mann–Whitney U
test was used for those that were not normally distributed.
The gender difference between the two groups was tested by
chi-square. Logistic regression analysis was used to identify
brain regions associated with AD diagnosis and establish a
combined model. The diagnostic efficacy of each brain region
and the combined model for AD were assessed using receiver
operating characteristic (ROC) curves, and differences among
non-homogeneous variances the areas under the curve (AUCs)
were compared using the DeLong method. The correlation
between MMSE scores was analyzed using partial correlation
analysis, and the level of significance was set at P < 0.05.
Multiple comparisons were controlled using false discovery rate
(FDR) correction (corrected p < 0.01).

Results

Demographics of the 78 participants are shown in Table 1.
The differential CBF in different brain regions between AD and
NC individuals is shown in Figure 1. There were five brain
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FIGURE 3

Receiver operating characteristic curves based on CBF of RCc,
CBF of LHc, T1 value of RCt, and T1 value of LHt, respectively.
CBF, cerebral blood flow; LHc, left hippocampus; LHt, left
hippocampus; ROC, receiver operating characteristic; RCc, right
caudate nucleus; RCt, right caudate nucleus.

FIGURE 4

Receiver operating characteristic curves combining two
parameters. CBF, cerebral blood flow; LHc_LHt, CBF of left
hippocampus and T1 value of left hippocampus; RCc_LHc, CBF
of right caudate nucleus and CBF of left hippocampus;
RCc_RCt, CBF of right caudate nucleus and and T1 value of right
caudate nucleus; RCt_LHt, T1 value of right caudate nucleus
and T1 value of left hippocampus; ROC, receiver operating
characteristic.

regions with significantly lower CBF values in patients with AD
compared with the NC subjects, including the right caudate
nucleus, left hippocampus, right parietal gray matter, right

FIGURE 5

Receiver operating characteristic curves combining three or
more parameters. CBF, cerebral blood flow; RCc_LHc_LHt, CBF
of right caudate nucleus and, CBF of left hippocampus, and T1
value of left hippocampus; RCc_LHc_RCt, CBF of right caudate
nucleus and, CBF of left hippocampus, and T1 value of right
caudate nucleus; RCc_LHc_RCt_LHt, CBF of right caudate
nucleus and, CBF of left hippocampus, T1 value of right caudate
nucleus, and T1 value of left hippocampus; ROC, receiver
operating characteristic.

corpus callosum, and right insula. Comparing the T1 values of
the above five brain regions using the same method, the right
caudate nucleus, left hippocampus, right parietal gray matter,
and right insula were also significantly different (corrected
p < 0.01). The T1 value of the right corpus callosum was
higher in the NC group, but the difference was not statistically
significant (corrected p = 0.375).

According to logistic regression analysis, the right caudate
nucleus (odds ratio [OR] 0.959, p < 0.05) and left hippocampus
(OR 0.960, p < 0.05) were the two relevant brain regions for
perfusion abnormalities in AD, CBF of the right caudate nucleus
(RCc) and left hippocampus (LHc) were show in Figure 2. Then,
a multiple combined model was established corresponding
to the T1 values.

The highest AUC value was 0.894 (sensitivity = 0.889,
specificity = 0.818), obtained by combining CBF in the right
caudate nucleus (RCc), CBF in the left hippocampus (LHc),
T1 value in the right caudate nucleus (RCt), and T1 value in
the left hippocampus (LHt) (Figures 3–5 and Table 2). On
DeLong inspection, there was no significant difference in the
diagnostic efficacy between the four single-parameter diagnostic
models. The combined model had different degrees of increased
diagnostic efficacy compared with the single-parameter model.
RCc compared with RCc_LHc_RCt_LHt (p = 0.001); LHc
compared with RCc_LHc_RCt_LHt (p = 0.006); RCt compared
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TABLE 2 Receiver operating characteristic (ROC) curves of various parameter combinations.

Cut-off Sensitivity Specificity Youden index AUC

Mean 95% CI

RCc 59.902 0.844 0.636 0.480 0.731 0.609–0.854

LHc 76.808 0.756 0.697 0.453 0.772 0.666–0.879

RCt 1191.832 0.756 0.758 0.513 0.759 0.641–0.0877

LHt 1320.708 0.800 0.727 0.527 0.813 0.718–0.908

RCc_LHc 0.457(RCc = 63.394, LHc = 77.987) 0.933 0.606 0.539 0.775 0.664–0.886

RCt_LHt 0.557(RCt = 1309.103, LHt = 1301.550) 0.822 0.697 0.519 0.820 0.729–0.910

RCc_RCt 0.556(RCc = 60.295, RCt = 1191.832) 0.844 0.849 0.693 0.865 0.772–0.957

LHc_LHt 0.491(LHc = 85.468, LHt = 1311.493) 0.867 0.788 0.655 0.866 0.784–0.948

RCc_LHc_RCt 0.424(RCc = 65.090, LHc = 83.520, RCt = 1191.682) 0.933 0.812 0.752 0.871 0.770–0.962

RCc_LHc_LHt 0.329(RCc = 65.090, LHc = 83.520, LHt = 1281.999) 0.956 0.758 0.713 0.887 0.809–0.965

RCc_LHc_RCt_LHt 0.452(RCc = 47.451; LHc = 83.771; RCt = 979.333; LHt = 1260.170) 0.889 0.818 0.707 0.894 0.819–0.968

AUC, area under the curve; CBF, cerebral blood flow; LHc, CBF of left hippocampus; LHt, T1 value of left hippocampus; RCC, CBF of right caudate nucleus; RCt, T1 value of right
caudate nucleus.

with RCc_LHc_RCt_LHt (p = 0.023); and LHt compared with
RCc_LHc_RCt_LHt (p = 0.066).

In the entire cohort of the AD and NC groups, excluding
the interference of sex, age, years of education, and body
mass index (BMI), RCc, LHc, RCt, and LHt were statistically
significantly correlated with MMSE scores through partial
correlation analysis, and the correlation cofficient of LHc is
higher (r = 0.572, p < 0.01) (Table 3).

Discussion

This study investigated the diagnostic value of multi-
modality quantitative MRI parameters. To the best of our
knowledge, this is the first demonstration of the diagnostic
power of CBF combined with T1-mapping. Group comparison
found lower CBF values and higher T1 values in several brain
areas in patients with AD compared with the NC group. Further
ROC analysis demonstrated that a combined model based
on both quantitative parameters achieved better diagnostic
performance than either single parameter.

The present cohort included 45 AD and 33 NC subjects
and compared CBF in 24 brain regions. Apart from the right
thalamus and right pallidum, the mean perfusion values were
reduced in the remaining 22 brain regions of patients with AD.

TABLE 3 Clinically observed severity measurements.

RCc LHc RCt LHt

MMSE r 0.469 0.578 −0.236 −0.456

p <0.001 <0.001 0.043 <0.001

LHc, CBF in left hippocampus; LHt, T1 value in left hippocampus; MMSE, Chinese
versions Mini-mental State Examination; RCc, CBF in right caudate nucleus; RCt, T1
value in right caudate nucleus.

According to previous AD neuroimaging studies, the pattern of
reduced CBF in patients with AD is primarily concentrated in
the hippocampus, basal nuclei clusters, and cognitive correlation
cortical gray matter. Our study identified five brain regions
(right caudate nucleus, left hippocampus, right parietal gray
matter, right corpus callosum, and right insula) with significant
differences when corrected by multiple comparisons (FDR
correction, p < 0.01), consistent with findings from previous
studies (Wolk and Detre, 2012; Wang et al., 2013; Wang, 2016;
Camargo et al., 2021; Duan et al., 2021). These regions are
closely associated with the development of AD. The caudate
nucleus is a gray matter mass embedded in the medulla,
buried deep in the base of the brain, responsible for the
fine-tuning and coordination of movements (Valera-Bermejo
et al., 2021). The hippocampus is a memory and cognitive
center and is related to the occurrence and progression of
AD (Dautricourt et al., 2021). The association between the
corpus callosum and insula in AD is unclear, and some theories
remain controversial and contradictory (Kamal et al., 2021;
Giacomucci et al., 2022). However, the mean CBF values in
the right thalamus and pallidum were elevated in the AD
group, but these differences were not significant (p > 0.05).
This result is similar to the previous finding of increased
CBF in the basal nucleus cluster in the pre-AD period (Hays
et al., 2018). Although the brain regions found in the Hays
et al. study are not consistent with previous studies, the
authors suggest that the reason for this change is suggestive
of neurodegeneration leading to CBF dysregulation and the
existence of a neural compensatory mechanism for cognitive
decline in some brain regions.

T1-mapping has been used to study many central nervous
system disorders such as epilepsy (Massire et al., 2021), multiple
sclerosis (Massire et al., 2021; Thaler et al., 2021) and depression
(Li et al., 2019). However, the findings of AD research are
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controversial (Tang et al., 2018). Su et al. found that T1 values
in patients with AD at baseline were reduced in temporal and
parietal lobes, which is contrary to our results. Interestingly, in
the original study, as the disease worsened, T1 values increased
significantly in the right caudate, bilateral hippocampus, and
other regions instead of decreasing, indirectly complementing
our findings (Su et al., 2016). An earlier classical low-magnetic
field MRI-based study showed an overall trend in T1 values
that was consistent with our results, but they did not precisely
stage the brain (Besson et al., 1989). The application of high
field strength in our study increased the image signal-to-noise
ratio, making the image segmentation more detailed and study
results more reliable. Pelkmans et al. reported that myelin
determines the conduction of neuronal signals along axonal
connections in brain networks, and loss of myelin integrity
might result in cognitive decline in AD. Changes in T1 values
can reflect myelin content, and myelin is generally associated
with increased T1 values (Pelkmans et al., 2019). Future
research should further investigate the predicted value of T1-
mapping.

In our study, T1 values in the right caudate nucleus and
left hippocampus demonstrated good diagnostic performance
(AUC = 0.759 and 0.813, respectively). We also combined
CBF and T1 values, which improved the diagnostic efficacy
compared with that of each single parameter. The highest
achievable AUC of 0.894 (sensitivity = 0.889, specificity = 0.818)
was obtained using a combination of four parameters. The
combination of CBF and T1 values also improved the
diagnostic rate (AUC = 0.775–0.865). Our multiparametric MRI
measurements improved the results for AD discrimination from
NC. Furthermore, several previous studies determined cutoff
values in a relatively subjective manner (e.g., less than twice the
standard deviation of the control group mean) (Raji et al., 2010).
In this study, we used the Jorden index, which together reflects
sensitivity and specificity, as a scientific measure to derive the
optimal cutoff value for our local cohort.

Like previous studies (Duan et al., 2021; Giacomucci
et al., 2022), in our cohort, the severity of neuropsychologic
impairment was strongly associated with brain scan
measurements. A previous study confirmed that gender,
age, education level, and BMI affected cognitive decline (Nebel
et al., 2018); therefore, we performed a partial correlation
analysis to exclude multiple confounding factors. RCc, LHc,
and LHt were found to be powerful predictors of the clinically
observed severity measurements.

There are several limitations of this study. First and most
importantly, multiple stages of progressive diseases such as
subjective cognitive decline and mild cognitive impairment,
were not included. Second, we only performed cross-sectional
diagnosis in all patients; future longitudinal analysis is needed.
Long-term clinical follow-up may improve the diagnostic
accuracy for AD. Third, the superiority of temporal lobe
diagnosis was not demonstrated in our cohort (Alexopoulos

et al., 2012). The temporal lobe, especially the medial temporal
lobe, is associated with memory consolidation. This discrepancy
may be due to the small amount of data we had and possibly
to the fact that the pCASL scanning technique still needs
to be refined. Future large-scale clinical studies to validate
the diagnostic accuracy and robustness of the CBF and T1
values are imperative.

Conclusion

In conclusion, combining the pCASL and T1-mapping
methods is superior to using a single measure in discriminating
AD and NC cohorts. T1-mapping is a competitive technique
that provides quantitative measurements of pathologic changes
in the brain. A “one-stop-shop” study of multimodal parameters
in the future is essential for diagnosing and monitoring AD.
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Background and purpose: 3D pseudo-continuous arterial spin labeling (3D

pCASL) is commonly used to measure arterial cerebral blood flow (CBF). The

aim of this study was to assess the clinical feasibility and accuracy of 3D pCASL

in comparison with dynamic susceptibility contrast (DSC) perfusion imaging in

moyamoya disease (MMD).

Materials and methods: A total of 174 MMD patients underwent 3D pCASL and

DSC-MRI for evaluating cerebral blood perfusion. 3D-pCASL with two single

post-labeling delay (PLD) times (1,500 and 2,500 ms) was used to measure

CBF. The values of DSC-CBF and ASL-CBF were calculated for major arterial

territories including the anterior, middle, and posterior cerebral arteries as well

as the areas based on the Alberta Stroke Program Early CT Score (ASPECTS)

template. The correlation between DSC-CBF and ASL-CBF was analyzed. The

consistency and accuracy between the two methods in assessing the cerebral

ischemic state before and after surgery were analyzed.

Results: The correlation between ASL (2,500 ms) and DSC-MRI was slightly

better than the correlation between ASL (1,500 ms) and DSC-MRI in

major vascular territories before revascularization. Significant correlations

were observed between ASL (2,500 ms) and DSC-MRI and between ASL

(1,500 ms) and DSC-MRI in major vascular territories after revascularization.

For 44 surgically treated patients, the scores of ASPECTS for CBF on the

operated side were significantly different before and after revascularization

(p < 0.05) and showed good consistency on all the examination methods.

A comparison of the scores of ASPECTS of the three parameters before and
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after revascularization showed that there was no statistical difference between

them (p > 0.05).

Conclusion: Compared to DSC-MRI, 3D pCASL can assess the cerebral blood

perfusion in MMD before and after revascularization effectively. 3D pCASL

showed the feasibility and clinical utility value in patients with MMD.

KEYWORDS

magnetic resonance imaging, arterial spin labeling, dynamic susceptibility contrast
enhanced perfusion, moyamoya disease, cerebral blood flow

Introduction

Moyamoya disease (MMD) is a chronic cerebrovascular
disease characterized by gradual intimal thickening and
progressive narrowing or occlusion at the junction of the
bilateral internal carotid artery and the common origin of the
middle cerebral artery and the anterior cerebral artery and
is associated with compensatory expansion and stenosis of
perforating arteries in the Circle of Willis (Qiao et al., 2017; Bang
et al., 2020). The cerebral hemodynamics of patients with MMD
is very complex. Therefore, for patients with MMD, an accurate
assessment of cerebral hemodynamics is very important for the
selection of treatment and evaluation of efficacy (Ishii et al.,
2014, 2017).

Dynamic susceptibility contrast (DSC) perfusion imaging
is an magnetic resonance imaging (MRI) technique that
allows multiparameter assessment of cerebral hemodynamics.
Compared with PET, the standard examination method of
cerebral perfusion, MRI has no radioactivity and has better
clinical availability, so DSC is widely used in the evaluation
of cerebrovascular diseases (Wintermark et al., 2005; Zhang
et al., 2018). The main disadvantages of DSC-MRI are the
need for injection of contrast and semi-quantitative assessment
of the parameters.

In the last decade, the use of arterial spin labeling (ASL)
to quantify cerebral perfusion (in units of ml/100 g/min) has
become increasingly popular (Haller et al., 2016; Kohno et al.,
2016; Havsteen et al., 2018; Shao et al., 2018; Hu et al., 2019),
as ASL is a non-invasive and reproducible examination that
does not apply to contrast agents. In the classic application
of 3D pseudo-continuous arterial spin labeling (3D pCASL),
a single PLD is used. The PLD represents the time between
the blood labeling by radiofrequency pulses, usually at the
carotid artery level, and the time when 3D data acquisition
begins with the imaging volume. In the study by Alsop
et al. (2015) and Nery et al. (2018), a PLD of 2,000 ms
was recommended for neonates, 1,500 ms for children, and
1,800 ms for adults. However, there is no clear recommendation
for PLD in MMD patients. The purpose of our study was
to observe the collateral circulation in the brain of patients

with MMD, so two delay times were adopted, which were
1,500 and 2,500 ms.

The aim of this research was to study the correlation between
dynamic susceptibility contrast-cerebral blood flow (DSC-CBF)
and ASL-CBF using two single PLDs of 1,500 and 2,500 ms
in patients with MMD. The results of the scores of ASPECTS
of DSC-CBF and ASL-CBF were compared before and after
revascularization to assess the value of changes in cerebral blood
flow (CBF) in MMD for ASL.

Materials and methods

Patients

This was a prospective study and this study was approved by
our Institutional Review Board. Informed consent was obtained
from all patients. Between October 2020 and September 2021,
174 patients with angiographically confirmed MMD were
included in the study. All patients underwent DSC and ASL
examination before surgery. A total of 44 of these patients
underwent encephaloduroarteriosynangiosis (EDAS) and DSC
and ASL examinations were performed 3–4 months after
surgery. The inclusion criteria were as follows: (1) patients
diagnosed with MMD by digital subtraction angiography
(DSA) according to the current diagnostic criteria and who
underwent revascularization surgery for evaluation; (2) patients
with preoperative and postoperative MRI data (patients who
underwent DSC-MRI, 3D pCASL, and T1WI 3D-MPRAGE
before and after surgery). The exclusion criteria were as follows:
(1) secondary moyamoya phenomenon caused by other well-
diagnosed diseases; (2) brain tumors; (3) intracranial aneurysms,
and; (4) contradiction to MR examination.

Magnetic resonance imaging protocols

MR imaging examinations were performed with a 3.0-
T system (MAGNETOM SKYRA, Siemens Healthcare) with
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a 20-channel head coil. The scan sequences included DSC-
MRI, ASL-MRI, and T1WI 3D MPRAGE. T1WI 3D-MPRAGE
and 3D pCASL were scanned together and DSC-MRI was
done the next day.

DSC-MRI, the axial brain MR imaging parameters were as
follows: repetition time (TR)/echo time (TE) = 1,360/30 ms,
slice thickness = 5 mm, intersection gap = 1.5 mm, field of
view (FOV) = 230 × 230 mm2, matrix size = 144 × 144,
number of excitation (NEX) = 1. A gadolinium contrast agent
of gadolinium-diethylenetriaminepentaacetic acid (Gd-DTPA)
was injected intravenously at a rate of 4∼4.5 ml/s (20 ml)
using a power injector at the sixth acquisition, followed by
a 30-ml saline flush. The DSC-MRI original images obtained
were processed by a post-processing workstation (Syngo Via 20,
Simens) and analyzed using brain MRI perfusion software. Four
parameters [relative cerebral blood volume (CBV), relative CBF,
relative mean transit time (MTT), and time to peak (TTP)] were
automatically obtained.

The ASL scan used a pCASL pulse sequence with
background suppressed 3D Gradient and Spin Echo (GRASE)
readout labeling pulse duration = 1,500 ms, PLD = 1,500 and
2,500 ms, no flow crushing gradient, FOV = 224 × 224 mm2,
matrix size = 64 × 64, TE/TR = 36.76/4,000 ms, thirty-two 4-mm
slices acquired for covering the whole brain.

For structural imaging, T1-weighted sagittal images were
acquired with a 3D MPRAGE sequence. The parameters
were as follows: 192 slices at 1 mm slice thickness, voxel
size = 1 × 1 × 1 mm3, TR/TE = 2,000/2.26 ms, and the scan
time of 4 min and 40 s.

Image analysis

The CBF value was automatically measured by software as
follows: (1) ASL image data were processed using CereFlow
software and were used to automatically calculate the value
of CBF. The DSC-MRI images acquired were analyzed using
the MR Neuro-Perfusion software (Syngo Via 20, Simens),
automatically generating relative CBV, relative CBF, relative
MTT, and TTP, with (2) co-registration with the high-resolution
sagittal anatomical T1WI image and (3) standardization of
T1WI anatomical images to the Montreal Neurological Institute
(MNI) template. (4) The CBF image warped into MNI space
using the forward transformation matrix derived from T1WI
and regional CBF was extracted by applying the ASPECTS and
vascular territory atlases, as was applied in the previous study by
Wang and his colleagues (Tatu et al., 1998; Wang et al., 2013).

The quantitative parameters of DSC and ASL for major
arterial territories of anterior cerebral artery (ACA), middle
cerebral artery (MCA), posterior cerebral artery (PCA),
and cerebellar hemispheres were measured in the bilateral
cerebral hemispheres in all 174 patients with MMD.
CBF was measured in the region of interests (ROIs) of
DSC and ASL parameter maps. The values of the ratio

of CBF of the supply territories of ACA, MCA, and
PCA to ipsilateral cerebellar hemispheres were calculated
(CBFrelative = CBFvascularterritories/CBFcerebellarhemispheres). For 44
surgically treated patients, CBF values of the supply territories of
ACA, MCA, PCA, and cerebellar hemispheres before and after
revascularization were measured on the surgical site. The values
of the ratio of CBF of the supply territories of ACA, MCA,
and PCA to ipsilateral cerebellar hemispheres were calculated
(CBFrelative = CBFvascularterritories/CBFcerebellarhemispheres).
The values of the difference between the postoperative
ratios of CBF and preoperative ratios of CBF were
calculated (CBFminus = postoperative CBFrelative-preoperative
CBFrelative). Finally, the correlations between DSC-CBFrelative
and ASL-CBFrelative and between DSC-CBFminus and
ASL-CBFminus were analyzed.

Evaluation of cerebral ischemic state: The assessment of
the ischemic status of ASPECTS areas involved a quantitative
assessment of ASL-CBF. The CBF values of ASPECTS areas
less than 30 ml/100 g/min were defined as ischemic states. The
assessment of the ischemic status of ASPECTS areas involved
a qualitative assessment of DSC-CBF. The diagnostic criteria
for ischemia were the presence of a decreased signal on the
DSC-CBF images and the increased signal on the TTP images
compared to the normal cerebral vascular area. DSC-CBF was
independently evaluated by two experienced neuroradiologists
and used to assess the presence of ischemia on ASPECTS
areas. The final decisions were reached by consensus. The
areas of ASPECTS standards assessment include 10 areas of
MCA-related blood supply area. The normal ASPECTS area
(without ischemia) scored 1 point, and the ischemic area scored
0 points. All ASPECTS areas without ischemic change scored
10 points, and all ASPECTS areas with ischemic change scored
0 points. The consistency and change between DSC and ASL
in assessing preoperative and postoperative scores of ASPECTS
were also analyzed.

Statistical analysis

The statistical analysis was performed using SPSS (version
22.0, IBM). All reported p-values were two-sided and were
considered statistically significant at values of less than
0.05. According to the results of the normality test, the
correlations between DSC-CBF and ASL-CBF were counted
using Spearman’s correlation analysis. The consistency between
ASL-CBF (PLD = 1,500 and 2,500 ms) and DSC-CBF in
assessing preoperative and postoperative ASPECTS scores was
examined by calculating the intra-class correlation coefficient
(ICC). A one-way ANOVA was used for assessing preoperative
and postoperative ASPECTS scores of ASL-CBF (PLD = 1,500
and 2,500 ms) and DSC-CBF. Improvement of ASPECTS scores
of postoperative and preoperative ischemic state was examined
by t-test.
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TABLE 1 The clinical and imaging characteristics of the patients with
moyamoya disease (MMD).

Characteristics All 174 MMD
patients

44 Surgical
patients

Age (years) 41.1 ± 11.1 39.5 ± 10.6

Male/Female (n) 89/85 22/22

Hemorrhagic stroke (n) 16 (9.2%) 3 (6.8%)

Frontal lobe 121 (69.5%) 31 (70.5%)

Parietal lobe 58 (33.3%) 16 (36.4%)

Ischemic stroke (n) Occipital lobe 25 (14.4%) 6 (13.6%)

Temporal lobe 23 (13.2%) 5 (11.4%)

Basal ganglia 42 (24.1%) 4 (9.1%)

(n) is the number of patients. Other data are mean values ± standard deviations.

Results

Demographic and clinical information

A total of 174 patients with MMD underwent simultaneous
preoperative DSC and ASL (PLD = 1,500 and 2,500 ms).
The mean age of patients was 41.1 years (range: 14–66 years,
89 men). Forty-four of these patients underwent EDAS on
one side. The mean age of surgical patients was 39.5 years
(range: 15–60 years, 22 men) (see Table 1). All postoperative
patients also underwent simultaneous preoperative DSC and
ASL and followed by MRI examination 3–4 months after
revascularization. CBF was measured in major arterial territories
of ACA, MCA, and PCA in the bilateral cerebral hemispheres
in all 174 patients, as well as in the corresponding cerebellar
hemispheres. CBF values of all ASPECTS areas in the cerebral
hemispheres before and after revascularization were measured.

Quantitative cerebral artery territory
analysis

In 174 patients with MMD, the values of the ratio of
CBF of the supply territories of ACA, MCA, and PCA
to ipsilateral cerebellar hemispheres were calculated before
revascularization. The correlations between DSC-CBFrelative and
ASL-CBFrelative (1,500 ms) were statistically significant except
for the correlations on the blood supply areas of ACA (right)
and MCA (right). The correlations between DSC-CBFrelative and
ASL-CBFrelative (2,500 ms) were statistically significant except
for the correlation on the blood supply areas of PCA (right) (see
Table 2).

For 44 patients with MMD who underwent unilateral
surgery, the values of the difference between the postoperative
ratios of CBF and preoperative ratios of CBF were calculated on
the supply territories of ACA, MCA, and PCA. All correlations
between DSC-CBFminus and ASL-CBFminus (1,500 ms) and

TABLE 2 The correlation between dynamic susceptibility
contrast-cerebral blood flow (DSC-CBF) and arterial spin labeling
(ASL)-CBF before revascularization.

Vascular
territories

ASL-CBFrelative DSC-CBFrelative r P-values

ACA (left) 1,500 ms DSC 0.221 0.003

ACA (left) 2,500 ms DSC 0.438 0.000

ACA (right) 1,500 ms DSC 0.044 0.567

ACA (right) 2,500 ms DSC 0.23 0.002

MCA (left) 1,500 ms DSC 0.325 0.000

MCA (left) 2,500 ms DSC 0.225 0.003

MCA (right) 1,500 ms DSC 0.112 0.141

MCA (right) 2,500 ms DSC 0.264 0.000

PCA (left) 1,500 ms DSC 0.268 0.000

PCA (left) 2,500 ms DSC 0.212 0.005

PCA (right) 1,500 ms DSC 0.245 0.001

PCA (right) 2,500 ms DSC 0.076 0.319

TABLE 3 The correlation between dynamic susceptibility
contrast-cerebral blood flow (DSC-CBF) and arterial spin labeling
(ASL)-CBF after revascularization.

Vascular
territories

ASL-CBFminus DSC-CBFminus r P-values

ACA (surgical
side)

1,500 ms DSC 0.306 0.044

ACA (surgical
side)

2,500 ms DSC 0.366 0.014

MCA (surgical
side)

1,500 ms DSC 0.517 0.000

MCA (surgical
side)

2,500 ms DSC 0.409 0.006

PCA (surgical
side)

1,500 ms DSC 0.424 0.004

PCA (surgical
side)

2,500 ms DSC 0.400 0.007

between DSC-CBFminus and ASL-CBFminus (2,500 ms) were
statistically significant (see Table 3 and Figure 1).

Quantitative alberta stroke program
early CT score areas analysis

The consistency of ASL-CBF (1,500 ms), ASL-CBF
(2,500 ms), and DSC-CBF in assessing ASPECTS area
ischemia scores before and after revascularization was good
for calculating the ICC. The result of the ICC of ASL-CBF
(1,500 ms), ASL-CBF (2,500 ms), and DSC-CBF in assessing
ASPECTS area ischemia scores before revascularization was
0.7696 (0.6200–0.8666) and the result of the ICC of ASL-
CBF (1,500 ms), ASL-CBF (2,500 ms), and DSC-CBF after
revascularization was 0.8335 (0.7255–0.9036). The differences
in the preoperative ASPECTS area ischemia scores of ASL-CBF
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FIGURE 1

The correlations between dynamic susceptibility contrast-cerebral blood flow (DSC-CBF)minus and arterial spin labeling (ASL)-CBFminus

(1,500 ms) and between DSC-CBFminus and ASL-CBFminus (2,500 ms) in 44 surgical patients. (A–F) showed the correlation of the supply
territories of ACA, MCA, and PCA between DSC-CBFminus and ASL-CBFminus (1,500 ms) and between DSC-CBFminus and ASL-CBFminus

(2,500 ms) on the surgical side.

(1,500 ms), ASL-CBF (2,500 ms), and DSC-CBF were not
statistically significant (F = 2.523, p = 0.084), and the differences
of the postoperative ASPECTS area ischemia scores were
not also statistically significant (F = 2.146, p = 0.121). The
postoperative ASPECTS area ischemia scores were higher
than the preoperative scores using all three methods and the
differences were statistically significant (p < 0.05) (see Table 4
and Figure 2). This indicated that cerebral ischemia was
improved after revascularization.

Discussion

In this study, we analyzed the correlation between DSC-
CBFrelative and ASL-CBFrelative (1,500 ms) and between DSC-
CBFrelative and ASL-CBFrelative (2,500 ms) of the main arterial
supply areas in 174 patients with MMD before surgery. The
results showed that there was no significant correlation between
DSC-CBFrelative and ASL-CBFrelative (1,500 ms) in only two
blood supply areas of all the main arterial supply areas. There
was no significant correlation between DSC-CBFrelative and
ASL-CBFrelative (2,500 ms) on only one blood supply area of
all the main arterial supply areas. Analysis of preoperative data
showed that the correlation between DSC-CBFrelative and ASL-
CBFrelative (2,500 ms) was slightly better than the correlation

between DSC-CBFrelative and ASL-CBFrelative (1,500 ms) in
major vascular territories. For forty-four patients with MMD
after unilateral surgery, the correlation between DSC-CBFminus

and ASL-CBFminus (1,500 ms) and between DSC-CBFminus and
ASL-CBFminus (2,500 ms) of the main arterial supply areas
on the surgical side was analyzed. The results showed that
the correlation of all data on the blood supply areas of ACA,
MCA, and PCA was statistically significant. Previous studies
in healthy subjects showed a good correlation between CBF
measured using the gold standard 15O-PET and ASL-CBF (Ye
et al., 2000; Wang et al., 2014). The results of this study also
showed a clear correlation between DSC-CBF and ASL-CBF.
Recent studies showed that PLD is usually chosen between 1,500
and 2,000 ms in the clinical use of pCASL, which can better show
true cerebral perfusion (Qiu et al., 2012; Wang et al., 2012; Han
et al., 2017; Tong et al., 2020). In this study, however, we chose
two PLDs, 1,500 and 2,500 ms. CBF in patients with MMD is
very complicated, and we found that the delay time of 2,500 ms
was better correlated with DSC and can more accurately assess
CBF and collateral circulation in patients with MMD.

MMD is a cerebrovascular disease with progressive stenosis
and occlusion of the distal internal carotid artery and
the proximal middle cerebral artery with massive collateral
circulation. Its cerebral hemodynamics is very complex, but
the correct assessment of cerebral perfusion is an important
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TABLE 4 Comparison Alberta Stroke Program Early CT Score
(ASPECTS) area ischemia scores before and after revascularization.

CBF Before
revascularization

After
revascularization

t P-
values

ASL-CBF
(1,500 ms)

5.1 ± 3.3 7.9 ± 2.2 −3.052 0.003

ASL-CBF
(2,500 ms)

4.8 ± 3.3 7.5 ± 2.3 −4.415 0.000

DSC-CBF 5.2 ± 2.1 8.5 ± 2.4 −4.122 0.000

factor in the choice of treatment and prognosis of patients
with MMD. DSC cerebral perfusion technique is very common
in the clinical application of MMD, and it can provide
four parameters; the importance of its value has been fully
affirmed in clinical practice. The combination of DSC-CBF
with rMTT and TTP can accurately identify the areas of
abnormal cerebral hypoperfusion in patients with MMD before
operation and evaluate the changes in cerebral perfusion after
the operation (Hirai et al., 2017). The disadvantages of DSC
are traumatic examination, the need for injection of contrast,
and semiquantitative measurements. ASL cerebral perfusion
techniques are increasingly used in clinical practice because the
advantages are that it does not require the injection of contrast
agents, can be repeated, and can be completely quantified. The
importance of ASL has been well validated in the study of
ischemic brain diseases, and reduced CBF can cause irreversible
damage to brain tissue, thereby increasing the risk of stroke
(Noguchi et al., 2013; Soman et al., 2020).

For patients with MMD, accurate assessment of cerebral
perfusion before and after surgery is very important to evaluate
the therapeutic effect and prognosis. In this study, cerebral
perfusion was assessed through preoperative and postoperative
ASPECTS area ischemia scores. The consistency of preoperative
and postoperative ASPECTS area ischemia scores of the
assessment of DSC-CBF, ASL-CBF (PLD = 1,500 ms), and ASL-
CBF (PLD = 2,500 ms) was good. In addition, the difference of
preoperative ASPECTS area ischemia scores between DSC-CBF,
ASL-CBF (PLD = 1,500 ms), and ASL-CBF (PLD = 2,500 ms)
and the difference of postoperative ASPECTS area ischemia
scores between DSC-CBF, ASL-CBF (PLD = 1,500 ms),
and ASL-CBF (PLD = 2,500 ms) were not statistically
significant (p > 0.05). The differences between preoperative
and postoperative ASPECTS area ischemia scores using these
three methods of DSC-CBF, ASL-CBF (PLD = 1,500 ms), and
ASL-CBF (PLD = 2,500 ms) were statistically significant, and
the postoperative scores were all greater than the preoperative
scores. This suggests that ASL and DSC had consistent results
in assessing preoperative and postoperative hypoperfusion
areas of ASPECTS areas in patients with MMD and that
both can accurately assess changes in postoperative CBF.
Therefore, ASL was an imaging method that can replace DSC
to evaluate cerebral perfusion changes before and after surgery
in patients with MMD.

FIGURE 2

A 51-year-old female patient with moyamoya disease (MMD)
underwent encephaloduroarteriosynangiosis (EDAS) on the left
side. Alberta Stroke Program Early CT Score (ASPECTS) area
ischemia scores of dynamic susceptibility contrast-cerebral
blood flow (DSC-CBF) before revascularization were 5 points
(A,B). ASPECTS area ischemia scores after revascularization were
8 points (C,D). ASPECTS area ischemia scores of arterial spin
labeling (ASL)-CBF (1,500 ms) before revascularization were 5
points (E,F). ASPECTS area ischemia scores after
revascularization were 9 points (G,H). ASPECTS area ischemia
scores of ASL-CBF (2,500 ms) before revascularization was 4
points (I,J). ASPECTS area ischemia scores after
revascularization were 8 points (K,L).
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This study has several limitations. First, 3D pCASL with
two single PLD times and only one parameter of CBF was
compared with DSC-CBF. A subsequent comparative analysis
of multi-delay ASL and DSC will be performed. Second, this
study used the ratio of ASL-CBF and DSC-CBF to the CBF
of the ipsilateral cerebellar hemisphere for correlation analysis,
without direct use of ASL-CBF quantitative parameter values.
Finally, for patients with MMD, ASL (PLD = 2,500 ms) can more
accurately show cerebral blood perfusion, and further study with
larger samples is needed.

Conclusion

In this study, there was a significant correlation between
ASL-CBF and DSC-CBF in patients with MMD. Both ASL-
CBF and DSC-CBF can evaluate cerebral perfusion before and
after surgery. ASL, as a cerebral perfusion examination method
without a contrast agent, can replace DSC as an imaging method
for the evaluation of cerebral perfusion in patients with MMD.
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SUPPLEMENTARY IMAGE 1

Correlative scatter plots of the supply territories of ACA-left between
DSC-CBFrelative and ASL-CBFrelative (1500 ms) before revascularization.

SUPPLEMENTARY IMAGE 2

Correlative scatter plots of the supply territories of ACA-left between
DSC-CBFrelative and ASL-CBFrelative (2500 ms) before revascularization.

SUPPLEMENTARY IMAGE 3

Correlative scatter plots of the supply territories of ACA-right between
DSC-CBFrelative and ASL-CBFrelative (1500 ms) before revascularization.

SUPPLEMENTARY IMAGE 4

Correlative scatter plots of the supply territories of ACA- right between
DSC-CBFrelative and ASL-CBFrelative (2500 ms) before revascularization.

SUPPLEMENTARY IMAGE 5

Correlative scatter plots of the supply territories of MCA-left between
DSC-CBFrelative and ASL-CBFrelative (1500 ms) before revascularization.

SUPPLEMENTARY IMAGE 6

Correlative scatter plots of the supply territories of MCA-left between
DSC-CBFrelative and ASL-CBFrelative (2500 ms) before revascularization.

SUPPLEMENTARY IMAGE 7

Correlative scatter plots of the supply territories of MCA-right between
DSC-CBFrelative and ASL-CBFrelative (1500 ms) before revascularization.

SUPPLEMENTARY IMAGE 8

Correlative scatter plots of the supply territories of MCA-right between
DSC-CBFrelative and ASL-CBFrelative (2500 ms) before revascularization.

SUPPLEMENTARY IMAGE 9

Correlative scatter plots of the supply territories of PCA-left between
DSC-CBFrelative and ASL-CBFrelative (1500 ms) before revascularization.

SUPPLEMENTARY IMAGE 10

Correlative scatter plots of the supply territories of PCA-left between
DSC-CBFrelative and ASL-CBFrelative (2500 ms) before revascularization.

SUPPLEMENTARY IMAGE 11

Correlative scatter plots of the supply territories of PCA-right between
DSC-CBFrelative and ASL-CBFrelative (1500 ms) before revascularization.

SUPPLEMENTARY IMAGE 12

Correlative scatter plots of the supply territories of PCA-right between
DSC-CBFrelative and ASL-CBFrelative (2500 ms) before revascularization.

Frontiers in Neuroscience 07 frontiersin.org

131

https://doi.org/10.3389/fnins.2022.944246
https://www.frontiersin.org/articles/10.3389/fnins.2022.944246/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnins.2022.944246/full#supplementary-material
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/


fnins-16-944246 August 1, 2022 Time: 15:22 # 8

Zhang et al. 10.3389/fnins.2022.944246

References

Alsop, D. C., Detre, J. A., Golay, X., Günther, M., Hendrikse, J., Hernandez-
Garcia, L., et al. (2015). Recommended implementation of arterial spinlabeled
perfusion MRI for clinical applications: a consensus of the ISMRM perfusion study
group and the European consortium for ASL in dementia. Magn. Reson. Med. 73,
102–116. doi: 10.1002/mrm.25197

Bang, O. Y., Chung, J. W., Kim, D. H., Won, H. H., Yeon, J. Y., Ki, C. S., et al.
(2020). Moyamoya disease and spectrums of RNF213 vasculopathy. Transl. Stroke
Res. 11, 580–589. doi: 10.1007/s12975-019-00743-6

Haller, S., Zaharchuk, G., Thomas, D. L., Lovblad, K. O., Barkhof,
F., and Golay, X. (2016). Arterial spin labeling perfusion of the brain:
emerging clinical applications. Radiology 281, 337–356. doi: 10.1148/radiol.201615
0789

Han, P. K., Choi, S. H., and Park, S. H. (2017). Investigation of control scans
in pseudo-continuous arterial spin labeling (pCASL): strategies for improving
sensitivity and reliability of pCASL. Magn. Reson. Med. 78, 917–929. doi: 10.1002/
mrm.26474

Havsteen, I., Nybing, J., Christensen, H., and Christensen, A. F. (2018). Arterial
spin labeling: a technical overview. Acta Radiol. 59, 1232–1238. doi: 10.1177/
0284185117752552

Hirai, S., Inaji, M., Tanaka, Y., Hara, S., Nariai, T., and Maehara, T.
(2017). Correlation between clinical presentations and hemodynamic parameters
measured by dynamic susceptibility contrast magnetic resonance imaging in adult
patients with Moyamoya disease. J Stroke Cerebrovasc. Dis. 26, 2814–2820. doi:
10.1016/j.jstrokecerebrovasdis.2017.06.057

Hu, H. H., Rusin, J. A., Peng, R., Shao, X., Smith, M., Krishnamurthy, R., et al.
(2019). Multi-phase 3D arterial spin labeling brain MRI in assessing cerebral blood
perfusion and arterial transit times in children at 3T. Clin. Imaging. 53, 210–220.
doi: 10.1016/j.clinimag.2018.11.001

Ishii, Y., Nariai, T., Tanaka, Y., Mukawa, M., Inaji, M., Maehara, T., et al.
(2014). Practical clinical use of dynamic susceptibility contrast magnetic resonance
imaging for the surgical treatment of Moyamoya disease. Neurosurgery 74, 302–
309. doi: 10.1227/NEU.0000000000000266

Ishii, Y., Tanaka, Y., Momose, T., Yamashina, M., Sato, A., Wakabayashi, S.,
et al. (2017). Chronologic evaluation of cerebral hemodynamics by dynamic
susceptibility contrast magnetic resonance imaging after indirect bypass surgery
for Moyamoya disease. World Neurosurg. 108, 427–435. doi: 10.1016/j.wneu.2017.
09.001

Kohno, N., Okada, K., Yamagata, S., Takayoshi, H., and Yamaguchi, S. (2016).
Distinctive patterns of three-dimensional arterial spin-labeled perfusion magnetic
resonance imaging in subtypes of acute ischemic stroke. J. Stroke Cerebrovasc. Dis.
25, 1807–1812. doi: 10.1016/j.jstrokecerebrovasdis.2016.03.035

Nery, F., Gordon, I., and Thomas, D. L. (2018). Non-invasive renal perfusion
imaging using arterial spin labeling MRI: challenges and opportunities.Diagnostics
8:2. doi: 10.3390/diagnostics8010002

Noguchi, T., Kawashima, M., Nishihara, M., Hirai, T., Matsushima, T., and Irie,
H. (2013). Arterial spin-labeling MR imaging in Moyamoya disease compared with
clinical assessments and other MR imaging findings. Eur. J. Radiol. 82, e840–e847.
doi: 10.1016/j.ejrad.2013.08.040

Qiao, P. G., Han, C., Zuo, Z. W., Wang, Y. T., Pfeuffer, J., Duan, L., et al.
(2017). Clinical assessment of cerebral hemodynamics in Moyamoya disease via
multiple inversion time arterial spin labeling and dynamic susceptibility contrast-
magnetic resonance imaging: a comparative study. J. Neuroradiol. 44, 273–280.
doi: 10.1016/j.neurad.2016.12.006

Qiu, D., Straka, M., Zun, Z., Bammer, R., Moseley, M. E., and Zaharchuk, G.
(2012). CBF measurements using multidelay pseudo continuous and velocity-
selective arterial spin labeling in patients with long arterial transit delays:
comparison with xenon CT CBF. J. Magn. Reson. Imaging. 36, 110–119. doi:
10.1002/jmri.23613

Shao, X., Liu, D., Martin, T., Chanlaw, T., Devaskar, S. U., Janzen, C., et al.
(2018). Measuring human placental blood flow with multidelay 3D GRASE
pseudocontinuous arterial spin labeling at 3T. J. Magn. Reson. Imaging 47, 1667–
1676. doi: 10.1002/jmri.25893

Soman, S., Dai, W., Dong, L., Hitchner, E., Lee, K., Baughman, B. D.,
et al. (2020). Identifying cardiovascular risk factors that impact cerebrovascular
reactivity: an ASL MRI study. J. Magn. Reson. Imaging. 51, 734–747. doi: 10.1002/
jmri.26862

Tatu, L., Moulin, T., Bogousslavsky, J., and Duvernoy, H. (1998). Arterial
territories of the human brain: cerebral hemispheres. Neurology 50, 1699–1708.
doi: 10.1212/wnl.50.6.1699

Tong, Y., Jezzard, P., Okell, T. W., and Clarke, W. T. (2020). Improving PCASL
at ultra-high field using a VERSE-guided parallel transmission strategy. Magn.
Reson. Med. 84, 777–786. doi: 10.1002/mrm.28173

Wang, D. J., Alger, J. R., Qiao, J. X., Gunther, M., Pope, W. B., Saver,
J. L., et al. (2013). Multi-delaymulti-parametric arterial spin-labeled perfusion
MRI in acute ischemic stroke-Comparison with dynamic susceptibility contrast
enhanced perfusion imaging. Neuroimage Clin. 3, 1–7. doi: 10.1016/j.nicl.2013.
06.017

Wang, D. J., Alger, J. R., Qiao, J. X., Hao, Q., Hou, S., Fiaz, R., et al. (2012).
The value of arterial spin labeled perfusion imaging in acute ischemic stroke:
comparison with dynamic susceptibility contrast-enhanced MRI. Stroke 43, 1018–
1024. doi: 10.1161/STROKEAHA.111.631929

Wang, R., Yu, S., Alger, J. R., Zuo, Z., Chen, J., Wang, R., et al. (2014). Multi-
delay arterial spin labeling perfusion MRI in moyamoya disease–comparison
with CT perfusion imaging. Eur. Radiol. 24, 1135–1144. doi: 10.1007/s00330-014-
3098-9

Wintermark, M., Sesay, M., Barbier, E., Borbély, K., Dillon, W. P., Eastwood,
J. D., et al. (2005). Comparative overview of brain perfusion imaging techniques.
Stroke 36, e83–e99. doi: 10.1161/01.STR.0000177884.72657.8b

Ye, F. Q., Berman, K. F., Ellmore, T., Esposito, G., van Horn, J. D., Yang,
Y., et al. (2000). H(2)(15)O PET validation of steady-state arterial spin tagging
cerebral blood flow measurements in humans. Magn. Reson. Med. 44, 450–456.
doi: 10.1002/1522-2594(200009)44:3<450::aid-mrm16<3.0.co;2-0

Zhang, J., Xia, C., Liu, Y., Qian, W., Peng, W., Liu, K., et al. (2018). Comparative
study of MR mTI-ASL and DSC-PWI in evaluating cerebral hemodynamics
of patients with Moyamoya disease. Medicine 97:e12768. doi: 10.1097/MD.
0000000000012768

Frontiers in Neuroscience 08 frontiersin.org

132

https://doi.org/10.3389/fnins.2022.944246
https://doi.org/10.1002/mrm.25197
https://doi.org/10.1007/s12975-019-00743-6
https://doi.org/10.1148/radiol.2016150789
https://doi.org/10.1148/radiol.2016150789
https://doi.org/10.1002/mrm.26474
https://doi.org/10.1002/mrm.26474
https://doi.org/10.1177/0284185117752552
https://doi.org/10.1177/0284185117752552
https://doi.org/10.1016/j.jstrokecerebrovasdis.2017.06.057
https://doi.org/10.1016/j.jstrokecerebrovasdis.2017.06.057
https://doi.org/10.1016/j.clinimag.2018.11.001
https://doi.org/10.1227/NEU.0000000000000266
https://doi.org/10.1016/j.wneu.2017.09.001
https://doi.org/10.1016/j.wneu.2017.09.001
https://doi.org/10.1016/j.jstrokecerebrovasdis.2016.03.035
https://doi.org/10.3390/diagnostics8010002
https://doi.org/10.1016/j.ejrad.2013.08.040
https://doi.org/10.1016/j.neurad.2016.12.006
https://doi.org/10.1002/jmri.23613
https://doi.org/10.1002/jmri.23613
https://doi.org/10.1002/jmri.25893
https://doi.org/10.1002/jmri.26862
https://doi.org/10.1002/jmri.26862
https://doi.org/10.1212/wnl.50.6.1699
https://doi.org/10.1002/mrm.28173
https://doi.org/10.1016/j.nicl.2013.06.017
https://doi.org/10.1016/j.nicl.2013.06.017
https://doi.org/10.1161/STROKEAHA.111.631929
https://doi.org/10.1007/s00330-014-3098-9
https://doi.org/10.1007/s00330-014-3098-9
https://doi.org/10.1161/01.STR.0000177884.72657.8b
https://doi.org/10.1002/1522-2594(200009)44:3<450::aid-mrm16<3.0.co;2-0
https://doi.org/10.1097/MD.0000000000012768
https://doi.org/10.1097/MD.0000000000012768
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/


fnins-16-977145 September 7, 2022 Time: 14:31 # 1

TYPE Original Research
PUBLISHED 13 September 2022
DOI 10.3389/fnins.2022.977145

OPEN ACCESS

EDITED BY

Zhengjia Dai,
Sun Yat-sen University, China

REVIEWED BY

Zhiqiang Zhang,
Nanjing University School of Medicine,
China
Akira Matsushima,
Shinshu University, Japan
Xiaochun Wang,
First Hospital of Shanxi Medical
University, China

*CORRESPONDENCE

Guolin Ma
maguolin1007@qq.com
Linwei Zhang
zhanglw999@hotmail.com

SPECIALTY SECTION

This article was submitted to
Brain Imaging Methods,
a section of the journal
Frontiers in Neuroscience

RECEIVED 24 June 2022
ACCEPTED 24 August 2022
PUBLISHED 13 September 2022

CITATION

Liu B, Yang A, Gao W, Chen Y, Wang Y,
Liu X, Lv K, Zhang L and Ma G (2022)
Altered cerebral blood flow in patients
with spinocerebellar degeneration.
Front. Neurosci. 16:977145.
doi: 10.3389/fnins.2022.977145

COPYRIGHT

© 2022 Liu, Yang, Gao, Chen, Wang,
Liu, Lv, Zhang and Ma. This is an
open-access article distributed under
the terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other
forums is permitted, provided the
original author(s) and the copyright
owner(s) are credited and that the
original publication in this journal is
cited, in accordance with accepted
academic practice. No use, distribution
or reproduction is permitted which
does not comply with these terms.

Altered cerebral blood flow in
patients with spinocerebellar
degeneration
Bing Liu1,2, Aocai Yang1,2, Wenwen Gao1,3, Yue Chen1,3,
Yige Wang1,2, Xiuxiu Liu1,3, Kuan Lv1,3, Linwei Zhang4* and
Guolin Ma1,2*
1Department of Radiology, China-Japan Friendship Hospital, Beijing, China, 2Graduate School
of Peking Union Medical College, Chinese Academy of Medical Sciences and Peking Union Medical
College, Beijing, China, 3Department of Radiology, Peking University China-Japan Friendship
School of Clinical Medicine, Beijing, China, 4Department of Neurology, China-Japan Friendship
Hospital, Beijing, China

Objectives: Spinocerebellar degeneration (SCD) comprises a multitude of

disorders with sporadic and hereditary forms, including spinocerebellar

ataxia (SCA). Except for progressive cerebellar ataxia and structural atrophy,

hemodynamic changes have also been observed in SCD. This study aimed to

explore the whole-brain patterns of altered cerebral blood flow (CBF) and its

correlations with disease severity and psychological abnormalities in SCD via

arterial spin labeling (ASL).

Methods: Thirty SCD patients and 30 age- and sex-matched healthy controls

(HC) were prospectively recruited and underwent ASL examination on a 3.0T

MR scanner. The Scale for Assessment and Rating of Ataxia (SARA) and the

International Cooperative Ataxia Rating Scale (ICARS) scores were used to

evaluate the disease severity in SCD patients. Additionally, the status of anxiety,

depression and sleep among all patients were, respectively, evaluated by

the Self-Rating Anxiety Scale (SAS), Self-Rating Depression Scale (SDS) and

Self-Rating Scale of Sleep (SRSS). We compared the whole-brain CBF value

between SCD group and HC group at the voxel level. Then, the correlation

analyses between CBF and disease severity, and psychological abnormalities

were performed on SCD group.

Results: Compared with HC, SCD patients demonstrated decreased CBF

value in two clusters (FWE corrected P < 0.05), covering bilateral dentate

and fastigial nuclei, bilateral cerebellar lobules I-IV, V and IX, left lobule VI,

right lobule VIIIb, lobules IX and X of the vermis in the cerebellar Cluster 1

and the dorsal part of raphe nucleus in the midbrain Cluster 2. The CBF of

cerebellar Cluster 1 was negatively correlated with SARA scores (Spearman’s

rho = –0.374, P = 0.042) and SDS standard scores (Spearman’s rho = –0.388,

P = 0.034), respectively. And, the CBF of midbrain Cluster 2 also had negative

correlations with SARA scores (Spearman’s rho = –0.370, P = 0.044) and ICARS

scores (Pearson r = –0.464, P = 0.010).

Conclusion: The SCD-related whole-brain CBF changes mainly involved in

the cerebellum and the midbrain of brainstem, which are partially overlapped
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with the related function cerebellar areas of hand, foot and tongue movement.

Decreased CBF was related to disease severity and depression status in SCD.

Therefore, CBF may be a promising neuroimaging biomarker to reflect the

severity of SCD and suggest mental changes.

KEYWORDS

spinocerebellar degeneration, spinocerebellar ataxia, cerebral blood flow, arterial
spin labeling, cerebellum

Introduction

Spinocerebellar degeneration (SCD) comprises a group of
rare neurodegenerative diseases, including sporadic SCD [e.g.,
multiple system atrophy (MSA) cerebellar type] and hereditary
SCD (e.g., autosomal dominant or recessive cerebellar ataxias).
Neuropathological studies in SCD have revealed neuronal cell
loss in the cerebellum, brainstem and spinal cord, occasionally
in the basal ganglia and cerebral cortex (Yamada et al., 2016;
Iwabuchi et al., 2022). Generally the cerebellum is most severely
involved, with progressive cerebellar ataxia and atrophy as
the main characteristics of SCD, but patients may also appear
truncal and limb ataxias, dysarthria, dysphagia, pyramidal
and extrapyramidal signs, oculomotor deficits (nystagmus,
hypermetria/hypometria of saccades), and autonomic disorders
(Kawai et al., 2009). In addition, patients with SCD may have
a higher prevalence of non-motor psychological symptoms
such as depression, anxiety and sleep disorders which lead to
the strong negative impact on their quality of life (Pedroso
et al., 2011; Silva et al., 2015; Mastammanavar et al., 2020).
Therefore, particular attention should also be paid to the mental
health of SCD patients. Except for brain structural alterations
affected by local pathology, these clinical manifestations and
psychological impairments are likely to be associated with
brain functional changes as well because the brain activity
measured by hemodynamics or metabolism can reflect the
underlying neuronal events. One of the important indicators
for hemodynamic change reflection and cerebral perfusion
evaluation is the cerebral blood flow (CBF) value. Cerebellar
hemodynamic changes such as hypoperfusion have been
detected in SCD patients with decreased CBF measured by
positron emission tomography (PET) or single-photon emission
computed tomography (SPECT) (Kondo et al., 1993; Gilman
et al., 1995; De Michele et al., 1998; Honjo et al., 2004),
indicating the reduction in neuronal activity. Although PET
has been regarded as the gold standard for CBF measurement,
ionizing radiation and contrast injection during PET/SPECT
become the bottleneck of its extensive application in clinical
routine.

Nowadays, as a completely non-invasive and non-radiative
magnetic resonance imaging (MRI) technique with magnetically

labeled blood water rather than exogenous contrast agents
serving as the flow tracer, arterial spin labeling (ASL) imaging
(Detre et al., 1992) has increasingly become the proxy measure
for blood flow to provide MR-based CBF quantification.
Currently, pseudo-continuous ASL (PCASL) (Dai et al., 2008)
is the first choice for clinical application (Alsop et al., 2015)
due to its higher signal-to-noise ratio (SNR). Demonstrating
good correlation and agreement with PET and SPECT (Detre
and Alsop, 1999; Ikawa et al., 2018), ASL MRI has already
been used for evaluating the aberrant cerebral perfusion in
neurodegenerative diseases such as Parkinson’s disease (PD) and
MSA (Lin et al., 2017; Erro et al., 2020; Ivanidze et al., 2020),
but rarely in SCD. A Previous study retrospectively estimated
CBF values in 4 cerebellar regions of 16 patients with SCD
and demonstrated lower cerebellar CBF (Ikawa et al., 2018).
Another study (Xing et al., 2014) had applied ASL on one
specific subtype of SCD, namely spinocerebellar ataxia (SCA)
type 3 (SCA3), and found decreased regional CBF (rCBF) in
the pons, cerebellar dentate nucleus and cerebellar cortex of
the onset SCA3 group. However, these studies only analyzed
CBF values that were extracted from the predefined regions of
interest (ROIs), without considering the whole brain. Given that
SCD contains various subtypes and each subtype might have its
own representative brain regions, the selection of ROIs becomes
difficult in patients with SCD and the results of perfusion pattern
would be influenced by the chosen ROIs. To our knowledge,
the commonality of CBF alteration explored at the whole-brain
level and the associations between hemodynamics and clinical
measures (especially psychological scales) in SCD remain largely
unknown.

As a data-driven method, voxel-based whole-brain
analysis can investigate the spatial specificity of CBF changes
without being limited to specific brain regions, which may
be more appropriate in the comprehensive comparison
between patients with SCD and the healthy controls. Besides,
given the importance of visualization in neuroimaging, CBF
results should be displayed appropriately, especially in the
infratentorial space. To figure this out, our study applied
a high-resolution spatially unbiased atlas template of the
cerebellum and brainstem spatially unbiased infratentorial
template (SUIT) (Diedrichsen, 2006) to better characterize
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cerebellar CBF alterations in SCD patients. Therefore, this
study aimed to investigate the whole-brain pattern of altered
CBF at the voxel level in patients with SCD by using the
three-dimensional (3D) PCASL. Normalized CBF was used for
narrowing the inter-subject difference. And we further explored
the associations between CBF changes and clinical measures
(especially the disease severity and psychological abnormalities)
of SCD in brain regions with altered hemodynamics through
regional analysis.

Materials and methods

Subjects

This study was approved by the Ethics Committee of China-
Japan Friendship Hospital. All subjects had obtained written
informed consent.

From June 2021 to November 2021, 30 SCD patients (20
males and 10 females; mean age, 45.6 ± 12.8 years; age range,
25–67 years; median disease duration, 6 years) and 30 age-
and sex-matched healthy controls (HC) (18 males and 12
females; mean age, 45.6 ± 14.9 years; age range, 24–68 years)
were prospectively recruited into this study at the China-Japan
Friendship Hospital. Twenty six of the 30 SCD patients were
diagnosed as hereditary SCD, including 23 SCA patients (SCA1,
n = 1; SCA2, n = 2; and SCA3, n = 20) and 3 autosomal
recessive cerebellar ataxias (ARCA) patients (ANO10-ARCA,
n = 1; SPG7-ARCA, n = 1; NPC1-ARCA, n = 1). And the
other 4 patients were diagnosed with sporadic MSA cerebellar
type (MSA-C). The inclusion criteria for patients were: (1)
diagnosed as SCD by trained neurologists according to the
neurological manifestations, genetic tests, family history, and
routine brain MRI findings, thereinto, the hereditary SCD and
its specific subtypes (SCA or ARCA) should be proven by genetic
testing and the sporadic MSA-C (probable or possible) should be
diagnosed by the second consensus statement of 2008 (Gilman
et al., 2008); (2) age ≥ 18 years; (3) right-handed. The exclusion
criteria for patients were as follows: (1) with contraindications
to MRI examination; (2) having the history of other neurological
diseases, such as brain trauma, strokes and tumors; (3) artifacts
in MRI images. Recruitment of HC from the local communities
was based on the following inclusion criteria: (1) without the
history of any neuropsychiatric disorders; (2) age ≥ 18 years; (3)
right-handed. The exclusion criteria for HC were the same as
that for SCD patients.

Clinical characteristics

Demographic information collection and neurological
evaluation were performed on the MRI scanning day, before

the MR data acquisition. The Scale for Assessment and
Rating of Ataxia (SARA) (Schmitz-Hübsch et al., 2006) and
the International Cooperative Ataxia Rating Scale (ICARS)
(Trouillas et al., 1997) scores were used to quantify neurological
manifestations and reflect the disease severity in SCD patients.
In addition, we evaluate the status of depression, anxiety and
sleep among all patients according to the Self-Rating Anxiety
Scale (SAS) (Zung, 1971), Self-Rating Depression Scale (SDS)
(Zung, 1972) and Self-Rating Scale of Sleep (SRSS) (Li, 2012)
to reflect psychological impairments in SCD group. For SAS
and SDS, we used the standard score rather than the total
score for anxiety and depression status assessment. Only when
the standard SAS score ≥ 50 or the standard SDS score ≥ 53
could patients themselves be considered in anxious or depressed
status, respectively.

Magnetic resonance imaging data
acquisition

MRI scans of all subjects were performed on a
3.0T MR scanner (General Electric, Discovery MR750,
Milwaukee, WI, United States) with an 8-channel head coil.
Acquisition parameters for resting-state 3D PCASL were:
slice thickness = 4 mm, repetition time (TR) = 4,817 ms,
echo time (TE) = 14.6 ms, flip angle = 111◦, post label
delay = 1,525 ms, spiral in readout of 12 arms with 1,024
sample points, field of view (FOV) = 240 mm × 240 mm, voxel
size = 1.875 mm × 1.875 mm, number of excitations (NEX) = 3,
matrix = 128 × 128. The total acquisition time for the resting
state ASL scan was 6 min 54 s. Earplugs and paddings were
provided to all subjects for noise reduction, and foam paddings
were given to restrict head motion. During the resting-state ASL
scans, all subjects were asked to keep their eyes closed without
falling asleep, relax and think nothing special.

Reconstruction and post processing of
cerebral blood flow

Briefly, the PCASL difference images were calculated after
the subtraction of the label images from the control images. The
CBF maps were subsequently derived from the ASL difference
images with Functool perfusion software in GE (General Electric
Healthcare). The detailed calculation procedures have been
described in a previous study (Xu et al., 2010).

CBF image processing and further voxel-based analysis were
handled in a MATLAB-based software, Statistical Parametric
Mapping 8 (SPM8).1 First, the CBF images of all subjects were

1 https://www.fil.ion.ucl.ac.uk/spm/software/
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non-linearly coregistered to a PET-perfusion template of SPM8
and spatially warped into the Montreal Neurological Institute
(MNI) space, meanwhile the voxel size was resampled into
2 mm × 2 mm × 2 mm. After the spatial standardization,
the CBF value of each voxel across the whole brain was
normalized by the mean division method (Aslan and Lu,
2010). And a Gaussian kernel of 8 mm × 8 mm × 8 mm
full-width at half maximum (FWHM) was applied for
the spatial smooth to improve the whole-brain statistical
analysis.

Each cluster with significant group differences compared in
the voxelwise whole-brain manner would be regarded as the ROI
in the following regional CBF analyses. A binary mask of the
cluster ROI was firstly generated by the xjView toolbox (Version
10.0)2 and then loaded into Data Processing and Analysis of
Brain Imaging (DPABI, Version 5.1) (Yan et al., 2016) toolbox to
calculate the normalized CBF values within that mask. For each
subject, the mean normalized CBF of each significant cluster was
extracted and used for ROI-based regional analyses.

Statistical analysis

Whole-brain analyses of cerebral blood flow
Voxel-based intergroup differences in normalized CBF

values of whole-brain were analyzed using independent two-
sample t-test in SPM8. Age and sex were induced as the
nuisance variables in statistical model. Correction of multiple
comparisons was executed using the family-wise error (FWE)
method with a corrected voxel-level threshold of P < 0.05 and
cluster size > 10 voxels.

Regional analyses of cerebral blood flow
ROI-based intergroup comparisons were analyzed by two-

sample t-test in the SPSS software (Version 26.0, IBM Corp.,
Armonk, NY, United States). For SCD group, the ROI-based
Pearson or Spearman correlation analyses were performed
between normalized CBF values and clinical features (including
disease duration, SARA scores, ICARS scores, SDS standard
scores, SAS standard scores and SRSS scores). Significant
threshold was set at P < 0.05.

Other statistical analyses
Other statistical analyses were also performed in the SPSS

software, with graphs drawn in GraphPad Prism 9 (GraphPad
Software, San Diego, CA, United States). The normality of data
distribution was evaluated by the Shapiro-Wilk normality test.
As for demographic comparisons between SCD patients and
HCs, student’s t-test was used for age and Pearson Chi-square

2 https://www.alivelearn.net/xjview

(χ2) test was used for sex. Significant threshold was set at
P < 0.05.

Visualization

Significant clusters of the whole-brain voxel-wise CBF
analysis were visualized using MRIcron.3 And clusters that
located at the cerebellum were overlaid onto the coronal SUIT
(Diedrichsen et al., 2009) to better display the involvement
of the cerebellar lobules as well as the deep cerebellar nuclei.
Specifically, the cerebellar-located clusters were also projected
to the surface-based cerebellar flatmap (Diedrichsen and
Zotow, 2015) using SUIT toolbox (Version 3.4)4 implemented
in SPM. The outline of surface-based clusters was further
overlaid onto flatmaps for the anatomical orientation of
cerebellar lobules I-X (both hemispheric and vermal) and
the cerebellar movement orientation (Diedrichsen and Zotow,
2015), respectively.

Results

Demographic information and clinical
characteristics

Demographic information and clinical characteristics of all
SCD patients and healthy controls (HCs) are summarized in
Table 1, with normal data shown in mean ± standard deviation
(SD) and non-normal data shown in median (quartile). No
significant group differences were found in age (P = 0.993)
or sex (P = 0.592) between SCD group and HC group. In
patients with SCD, disease duration ranged from 0 to 36 years
with a median of 6 years. Total SARA scores of SCD group
ranged between 1 and 36 with a median of 13, while total
ICARS scores ranged from 0 to 88 with a mean of 41.0
(SD = 22.0). For three self-rating scales, the range of SAS
standard scores was 25–71 with a mean of 47.8 (SD = 12.0);
the range of SDS standard scores was also 25–71 with a
median of 53, and that of SRSS scores was 12–43 with a
mean of 25.7 (SD = 8.1). In addition, 15 of 30 SCD patients’
SAS standard scores were 50 or more. And the percentage of
patients with SDS standard score ≥ 53 was 50% as well. We
also collected data for the presence of additional neurological
manifestations (e.g., truncal and limb ataxias: 96.7%, pyramidal
and extrapyramidal signs: 46.7%, oculomotor deficits: 86.7%,
dysarthria: 86.7%, dysphagia: 46.7%, and autonomic disorders:
13.3%).

3 https://www.nitrc.org/projects/mricron/

4 https://www.diedrichsenlab.org/imaging/suit_flatmap.htm

Frontiers in Neuroscience 04 frontiersin.org

136

https://doi.org/10.3389/fnins.2022.977145
https://www.alivelearn.net/xjview
https://www.nitrc.org/projects/mricron/
https://www.diedrichsenlab.org/imaging/suit_flatmap.htm
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/


fnins-16-977145 September 7, 2022 Time: 14:31 # 5

Liu et al. 10.3389/fnins.2022.977145

TABLE 1 The demographical information and clinical characteristics
of SCD group and HC group.

SCD group
(n = 30)

HC group
(n = 30)

p-value

Age (years) 45.6 ± 12.8 45.6 ± 14.9 0.993a

Sex (M/F) 20/10 18/12 0.592b

Disease duration
(years)

6.0 (3.0–10.0)c N/A N/A

SARA score 13.0 (10.0–20.5)c N/A N/A

ICARS score 41.0 ± 22.0 N/A N/A

SAS standard
score

47.8 ± 12.0 N/A N/A

SDS standard
score

53.0 (39.5–63.8)c N/A N/A

SRSS score 25.7 ± 8.1 N/A N/A

Truncal and
limb ataxias (n)

29 (96.7%) N/A N/A

Pyramidal and
extrapyramidal
signs (n)

14 (46.7%) N/A N/A

Oculomotor
deficits (n)

26 (86.7%) N/A N/A

Dysarthria (n) 26 (86.7%) N/A N/A

Dysphagia (n) 14 (46.7%) N/A N/A

Autonomic
disorders (n)

4 (13.3%) N/A N/A

aTwo-sample student’s t-test; bPearson chi-squared test; cNon-normal data is shown
as Median (Q1–Q3). Q1, first quartile; Q3, third quartile. M, male; F, female; SCD,
spinocerebellar degeneration; SARA, scale for assessment and rating of ataxia (0 = no
ataxia, 40 = most severe ataxia); ICARS, international cooperative ataxia rating scale
(0 = no ataxia, 100 = most severe ataxia); SAS, self-rating anxiety scale; SDS, self-rating
depression scale; SRSS, self-rating scale of sleep; N/A, not applicable.

Group differences in normalized
cerebral blood flow

Whole-brain voxel-based analyses
In the whole-brain voxel-based analyses, the CBF group

differences between the SCD patients and the HCs are shown in
Table 2. For HC > SCD comparison, voxels that survived after
the FWE correction at a voxel-level threshold of P < 0.05 and
cluster size > 10 are mainly gathered in two clusters, namely
Cluster 1 and Cluster 2. Cluster 1 was located at the cerebellum,
with the vermis and bilateral cerebellar hemispheres involved,
including AAL3 brain regions such as bilateral Cerebellum_4_5,
Cerebellum_9 and Cerebellum_3, left Cerebellum_6, right
Cerebellum_8, Vermis_4_5, Vermis_3, Vermis_10, Vermis_9
and Vermis_1_2. Other anatomy structures involved in
Cluster 1 but not in AAL3 were culmen, dentate nuclei,
cerebellar tonsil, fastigial nuclei, nodule, and declive. While
Cluster 2 was found in the midbrain of brainstem with one
meaningful AAL3-specific brain label Raphe_D, known as
the dorsal part of raphe nucleus. For HC < SCD contrast,
however, no brain regions or even voxels showed significantly

increased CBF in SCD patients compared to HCs after FWE
correction.

Figures 1, 2 show the detailed visualization for Cluster 1
and Cluster 2. In Figure 1A, the cerebellar-located Cluster 1,
overlaid onto the SUIT template, shows its cover of bilateral
dentate and fastigial nuclei, bilateral cerebellar lobules I-IV,
V and IX, left lobule VI and right lobule VIIIb. While in
Figure 1B, the smaller Cluster 2 is located on the midbrain
of brainstem; and the AAL3 brain region Raphe_D is overlaid
onto Cluster 2, showing its position in the midbrain. As
the vermis has not been well demonstrated in the coronal
slice view in Figure 1A, we further plotted the t-values of
Cluster 1 to the SUIT flatmap, and generated a flat t-map
displayed in Figure 2A. The outline of surface-based Cluster 1
is overlaid onto the anatomical orientation of cerebellar lobules
I-X (both hemispheric and vermal) as well as the cerebellar
movement orientation (Diedrichsen and Zotow, 2015) to form
Figures 2B,C, respectively. According to Figure 2B, Cluster 1
also covers lobules IX and X of the vermis besides cerebellar
hemispheric regions. And Figure 2C indicates the motor
involvement of the foot (bilateral), hand (bilateral, more severe
in right) and tongue.

Regional analyses
In the regional analyses based on the ROIs of significant

clusters, results about intergroup comparison of normalized
CBF values in Cluster 1 and Cluster 2 are shown in Figure 3
and Table 3. Compared to HC group (Cluster 1: 1.833 ± 0.141;
Cluster 2: 1.823 ± 0.137), the normalized CBF values of Cluster
1 (1.493 ± 0.218) and Cluster 2 (1.542 ± 0.211) were both
significantly decreased in SCD group with P < 0.0001.

Correlations between cerebral blood
flow and clinical characteristics

The ROI-based correlations between normalized CBF values
and the clinical-relevant demographic characteristics (disease
duration), clinical severity (SARA and ICARS scores) or
psychological scales (SDS, SAS and SRSS) were analyzed in both
Cluster 1 and Cluster 2, with significant correlations depicted
graphically in Figure 4. The normalized CBF value of SCD
patients in Cluster 1 showed a negative correlation with SARA
scores (Spearman’s rho = –0.374, P = 0.042; Figure 4A) and
standard SDS scores (Spearman’s rho = –0.388, P = 0.034;
Figure 4B), respectively. Although in Cluster 1 the normalized
CBF was negatively correlated with ICARS scores (Pearson r = –
0.226, P = 0.229), standard SAS scores (Pearson r = –0.245,
P = 0.191) and SRSS scores (Pearson r = –0.149, P = 0.431), these
correlations were not significant. For Cluster 2, the normalized
CBF was significantly negatively correlated with both SARA
scores (Spearman’s rho = –0.370, P = 0.044; Figure 4C) and
ICARS scores (Pearson r = –0.464, P = 0.010; Figure 4D),
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TABLE 2 Brain regions with voxel-based significant group differences in normalized CBF.

Contrast Cluster Total voxels t-value Height threshold T = 4.973 [voxel
level, P < 0.05 (FWE), k = 0,

cluster size > 10]

Peak MNI coordinate (mm)

Brain region No. of significant
voxels

x y z

HC > SCD Cluster 1 1,329 6.920 Culmen 585 10 -46 -18

Vermis_4_5* 173

Cerebellum_4_5_L* 160

Dentate nuclei 143

Cerebellum_4_5_R* 123

Cerebellum_9_R* 103

Cerebellar tonsil 81

Fastigial nuclei 75

Nodule 73

Vermis_3* 67

Declive 53

Cerebellum_9_L* 49

Vermis_10* 40

Cerebellum_3_R* 36

Cerebellum_3_L* 27

Vermis_9* 24

Vermis_1_2* 24

Cerebellum_6_L* 21

Cerebellum_8_R* 16

HC > SCD Cluster 2 95 6.192 Midbrain 67 2 -26 -4

Raphe_D* 11

*Brain labels defined in AAL3. The Arabic numerals in the AAL3 brain labels indicated the lobule number of the cerebellar hemisphere or vermis. For example, the anatomical description
for Cerebellum_4_5_L was the lobule IV, V of the left cerebellar hemisphere.

without showing any correlation with those three psychological
scales (standard SAS scores: Pearson r = –0.138, P = 0.467;
standard SDS scores: Spearman’s rho = –0.174, P = 0.358; SRSS
scores: Pearson r = –0.339, P = 0.067). For both two clusters,
the negative correlations between normalized CBF and disease
duration of SCD patients were statistically insignificant (Cluster
1: Spearman’s rho = –0.218, P = 0.248; Cluster 2: Spearman’s
rho = –0.287, P = 0.124).

Discussion

In this study, we detected a whole-brain pattern of CBF
alterations and assessed the relationships between CBF and
clinical characteristics in patients with SCD using the non-
invasive PCASL imaging technique. Our main findings are
that: (1) compared with healthy controls, SCD patients showed
hypoperfusion mainly in two clusters, with the involvement
of several cerebellar lobules, cerebellar nuclei (dentate and
fastigial) and part of the midbrain; (2) decreased CBF was
associated with increased disease severity in both cerebellar and

midbrain clusters; (3) mental disorder in terms of depression
status was correlated with CBF in the cerebellar cluster.

The whole-brain voxel-based analysis demonstrated
decreased normalized CBF, which approximately reflected
the decline of brain neuronal activity and was predominantly
distributed in the cerebellar Cluster 1 (bilateral dentate and
fastigial nuclei, bilateral cerebellar lobules I-IV, V and IX,
left lobule VI, right lobule VIIIb and lobules IX and X of
the vermis) and in the midbrain Cluster 2 (dorsal part of
raphe nucleus). Although we did not detect any hemodynamic
changes in the cerebral regions, the hypoperfusion areas in
our study are consistent with neuropathological findings that
neuronal cell losses of SCD often happened in the cerebellar
cortex (Purkinje cells), spinal cord and brainstem nuclei but
occasionally associated with degeneration of the basal ganglia
and cerebral cortex (Yamada et al., 2016). In addition, our
MR-based CBF decline in patients with SCD is also coinciding
with previous reports using PET and SPECT (Sun et al., 1994;
De Michele et al., 1998; Sidtis et al., 2010; Braga-Neto et al.,
2012, 2016). A previous ROI-based retrospective ASL MRI
study also showed significantly reduced mean normalized
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FIGURE 1

Detailed visualization for voxel-based HC > SCD comparison across groups using normalized CBF values performed by the two-sample t-test
with a threshold of P < 0.05 (FWE corrected) and cluster size of 10 voxels. The warm color represents voxels with significantly decreased CBF in
the SCD group compared with the HC group. Results of the HC < SCD comparison are not shown because no significant voxel was detected
under the same FWE correction threshold and cluster size. (A) Cluster 1 shown in yellow/red, overlaid onto the cerebellar atlas (Diedrichsen
et al., 2009) in coronal slices. Cerebellar lobules and nucleus are marked in red on the right cerebellum. (B) Top row: magnified Cluster 2 shown
in yellow/red; Bottom row: Cluster 2 with AAL3 brain region mapped on. HC, healthy control; SCD, spinocerebellar degeneration; CBF, cerebral
blood flow; FWE, family-wise error; Roman numerals I-X, number of cerebellar hemisphere lobules (Schmahmann et al., 1999); D, dentate
nucleus; F, fastigial nucleus; Raphe_D, dorsal raphe nucleus (Rolls et al., 2020); L, left; R, right; x,y,z, space coordinates.

FIGURE 2

Visualization on flatmaps for cerebellar-located Cluster 1. (A) The t-map of Normalized CBF group results (HC > SCD) projected to the
cerebellar SUIT flatmap. Regions displayed in warm colors represent the significant CBF decrease in SCD patients. (B) Outline curves of results in
flatmap (A) shown in white dotted lines are overlaid onto the flatmap of anatomical distributions for cerebellar lobules I-X. Note that for lobule
VI-X, two hemispheric and one vermal compartment (displayed in slightly different colors) are defined. (C) Outline curves of results in flatmap
(A) shown in white dotted lines are overlaid onto the flatmap of the sensorimotor topography for activation related to hand, foot and tongue
movement activations. HC, healthy control; SCD, spinocerebellar degeneration; L, left; R, right; V, vermis; H, hemisphere; Roman numerals I-X,
number of cerebellar lobules (Schmahmann et al., 1999).

CBF in cerebellar cortices and crus in SCD (Ikawa et al.,
2018). Furthermore, in patients with SCD subtypes, lower
regional CBF (rCBF) values were detected by ASL in the ROIs
of cerebellar cortex, cerebellar dentate nucleus, and pons in
SCA3 (Xing et al., 2014) and by SPECT in the cerebellum and
brainstem in MSA-C (Kimura et al., 2011). Compared to these
studies that extracted and calculated CBF within their size-fixed

or roughly hand-drawn single-slice ROIs, our data-driven
voxel-level method could obtain the similar but more precise
results and demonstrate the involved brain regions with more
detail at the lobular level.

In cerebellar Cluster 1, affected cerebellar lobules I-IV and
V belong to the anterior cerebellum which is thought to be
important for motor control, whereas lobules VI, VIIIb and
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FIGURE 3

There were statistically significant differences in normalized CBF
of ROI-based Cluster 1 and Cluster 2 between the SCD group
and the HC group. SCD, spinocerebellar degeneration. ∗∗

indicates P < 0.0001.

IX belong to the posterior cerebellum which is more involved
in cognitive processing (Stoodley and Schmahmann, 2018).
Moreover, the posterior cerebellum (lobules VIIIb, IX and X)
was found to be the primary cerebellar targets of SCA 10 and the
affected regions would expand to the anterior cerebellum in later
stages (Hernandez-Castillo et al., 2019). Thus, hypoperfusion
in these cerebellar regions may contribute to the clinical motor
symptoms in SCD and its subtypes. Interestingly, after overlying
our cerebellar results onto the cerebellar movement orientation
flatmap (Diedrichsen and Zotow, 2015) generated by using task-
based data from N = 100 participants scanned in the Human
Connectome Project (Van Essen et al., 2013) to figure out the
activation impairments related to the simple movements, we
found a lot of overlap in the foot (bilateral), hand (bilateral,
more severe in right) and tongue movement areas. The overlap
indicates that the decreased CBF in these common regions may
represent the drop of neuronal activity which could contribute
to clinical motor symptoms in our SCD patients such as limb
ataxias, dysarthria and dysphagia. Among those five simple
movements, the involvement of bilateral feet seems most severe.
And the non-symmetrically involvement of hand may result
from the right handedness.

Apart from cerebellar lobules, the dentate and fastigial
nuclei in Cluster 1 also demonstrated decreased CBF. The
dentate nuclei (DN) of the cerebellum, which could project
output to non-motor areas of the prefrontal and posterior
parietal cortex (Bostan et al., 2013), are characteristic sites
of neurodegeneration in several SCD subtypes such as SCA3
and Friedreich’s ataxia (Scherzed et al., 2012; Harding et al.,
2016; Koeppen, 2018). The lower CBF in DN has also been
detected using ASL in both onset and non-onset SCA3 patients
(Xing et al., 2014). Together with DN, the fastigial nucleus
(FN) is one of the ultimate integration stations and outputs
of the spinocerebellum serving as a classical subcortical motor
coordinator, holding a key position in the axial, proximal and

TABLE 3 Results about ROI-based intergroup differences in CBF.

Regions Normalized CBF T-value p-value

SCD group HC group

Cluster 1 1.493 ± 0.218 1.833 ± 0.141 –7.179 <0.0001

Cluster 2 1.542 ± 0.211 1.823 ± 0.137 –6.127 <0.0001

ocular motor control by projecting to the medial descending
systems and eye movement-related nuclei, and has also been
implicated in the regulation of emotional activities (Zhang et al.,
2016). Previous research on patients with SCA with saccadic
intrusions (SCASI) also pointed out that FN played a critical
role in eye movement, especially in programming sequences of
saccades (King et al., 2011). It is worth noting that 86.7 percent
of our SCD patients exist oculomotor deficits. And to the best
of our knowledge, this is the first time that hypoperfusion has
been identified in FN in patients with SCD. Thus, we speculate
that the CBF decline in FN may contribute to motor symptoms
especially the oculomotor deficits in SCD.

Similar to prior findings that identified decreased CBF
in the brainstem (Sun et al., 1994; De Michele et al., 1998;
Watanabe et al., 2005; Sidtis et al., 2010; Xing et al., 2014), our
finding of Cluster 2 is situated in the midbrain of brainstem
with the dorsal part of raphe nuclei involved in CBF decline.
The raphe nuclei (RN), whose main neuronal components
are serotonergic neurons, are distributed near the midline of
the brainstem and the serotonergic projections participate in
the regulation of motor, somatosensory and limbic systems
and have been associated with sleep, depression and anxiety
behavior (Hornung, 2003). Pathoanatomical studies suggested
that marked neuronal loss in RN was observed in SCD, and
damage to RN might contribute to the slowing of horizontal
saccades (Rüb et al., 2003; Hellenbroich et al., 2006; Hoche
et al., 2011). In addition, FN in Cluster 1 also receives
serotonergic projections arising from the medullary/pontine
reticular formation and RN (Bishop et al., 1988), which may
indicates that hemodynamic damage of RN may affect the
perfusion status in FN and the SCD-related eye movement
function. According to a previous study, the baseline activity
of raphe neurons increases in phase with swallowing (Ribeiro-
do-Valle, 1997). And in this study, 46.7 percent of SCD patients
suffered from dysphagia which may be associated with the
decrease neuronal activity reflected by hypoperfusion in RN.

In terms of clinical characteristics, we found that SARA and
ICARS scores were both significantly negatively correlated with
the normalized CBF in Cluster 2. But in Cluster 1, only the
SARA scores but not the ICARS scores significantly negatively
correlated with the normalized CBF. The possible reason behind
this might be the slight difference between ICARS and SARA.
A previous study that compared ICARS scores with SARA
scores among patients with SCD suggested that SARA was
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FIGURE 4

Correlations between the normalized CBF values and clinical characteristics. The normalized CBF of Cluster 1 had a negative correlation with
SARA scores (A) and SDS standard scores (B), respectively. For Cluster 2, the normalized CBF was also negatively correlated with SARA scores
(C) and ICARS scores (D), respectively. CBF, cerebral blood flow; SARA, scale for assessment and rating of ataxia; SDS, self-rating depression
scale; ICARS, international cooperative ataxia rating scale.

superior to ICARS in terms of practicability, reliability, and
scale structure through assessing ataxia by the two scales at the
same time, and might be more objective as the use of vague
expressions reduced in SARA compared to that in ICARS (Yabe
et al., 2008). Given that the significant relationship between
increased SARA scores and decreased CBF in both Cluster
1 and Cluster 2, the MR-based CBF alteration detected by
PCASL in the cerebellum and midbrain is likely to be the
reflection of SCD disease severity. However, in this study, no
significant correlations were found between disease duration
and the normalized CBF (neither in Cluster 1 nor in Cluster 2),
which is similar to another SCD study (Ikawa et al., 2018) where
the correlation between disease duration and cerebellar CBF was
insignificant as well no matter measured by ASL or SPECT. In
addition, CBF of the cerebellum showed no correlation to the
duration of the illness even if using PET in 23 patients with

SCD (Sakai et al., 1989). One explanation for the insignificant
relationship between decreased cerebellar/midbrain CBF and
increased disease duration may be that the total number of
SCD patients is relatively small (no more than 30 in those
studies mentioned as well as ours), which may reduce the
statistical efficiency. Another possible interpretation is that the
progression speed of disease varies from subtype to subtype,
which means patients who have the same disease duration might
be in different disease stage. However, several studies regarded
cerebellar CBF value as an imaging biomarker for the early
stage of SCA3/SCD as the decline of CBF could appear in non-
onset patients or even before apparent structural atrophy or
disease onset (Sakai et al., 1989; Xing et al., 2014). Therefore, the
present finding might indicate that the hypoperfusion in either
cerebellum or midbrain would not continue to develop with the
prolongation of SCD course.
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As for non-motor psychological symptoms, a previous
study summarized that 17–26 percent of SCA patients
suffered from depression (Lo et al., 2016). Though depressive
symptoms worsen with disease progression, the relationships
between neurodegeneration, disease severity, motor disability
and depression are complex (Schmitz-Hübsch et al., 2010;
Klockgether et al., 2019). We further assessed the correlation
between CBF and depressive status in this study. Although
the affected lobules IX of the vermis of Cluster 1 was thought
to be involved in emotional processing (Schraa-Tam et al.,
2012) and interruption in brainstem raphe of Cluster 2 was
highly prevalent in patients with depression associated with
certain neurodegenerative diseases (Mijajlovic et al., 2014), SDS
standard scores only significantly negatively correlated with
the normalized CBF in the cerebellar Cluster 1 rather than
the midbrain Cluster 2. Given that patients with depression
displayed lower rCBF in cerebellum and thalamus in a PET
investigation (Liotti et al., 2002), our finding may suggest the
possible contribution of cerebellar hypoperfusion to emotional
changes of depressive status in SCD. Except for depression,
anxiety and impaired sleep quality are also present in vast
majority of SCD patients (Pedroso et al., 2011; Silva et al.,
2015; Yuan et al., 2019; Mastammanavar et al., 2020). However,
no significant correlations were found between CBF and the
rest psychological scales (SAS and SPSS) in either Cluster
1 or Cluster 2. Thus, whether hypoperfusion of cerebellum
and midbrain is related to anxiety and sleep disorders still
needs further verification. Overall, the decline of cerebellar CBF
value in SCD patients could give clues to some mental health
problems, and psychiatric interventions for those with lower
CBF should be prioritized.

This study has a few limitations. First, the sample size of
our study is relatively small, which might have reduced the
statistical power in altered CBF assessment and correlation
analyses. Further investigations in larger SCD cohort with
subtype analyses are required to confirm the CBF changes
and clinical correlates. Second, as a pilot study, we did
not separate the gray and white matter during whole-
brain analysis, and did not take the gray matter volume
changes into consideration, further studies should analyze
the cortical and subcortical CBF alterations with the control
of the regional gray matter volume. Third, some of our
patients received medications (such as coenzyme Q10, vitamin
E and mecobalamin) to treat their ataxia symptoms, but
the influence of drugs was often ignored in neuroimaging
studies of patients with SCD because of the poor drug
efficacy and the irregular medication. It is still not yet
clear to what extent the finding and its interpretation can
be influenced by medication, which need more rigorous
research to explore. Finally, we only employed a single MRI
modality to measure CBF with the cross-section study design
to reveal the CBF alteration, follow-up longitudinal and
multimodal studies might help in the future to differentiate

perfusion signature of SCD from presymptomatic to late disease
stages of the disease and monitor CBF changes with the
disease progression.

Conclusion

In conclusion, through the non-invasive ASL-MRI
method, we investigate the altered whole-brain normalized
CBF in SCD patients. We found decreased CBF in multiple
cerebellar lobules and deep cerebellar nuclei as well as the
midbrain of brainstem, and hypoperfusion in these regions
was correlated with disease severity and depression scores,
which may indicate deficits in motor and emotional conditions.
MRI-based CBF value may be a promising neuroimaging
biomarker to reflect the severity of neurodegeneration
at the whole-brain level in vivo, and suggesting mental
changes.
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Introduction: Understanding the neurological basis of autism spectrum

disorder (ASD) is important for the diagnosis and treatment of this mental

disorder. Emerging evidence has suggested aberrant functional connectivity

of large-scale brain networks in individuals with ASD. However, whether

the effective connectivity which measures the causal interactions of these

networks is also impaired in these patients remains unclear.

Objects: The main purpose of this study was to investigate the

effective connectivity of large-scale brain networks in patients with ASD

during resting state.

Materials and methods: The subjects were 42 autistic children and 127

age-matched normal children from the ABIDE II dataset. We investigated

effective connectivity of 7 large-scale brain networks including visual network

(VN), default mode network (DMN), cerebellum, sensorimotor network

(SMN), auditory network (AN), salience network (SN), frontoparietal network

(FPN), with spectral dynamic causality model (spDCM). Parametric empirical

Bayesian (PEB) was used to perform second-level group analysis and furnished

group commonalities and differences in effective connectivity. Furthermore,

we analyzed the correlation between the strength of effective connectivity

and patients’ clinical characteristics.

Results: For both groups, SMN acted like a hub network which demonstrated

dense effective connectivity with other large-scale brain network. We also

observed significant causal interactions within the “triple networks” system,

including DMN, SN and FPN. Compared with healthy controls, children

with ASD showed decreased effective connectivity among some large-

scale brain networks. These brain networks included VN, DMN, cerebellum,

SMN, and FPN. In addition, we also found significant negative correlation

between the strength of the effective connectivity from right angular

gyrus (ANG_R) of DMN to left precentral gyrus (PreCG_L) of SMN and
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ADOS-G or ADOS-2 module 4 stereotyped behaviors and restricted interest

total (ADOS_G_STEREO_BEHAV) scores.

Conclusion: Our research provides new evidence for the pathogenesis of

children with ASD from the perspective of effective connections within and

between large-scale brain networks. The attenuated effective connectivity of

brain networks may be a clinical neurobiological feature of ASD. Changes

in effective connectivity of brain network in children with ASD may provide

useful information for the diagnosis and treatment of the disease.

KEYWORDS

autism spectrum disorder, brain network, dynamic causal modelling, effective
connectivity, parametric empirical bayesian

Introduction

Since its first clinical description in the 1940s, autism
spectrum disorder (ASD) has gone from a rare childhood-
onset disorder to a pervasive, lifelong developmental
disorder. As a neurodevelopmental deficit, the disorder is
clinically characterized by impairments in social interaction,
communication disorders, restricted interests, stereotyped
and repetitive behavioral patterns, and in most patients,
developmental delay (Belmonte et al., 2004). A data statistics
in 2012 in the United States shows that the incidence rate of
ASD is very high, with an average of 1 in 68 children suffering
from ASD, and the prevalence rate of boys is 4.5 times that of
girls (Christensen et al., 2016). Children with ASD may need
long-term or even lifelong care. Therefore, ASD treatment
incurs higher medical and educational costs, which is a huge
financial burden for most families and society. However, the
underlying pathophysiological and neurological basis of ASD
remains unclear, and effective diagnosis and treatment of ASD
is elusive (Courchesne et al., 2011).

Researchers are attempting to understand the neurological
basis of ASD by identifying biomarkers associated with
core defects (Mohammad-Rezazadeh et al., 2016). One of
the most commonly used methods is functional magnetic
resonance imaging (fMRI). A growing number of imaging
studies involving different groups of children, adolescents,
and adults have shown that ASD is a disorder of abnormal
brain connections. These abnormal connections exist not
only in separate brain networks, such as visual network
(VN), default mode network (DMN), auditory network (AN),
salience network (SN), and frontoparietal network (FPN), but
also between different brain networks (Bi et al., 2018; Chen
et al., 2021). In studies concerning VN, survey such as that
conducted by Lombardo et al. (2019) found reduced functional
connectivity between DMN and VN in patients with ASD
from 12 to 48 months of age, and eye-tracking procedures
revealed low connectivity between DMN and occipito-temporal

cortex (OTC). In contract, another study found increased
connectivity of language areas with posterior cingulate cortex
(PCC) and visual areas in adolescents with ASD (Gao et al.,
2019). About DMN, One study by Lynch et al. (2013) found that
children with ASD exhibited high connectivity of the posterior
cingulate and retrosplenial cortices, yet their precuneus showed
localized hypo-connectivity with the visual cortex, basal ganglia,
and posteromedial cortex. Besides, in a study of patients with
ASD from Autism Brain Imaging Data Exchange I (ABIDE
I), it was found that connectivity of the precuneus, posterior
cingulate gyrus and the medial prefrontal gyrus was decreased
in DMN (Yao et al., 2016). Similarly, Funakoshi et al. (2016)
found reduced functional connectivity in the bilateral inferior
parietal lobule and posterior cingulate cortex of DMN in
children with ASD. In studies of the cerebellum, one study
found reduced gray matter in the inferior cerebellar vermis
(lobule IX), left lobule VIIIB, and right Crux I in patients with
ASD (Stoodley, 2014). In another study, functional connectivity
between the right cerebellar region and the supratentorial
regulatory language areas was absent in adolescents with ASD
(Verly et al., 2014). Conversely, a new study demonstrated
that adolescents with ASD had cerebro-cerebellar functional
overconnectivity (Khan et al., 2015). In an analysis of AN (Linke
et al., 2018), the interhemispheric connectivity of the left and
right auditory combined ROI decreased, and the connectivity
between auditory cortical areas and the thalamus increased in
the adolescents with ASD. In a study investigating SN, Zenghui
et al. (2019) reported that adolescents with ASD had higher
functional connectivity between the right dorsolateral prefrontal
cortex and the left superior frontal gyrus, the middle frontal
gyrus and the anterior cingulate cortex. About FPN, it was
found that patients with ASD had greater activation in the
right middle frontal gyrus and anterior cingulate cortex and less
activation in the bilateral middle frontal, left inferior frontal
gyrus, right inferior parietal lobule, and precuneus (May and
Kana, 2020). In addition, data from several studies suggest
that connections between different brain networks were both
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increased and decreased in patients with ASD. Compared
with the control group, the connectivity between VN and
sensorimotor network (SMN) and between the posterior part
of the cerebellum and the occipital and parietal cortices was
enhanced, while the connectivity between VN and AN, between
the lateral cerebellum and the pre-frontal and other relevant
cortical regions was reduced (Wang et al., 2019; Chen et al.,
2021). Another study found that adolescents with ASD had
varying increases or decreases in functional connectivity in
eight brain networks, including DMN, VN, AN and so on
(Bi et al., 2018). In conclusion, these studies show that the
connections between the brain and cerebellum, between VN
and SMN, and those related to AN in autistic patients show
higher functional connectivity compared with the control group
(Khan et al., 2015; Linke et al., 2018; Chen et al., 2021). However,
the connection between VN and AN presents lower functional
connectivity (Wang et al., 2019). In addition, the functional
connection between DMN and VN, as well as the functional
connection related to FPN, both increases and decreases (Lynch
et al., 2013; Gao et al., 2019; Lombardo et al., 2019; May and
Kana, 2020). These abnormal connections may be related to the
special clinical symptoms of patients with ASD, such as social
interaction disorder, communication disorder, limited interest
and repetitive behavior patterns.

Functional connectivity in the brain is defined as the
correlation of spontaneous functional activity between different
brain regions (Harikumar et al., 2021), and refers to the time-
dependence of neural activity signals in spatially disconnected
brain regions (Chiang et al., 2016). It has been widely used
to assess the functional interactions between different brain
regions. It has also been widely used by researchers in previous
studies on ASD. However, functional connectivity cannot
portray the directional information of connections between
brain regions (Friston et al., 2003). Effective connectivity has
been defined as the effect of neurological activity in one brain
region on another brain region. Unlike functional connectivity,
effective connectivity can estimate the direction of information
transfer of neural activity (Rajabioun et al., 2020), which helps
to understand the brain mechanisms behind neural activity.
Dynamic causal modelling (DCM) (Friston et al., 2003) is a
common approach to effective connectivity. Li et al. (2011)
proposed a stochastic DCM model. By introducing noise as the
input signal of the model, the effective connectivity parameters
under noise interference were estimated, thus allowing the
DCM to be used for resting-state fMRI analysis. To solve
the problem of DCM model instability in the time domain
inversion, Friston et al. (2014) proposed the spectral dynamic
causal modelling (spDCM) method, which can effectively
reduce the complexity of model estimation by transferring the
model to the frequency domain for inversion through frequency
domain approximation. In addition, the stability and accuracy
of spDCM model estimation are improved compared with
stochastic DCM (Razi et al., 2015). Subsequently, to address

some problems in the DCM process, such as local maxima in
Bayesian model comparisons, Friston et al. (2016) proposed
a Bayesian model reduction from the classical random effects
model to a parametric empirical Bayesian (PEB) model using
only the full model. By using the posterior density of the
full model, the reduced model can be inverted by Bayesian
methods.

In this study, we investigated the effective connectivity
between different regions of each brain network in children
with ASD. We used the public dataset KKI, which is part
of the Autism Brain Imaging Data Exchange II (ABIDE
II), which was created with the support of the National
Institute of Mental Health and provides better phenotypic
characteristics (Di Martino et al., 2017). In addition, ABIDE
II includes a series of psychiatric variables, which can help us
understand the neural correlates of psychopathology. Through
spDCM, we investigated the effective connectivity of 7 large-
scale brain networks in 42 children with ASD and 127 age-
matched healthy controls. First, the regions of different brain
networks were identified by spatially independent component
analysis (McKeown and Sejnowski, 1998). Then, the effective
connectivity of the regions of 7 large-scale brain networks were
characterized using spDCM and Bayesian model reduction to
find the directional and causal relationships of neural activity
between regions. In addition, we analyzed the correlation
between the effective connectivity between regions and some
clinical indicators in children.

Materials and methods

Participants

We used the KKI dataset in this study. The KKI dataset
collected from 211 children aged 8 to 13 years, including 56
children with ASD and 155 children in the typical controls (TC)
group. Participants were enlisted as part of an ongoing study at
the Kennedy Krieger Institute’s Center for Neurodevelopmental
and Imaging Research. Informed consents were provided
by the children’s parents or guardians, and consents were
provided by children. They had a Wechsler Intelligence Scale
for Children-IV (WISC-IV) (Wechsler, 2003) or WISC-V
(Wechsler, 2014) full scale IQ greater than 80. Children were
excluded if they had a definite neurological disease, severe
chronic illness, severe visual impairment, alcohol or drug
dependence, conditions that prohibit or make it difficult to
obtain MRI, and were at developmental level 3 or higher on the
Physical Development Scale (Carskadon and Acebo, 1993). The
diagnosis of ASD was confirmed using the Autism Diagnostic
Interview-Revised (ADI-R) (Lord et al., 1994) or the Autism
Diagnostic Observation Schedule-2nd edition (ADOS-2) (Lord
et al., 2012) module 3. The WISC-IV or WISC-V were used
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to assess intelligence. The Edinburgh Handedness Inventory
(Oldfield, 1971) was used to determine handiness.

Data acquisition

Scans were performed at the F.M. Kirby Research Center
for Functional Brain Imaging using one of two Philips 3T
scanners with an 8- or 32-channel phased-array head coil.
Resting-state fMRI scans were collected before or after the
structural scans. During resting-state scans, children were asked
to relax and focus on a crosshair while remaining as still as
possible. The scanning parameters of Resting-state fMRI scans
were: repetition time = 2,500 ms, echo time = 30 ms, field of
view = 256 mm x 256 mm, matrix = 96 × 96, flip angle = 75◦,
number of slices = 47, slice thickness = 3 mm, inter-slice
gap = 0 mm. The scanning parameters of structural scans
were: repetition time = 8.0 ms, echo time = 3.7 ms, field of
view = 256 mm × 256 mm, matrix = 256 × 256, flip angle = 8◦,
slice thickness = 1 mm.

Preprocessing

The preprocessing of data analysis is shown in Figure 1.
Data processing was performed with the GRETNA toolbox
(v2.0.0) (Wang et al., 2015) based on SPM12. In general,
functional preprocessing included the following four steps.
(1) Slice Timing: corrected the difference in acquisition time
between slices in each volume; (2) Realignment: used rigid body
transformation to correct for head motion; (3) Normalization:
transformed brain of each subject into a standardized space
defined by the Montreal Neurological Institute (MNI); (4)
Spatially Smoothing: spatially smoothed data using a Gaussian
filter with a full width at half maximum (FWHM) of 6 mm.

Some children were excluded from analysis after
preprocessing due to poor normalization and excessive
head motion. In addition, four children were excluded because
the subsequent spDCM process did not converge. Therefore, a
total of 14 children with ASD and 28 TC children were excluded,
and the final sample included 42 children with ASD and 127 TC
children. The demographic and clinical data of the subjects of
each dataset are shown in Table 1.

Group independent component
analysis

The preprocessed data were subjected to independent
component analysis (ICA) using the Group ICA of fMRI
Toolbox (GIFT) software package.1 The GIFT software first

1 https://trendscenter.org/software/gift/

estimated and decomposed each subject’s fMRI image into
33 spatially independent components. Then performed back
reconstruction on each subject to obtain the corresponding ICA
map. According to the mean image of the spatially independent
components of all the subjects, all the independent components
are sorted by the ICA independent component template (Smith
et al., 2009), and each brain network that matches the template
was selected as the independent component of brain network.
There are 7 selected brain networks, including VN, DMN,
cerebellum, SMN, AN, SN, and FPN.

Selection of regions of interest

Next, the corresponding regions of interest (ROI) in each
of the identified brain networks were selected. Frist defined the
ROI as a sphere with a radius of 6 mm, and used xjView2 to
determine the coordinates of the center of each sphere. Then
24 ROIs corresponding to 7 brain networks were selected using
the AAL standard brain template provided by the Montreal
Neurological Institute (MNI). The peak value of each ROI was
used as the coordinate of this ROI. The coordinates of different
brain networks are shown in Table 2. The name of each ROI was
represented by the corresponding abbreviation of the brain area
in the AAL template.

Dynamic causal modeling and
statistical analysis

To investigate the effective connectivity in brain networks,
we used spDCM embedded in the SPM12. For each subject, a
complete connectivity model is created that allows bidirectional
connections between any two ROIs. The model did not include
any external input because our analysis was based on resting-
state fMRI data. The full connectivity model’s parameters are
then estimated using spDCM. More free parameters will be
generated as more ROIs are used to build fully connected
models. We employ Bayesian model reduction (Friston et al.,
2016). The classical stochastic effect model was first transformed
into a parameter empirical Bayesian PEB model, and then
Bayesian inversion of the reduced model was performed using
the complete model’s posterior density.

Furthermore, to investigate the correlations between
the effective connection and clinical data, we measured
Pearson’s correlation coefficient between the effective
connectivity and clinical data such as ADOS generic or
ADOS-2 module 4 total (ADOS_G_TOTAL), ADOS-G or
ADOS-2 module 4 communication total (ADOS_G_COMM),
ADOS-G or ADOS-2 module 4 reciprocal social interaction

2 http://www.alivelearn.net/xjview/
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FIGURE 1

The data analysis pipeline. After data acquisition and preprocessing, the data were divided into 7 different brain networks through group
independent component analysis. For each brain network, selected the corresponding regions of interest. Finally, dynamic causal modelling of
all brain networks was carried out.

TABLE 1 Demographic and clinical data of the subjects.

ASD
(N = 42)

TC
(N = 127)

p-value

Sex (Male/Female) 29/13 75/52 0.2485

Age 10.48 ± 1.41 10.36 ± 1.14 0.5846

ADOS_G_TOTAL 13.72 ± 3.18 – –

ADOS_G_COMM 3.44 ± 1.07 – –

ADOS_G_SOCIAL 7.67 ± 2.19 – –

ADOS_G_STEREO_BEHAV 2.61 ± 1.38 – –

total (ADOS_G_SOCIAL), and ADOS-G or ADOS-2
module 4 stereotyped behaviors and restricted interest total
(ADOS_G_STEREO_BEHAV).

Results

Selected brain networks

The 24 ROIs corresponding to the 7 brain networks selected
according to the ICA independent component template are
shown in Figure 2. Different brain networks are marked with
different colors to indicate their locations in the brain. The
ROIs within each brain network are connected by lines. The 7
brain networks are evenly distributed in the brain, including the
cerebellum.

The common parts of the effective
connectivity between the two groups

The common parts of the effective connectivity between
the two groups of 24 ROIs are shown in Figure 3. Each
colored circle in the figure indicates that there is an effective
connection between the brain regions of the corresponding row
and column. The size of the colored circle corresponds to the
size of the effective connectivity value, and the direction is from
the brain region of the corresponding column to the brain
region of the corresponding row. Blank indicates that there is
no effective connection between the brain regions of the row and
column. There was a total of 62 common effective connections
between the 24 ROIs of the two groups. Among them,
60 effective connections were excitatory connections, and 2
connections were inhibitory connections, i.e., from VN_SPG_L
to SN_TPOsup_L and from DMN_ANG_R to SN_TPOsup_L.
The effective connectivity with the largest excitatory connection
value was from SMN_PCUN_L to itself. It can be seen that the
common effective connectivity is distributed in these 7 brain
networks.

The different parts of the effective
connectivity between the two groups

The different parts of the effective connectivity between
the two groups of 24 ROIs are shown in Figure 4. Consistent
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TABLE 2 The coordinates of different brain networks.

Brain networks ROI Abbreviation Coordinate

VN Calcarine fissure and surrounding cortex CAL_L −6 −76 10

Inferior occipital gyrus IOG_R 28 −94 −4

Middle occipital gyrus MOG_L −28 −94 −4

Superior parietal gyrus SPG_L −20 −72 54

Superior parietal gyrus SPG_R 20 −74 54

DMN Precuneus PCUN_L 2 −76 40

Inferior parietal, but supramarginal and angular gyri IPL_L −32 −72 42

Angular gyrus ANG_R 36 −70 42

Superior frontal gyrus, medial SFGmed_L 0 58 10

Cerebellum Pons Pons 0 −42 −42

SMN Postcentral gyrus PoCG_R 58 −6 28

Precentral gyrus PreCG_L −56 −8 30

Precuneus PCUN_L −2 −48 76

AN Superior temporal gyrus STG_R 62 −22 16

Supramarginal gyrus SMG_L −60 −22 16

SN Middle frontal gyrus MFG_L −30 56 16

Middle frontal gyrus MFG_R 32 56 16

Anterior cingulate and paracingulate gyri ACG_L 0 30 28

Superior temporal gyrus STG 54 14 -4

Temporal pole: superior temporal gyrus TPOsup_L −50 14 −6

FPN Middle frontal gyrus MFG_R 44 18 50

Inferior parietal, but supramarginal and angular gyri IPL_R 44 -56 56

Middle frontal gyrus MFG_L −44 22 46

Superior parietal gyrus SPG_L −32 −74 52

FIGURE 2

The selected 24 ROIs correspond to 7 brain networks. The color of the node represents the brain network to which the node belongs. The ROIs
of each brain network are connected by lines.

with Figure 3, each colored circle in the figure indicates that
there is an effective connection between the brain regions of
the corresponding rows and columns. The size of the colored
circle corresponds to the size of the effective connectivity value,
and the direction is from the brain region of the corresponding

column to the brain region of the corresponding row. There
were 11 different effective connections between the 24 ROIs
of the two groups, and these 11 effective connections were all
excitatory connections. The specific effective connectivity are
shown in Table 3. It can be seen that the difference of effective

Frontiers in Neuroscience 06 frontiersin.org

150

https://doi.org/10.3389/fnins.2022.987248
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/


fnins-16-987248 November 25, 2022 Time: 10:22 # 7

Wei et al. 10.3389/fnins.2022.987248

FIGURE 3

The common part of the effective connectivity between the two groups. The size of the circle indicates the size of the effective connectivity
value.

connectivity was reflected in VN, cerebellum, DMN, SMN, and
FPN, among which there were many excitatory connections
between VN and FPN.

Correlation

We analyzed the correlation between the clinical data
of the patient group and the common parts of the effective
connectivity between the two groups. And the correlation
coefficient with significance level less than 0.05 was selected.
A total of 17 effective connections was significantly correlated
with clinical data. In addition, we analyzed the correlation
between the clinical data of the patient group and the different
parts of the effective connectivity between the two groups. And
the correlation coefficient with significance level less than 0.05
was selected. We found a significant correlation between only
one effective connection and one clinical data. We found an
effective connectivity (from DMN_ANG_R to SMN_PreCG_L)
and ADOS_G_STEREO_BEHAV had significant negative
correlation. Figure 5 shows the details of relationships between
the effective connectivity and ADOS_G_STEREO_BEHAV.
From left to right are scatter plot, box plot and probability
density plot separately.

Discussion

In this study, we used spDCM method to compare
the differences of effective connectivity between 24 ROIs
corresponding to 7 large-scale brain networks between autistic
children and matched healthy controls from the ABIDE II
dataset. Three findings emerged from our analysis. First,
for both groups, SMN is similar to a central network,
which is closely and effectively connected to other brain
networks. In addition, we also observed important causal
interactions in the “triple network” system, including DMN,
SN and FPN. Second, we found that children with ASD
were characterized by attenuated effective connectivity among
large-scale brain networks. Third, we observed significant
correlation between the strength of the effective connectivity
from ANG_R of DMN to PreCG_L of SMN and the
ADOS_G_STEREO_BEHAV scores.

With the help of spDCM, we studied effective connectivity
among large-scale brain networks in children with ASD. In both
subject groups, we found that there were 62 significant effective
connections in total, of which 60 were excitatory connections
and 2 were inhibitory connections. Among these connections,
the majority were related to the SMN. Our results are in line
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FIGURE 4

The different part of the effective connectivity between the two groups. The size of the circle indicates the size of the effective connectivity
value.

TABLE 3 The different parts of the effective connectivity between
the two groups.

Number Effective connectivity direction

1 VN_CAL_L - > Cerebellum_Pons

2 VN_CAL_L - > SMN_PreCG_L

3 VN_IOG_R - > FPN_IPL_R

4 VN_MOG_L - > VN_CAL_L

5 VN_SPG_L - > FPN_IPL_R

6 DMN_ANG_R - > SMN_PreCG_L

7 Cerebellum_Pons - > VN_CAL_L

8 FPN_MFG_R - > VN_CAL_L

9 FPN_MFG_R - > VN_SPG_L

10 FPN_IPL_R - > VN_IOG_R

11 FPN_IPL_R - > DMN_ANG_R

with previous studies of traditional functional connectivity (Du
et al., 2021; Lepping et al., 2022). Furthermore, our studies
extended previous finding by providing the directionality of
the influences among these networks. In the connection within
the DMN network, Yao et al. (2016) found that the connection
between the precuneus, posterior cingulate gyrus and the medial
prefrontal gyrus was reduced in DMN of children with ASD.
Funakoshi et al. (2016) found that the functional connections of

bilateral inferior parietal lobule and posterior cingulate cortex
of DMN in children with ASD were reduced. We found that
in DMN internal connections, effective connectivity involved
IPL_L and ANG_R. They were from IPL_L to itself, from
ANG_R to itself and from IPL_L to ANG_R, respectively.
All three connections were excitatory connections. In the
connection between different networks, Lombardo et al. (2019)
found that the functional connection between DMN and VN
in children with ASD was reduced. We further demonstrated
in the current study, that the influences were mainly coming
from the excitatory connection from IPL_L of DMN to SPG_R
of VN. Chen et al. (2021) found hyperconnectivity between VN
and SMN in children with ASD. We found that the effective
connection between VN and SMN was from CAL_L of VN to
PreCG_L of SMN.

In compared with healthy controls, we found attenuated
effective connectivity in children with ASD. There were 11
effective connections, and these 11 effective connections were
all excitatory connections. First, we found that the effective
connection between the triple networks of ASD patients
changed. This was consistent with previous studies that the
dysfunction of one core network may affect the other two
networks (Menon, 2011). Second, in the connection related to
VN, we found that compared with normal children, the effective
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FIGURE 5

Correlations between effective connectivity values (from DMN_ANG_R to SMN_PreCG_L) and ADOS_G_STEREO_BEHAV. (A) The effective
values and ADOS_G_STEREO_BEHAV has significant negative correlation. (B) The overall trend of ADOS_G_STEREO_BEHAV decreases as the
effective connection value decreases. (C) For different ADOS_G_STEREO_BEHAV, the probability density distributions of the effective
connection values are significantly different.

connectivity from MOG_L to CAL_L reduced in children with
ASD. Keehn et al. (2021) found that the functional connection
between the primary visual and extrastriate cortices within
VM of ASD children increased. In addition, we found that
the effective connectivity from CAL_L of VN to PreCG_L
of SMN reduced in children with ASD. This was consistent
with the results of Du et al. (2021). Their study showed that
the functional connection between VN and SMN reduced
in patients with ASD. And our results showed that part of
VN had an excitatory effect on the part of SMN. Compared
with normal children, children with ASD had 5 reduced
effective connections between VN and FPN, namely, from
IOG_R of VN to IPL_R of FPN, form SPG_L of VN to
IPL_R of FPN, from MFG_R of FPN to CAL_L of VN, from
MFG_R of FPN to SPG_L of VN, and from IPL_R of FPN
to IOG_R of VN. This was consistent with previous studies.
Yerys et al. (2019) found that there was a weak functional
connection between FPN and the ventral attention subnetwork
in patients with ASD. Third, in the connection related to
DMN, we found that the connection between DMN and
other brain networks was abnormal, in which the effective
connectivity from ANG_R of DMN to PreCG_L of SMN
reduced, and the effective connectivity from IPL_R of FPN to
ANG_R of DMN reduced. This was consistent with previous
functional connectivity studies. Previous studies have found
underconnectivity and overconnectivity of DMN functional
connections in children with ASD (Lynch et al., 2013; Yao et al.,
2016).

In the study of the related mechanisms of brain regions,
past studies have shown that visual impairment at birth or
in early childhood can lead to psychological and emotional
disorders (Wrzesinska et al., 2017). Our study further suggested
that children with ASD may be associated with impaired vision.

In connection with cerebellum, we found that the effective
connectivity from CAL_L of VN to the pons of cerebellum
reduced in children with ASD, and the effective connectivity of
the opposite direction also reduced. These studies have shown
that the effective connectivity between VN and cerebellum in
children with ASD is abnormal. Anatomical and clinical studies
have shown that the cerebellum is very important in motor
learning and coordination and it supports cognitive, language
and executive functions (Becker and Stoodley, 2013). Many
clinical studies and animal model studies have shown that
cerebellar dysfunction plays an important role in ASD (Tsai,
2016). So cerebellum may be related to the pathogenesis of ASD.
Differences in DMN functional connectivity seem to be related
to a wide range of social, communication, defects, and delays
(Harikumar et al., 2021). The results of effective connection
obtained in this paper prove this from another aspect. FPN
was related to cognitive control processes, including behavioral
response inhibition and working memory. And studies have
proved that there are problems in VN of patients with ASD, so
the abnormal connection between VN and FPN may be related
to the pathogenesis of ASD.

In the study on effective connectivity of ASD, Rajabioun
et al. (2020) found that in the resting state, the effective
connectivity between active areas of children with ASD reduced,
which was consistent with the results of reduced effective
connectivity of children with ASD in this paper. In addition,
we found that the effective connection from ANG_R of
DMN to PreCG_L of SMN and ADOS_G_STEREO_BEHAV
score had significant negative correlation. Rolls et al. (2020)
found that the effective connectivity from the middle temporal
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gyrus to precuneus was negatively correlated with the total,
communication and social scores of ASD. It can be speculated
that the effective connectivity between brain regions of ASD
patients is related to some clinical scores of ASD. The lower the
effective connectivity, the higher the score of autistic children,
and the more serious the ASD.

Limitations

Our research has several limitations. First of all, we studied
the effective connectivity in the resting state, we can study
the effective connection in the task state and compare the
differences in the future. Secondly, the age of the subjects we
selected is between 8 and 13 years old, we can select subjects
of other ages in the next study. Finally, the differences between
patients before and after drug treatment should be considered in
order to comprehensively understand the mechanism of ASD.

Conclusion

In this study, different from the conventional functional
connection, we use effective connectivity to study the
relationship between different brain regions in children with
ASD. The subjects were 42 autistic children and 127 age-
matched normal children from the public data set KKI. The
results showed that compared with normal children, the
effective connectivity between different brain regions in ASD
children were reduced. Our research provides new evidence
for the pathogenesis of autistic children from the perspective
of effective connections within and between large-scale brain
networks. The decrease of effective connectivity of brain
network may be a clinical neurobiological feature of ASD. The
changes of effective connectivity of brain network in children
with ASD may provide useful information for the diagnosis and
treatment of the disease.
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