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Introduction: Pseudocontinuous Arterial Spin Labeling (pCASL) perfusion

imaging allows non-invasive quantification of regional cerebral blood flow

(CBF) as part of a multimodal magnetic resonance imaging (MRI) protocol.

This study aimed to compare regional CBF in autism spectrum disorders (ASD)

individuals with their age-matched typically developing (TD) children using

pCASL perfusion imaging.

Materials and methods: This cross-sectional study enrolled 17 individuals

with ASD and 13 TD children. All participants underwent pCASL examination

on a 3.0 T MRI scanner. Children in two groups were assessed for

clinical characteristics and developmental profiles using Autism Behavior

Checklist (ABC) and Gesell development diagnosis scale (GDDS), respectively.

We compared CBF in different cerebral regions of ASD and TD

children. We also assessed the association between CBF and clinical

characteristics/developmental profile.

Results: Compared with TD children, individuals with ASD demonstrated a

reduction in CBF in the left frontal lobe, the bilateral parietal lobes, and the

bilateral temporal lobes. Within the ASD group, CBF was significantly higher in

the right parietal lobe than in the left side. Correlation analysis of behavior

characteristics and CBF in different regions showed a positive correlation

between body and object domain scores on the ABC and CBF of the bilateral

occipital lobes, and separately, between language domain scores and CBF

of the left frontal lobe. The score of the social and self-help domain was
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negatively correlated with the CBF of the left frontal lobe, the left parietal lobe,

and the left temporal lobe.

Conclusion: Cerebral blood flow was found to be negatively correlated with

scores in the social and self-help domain, and positively correlated with those

in the body and object domain, indicating that CBF values are a potential MRI-

based biomarker of disease severity in ASD patients. The findings may provide

novel insight into the pathophysiological mechanisms of ASD.

KEYWORDS

cerebral blood flow, arterial spin labeling, autism spectrum disorders, magnetic
resonance imaging, children

Introduction

Autism spectrum disorders (ASD) is a group of disabilities
characterized by impairments in social interaction and
communication, as well as restricted, repetitive, and stereotyped
patterns of behavior, activities, or interests (Pardo and Eberhart,
2007; Sztainberg and Zoghbi, 2016). In recent decades, ASD
has become one of the most relevant neurodevelopmental
disorders in children and, therefore, an urgent public health
problem. This group of disorders is considered a large unmet
medical need and a heavy burden on individuals with ASD, their
families, and society worldwide (Buescher et al., 2014). To date,
the prevalence of ASD is one in 44 children in the United States
(Kogan et al., 2018).

As a behavioral disease, ASD is considered to be highly
correlated with brain dysfunction. At present, the pathology
and etiology of ASD remain uncertain, and its clinical diagnosis
is mainly based on medical observation and clinical symptom
evaluation of the patient by a certified specialist. Disorders that
are characterized by atypical social functioning, such as ASD,
are known to correlate with impaired neural network function.
The establishment of quantitative objective biomarkers (e.g.,
cerebral perfusion and cerebral function) for ASD would aid in
the auxiliary diagnosis of ASD. In recent decades, neuroimaging
studies have provided new insights into the neurobiological
underpinnings of behavioral impairments associated with ASD
(Ecker et al., 2015; Mori et al., 2015; Walsh et al., 2021).

Among the above-mentioned neuroimaging studies,
multimodal magnetic resonance imaging (MRI) techniques have
been used to understand the pathophysiological characteristics
of ASD in recent years, including structural MRI (sMRI),
functional MRI (fMRI), ASL, etc. sMRI examination has been
widely used to investigate brain morphology. Two major
types of sMRI have been used in studies: geometric features
and volumetric features (Ozgen et al., 2013). However, sMRI
cannot determine how brain regions communicate and how
information is integrated across networks (Chen et al., 2011).

To further identify metabolic disorders of the brain instead of
structural abnormalities, fMRI has been used in several ASD
studies (Chen et al., 2016; Abraham et al., 2017; Sherkatghanad
et al., 2019). This technique estimates neuronal activity based
on the blood oxygen level dependent (BOLD) signal (Yin et al.,
2021) that reflects fluctuations in brain blood oxygenation
levels. However, the BOLD signal is an indirect measure of
neuronal activity. BOLD signal results from the combination
of cerebral blood flow (CBF), cerebral blood volume, and
cerebral metabolic rate of oxygen consumption (Chen et al.,
2015). To overcome this limitation and utilize a more direct
and quantitative measure of brain metabolism, ASL has been
increasingly adopted as a novel functional technique.

Arterial Spin Labeling is based on magnetically labeled
endogenous water in the blood and using it as a tracer (Ohnishi
et al., 2000; Zheng et al., 2019; Wang et al., 2022). This approach
enables the quantification of CBF without radiation exposure
(Hernandez-Garcia et al., 2019). The ASL method offers
several advantages: it is safe, non-invasive, non-radioactive,
easy to acquire, and reproducible. Its high spatial resolution,
accuracy, and capacity to quantitatively demonstrate perfusion
abnormalities make ASL a reliable physiological marker of
neural activity (Chen et al., 2015; Ivanov et al., 2017; Li et al.,
2020). It has been widely used in areas of neurodevelopmental
disorders such as periventricular leukomalacia, ischemic stroke,
and sickle-cell-related cerebral ischemia (Smith et al., 2019). It
also has the potential to become a good biomarker for ASD
studies (Mori et al., 2015).

Arterial Spin Labeling can be divided into three types
according to different labeling methods: pulsed ASL (PASL),
continuous ASL (CASL), and pseudocontinuous ASL (pCASL).
pCASL is a hybrid approach that simulates CASL using
many short pulses to achieve continuous labeling for better
compensation of adverse magnetization transfer effects (Boudes
et al., 2014). It could improve the sensitivity and temporal
signal-to-noise ratio (SNR) of ASL. This technique allows both
reliable CBF measurement and functional connectivity analysis
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of perfusion image series because the potential contributions
of the blood oxygenation level-dependent are minimized (Jann
et al., 2015; Zhao et al., 2022).

In recent years, several studies have focused on CBF
changes in ASD individuals. These studies indicated decreased
blood flow (hypoperfusion) in the cerebrum regions of ASD
individuals compared with neurotypical children (Hashimoto
et al., 2000; Ohnishi et al., 2000; Yerys et al., 2018). Hashimoto
et al. (2000) identified a decrease in CBF in both the frontal
and temporal lobes in autistic brains using the CBF single-
photon emission computed tomography (SPECT) method.
Ohnishi et al. (2000) found hypoperfusion in the insula, superior
temporal gyrus (STG), and prefrontal area in young individuals
with ASD. Yerys et al. (2018) demonstrated a reduction in CBF
in regions critical to social perception and cognition in children
with ASD.

Previous studies have primarily focused on the comparison
of CBF between ASD and typically developed individuals. To
the best of our knowledge, the relationship between changes in
CBF and the clinical characteristics and developmental profile
of ASD remains unknown. The present study was designed
to detect regional CBF changes in ASD individuals using
the three-dimensional pCASL (3D–pCASL) technique and to
further explore the correlation between ASD characteristics and
CBF changes. Our results provide novel insight to support the
investigation of the pathophysiological mechanisms of ASD.

Materials and methods

Participants

Thirty-two children [19 in ASD; 13 in typically developing
(TD)] between the ages of 3 and 8 were invited to participate
in this study. The inclusion criteria for the children in the
ASD group are as follows: (1) 3–8 years old; (2) meet the
diagnostic criteria of the Diagnostic and Statistical Manual
of Mental Disorders–the 5th edition (DSM-V) checklist for
autism (Ben-Ari et al., 2022); (3) have an Autism Behavior
Checklist (ABC) score ≥53; (4) right-handedness; (5) no other
diseases that may affect brain function and structure, with no
abnormalities on routine head MRI; and (6) no history of
medical treatment or intervention. To be enrolled in the ASD
group, the child was first screened by a pediatrician using the
ABC. Then, the diagnosis of the child was performed by a
pediatric expert according to DSM-V (Ben-Ari et al., 2022).
Subsequently, their intellectual functioning was evaluated by
an experienced developmental-behavioral pediatrician based on
the Gesell development diagnosis scale (GDDS).

The inclusion criteria for children in the control group
are as follows: (1) 3–8 years old; (2) normally developed; (3)
have an ABC score ≤ 53, have a DQ ≥ 75 or IQ ≥ 70; (4)
right-handedness; and (5) no other diseases that may affect

brain function and structure, with no abnormalities on routine
head MRI. To be enrolled in the TD group, participants
were first screened by a pediatrician using the ABC and then
the GDDS (for children 3–6 years old) or Raven’s Standard
Progressive Matrices (RPM) (for children over 6 years old).
And the exclusion criteria for both groups are as follows:
(1) have abnormal brain lesions; (2) do not cooperate with
sedation; (3) suffer from epilepsy; (4) without informed consent
obtained from the parents; and (5) parents reported any known
genetic, neurological, or psychiatric disorder. Two eligible
children withdrew from the study prior to the MRI examination.
Ultimately, there were 17 individuals with ASD and 13 TD
children enrolled in this study.

Assessment tool

Autism behavior checklist
The ABC is a 57-item questionnaire used to assess

behavioral problems in ASD children (Volkmar et al., 1988).
Previous domestic studies have shown that the ABC has good
reliability and validity and is one of the most commonly
used autism symptom assessment tools in China (Zhu et al.,
2017). In this study, we used the ABC as a tool to assess
the severity of autism symptoms. The total score directly
correlated with the severity of behavioral symptoms. The
ABC is divided into five subscales, including problems related
to sensory (sensation and perception; 10 items), relating
(relation and connection; 14 items), body and object use
(physical activity and rigid use of objects; 9 items), language
(communication and interaction; 13 items), and social and
self-help (adaptability and self-care; 11 items) domains. All
items were rated as “yes” (scored from 1 to 4 with different
symptoms) or “no” (scored as 0 without symptom) for each
question during the assessment. The score ranges from 0 to 158,
with score greater than 53 indicating ASD. In this study, we
utilized this test for participant screening and assessing autistic
symptoms.

Gesell development diagnosis scale
The GDDS is one of the gold standards for

neurodevelopment assessment and one of the most commonly
used tools for assessing neurodevelopment in children (Wei
et al., 2021). The GDDS can comprehensively and continuously
reflect individual neurodevelopment and is widely used
in clinical and scientific research in China. It uses direct
observation to evaluate a child’s cognitive, language, motor, and
social-emotional responses in the domains of gross motor, fine
motor, adaptive behavior, language and social behavior. The
development quotient (DQ) of each domain was calculated for
each participant. The DQ less than 75 indicates developmental
retardation. In this study, we utilized this test for participant
screening if the child was younger than 6.
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Raven’s standard progressive matrices
The RPM is a commonly used test of intelligence quotient

(IQ) that contains multiple choice questions pertaining to
abstract reasoning (David and Skilbeck, 1984). In each test
question in the RPM, the child is asked to identify the missing
item that completes a pattern. The IQ less than 70 indicates
mental retardation. In this study, we utilized this test for
participant screening if the child was over 6 years old.

Study procedures

All participants completed three data collection sessions.
The first session was an evaluation to confirm that individuals
had ASD or were neurotypical. Then, the GDDS was conducted
on the ASD individuals for DQ evaluation. All participants
then completed an MRI scan. The study was approved by the
Institutional Review Board of China–Japan Friendship Hospital.
Informed consent was obtained from the caregivers of all the
participants after the purpose and risks of the study had been
fully explained. As all the participants could not cooperate
with the MRI examination, they were administered with chloral
hydrate 50 mg/kg orally, with maximum dose of 1 g.

Magnetic resonance imaging scanning

A 3-Tesla MRI with 8-channel head coils was used for
scanning (Discovery MR 750 scanner, GE Medical Systems,
USA). pCASL with one post-labeling delay (PLD) was
performed in the study. All perfusion and reference images
were obtained with a 3-dimensional stack-of spirals rapid
acquisition with refocused echoes imaging sequence (Stivaros
et al., 2018). The imaging parameters were as follows: repetition
time, 4,632 ms; PLD, 1,500 ms; echo time, 10.5 ms; flip
angle, 90 degrees; field of view, 240 mm × 240 mm;
bandwidth = 6250 Hz/pixel; slice thickness, 4 mm; number of
slices, 36; and total scan time, 3 min 24 s.

Data processing

Arterial Spin Labeling data were processed using the
CereFlow software (An–Image Technology Co, China). The
procedures were as follows:

(1) The 3-dimensional ASL perfusion-weighted images and
proton density images (generated from the GE MR
scanner) were converted into the CBF map of cerebral
perfusion for each participant based on the simplified one
compartment model (St Lawrence and Wang, 2005).

(2) The CBF map was normalized to the Montreal
Neurological Institute (MNI) space by using intensity-
based image registration. In this image registration

method, each participant’s CBF map served as the motion
image and would be transformed to match the MNI152
brain template that acted as the fixed image.

(3) Then, the Automated anatomical labeling (AAL) atlas was
overlaid onto the normalized CBF map.

(4) The average CBF value of different regions was obtained
(Figure 1).

Statistical analysis

Analyses were performed using the SPSS 22.0
software (Chicago, IL, United States). The Shapiro–
Wilk test and Levene’s test were used to assess data
normality and homogeneity, respectively. Student’s t-test
was used for variables with a normal distribution and
equal variance, while the Kolmogorov–Smirnov test was
used for those with a skewed distribution or unequal
variance. CBF within the bilateral hemispheres was
compared using a paired t-test. Pearson and Spearman
correlation analyses were conducted between CBF and
scores of the GDDS and ABC assessment tools for
normally or skewed distributed variables, respectively.
Partial correlation analysis was utilized to control for the
effect of possible confounders of sex and age. Sensitivity
analysis was conducted to evaluate whether the outliers
affect the outcomes by comparing the results before and
after eliminating the outliers. To control for multiple
comparisons (Breznik et al., 2020), the Benjamini-
Hochberg false discovery rate (FDR) procedure was used,
and corrected q-values less than 0.05 were designated as
statistically significant.

Results

Characteristics of participants

The demographic profile and clinical characteristics of all 17
ASD individuals and 13 TD children are summarized in Table 1.
The two groups were balanced in age, but the percentage of
male participants was higher in the ASD group. However, we
performed a subgroup analysis to further compare CBF between
male and female participants, and no significant difference was
observed (Supplementary Table 1).

Comparison of cerebral blood flow in
different regions between the two
groups

Compared with TD individuals, ASD individuals
exhibited significant reductions in CBF in the left frontal lobe
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FIGURE 1

Arterial spin labeling (ASL) data processing workflow. Convert the (A) 3D ASL proton density images and (B) perfusion weighted images into the
cerebral blood flow (CBF) map of cerebral perfusion for each participant. (C) The CBF map was normalized to the Montreal Neurological
Institute (MNI) space and then the Automated anatomical labelling (AAL) atlas was overlaid. (D) The average CBF value of each brain region from
AAL atlas was obtained. (E) An example CBF map of a four-year old male ASD patient calculated by Cereflow software.

(q-value = 0.045), bilateral parietal lobes (both q-values = 0.045),
and bilateral temporal lobes (both q-values = 0.045) (Figure 2).

Comparison of cerebral blood flow in
different regions between bilateral
hemispheres

Within each group, we compared the CBF between
homologous regions in the two hemispheres (Table 2). In the
ASD group, the CBF in the parietal lobe of the left hemisphere
was lower than that in the right hemisphere (p = 0.032). No
significant difference was observed in the TD group.

Correlation analysis between clinical
characteristics and cerebral blood flow
of different regions within the two
groups

Within the ASD group, the body and object domain score on
the ABC was positively correlated with the CBF of the bilateral
occipital lobes (Figures 3A,B). The language domain score on
the ABC was positively correlated with the CBF of the left frontal
lobe (Figure 3C). In addition, the social and self-help domain
score was negatively correlated with the CBF of the left frontal

lobe (Figure 3D), left parietal lobe (Figure 3E), and left temporal
lobe (Figure 3F).

However, after correcting for multiple comparisons, all
the correlations were not statistically significant. Besides, no
statistically significant correlation was observed in the TD group
(Supplementary Table 2).

Correlation analysis between
developmental indicators and cerebral
blood flow of different regions within
the two groups

The correlation between the DQ of GDDS and the CBF of
different regions was analyzed, but no statistically significant
correlation was observed (Supplementary Table 3).

Sensitivity analysis of outliers within
autism spectrum disorders group

Figure 4 presents the distributions of all the variables
obtained from the ASD group. Outliers were detected in three
variables, including the sensation domain score on the ABC, the
social and self-help domain score on the ABC, and the language
domain DQ on the GDDS. The results of the sensitivity analysis
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indicated that all statistically significant findings prevailed after
the exclusion of outliers (Supplementary Tables 4, 5).

Discussion

Using the 3D-pCASL technique, the current study
investigated the patterns of CBF changes in ASD individuals. To
the best of our knowledge, this study is the first to explore CBF
changes and their relationships with clinical characteristics.
ASD pathogenesis is not yet completely understood. The
present study moves us closer to identifying biologically based
marker that relates ASD to a basic social perception deficit.
This study also highlights the value of ASL neuroimaging in
the field of ASD.

One of the major findings is the different CBF characteristics
in individuals with ASD compared with typically developed
controls. In line with previous findings, we identified CBF
decreases in the left frontal lobe (Hashimoto et al., 2000), the
bilateral parietal lobes (Yerys et al., 2018), and the bilateral
temporal lobes (Yerys et al., 2018; Tang et al., 2022).

TABLE 1 Demographic and clinical characteristics of participants.

Characteristic ASD (n = 17) TD (n = 13) Z-valuec P-value

Median IQR Median IQR

Demographic profile

Male sex 15a 88.2b 5a 38.5b 6.126d 0.013

Age (years) 4.0 2.0 4.5 4.0 1.093 0.183

Clinical characteristic

Scores on ABC subscales

Total 68.0 17.0 10.0 9.5 4.627 <0.001

Sensory 10.0 3.5 2.0 3.0 4.656 <0.001

Relating 15.0 10.5 2.0 3.5 4.558 <0.001

Body and object use 5.0 9.5 0.0 1.5 3.130 0.002

Language 21.0 6.5 1.0 3.0 4.641 <0.001

Social and self-help
skills

14.0 5.5 3.0 2.5 4.280 <0.001

Developmental profilee

DQ of GDDS subscales

Total 68.6 16.0 100.0 4.3 3.961 <0.001

Cognition 69.0 20.0 100.0 10.8 3.965 <0.001

Gross motor 84.0 21.5 105.5 16.5 3.971 <0.001

Minor motor 73.0 14.5 99.0 7.8 3.822 <0.001

Language 53.0 12.5 100.0 11.3 3.967 <0.001

Personal-Social
behavior

68.0 20.0 101.5 5.3 3.908 <0.001

ASD, autism spectrum disorders; TD, typically developing; ABC, autism behavior
checklist; GDDS, Gesell development diagnosis scale; DQ, development quotient; IQ,
intelligence quotient; IQR, interquartile range. an of male participants. b% of male
participants. cZ-value of Wilcoxon rank sum test. dContinuity correction value of Chi-
Square. e5 children in TD group were tested for IQ, the median of which was 99.0, and
IQR was 5.0. Bold values mean statistically significant.

First, CBF, which is a variable that reflects neurovascular
coupling, is regulated by local neuronal activity and metabolism
(Iadecola, 2004). Local CBF reductions affect ATP synthesis,
diminishing (Na+-K+) ATPase activity and the capacity of
neurons to generate action potentials (Kalaria, 2010). The
decreased activity of (Na+-K+) ATPase further contributes to
the accumulation of glutamate (Zlokovic, 2011). Glutamate is
the most prevalent excitatory neurotransmitter. Based on data
from human patients and animal models, excess glutamate
leads to an elevation in cortical excitability, which has been
proposed to be a fundamental neurobiological characteristic of
ASD (Bozzi et al., 2018; Horder et al., 2018; Antoine et al., 2019;
Sohal and Rubenstein, 2019). Local circuit hyperexcitability
could contribute to aberrations in brain connectivity in autism.
Alternatively, excess glutamate activates glutamate receptors,
leading to the production of nitric oxide (NO) (Reynell and
Harris, 2013; Raju et al., 2015). As a signaling molecule in the
central nervous system (CNS), NO is one of the most essential
messenger molecules (Son et al., 1996; Raju et al., 2015). NO-
mediated signaling contributes to cerebrovascular and synaptic
transmission coupling in the CNS (Son et al., 1996). Studies
have confirmed that NO leads to the S-nitrosylation (SNO)
of many proteins and receptors through various pathways
(Amal et al., 2020). SNO targets a wide range of prominent
intracellular proteins, which leads to alterations in specific
signaling pathways. These alterations may cause deficits in
synapses, neurons, and behavior (Tripathi et al., 2020).

Second, the abnormal patterns of CBF in essential regions
of the cerebrum would affect corresponding functions. The
frontal lobes support high-level cognition; they are extremely
important for the development of social behavior. Recent studies
have implied that the medial prefrontal cortex (mPFC), the
so-called “social brain” (Hiser and Koenigs, 2018), is involved
in social behaviors (Hazlett et al., 2017). The “social brain”
region is involved in computing and associating reward value
with various types of stimulation. This association is relevant to
“decreased social motivation,” an explanatory theory of autism
(Chevallier et al., 2012). In addition, studies have found that
the orbitofrontal cortex, another region of the frontal lobes,
computes individual preferences and social hierarchies (Azzi
et al., 2012). A deficit in this cortical region was considered
to underlie social function disorders, which is a typical defect
in ASD (Jonker et al., 2015). Moreover, the posterior cingulate
gyrus located in the frontal lobe is an important part of
emotional circuits (Miao et al., 2011). Two studies (Lee et al.,
2013; Sophia et al., 2013) have reported dysfunction in this area
in ASD patients.

Joint attention is an early indicator and a key deficit in
autism (Osterling and Dawson, 1994). This deficit was proven to
be associated with executive function, which was described as a
set of cognitive processes including planning, working memory,
impulse control, inhibition, and shifting set, as well as the
initiation and monitoring of action (Gallagher and Frith, 2003).
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FIGURE 2

Decreased cerebral blood flow (CBF) in different regions in Autism Spectrum Disorders (ASD) group compared with typically developing (TD)
group. Results showed decreased CBF in the left frontal lobe (A), in the bilateral parietal lobes (B,C), and in the bilateral temporal lobes (D,E).

Structural studies of the autistic brain identified delayed
postnatal maturation of the frontal lobes (Zilbovicius et al.,
1995) and structural abnormalities in the orbitofrontal cortex
(Salmond et al., 2003). In line with previous results, we found
hypoperfusion in the left frontal lobe, and a negative correlation
between CBF and scores in the social and self-help domains
in our study. The results indicated functional abnormalities or
abnormal social overture in this region. Further studies should
explore executive function and characteristics in neuroimaging
studies in ASD.

Interestingly, the current study showed that the ABC scores
of social and self-help skills were negatively correlated with CBF
in the left frontal lobe. Social and self-help skills were thought
to be based on executive functions, which are defined as a set
of interrelated cognitive processes required for complex goal-
directed activity. The frontal lobe is highly evolved and regulate
complex behaviors, which include complex cognitive functions
such as planning complex cognitive behaviors, personality
expression, decision-making, and regulating social behavior.
Thus, hypofrontality may contribute to the clinical symptoms
in ASD (Diedrichsen et al., 2019). In addition, distinct cognitive
and behavioral processes are mediated by different regions of
the frontal lobe. Further studies should focus on the correlation

between symptoms in ASD individuals and CBF changes within
subregions of the cerebrum, particularly in the frontal lobe.
Different CBF patterns in this region may be one of the
characteristics of ASD individuals.

TABLE 2 Comparison of CBF between homologous regions in the
two hemispheres.

Left
hemisphere

Right
hemisphere

t-value q-valuea

ASD (n = 17)

Frontal lobe 51.1± 6.0 51.7± 6.2 0.502 0.787

Parietal lobe 47.9± 5.6 51.9± 5.6 3.371 0.032

Temporal lobe 50.0± 6.7 52.8± 6.3 2.433 0.080

Occipital lobe 54.2± 7.7 56.0± 7.2 2.382 0.080

TD (n = 13)

Frontal lobe 61.7± 18.6 59.7± 15.8 0.892 0.780

Parietal lobe 58.8± 16.9 59.5± 15.6 0.309 0.787

Temporal lobe 59.3± 17.5 58.7± 14.9 0.276 0.787

Occipital lobe 59.2± 14.9 59.6± 14.4 0.601 0.787

CBF, cerebral blood flow; ASD, autism spectrum disorders; TD, typically developing.
aBenjamini-Hochberg FDR procedure for multiple comparison correction was used and
q-values were reported, q-value < 0.05 were considered significant. Bold values mean
statistically significant.
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FIGURE 3

Score of Autism Behavior Checklist (ABC) domains correlated with cerebral blood flow (CBF) in different regions. Score of body and object use
was positively correlated with CBF in the bilateral occipital lobes (A,B). Score of language was positively correlated with CBF in the left frontal
lobe (C). Score of social and self-help was negatively correlated with CBF in the left hemisphere, including frontal lobe, perietal lobe, and
temporal lobe (D–F). While after multiple comparisons correction, the correlation was not statistically signicant.

Within the temporal lobes, we identified hypoperfusion and
a negative association with social and self-help domain scores.
This finding was consistent with significantly reduced activation
in the left STG and the superior temporal sulcus (STS) in
autistic children with Fragile X Syndrome (Philip et al., 2012).
In addition, one of the hypotheses of ASD indicates a primary
factor of abnormal processing of the information conveyed
by behavior (Kaiser et al., 2012). This hypothesis suggests
that understanding and using gaze or emotional expressions
requires specific neural mechanisms, and the STG, STS, and the
temporal–parietal junction have been selectively associated with
the processing of body and face movement (Annaz et al., 2010).
The atypical processing of bodily movement and gaze might be
a vital factor in ASD.

Within the bilateral parietal lobes, our study revealed lower
perfusion in ASD individuals and a negative correlation between
CBF and the ABC score of the social and self-help domains.
This finding is consistent with the consensus from numerous
studies: patients with lesions in the parietal lobe exhibit difficulty
with self-care, such as dressing and washing (Glasser et al.,
2016). This difficulty may be related to the sensory and linguistic
functions and specific structures in the parietal lobes. The
parietal lobes are related to sensory and linguistic functions
(Johnson et al., 2011). Located in the parietal lobes, the angular
gyrus is one of the most important centers of visual language.
Through the function of the angular gyrus, various forms of
information generate integrated language activities, since the left

angular gyrus connects the auditory, visual, and somatosensory
cortices (Hofmann et al., 2008). Liang et al. (2021) found that
the number of functional connectivity neural circuits in the left
angular gyrus was abnormally decreased in the ASD group. This
decrease may be related to lower perfusion in this area, as shown
in our study. Both decreased functional connectivity and lower
perfusion indicate cognitive dysfunction in ASD patients and
the disconnection between what they see and what they hear
(Liang et al., 2021).

The lack of correlation between the developmental
performance and reduction of CBF suggests that the difficulty
experienced by ASD individuals in daily life is not necessarily
correlated with their DQ, which was in line with a previous
study (Mori et al., 2015).

Different reviews noted that the language-relevant cortex
includes Broca’s area in the inferior frontal gyrus, Wernicke’s
area in the STG, parts of the middle temporal gyrus, and
the inferior parietal and angular gyrus in the parietal lobe
(Friederici, 2002; Hickok and Poeppel, 2007). This finding is in
accordance with our results that the ABC language scores were
positively correlated with CBF in the left frontal lobe, where
Broca’s area is located.

Our results showed that body and object use scores were
positively correlated with CBF in the bilateral occipital lobes.
The key function of the occipital lobe, where the visual cortex is
located, is processing visual information (Van Essen et al., 2018).
Visuospatial processing and distance perception, which are also
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FIGURE 4

Distribution of all variables of cerebral blood flow (CBF) (A), clinical characteristics (B), and developmental indicators (C). Within ASD group,
outliers were detected in the sensation domain score on the Autism Behavior Checklist (ABC) (B), the social and self-help domain score on the
ABC (B), and the language domain DQ on the Gesell development diagnosis scale (GDDS) (C).

related to the function of the occipital lobe, may play a key part
in the process of “body and object use.” These results suggested
the involvement of the occipital lobe in the performance of ASD
individuals.

Derived from MRI using ASL, CBF changes are thought
to reflect regional changes in neural activity over time (Detre
et al., 2012). Furthermore, CBF provides quantitative absolute
measures associated with regional brain function. Therefore,
it may provide a more reliable marker of trait-like effects
than measures obtained through contrasting conditions, such
as BOLD fMRI which is typically used in task-based studies.
The advantages of ASL position it as an optimal non-invasive
biological marker of ASD.

Several limitations of our study should be acknowledged.
First, we enrolled a relatively small sample due to the strict
inclusion and exclusion criteria, which may affect the statistical
reliability of our results. Further studies should focus on
establishing the diagnostic value of CBF in ASD individuals
with larger sample sizes among different populations. Second,
the sex ratio was skewed in this study. We compared male and
female participants in subgroup analyses. The results showed

no difference in any CBF or behavioral data. Moreover, partial
correlation analysis was conducted to control for the effect of
possible confounders of gender and age. In a future study, we
will enroll more female ASD individuals to minimize the effect
of sex, and subgroup analysis will be conducted to explore the
difference in CBF between male and female ASD individuals.
Third, the CBF data analyzed in the current study were collected
from each lobe of the cerebrum, and further studies should focus
on more specific cortical regions in ASD individuals.
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