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Introduction: This study aims to evaluate glymphatic system function in autism

spectrum disorder (ASD) by employing diffusion tensor imaging along

perivascular spaces (DTI-ALPS), and investigate its relationship with visual-

motor integration (VMI) function.

Materials and methods: A total of 78 individuals with ASD and 48 typically

developing (TD) children were enrolled. All participants underwent diffusion

tensor imaging on a 3-T MRI scanner. The DTI-ALPS index was calculated, and

data on IQ and VMI function were obtained. Independent-samples t-test was

used to compare the DTI-ALPS index between groups. Correlation analysis was

conducted to examine the relationships between the DTI-ALPS index and clinical

variables, including core symptoms, within the ASD group. Mediation analysis

explored the relationship among the DTI-ALPS index, core symptoms, and

VMI function.

Results: Compared to the TD group, ASD patients showed significantly reduced

DTI-ALPS indices in the left hemisphere (DTI-ALPS-L), right hemisphere (DTI-

ALPS-R), and for the whole-brain mean (Mean DTI-ALPS). In the ASD group,

these indices were negatively correlated with the Autism Diagnostic Interview-

Revised (ADI_R) communication score but positively correlated to the VMI score.

Mediation analysis revealed that the VMI score significantly mediated the

relationship between DTI-ALPS-R and the ADI_R communication score

(indirect effect b = -0.082, p< 0.001).

Conclusions: Our preliminary findings indicate impaired glymphatic system

function in ASD, which may contribute to its pathogenesis. Furthermore, VMI

function mediates the relationship between altered glymphatic system function

and communication deficits in ASD.
KEYWORDS

autism spectrum disorder, glymphatic system, diffusion tensor imaging along
perivascular spaces (DTI-ALPS), visual-motor integration (VMI) function,
communication deficits
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Introduction

Autism spectrum disorder (ASD) is a common neurodevelopmental

disorder characterized by social communication/interaction

and restrictive, repetitive patterns of behavior (RRB) (1). In recent

years, the prevalence of ASD has increased globally, with current

estimates at approximately 1% (2). This increasing prevalence places a

substantial psychological and economic burden on families and society.

However, the pathogenesis of ASD remains unclear. Therefore,

elucidating the etiology and pathogenesis of ASD is crucial to provide

a theoretical basis for its biological diagnosis and precise treatment.

The glymphatic system is a crucial pathway for the clearance of

metabolic waste from the brain. Its structural foundation is a network

of perivascular spaces (PVS) formed by the perivascular end-feet of

astrocytes surrounding blood vessels. Cerebrospinal fluid (CSF) and

interstitial fluid (ISF) circulate along these channels, facilitating solute

exchange and thereby maintaining cerebral microenvironmental

homeostasis (3, 4). Diffusion tensor imaging analysis along the

perivascular space (DTI-ALPS) is a recently proposed, non-invasive

technique for evaluating glymphatic system function. This technique

quantifies the anisotropy of water diffusion along perivascular

pathways without the need for contrast enhancement; the resulting

ALPS index serves as a direct biomarker of glymphatic activity and

has been widely applied to assess glymphatic dysfunction in various

neurological disorders (5, 6). Accumulating evidence indicates that

impaired glymphatic function constitutes an important

pathophysiological mechanism underlying Alzheimer’s disease (7),

Parkinson’s disease (8), and other neurodegenerative conditions, and

is closely associated with deficits in cognition and memory (9). More

recently, the role of the glymphatic system in psychiatric disorders

such as major depressive disorder (10) and schizophrenia (11) has

garnered increasing attention. For instance, Tu et al. reported

significantly reduced ALPS indices in patients with schizophrenia,

which correlated with cognitive impairment, suggesting that

compromised glymphatic function may represent a potential

pathophysiological substrate of the disorder (12). Using the DTI-

ALPS method, Li et al. observed bilateral decreases in ALPS indices in

individuals with ASD (13). However, their study was limited by a

small sample size and solely compared ALPS indices between ASD

patients and healthy controls without exploring associations with

clinical features, thereby restricting the generalizability of the

findings. Therefore, further investigation is warranted.

Children with ASD exhibit atypical visual-motor integration

(VMI), manifesting as heightened variability during visually guided

precisionmovements, a phenomenon attributed to insufficient visual-

feedback control of motor output (14). VMI denotes the capacity to

link visual stimuli with appropriate and accurate motor responses,

reflecting the coordinated interaction between visual perception and

motor execution (15). Furthermore, children with ASD display

marked impairments in eye-hand coordination, including deficient

goal-directed control of aiming movements (16); this coordination

represents a core element of VMI. As a fundamental aspect of

neurodevelopment, VMI is indispensable for acquiring the skills

required in daily learning, occupational tasks, and routine activities

(17). Sensory integration training is an evidence-based intervention
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that has been shown to enhance cognitive function in children with

ASD (18, 19). Nevertheless, VMI in ASD remains understudied.

Although previous work has demonstrated early VMI deficits in

Parkinson’s disease (20), and motor symptoms in this disorder

correlate with reduced ALPS indices (21, 22), the underlying

pathophysiological mechanisms likely differ from those in

neurodevelopmental disorders such as ASD. To the best of our

knowledge, the relationship between glymphatic system function

and VMI in ASD has not been established.

We hypothesize that glymphatic system function is impaired in

individuals with ASD and that this impairment is associated with

deficits in VMI. Using the DTI-ALPS method, this study aims to

evaluate glymphatic system function in children with ASD and to

elucidate its relationship with VMI performance, thereby providing

novel insights into the role of cerebral waste-clearance mechanisms

in ASD pathophysiology.
Materials and methods

Population

This study was designed as a case-control investigation.

Participants were recruited, screened, and assessed at West China

Hospital of Sichuan University between October 2022 and October

2023. The research protocol was approved by the Biomedical Ethics

Committee of West China Hospital (IRB No. 2022-1402). Written

informed consent was obtained from all parents after they received

a detailed description of the study, and all data were used strictly for

research purposes.

Eligibility criteria for the ASD group included children aged 3 to

18 years who were diagnosed by a licensed child psychiatrist

according to the DSM-5 criteria. Exclusion criteria were as

follows: (1) presence of neurological disorders (e.g., epilepsy or

encephalitis); (2) history of significant craniocerebral trauma; (3)

known monogenetic syndromes (e.g., fragile X syndrome, tuberous

sclerosis, or Rett syndrome); or (4) current use of psychotropic

medication. Common comorbid conditions, such as attention

deficit hyperactivity disorder, tic disorders, and emotional

disorders, were not grounds for exclusion. During the same

period, typically developing (TD) children without any

neurological or psychiatric disorders were recruited from local

schools to serve as the healthy control group.

After recruitment, ASD diagnosis was confirmed and clinical

symptoms were evaluated through a parent interview using the

Autism Diagnostic Interview-Revised (ADI_R) and a direct child

assessment using the Autism Diagnostic Observation Schedule

(ADOS). These assessments were conducted by psychiatrists who

had received standardized training. All participants subsequently

completed an intelligence quotient (IQ) test and the Beery-

Buktenica Developmental Test of Visual-Motor Integration

(Beery VMI). The final step involved undergoing magnetic

resonance imaging (MRI) scanning. Ultimately, 78 individuals

with ASD and 48 TD controls were included in the final analysis.

The participant recruitment flowchart is presented in Figure 1.
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Clinical assessment

Participants underwent a series of clinical assessments. The ADI_R

(23) and the ADOS (24) were administered to confirm the ASD

diagnosis and evaluate core symptoms. The ADI_R is a standardized,

structured parent interview that assesses symptoms across four

domains: social interaction, communication, RRB, and evidence of

early developmental abnormalities (25). The ADOS is a standardized,

interactive observation assessment used to rate ASD-related symptoms

during structured activities. It also comprises four subscales:

communication, social interaction, imagination/creativity, and RRB.

Intelligence Quotient (IQ) was assessed using the Chinese

Wechsler Intelligence Scale for Children (C-WISC) for participants

aged 6–16 years, with a separate version available for children aged 4–

6 years (26). VMI function was evaluated with the Beery-Buktenica

Developmental Test of Visual-Motor Integration, 6th edition (Beery

VMI) (27). This instrument includes three subtests: VMI, Visual

Perception (VP), and Motor Coordination (MC), each containing 30

items. Testing was discontinued after three consecutive errors or a 3-

minute time limit per subtest, whichever occurred first. Each correct

response was awarded one point. The Beery VMI demonstrates high

internal consistency (VMI a = 0.92; VP a = 0.91; MC a = 0.90) and

provides age-standardized normative scores. It is widely used to

assess VMI function in pediatric and adult populations with

neurodevelopmental disorders.
MRI sequences

MRI data were acquired using a 3-Tesla scanner (Philips, Achieva,

TX, Best, The Netherlands) equipped with a 32-channel head coil.

Diffusion tensor imaging (DTI) was performed with a two-dimensional

diffusion-weighted echo-planar imaging sequence using the following

parameters: repetition time (TR) = 10,295 ms; echo time (TE) = 91 ms;

field of view (FOV) = 128 × 128 mm²; matrix size = 128 × 128; voxel

size = 2 × 2 × 2 mm³; 32 diffusion encoding directions; b-value = 1000

s/mm²; 75 interleaved slices with no gap; slice thickness = 2 mm.
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Calculation of the DTI-ALPS index

The DTI-ALPS method was implemented as previously detailed

(6), and a schematic summary is provided in Supplementary Figure

S1. DTI data were processed using the FMRIB Software Library

(version 6.0.7.2, http://www.fmrib.ox.ac.uk/fsl/). Preprocessing

included correction for off-resonance and eddy current-induced

distortions, as well as for subject motion and outliers. Color-coded

fractional anisotropy (FA) maps and directional diffusivity maps (x,

y, z-axes) were subsequently generated. Based on the FA maps,

projection and association fibers were identified. Spherical regions

of interest (ROIs) with a 5-mm diameter were manually placed

within these bilateral fibers at the level of the lateral ventricle body.

Diffusivity values (Dxx, Dyy, Dzz) were extracted from each ROI for

ALPS index calculation. The index for each hemisphere was

calculated using the formula: ALPS   index   =   mean   (Dxproj, Dxassoc)
mean   (Dyproj, Dzassoc) .

The mean ALPS index was then computed as the average of the left

and right hemispheric indices.
Statistical analysis

All statistical analyses were performed using SPSS 26.0

(Statistical Package for Social Sciences, SPSS Inc). The normality

of continuous variables was assessed using the Shapiro-Wilk or

Kolmogorov-Smirnov test. Group comparisons were conducted as

follows: two-sample t-tests for normally distributed continuous

variables, Mann-Whitney U tests for non-normally distributed

variables, and chi-squared tests for categorical variables.

Correlations between the DTI-ALPS index and age, clinical

symptoms, and VMI function were examined using Pearson’s

correlation (for normal data) or Spearman’s rank correlation (for

non-normal data). A mediation analysis was employed to explore

the relationships among the DTI-ALPS index, VMI function, and

clinical symptoms. Gender, age, and IQ were included as covariates

in all correlation and mediation analyses. A p-value< 0.05 was

considered statistically significant.
FIGURE 1

Study flowchart.
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Results

Demographic and clinical data

Detailed demographic and clinical characteristics of the ASD

and TD groups are presented in Table 1. The study enrolled 78

individuals with ASD (72 males, 6 females; mean age 8.17 ± 3.41

years) and 48 TD volunteers (31 males, 17 females; mean age 9.02 ±

2.44 years). No significant difference was found between the groups

in terms of age (t = -1.62, p = 0.108). However, the ASD group had a

significantly lower IQ than the TD group (t = -5.12, p< 0.001) and a
Frontiers in Psychiatry 04
significantly higher proportion of males (c² = 15.31, p< 0.001).

Additionally, the ASD group scored significantly lower on the VP

(t = -3.87, p< 0.001), MC (t = -3.67, p< 0.001), and VMI (t = -4.66,

p< 0.001) subtests compared to the TD group.
Comparison of the DTI-ALPS index
between the two groups

In the ASD group, the DTI-ALPS indices were as follows: 1.49 ±

0.13 for the left hemisphere (DTI-ALPS-L), 1.42 ± 0.13 for the right

hemisphere (DTI-ALPS-R), and 1.46 ± 0.11 for the whole-brain

average (mean DTI-ALPS). The corresponding values in the TD

group were 1.54 ± 0.14, 1.47 ± 0.12, and 1.51 ± 0.11, respectively. As

shown in Table 2; Supplementary Figure S2, all three indices were

significantly lower in the ASD group compared to the TD group:

DTI-ALPS-L (t = -2.19, p = 0.031), DTI-ALPS-R (t = -2.13, p =

0.035), and mean DTI-ALPS (t = -2.43, p = 0.017).

Furthermore, we examined the effects of group and brain

hemisphere on the DTI-ALPS index using a two-way ANOVA.

The analysis revealed significant main effects of group (F = 9.304,

p = 0.003) and hemisphere (F = 16.675, p< 0.001), but no significant

group × hemisphere interaction (F = 0.022, p = 0.883). Post-hoc

tests indicated that the DTI-ALPS index was significantly higher in
TABLE 1 Demographic and clinical characteristics of the participants.

Variable ASD (n = 78) TD (n = 48) t/c2 p

Age (years, M ± SD) 8.17 ± 3.41 9.02 ± 2.44 -1.62 0.108

Gender (M/F) 72/6 31/17 15.31 <0.001

IQ (M ± SD) 88.30 ± 19.57 104.40 ± 14.85 -5.12 <0.001

Beery VMI (M ± SD)

VP 102.55 ± 13.40 112.17 ± 11.88 -3.87 <0.001

MC 98.00 ± 17.97 109.40 ± 13.00 -3.67 <0.001

VMI 94.88 ± 15.08 107.33 ± 11.81 -4.66 <0.001

ADI_R (M ± SD)

Social interaction 16.38 ± 6.68 – – –

Communication 19.55 ± 8.89 – – –

RRB 4.13 ± 2.71 – – –

Development 2.60 ± 1.78 – – –

Total 35.96 ± 13.12 – – –

ADOS (M ± SD)

Communication 5.75 ± 2.35 – – –

Social interaction 9.47 ± 2.91 – – –

Imagination/creativity 1.55 ± 1.28 – – –

RRB 1.61 ± 1.26 – – –

Total 18.39 ± 5.64 – – –
ASD, autism spectrum disorder; TD, typical developed group; IQ, intelligence quotient; Beery VMI, The Beery-Buktenica Developmental Test of Visual-Motor Integration; VP, visual perception;
MC, motor coordination; VMI, visual-motor integration; ADI-R, autism diagnostic interview-revised; RRB, restricted and repetitive behaviors; ADOS, autism diagnostic observation schedule. M,
mean; SD, standard deviation; “-” means no available data; M, mean; SD, standard deviation.
TABLE 2 Comparison of the DTI-ALPS index between ASD and TD
groups.

Variable ASD (n=78) TD (n=48) t p

DTI-ALPS-L (M ± SD) 1.49 ± 0.13 1.54 ± 0.14 -2.19 0.031

DTI-ALPS-R (M ± SD) 1.42 ± 0.13 1.47 ± 0.12 -2.13 0.035

Mean DTI-ALPS
(M ± SD)

1.46 ± 0.11 1.51 ± 0.11 -2.43 0.017
ASD, autism spectrum disorder; TD, typical developed group; DTI-ALPS, Diffusion Tensor
Imaging along Perivascular Spaces; Mean DTI-ALPS, average DTI-ALPS index for both left
and right hemispheres; L, left-hemispheric; R, right-hemispheric; M, mean; SD, standard
deviation.
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the left hemisphere (DTI-ALPS-L) than in the right hemisphere

(DTI-ALPS-R) for both the ASD (t = 3.182, p = 0.002) and TD (t =

2.679, p = 0.008) groups (Supplementary Figure S1).

Given the known male predominance in ASD, we assessed its

effect on the DTI-ALPS index using a two-way ANOVA with group

and sex as factors. The analysis revealed no significant main effect of

sex. To examine the influence of age, participants were categorized

into three developmental stages: preschool (≤6 years), school-age

(7–12 years), and adolescence (>12 years). Again, no significant

main effect of age was found. Detailed results are presented in

Supplementary Tables S1, S2.
Correlation analysis in the ASD group

To explore the relationships between the DTI-ALPS indices and

age, clinical symptoms, and VMI function in ASD patients,

correlation analyses were conducted. The results are presented in

Table 3. No significant correlations were found between the DTI-

ALPS indices and age.

Regarding clinical symptoms, significant negative correlations

were observed between ADI_R Communication score and the DTI-

ALPS-L (r = -0.355, p = 0.002), DTI-ALPS-R (r = -0.319, p = 0.005),
Frontiers in Psychiatry 05
and mean DTI-ALPS (r = -0.381, p = 0.001). Additionally, both

DTI-ALPS-L (r = -0.287, p = 0.013) and the mean DTI-ALPS (r =

-0.285, p = 0.013) were negatively correlated with the ADI_R total

score. A significant negative correlation was also found between

DTI-ALPS-R and the ADOS RRB score (r = -0.242, p =

0.036) (Figure 2).

In terms of VMI function, significant positive correlations were

identified. The DTI-ALPS-L (r = 0.380, p = 0.004), DTI-ALPS-R

(r = -0.325, p = 0.014), and mean DTI-ALPS (r = 0.402, p = 0.002)

were all positively correlated with the VP score. Similarly, these

indices were positively correlated with the VMI score (DTI-ALPS-L:

r = 0.385, p = 0.003; DTI-ALPS-R: r = 0.271, p = 0.041; mean DTI-

ALPS: r = 0.374, p = 0.004) (Figure 3).
Mediation analysis in the ASD group

We conducted a mediation analysis to elucidate the

relationships among the DTI-ALPS index, VMI function, and

clinical symptoms. In the model, the DTI-ALPS index was the

independent variable, VMI function was the mediator, and clinical

symptoms were the outcome variables, with adjustments for age,
TABLE 3 Correlation analysis in the ASD group.

Variable
DTI-ALPS-L DTI-ALPS-R Mean DTI-ALPS

r p r p r p

Age 0.085 0.472 0.000 0.997 0.048 0.689

IQ 0.072 0.545 0.090 0.450 0.092 0.441

ADI_R

Social interaction -0.199 0.087 -0.125 0.284 -0.183 0.117

Communication -0.355 0.002 -0.319 0.005 -0.381 0.001

RRB -0.126 0.28 0.039 0.738 -0.048 0.682

Development -0.126 0.281 -0.179 0.124 -0.173 0.138

Total -0.287 0.013 -0.218 0.06 -0.285 0.013

ADOS

Communication 0.042 0.72 0.036 0.759 0.044 0.707

Social interaction -0.065 0.58 0.164 0.16 0.058 0.624

Imagination/creativity 0.132 0.261 0.056 0.635 0.105 0.368

RRB -0.095 0.417 -0.242 0.036 -0.192 0.1

Total -0.009 0.94 0.057 0.63 0.027 0.815

Beery VMI

VP 0.380 0.004 0.325 0.014 0.402 0.002

MC 0.259 0.052 0.108 0.422 0.209 0.119

VMI 0.385 0.003 0.271 0.041 0.374 0.004
ASD, autism spectrum disorder; DTI-ALPS, Diffusion Tensor Imaging along Perivascular Spaces; Mean DTI-ALPS, average DTI-ALPS index for both left and right hemispheres; L, left-
hemispheric; R, right-hemispheric; IQ, intelligence quotient; ADI-R, autism diagnostic interview-revised; RRB, restricted and repetitive behaviors; ADOS, autism diagnostic observation schedule;
Beery VMI, The Beery-Buktenica Developmental Test of Visual-Motor Integration; VP, visual perception; MC, motor coordination; VMI, visual-motor integration.
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FIGURE 2

Correlations between the DTI-ALPS index and clinical symptoms in ASD group. The DTI-ALPS-L index (a, b) and the Mean DTI-ALPS index (e, f) were
significantly correlated with ADI_R communication score and total score. The DTI-ALPS-R index was significantly correlated with ADI_R
communication score and ADOS RRB score (c, d). ASD, autism spectrum disorder; TD, typical developed group; DTI-ALPS, Diffusion Tensor Imaging
along Perivascular Spaces; Mean DTI-ALPS, average DTI-ALPS index for both left and right hemispheres; L, left-hemispheric; R, right-hemispheric.
ADI_R, autism diagnostic interview-revised; ADOS, autism diagnostic observation schedule; RRB, restricted and repetitive behaviors.
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gender, and IQ. The analysis revealed a significant mediating effect

of VMI score on the relationship between DTI-ALPS-R and the

ADI_R Communication score (indirect effect b = -0.082, p<

0.001; Figure 4).
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Discussion

This study utilized non-invasive MRI techniques to investigate

glymphatic system function in children with ASD compared to TD
FIGURE 3

Correlations between the DTI-ALPS index and VMI function in ASD group. In terms of the relationship between the DTI-ALPS index and VMI
function, the results of correlation analyses indicated that the DTI-ALPS-L index (a, b), the DTI-ALPS-R index(c, d), and the Mean DTI-ALPS (e, f)
were significantly correlated with VP score, as well as with VMI score. ASD, autism spectrum disorder; TD, typical developed group; DTI-ALPS,
Diffusion Tensor Imaging along Perivascular Spaces; Mean DTI-ALPS, average DTI-ALPS index for both left and right hemispheres; L, left-
hemispheric; R, right-hemispheric; VP, visual perception; MC, motor coordination; VMI, visual-motor integration.
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controls. Our principal findings were: (i) the DTI-ALPS index was

significantly reduced in the ASD group; (ii) the DTI-ALPS index

correlated negatively with scores on the ADI_R Communication

and Total scales, as well as the ADOS RRB scale, but positively with

VP and VMI scores; and (iii) VMI scores mediated the relationship

between the DTI-ALPS-R and ADI_R Communication scores.

These results provide compelling evidence for glymphatic

dysfunction in ASD, reinforcing its potential role in the

disorder’s pathophysiology.

The significantly lower DTI-ALPS index observed in children

with ASD indicates compromised glymphatic function and a

diminished capacity for cerebral waste clearance. Perivascular

spaces (PVS), which are integral components of the glymphatic

system and serve as primary conduits for waste transport, are

known to cause glymphatic stasis when dilated. Previous

neuroimaging studies have consistently reported an increased

prevalence of enlarged PVS in ASD (28– 29), providing a

plausible anatomical basis for the glymphatic dysfunction

observed here. Furthermore, the ASD brain exhibits robust

neuroinflammation, evidenced by microglial and astrocytic

activation (30) and elevated levels of pro-inflammatory cytokines

such as TNF-a, IL-6, GM-CSF, and IFN-g (31). PET studies have

further confirmed significant microglial activation across multiple

brain regions in ASD (32). Reactive astrogliosis contributes to this

process by generating inflammatory mediators, inducing glial

morphological changes , and promoting immune cel l

accumulation within PVS, collectively impairing clearance (33,

34). In line with Li et al. (13), our study provides direct

neuroimaging evidence of compromised glymphatic waste

clearance in ASD.

We also found that the DTI-ALPS index correlated inversely

with the severity of core ASD symptoms—specifically,

communication deficits and RRB. This suggests that poorer
Frontiers in Psychiatry 08
cerebral waste clearance (indicated by a lower ALPS index) is

associated with greater clinical severity. Impaired glymphatic

function reduces the clearance of inflammatory mediators (35),

leading to their accumulation in PVS. These accumulated factors

perpetuate microglial and astrocytic activation, engage NF-kB
signaling, and trigger further release of pro-inflammatory

cytokines and chemokines, thereby amplifying and chronicifying

neuroinflammation (36, 37). This creates a self-reinforcing cycle

wherein impaired clearance and sustained neuroinflammation

disrupt cerebral microstructure and function, ultimately

contributing to ASD-related behavioral alterations (38).

Additionally, reduced clearance of misfolded proteins such as

APP, Ab, and tau has been implicated in the aberrant brain

changes observed in ASD (39, 40). Ray et al. (41), for example,

reported dysregulated levels of soluble APP fragments (sAPPa and

sAPPb) in individuals with ASD, which correlated with clinical

phenotypes. Collectively, these findings position diminished waste

clearance as a potential pathogenic contributor to the neurobiology

of ASD.

Furthermore, we found that VMI function was significantly

impaired in children with ASD and was positively correlated

with the DTI-ALPS index. Mediation analysis indicated that

VMI mediates the relationship between DTI-ALPS-R and

communication deficits, suggesting a pathway through which

glymphatic impairment contributes to communicative

impairment. VMI deficits are linked to learning difficulties

involving language and symbols processing (42, 43) and may

underlie specific language impairment (44). Neuroimaging studies

suggest that VMI and language functions share neural substrates,

including the cerebellum—a region implicated in both motor

coordination and language processing in ASD (45, 46). As a core

component of perception-action coupling (47), VMI disruption

may impair the translation of social cues (e.g., prosody, gesture) into
FIGURE 4

Mediation model of DTI-ALPS-R, VMI function and symptoms of children with ASD. The VMI function mediates the relationship between DTI-ALPS-R
and the communication deficiency of ASD. ASD, autism spectrum disorder; DTI-ALPS, Diffusion Tensor Imaging along Perivascular Spaces; R, right-
hemispheric; VMI, visual-motor integration; ADI_R communication, communication subscale of the autism diagnostic interview-revised (ADI_R).*, P<
0.05; **, P< 0.01.
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appropriate motor and communicative responses, a key deficit in

ASD (48, 49). Thus, our findings suggest that glymphatic

dysfunction may contribute to communication deficits in ASD via

disrupted visuomotor integration, although the precise mechanisms

require further investigation.

An intriguing finding of our study was the lack of a significant

correlation between the DTI-ALPS index and age in the ASD group.

While this appears to be at odds with reports of transiently elevated

extra-axial CSF (EA-CSF) volume in early infancy (50–53), it may

instead reflect distinct pathophysiological trajectories at

macroscopic and microscopic levels of CSF dynamics. The

normalization of EA-CSF likely results from the delayed

maturation of macroscopic drainage structures, such as the

meningeal lymphatic vessels (54–56). In contrast, glymphatic

activity, as measured by the DTI-ALPS index, depends on the

microstructural integrity of PVS and the polarized expression of

Aquaporin 4 (AQP4) channels in astrocytic endfeet. This

microscopic function may sustain a more lasting impairment due

to early circulatory disturbances or neuroinflammation (57–59).

Critically, recent evidence provides a pivotal link, demonstrating

that enlarged perivascular spaces are most prominent in younger

children with ASD and may be sequalae of early EA-CSF excess

(50). This suggests that early macroscopic abnormalities may lead to

long-term alterations at the microscopic level. Consequently, the

observed “decoupling” between the DTI-ALPS index and age in our

study strongly indicates that glymphatic dysfunction in ASD may

represent an early-onset and persistent endophenotype, rather than

a transient developmental phase. This positions the DTI-ALPS

index as a potential and reliable biomarker for investigating the

enduring neuropathological mechanisms of ASD beyond early

childhood. We acknowledge that this interpretation requires

confirmation through future longitudinal studies.

This study has several limitations. First, its cross-sectional

nature precludes causal inferences regarding the relationship

between glymphatic dysfunction and ASD symptoms.

Longitudinal studies are needed to determine whether glymphatic

alterations precede or result from ASD. Second, although

comparable in size to many neuroimaging studies of ASD, our

sample may limit the generalizability of the findings. Finally, the

DTI-ALPS index is derived from diffusion measures around PVSs at

the level of the lateral ventricles in a single slice, which may not

capture regional variations in glymphatic clearance throughout

the brain.
Conclusion

Using the DTI-ALPS method, we demonstrated significantly

reduced glymphatic function in children with ASD, which

correlated with the severity of core symptoms. These findings

implicate impaired glymphatic clearance in ASD pathogenesis.

Furthermore, mediation analysis suggested that deficits in

visuomotor integration link glymphatic dysfunction to

communication impairments. Collectively, our study provides

neuroimaging evidence for the role of the glymphatic system in
Frontiers in Psychiatry 09
ASD and identifies potential biomarkers for future mechanistic and

interventional research.
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