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Abstract 

Background Angelman syndrome (AS) is a neurodevelopmental disorder with serious seizures. We aim to explore 
the brain morphometry of patients with AS and figure out whether the seizure is associated with brain development.

Methods Seventy-three patients and 26 healthy controls (HC) underwent high-resolution structural brain MRI. Group 
differences between the HC group and the AS group and also between AS patients with seizure (AS-Se) and age-
matched AS patients with non-seizure (AS-NSe) were compared. The voxel-based and surface-based morphometry 
analyses were used in our study. Gray matter volume, cortical thickness (CTH), and local gyrification index (LGI) were 
assessed to analyze the cortical and subcortical structure alteration in the AS brain.

Results Firstly, compared with the HC group, children with AS were found to have a significant decrease in gray mat-
ter volume in the subcortical nucleus, cortical, and cerebellum. However, the gray matter volume of AS patients in the 
inferior precuneus was significantly increased. Secondly, patients with AS had significantly increased LGI in the whole 
brain as compared with HC. Thirdly, the comparison of AS-Se and the AS-NSe groups revealed a significant decrease in 
caudate volume in the AS-Se group. Lastly, we further selected the caudate and the precuneus as ROIs for volumetric 
analysis, the AS group showed significantly increased LGI in the precuneus and reduced CTH in the right precuneus. 
Between the AS-Se and the AS-NSe groups, the AS-Se group exhibited significantly lower density in the caudate, 
while only the CTH in the left precuneus showed a significant difference.

Conclusions These results revealed cortical and subcortical morphological alterations in patients with AS, including 
globally the decreased brain volume in the subcortical nucleus, the increased gray matter volume of precuneus, and 
the whole-brain increase of LGI and reduction of CTH. The abnormal brain pattern was more serious in patients with 
seizures, suggesting that the occurrence of seizures may be related to abnormal brain changes.
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Background
Angelman syndrome (AS) is a neurodevelopmental dis-
order caused by different molecular mechanisms that 
eventually lead to the loss of function of the maternally 
inherited UBE3A gene in the 15q11-q13 chromosomal 
region [1]. The disease is characterized by ataxia, intellec-
tual disability, speech impairment, seizures, hyperactiv-
ity, and happy demeanors [2]. Developmental outcomes 
of AS are associated with genotype including deletion 
and non-deletion type [3]. Epilepsy is present in more 
than 80% of affected individuals with AS. Most of the 
patients with AS have a first seizure at approximately 2 
years old with a significant abnormal electroencephalo-
graphic background [4, 5]. Therefore, there is an increas-
ing demand for a clear interpretation of the mechanism 
between seizures and AS.

Evidence from neural imaging studies has revealed the 
brain morphometry and functional changes in patients 
with AS. For example, previous studies have found a 
decrease in fractional anisotropy (FA) in the arcuate fas-
ciculus [6, 7] and revealed severe atrophy of the stria-
tum [8], which was associated with the language [9] and 
human intelligence development [10, 11]. Integrated 
quantitative MR imaging analysis showed poor functional 
and structural connectivity, as well as a reduction in brain 
volume in the children with AS compared to healthy con-
trols (HC) [12]. Another study has indicated that the 
defects in subcortical structures and dysfunction of corti-
cal networks were also related to the occurrence of epi-
leptic seizures [13, 14]. In addition, both of the abnormal 
cortical thickness and folding have also been captured 
in epileptic seizure patients [15, 16]. A recent study sug-
gested that the gyrification was related to human epi-
lepsy and regulated by specific molecular mechanisms, 
such as the PIK3CA-related brain overgrowth [17]. In 
addition, the findings of the cortical morphological stud-
ies have also suggested an association between AS and 
UBE3A-related genetic disorders. For example, an accel-
erated gain in gray matter volume, which was caused by 
the attenuation of the cortical thickness (CTH) reduction 
was found in patients with autism [18]. Another recent 
study found abnormalities in cerebral cortical volume 
and thickness in patients with Prader-Willis syndromes 
(PWS) [19]. Moreover, the PWS, autism, and AS have all 
been demonstrated to be related to regional abnormali-
ties on chromosome 15q11-13 [20]. These previous find-
ings suggested that the brain structure of patients with 
AS was severely disrupted. Furthermore, previous stud-
ies have indicated that cortical gyrification was strongly 
associated with neurodevelopmental-related disorders, 
such as ASD [21–23] and Williams syndrome [24]. The 
cortical gyrification measured the regional cortical fold-
ing status and is usually estimated by using the local 

gyrification index (LGI) [25]. Since the gray matter vol-
ume could be seen as the product of CTH and cortical 
area [26], cortical folding also plays an important role in 
the relationship between CTH and volume. For example, 
cortical expansion and development result in cortical 
thinning and folding [27]. Abnormal cortical develop-
ment may disrupt the relationship between these corti-
cal morphometries. Therefore, a combination of different 
cortical morphological measurements would help to bet-
ter understand the underlying mechanisms of AS brain 
abnormalities.

Based on previous brain morphological studies, our 
study aimed to discover the crucial structural alteration 
of AS and explore whether the combination of the vol-
ume, CTH, and LGI could provide an intuitive grasp of 
the difference in cortical or subcortical morphology. Fur-
thermore, the interconnected structural changes may 
also help understand the key stages of brain development 
related to clinical characteristics.

Methods
Study participants
The study was designed as a cross-sectional study and 
was conducted under a research protocol. The partici-
pants were enrolled in the Department of Neurology in 
Children’s Hospital of Fudan University. The study was 
supported by the Chinese Angelman Syndrome Organi-
zation. The inclusion criteria for patients are as follows: 
(a) had been clinically and molecularly confirmed as AS, 
(b) had agreed and completed the magnetic resonance 
imaging (MRI) scan with sedation with oral chloral 
hydrate, and (c) quantified developmental delay accord-
ing to Griffiths Mental Development Scales or Gesell 
Developmental Schedules. Genetic subtypes of AS 
include (a) maternal deletion of chromosome 15q11–
13, (b) the maternally inherited UBE3A mutations, (c) 
UPD15pat, and (d) imprinting defect. Healthy age- and 
sex-matched control subjects were also enrolled in the 
same hospital, the control enrollment criteria include (a) 
agreed and completed the MRI scan, (b) had no neuro-
logical or psychiatric diagnoses and did not take any reg-
ular medications, and (c) had normal cognitive assessed 
using the Raven standard reasoning test score (IQ>80). 
This study was approved by the Children’s Hospital of 
Fudan University Institutional Review Board before the 
recruitment of subjects. Informed consent was obtained 
from the caregivers of the child participants.

Two experienced pediatric neurologists evaluated 
the seizure history and their electroencephalogram. 
Among these patients, those who had never experi-
enced one seizure were included in the group of AS 
patients with non-seizure (AS-NSe). Patients who had 
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experienced at least one seizure which include in the 
AS with the seizure (AS-Se) group.

MRI acquisition and data processing
The participants underwent a whole-brain MRI using 
a 3-Tesla GE scanner. Structural images were acquired 
using a BRAVO sequence, and the imaging parameters 
were as follows: flip angle = 12, resolution = 1 × 1 × 
1  mm3, echo time = 3.29 ms, repetition time=8.34 ms, 
inversion time = 450 ms, and 256 × 256 image matrix 
with 160 slices in the sagittal plane. Healthy children in 
the control group did not require sedation and could 
understand the instructions to continue completing the 
scan. All participants in the AS group were sedated by 
using 10% oral chloral hydrate (H03180450; Shanghai; 
50m/kg, with the maximum amount at 1g), which was 
performed by trained anesthesiologists according to 
standard institutional protocol. MRI scans were sched-
uled to be performed at 8-10pm in the Department of 
Radiology in the hospital, and all datasets were assessed 
for quality and considered acceptable for analysis. After 
the acquisition, the unqualified data were excluded from 
the final analysis. No scans were repeated due to move-
ments or other artifacts.

A total of 34 HC and 106 patients with AS were 
enrolled in our study. Visual inspection was performed 
before the analysis. Sixteen patients with AS were firstly 
excluded from our further analysis due to the incom-
plete data acquisition, and 8 of them were excluded due 
to head movements. Five HC were excluded from our 
study due to different acquisition parameters, and three 
of them were excluded due to data quality. In order to 
hold constant the genotypic background, only patients 
with maternal deletion of chromosome 15q11–13 were 
included. Finally, 73 patients and 26 HC were included in 
this study.

We firstly divided the data into two cohorts, one 
including AS patients and age-matched HC, and the 
other one including the AS patients with non-seizure 
and age-matched AS patients with seizures. For each 
cohort, an age-specific tissue template was created in the 
COM toolbox [28] by using the age-matched method. 
T1-weighted image processing was implemented in 
SPM12 (www. fil. ion. ucl. ac. uk) and the CAT12 toolbox in 
the MATLAB (www. mathw orks. com). The T1-weighted 
images were first reoriented to the same orientation by 
aligning the AC-PC line. All of the images were cor-
rected for bias field inhomogeneity and then segmented 
into gray matter, white matter, and cerebrospinal fluid by 
applying the study-specific tissue template. Segmented 
tissue maps were then spatially normalized to the MNI 
space by using the DARTEL algorithm [29]. Finally, the 
preprocessed gray matter data were smoothed with an 

8-mm full-width half-maximum (FWHM) isotropic 
Gaussian kernel.

For surface-based morphometry (SBM), a pre-pro-
cessing pipeline was adopted in the CAT 12 toolbox. 
A projection-based thickness estimation was used to 
measure the cortical thickness and reconstruct the 
central surface in one step [30]. The cortical thickness 
was evaluated by calculating the white matter dis-
tance based on tissue segmentation. This process also 
includes corrections for partial volume, sulcal blur-
ring, and sulcal asymmetries. The gyrification index 
(GI) was extracted based on an absolute mean curva-
ture approach [31]. The central cortical surfaces were 
created separately for both hemispheres. Finally, all 
surface measurements were resampled and smoothed 
using a Gaussian kernel of 15 mm (FWHM).

For volumetry analysis, the regions of interest (ROI) 
were selected from the results of the VBM and SBM 
analyses for further volumetric calculations. The bilat-
eral inferior precuneus was selected for further analysis. 
In addition, we extracted the atlas-based ROIs defined 
by the WFU Pick Atlas [32] and the surface-based ROIs 
defined by DKT 40. We selected three sub-divisions of 
the caudate (head, body, and tail) and the precuneus for 
further analysis. The mean value of each morphological 
parameter was extracted from the selected ROIs for fur-
ther volumetric analyses.

Statistic analysis
To assess whether the morphological parameters dif-
fered between the groups, we adopted an independent 
two-sample t test between the HC and the AS groups and 
also between the AS-Se group and the AS-NSe groups. 
Age, gender, and total intracranial volume (TIV) were 
adjusted as covariates for each VBM or SBM compari-
son. Specifically, the TIV was adjusted as a proportional 
scaling for each image rather than as a covariate. To cor-
rect for multiple comparisons when using neuroimaging 
data, we also performed the SPM FWE peak correction, 
in which the clusters of p value < 0.05 and larger than 10 
voxels or 10 vertices were considered significant. For the 
comparison between the AS-Se and the AS-NSe groups, 
an uncorrected threshold p value of < 0.005 was applied, 
and clusters less than 100 voxels or 100 vertices were 
excluded from each analysis. Cluster labeling was per-
formed using SPM and the CAT12 toolbox. More specifi-
cally, the VBM results were labeled using the AAL atlas, 
and the SBM results were labeled using the DKT-40 atlas.

For volumetric and ROI analyses, we examined the 
effect of ROI morphological metrics while controlling 
for age, gender, and TIV. Before volumetric analysis, we 
performed the Winsorization technique to minimize the 

http://www.fil.ion.ucl.ac.uk
http://www.mathworks.com
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outliers. Multiple ordinary least squares (OLS) linear 
regression in R was used to fit the regression model:
V = 1 +β1*age +β2*gender +β3*TIV +β4*P (1), where 

V is the morphological metrics of ROIs, age, gender, and 
TIV are the covariates, and the P is the independent vari-
able, such as the group variable and the regional morpho-
metrics. For each regression model, a p value of <0.05 
was considered significant. To avoid the multicollinearity 
between the predictors in the regression models. We cal-
culated the variance inflation factors (VIFs) for age, TIV, 
and sex. The results demonstrated that all VIFs were well 
below the conservative threshold of 5 [33].

Results
Demographic characteristics and grouping
In this study, 73 patients with AS and 26 HC were 
included in the final analysis. The genetic mechanisms 
of these patients are also summarized in Table 1. Firstly, 
32 patients with AS (age 6.75±1.38; gender 16:16; GQ 
score 29.40±9.97 ) and 26 age- and gender-matched HC 
(age 7.1±1.63; gender 13:13) were compared to investi-
gate the cortical morphometry change of the AS patients, 
and all of these AS patients have reported experiencing a 
seizure. Secondly, 24 patients with seizure (age 2.69±0.5, 
gender 12:12, GQ score 30.48±5.55) and 17 patients 
with non-seizure (age 2.37±0.81, gender 7:10, GQ score 
34.15±7.89) were compared to investigate the difference 
in brain morphometry between AS patients with seizure 
and non-seizure.

VBM and SBM analysis for the AS‑HC cohort
A significant reduction in gray matter volume in the 
subcortical areas was found in the AS group, including 
the caudate, the putamen, the pallidum, the amygdala, 
and the thalamus. The decrease of gray matter volume 
was also found in the cortical and the cerebellum, such 
as the insula, the orbital frontal cortex, and the cerebel-
lum dentates (FWE p < 0.05)(Fig. 1a). Moreover, the gray 
matter volume in patients with AS in the bilateral precu-
neus, which is located near the posterior horn of the lat-
eral ventricle, was significantly increased (FWE p < 0.05) 
(Fig. 1b, Table S1).

The results of the group comparison revealed that the 
significant cluster with a largely decreased CTH of the AS 
group was located mainly in the bilateral inferior parietal, 
while other smaller clusters were located in the regions 
including the left superior frontal gyrus, left occipital, left 
insula, bilateral superior temporal gyrus, bilateral caudal 
middle frontal, right postcentral, right superior parietal, 
right supramarginal, and left precuneus (FWE p < 0.05) 
(Fig. 1c, Table S2).

Individuals with AS had a significantly increased in 
LGI in the whole brain as compared to HC. These clus-
ters were distributed in areas including the anterior and 
the middle temporal cortex, the superior frontal cortex, 
the prefrontal cortex, the parietal cortex, the occipital 
cortex, and the precuneus. No regions with a significant 
decrease in the LGI were found in the AS group (Fig. 1d, 
Table S3).

VBM and SBM analysis for AS seizure—non‑seizure cohort
The gray matter volume was reduced in the bilateral 
caudate, the insula, and the transverse temporal gyrus 
of the AS-Se group when compared to the AS-NSe 
group (Fig.  2a). The SBM-based comparison between 
the AS-Se and the AS-NSe revealed a smaller difference. 
The CTH in the right superior frontal gyrus, the left 
middle frontal gyrus, the left precuneus, and the bilat-
eral insula were reduced in the AS-Se group (Fig.  2b). 
Furthermore, compared with the AS-NSe, we found 
that AS-Se had a mildly increased LGI in the right pre-
cuneus (Fig. 2c).

Group differences in cortical thickness, GI, and density 
in the precuneus and caudate
In addition, we further selected the caudate and precu-
neus as ROIs for the volumetric analysis, considering 
that a significant decrease in brain volume was centered 
on the caudate, and the co-alternation of morphometry 
was found in the precuneus. Specifically, the caudate was 
divided into three subdivisions, including the tail, head, 
and body by using WFU Pickatlas software [32]. The 
precuneus and the inferior precuneus with an abnormal 
increase in volume in the AS group were also included as 
ROIs (Fig. 3).

Compared with the AS-NSe group, the AS-Se group 
exhibited a slightly lower density of the right caudate 
tail (R2=0.41, df=36, p=0.005, Cohen’s f2 group=0.24). 
In comparisons of the caudate head and body in the 
AS-Se group, we found that the mean density in the left 
and right caudate body was significantly reduced (left: 
R2=0.24, df=36, p=0.02, Cohen’s f2 group= 0.17; right: 
R2=0.27, df=36, p=0.02, Cohen’s f2 group= 0.17). The 
group difference in the subdivisions of the caudate head 
was also found to be significant (left: R2=0.25, df=36, 

Table 1 Demographic of AS patients and healthy controls

AS Angelman patients, HC Health controls, Se Seizure, NSe Non-seizure

HC AS AS‑Se AS‑NSe

Age (mean±SD) 7.1±1.63 6.75±1.38 2.69±0.5 2.37±0.81

p value 0.39 0.12

Range 4.10–10.28 4.84–9.56 1.50–3.64 1.44–3.95

Gender

 Male 13 16 12 7

 Female 13 16 12 10
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p=0.02, Cohen’s f2 group= 0.17; right: R2=0.37, df=36, 
p=0.01, Cohen’s f2 group= 0.18) (Fig. 4).

We also compared the differences in morphological 
metrics between the groups. Consistent with the SBM 
analysis, our results found that the AS group showed 
a significantly increased LGI in both the left and right 
precuneus compared to the HC group (left: R2=0.58, 
df=53, p-group<0.001, Cohen’s f2 group= 0.58; right: 
R2=0.65, df=53, p-group<0.001, Cohen’s f2 group= 
0.43) and significantly reduced CTH in the right pre-
cuneus (R2=0.49, df=53, p-group<0.001, Cohen’s f2 

group= 0.32). No significant differences were observed 
in the CTH in the left precuneus. The CTH of the left 
precuneus showed a significant difference between 
the AS-Se and the AS-NSe groups (R2=0.54, df=36, 
p<0.001, Cohen’s f2 group= 0.99). Our results also 
showed a significant difference in the left and right 
inferior precuneus between the AS and the HC groups 
(left: R2=0.65, df=53, p<0.001, Cohen’s f2 group= 1.62; 
right: R2=0.48, df=53, p<0.001, Cohen’s f2 group= 0.88) 
(Fig. 5).

Fig. 1 VBM and SBM analyses in AS-HC cohort showing by T statistic maps (reduced in blue and increased in red). VBM analysis showed 
significantly decreased gray matter volume in the subcortical nucleus and cerebellum (a) and significantly increased gray matter volume in the 
(b). The SBM analysis showed significantly reduced CTH (c) and significantly increased LGI across whole-brain in patients with AS when compared 
with HC (d). The results were thresholded at p < 0.05 in FWE peak correction, and clusters with less than 10 vertexes were eliminated. AS Angelman 
syndrome, HC health controls, Se seizure, NSe non-seizure, CTH cortical thickness, LGI local gyrification index
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Fig. 2 VBM and SBM analyses of seizure—non-seizure cohort showing by T statistic maps. (reduced in blue and increased in red). VBM analysis 
showed significantly reduced gray matter volume in bilateral caudate in AS-Se compared with AS-NSe groups (a). The results were thresholded at 
uncorrected p < 0.005 with clusters less than 100 voxels excluded. The SBM analysis showed significantly reduced CTH in the right superior frontal 
gyrus, left orbitofrontal gyrus, bilateral insula, and left precuneus (b) and significantly increased LGI in the right precuneus in the AS-Se group (c). 
The results were thresholded at uncorrected p < 0.005 and clusters’ size > 100 vertexes. AS Angelman syndrome, HC health controls, Se seizure, NSe 
non-seizure, CTH cortical thickness, LGI local gyrification index

Fig. 3 The ROI of volumetry analysis. The three subdivisions of the caudate nucleus, including the head, body, and tail (a). The left (b) and the right 
(c) ROI in the precuneus, including the precuneus and the inferior precuneus with an abnormal increase in volume in the AS group. ROI regions of 
interest
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Discussion
In this study, we found that children with AS had thinner 
and more folded cortex than HC. Moreover, a reduction 
in brain volume in the subcortical nucleus has also been 
demonstrated in patients with AS, especially in patients 
with seizures. Remarkably, an increase in regional gray 
matter volume was observed in the precuneus in the AS 
group. To the best of our knowledge, this is the first study 
conducted on a Chinese population with AS.

The results of the VBM analysis indicated a significant 
decrease in gray matter volume in the subcortical nucleus 
of patients with AS, which is consistent with the previous 
study [8]. It has been demonstrated that the development 
of the subcortical nucleus volume was associated with 
individual factors [34], and the caudate was related to 
many diseases. For example, a recent study has suggested 
that the caudate was involved in restricted repetitive 
behaviors in autism [35]. An fMRI study indicated that 
the caudate and the putamen played an important role in 
language control [36]. Furthermore, the caudate volume 
has been found to be associated with cortical thickness 
and gyrification in previous studies of different diseases 

[37–39]. Interestingly, the decrease of caudate volume 
was more serious in patients with early seizures with a 
small-scale change in the cortical morphometry at the 
same time. Given that the relationship among caudate, 
cortex, and seizure has been identified in previous studies 
[40, 41], the caudate should be considered an important 
node for the alteration of the cortical structure in AS.

A large decrease in CTH was identified in the superior 
frontal cortex, temporal cortex, and supramarginal gyrus 
of the patients with AS. Specifically, the supramarginal 
gyrus located near the angular gyrus has been shown 
to have language-related functions [42]. Therefore, a 
decrease of thickness in these areas may directly dam-
age language-related development in patients with AS. 
Furthermore, we also found variations in the precuneus 
CTH in the AS group. The precuneus was a deeply bur-
ied brain structure and has been found to be a human-
specific, highly evolved region [43]. The precuneus has 
also been shown to be involved in several human brain 
networks and is responsible for the network communi-
cation [43]. Because the precuneus is an important node 
in the brain network [44], impairment of the structure in 

Fig. 4 Quantitative analyses of caudate subdivisions. Boxplots of the mean densities in the three caudate subdivisions, including the bilateral 
caudate body (a, b), left and right caudate head (c, d), and left and right caudate tail (e, f). Age, gender, and TIV were included as covariates in the 
linear regression model, and each point represented a subject’s partial residual. ***p< 0.001, **p < 0.01, and *p<0.05. AS Angelman syndrome, HC 
health controls, Se seizure, and NSe non-seizure
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this area could directly or indirectly induce a variety of 
network disorders, such as seizures. Moreover, damage 
to the precuneus structure can induce several functional 
deficits, such as impaired autobiographical memory [45] 
and schizophrenia [46].

Other important findings in our study included an 
increase in LGI in the whole brain and an increase in 
gray matter volume in the inferior precuneus. To better 
adapt to the expansion of the human brain, the cortex 
continuously folds and gradually thins, thus increasing 
the surface area [47]. As a result, the regional gray mat-
ter volume accumulated throughout the process. How-
ever, we only observed gray matter accumulation in the 
precuneus. One reasonable explanation for this is that 
the location of the precuneus is associated with corti-
cal expansion. The precuneus, located at the junction 
between the occipital cortex and the parietal cortex, 
can be divided into the sub-parietal sulcus, the parietal-
occipital sulcus, and the cingulate sulcus [43]. Therefore, 
the gray matter can be easily accumulated in the corner 
in the case of a highly constrained space. Besides, a simi-
lar alternative of higher LGI has also been found in the 

Willams syndrome [24]. WS was a typical genetic muta-
tion disorder characterized by intellectual disability, 
motor dysfunction, and myelination deficits [48]. Nota-
bly, the white matter impairment has also been found in 
AS-related studies [49, 50]. As the regional brain tissues 
were distributed by a kind of ratio between gray matter 
and white matter, it can be suggested that the regional 
increase in CTH may be associated with an alteration of 
the white matter structure. Prior rhetorical studies have 
shown that the white matter could play an important 
role in cortical folding, such as the fiber tension theory 
[51], and the complete absence of cortical fibers induces 
cortical folding as an effect of buckling instability [52]. A 
recent study using materials simulation has indicated that 
the gray matter was under compression, while the white 
matter was under radial tension beneath the gyri and cir-
cumferential tension beneath the sulci [27]. In summary, 
these theories and studies suggested that the formation 
of brain morphometry is strongly associated with the fea-
tures of regional tissues.

Another reasonable interpretation of the gray mat-
ter overaccumulation in the precuneus was the specific 

Fig. 5 Quantitative analyses of precuneus morphometry metrics. Boxplots of the mean metrics in the three caudate subdivisions, including the left 
and right CTH of the precuneus (a, b), left and right LGI precuneus (c, d), and left and right (e, f). Age, gender, and TIV were included as covariates in 
the linear regression model, and each point represented a subject’s partial residual. ***p< 0.001, **p < 0.01, and *p<0.05. CTH cortical thickness, LGI 
local gyrification index, AS Angelman syndrome, HC health controls, Se seizure, NSe non-seizure
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genetic mutation. A recent study has determined the 
unique role of the big potassium channel (bK) in AS 
[53]. Due to the decrease in UBE3A expression level, the 
ubiquitination of the bK was interrupted, and thus, the 
frequency of hyperpolarization was also increased. As a 
result, the neuronal firing frequency was increased, sug-
gesting an increased risk of epilepsy. It is also noteworthy 
that a recent study has indicated that the gyrification was 
related to sodium channel dysfunction [54]. The potas-
sium and sodium flux were strongly associated with each 
other during the neuronal activity, and the higher level of 
gyrification in the precuneus may be associated with the 
potassium-related ion channel expression level in it.

Limitations and future directions
It should be noted that the AS patients with seizure and 
non-seizure samples lacked HC, due to the difficulty in 
collecting data from healthy children under anesthesia. 
Besides, there was also lack of comparison with genetic 
subtypes of AS. Therefore, the data acquired in this 
study could not better interpret the brain morphometric 
change in early-stage of AS patients and the genetic sub-
types of AS. Further research will collect more data from 
other imaging modalities, such as diffusion tensor imag-
ing and functional imaging.

Conclusion
These results revealed cortical and subcortical mor-
phological alterations in patients with AS, including 
global volume reduction in the subcortical nucleus, the 
increased gray matter volume in the precuneus, and the 
whole-brain increase of LGI and reduction of CTH. The 
abnormal brain pattern was more serious in patients with 
seizures, suggesting that the occurrence of seizures may 
be related to abnormal brain changes.
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