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Abstract

The core symptoms of Autism Spectrum Disorder (ASD) are impairments in social interaction/communication and the
presence of stereotyped and repetitive behaviour. The amygdala and hippocampus are involved in core functions in the
“social brain” and, thus, may be of particular interest in ASD. Previous studies demonstrated inconsistent results, reveal-
ing both increased and reduced volume of these brain structures in individuals with ASD. In this study, we investigated
the grey and white matter volumes of amygdala and hippocampus in primary-school-aged children with and without ASD.
Also, we assessed the relationships between the volume of brain structures and behavioural measures in children with
ASD. A total of 36 children participated in the study: 18 children with ASD (13 boys, age range 8.01-14.01 years, mean
age (M,,.)=10.02, standard deviation (SD)=1.76) and 18 age- and sex-matched typically developing controls (13 boys,
age range 7.06-12.03 years, M,,.=10.00, SD=1.38). The whole-brain structural magnetic resonance imaging (MRI) was
applied to acquire T1 images for each child. The results showed a bilateral reduction in grey matter volume of amygdala and
hippocampus in children with ASD, but no difference was found in white matter volume. Importantly, pathological reduction
in grey matter volume of amygdala was associated with lower language skills and more severe autistic traits; also, a reduced
grey matter volume of the left hippocampus was related to lower language skills in the ASD group.

Keywords Autism Spectrum Disorder - Grey/white matter volume - Amygdala - Hippocampus - Communication and
language
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Introduction

Difficulties in social interaction and communication and the
presence of stereotyped and repetitive behaviour are among
the core symptoms of Autism Spectrum Disorder (ASD;
American Psychiatric Association 2013). Recent magnetic
resonance imaging (MRI) studies have identified numerous
structural brain abnormalities associated with core and co-
occurring symptoms of ASD (Ecker 2017). The amygdala
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in tandem with hippocampus has been consistently investi-
gated in ASD, given their involvement in core functions in
the “social bran” and, thus, in core symptoms of this dis-
order (Banker et al. 2021; Goodman et al. 2014). Previous
findings, however, provided contradictory evidence for the
alterations in these regions.
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Studies in the amygdala have demonstrated both volume
enlargement and its reduction in children with ASD (Ayl-
ward et al. 1999; Murphy et al. 2012) as well as no dif-
ference between the ASD group and typically developing
(TD) controls (Haar et al. 2016). Similarly, abnormalities in
hippocampus in individuals with ASD were associated with
both greater and lower volume (Eilam-Stock et al. 2016; Xu
et al. 2020), while also there was an evidence for absence
of difference between ASD and TD groups (Aylward et al.
1999). In addition, some studies have shown the atypical
asymmetry of amygdala and hippocampus in children with
ASD, whereas other findings did not demonstrate it (Mon-
terrey et al. 2017; Richards et al. 2020). The studies also
have revealed relationships between pathological increase
as well as decrease in the volume of amygdala/hippocampus
and social communication deficit, emotional problems, cog-
nitive functioning, and language skills in individuals with
ASD (e.g. Bachevalier and Loveland 2006; Banker et al.
2021; DeLong 1992). Inconsistencies in the findings may
be caused by the difference in the age range of participants,
methodology, highly heterogeneous nature of ASD popula-
tion, etc.

This exploratory study aimed to investigate a volume of
amygdala and hippocampus of primary-school-aged children
with ASD compared to age- and sex-matched TD controls
as well as patterns of asymmetry of these brain structures.
Also, the study addressed the relationships between the
volume of amygdala/hippocampus and clinical/behavioural
characteristics in ASD group measured in formal assessment
(non-verbal IQ, language skills, and the severity of autistic
symptoms). The significance of the study is twofold: first,
our sample of children included only primary-school-aged
participants, whereas most of the studies consisted of chil-
dren from a broader age range, so we were able to investi-
gate the neurobiological mechanisms of clinical symptoms
of a narrow and less-studied group of individuals with ASD.
Second, we focused not on the total volume of amygdala and
hippocampus (or only grey matter volume) as many studies
did but on the grey and white matter volumes of these brain
structures separately in the same groups of participants; this
could help to understand the roles of grey/white matter in
the difference of volume between ASD and TD groups as
well as their association with clinical measures separately.

Methods

Participants

The data were collected from 18 children with ASD (13
boys, age range 8.01-14.01 years, mean age (M,,.) = 10.02,

standard deviation (SD)=1.76) and 18 age- and sex-
matched TD controls (13 boys, age range 7.06—12.03 years,
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M, =10.00, SD=1.38). The ASD group met the criteria
of the International Classification of Diseases—10, and 16
out of 18 children were also assessed with Autism Diagno-
sis Observation Schedule—Second Edition, ADOS-2 (Lord
et al. 2012). A behavioural assessment of both groups of
children included the screening of non-verbal intelligence
(IQ) (Kaufman and Kaufman 2004; Raven 2000; Wechsler
1991), language abilities (Arutiunian et al. 2022), and sever-
ity of autistic symptoms measured with Autism Spectrum
Quotient: Children’s Version, AQ (Auyeung et al. 2008).
All children had normal hearing (based on the screening
with Audiogramm version 4.6.1.3, Professional Audiometric
System; Sennheiser HAD 280 audiometry headphones) and
normal or corrected-to-normal vision. Table 1 provides the
demographic information for both groups.

Structural MRI acquisition and processing

The whole-brain structural MRIs were acquired witha 1.5 T
Siemens Avanto scanner with the following parameters: rep-
etition time = 1900 ms, echo time=3.37 ms, flip angle =15°,
matrix size =256 x256x 176, voxel size=1.0x1.0x1.0
mm?. Before MRI acquisition, each child had the opportu-
nity to familiarise himself with the equipment, and an assis-
tant provided a detailed explanation about procedure. No
sedation was used during the scanning, and a total scanning
time was ~7 min.

The MRI data processing was performed with Com-
putational Anatomy Toolbox, CAT12 (http://www.neuro.
uni-jena.de/cat/) and Statistical Parametric Mapping 12
(https://www.fil.ion.ucl.ac.uk/spm/software/spm12/) on
Matlab R2017a, using standard pipeline: an alignment of
T1-weighted MRIs with the anterior commissure—posterior
commissure (AC-PC) plane; segmentation into native-
space grey matter, white matter, and cerebrospinal fluid
images (the results of the segmentation of each MRI were
inspected for the quality; all images had resolution =85%
‘good’, two children with ASD had Image Quality Rating
(IQR) = ‘sufficient’ and other participants had IQR from
‘good’ to ‘excellent’ based on the image quality measures
provided by CAT12); an alignment of brain images from the
native-space to the Montreal Neurological Institute standard
space MNI-152 template; 4) a standard smoothing procedure
with 8 mm FWHM Gaussian kernel. The normalised and
smoothed volume data (grey/white matter) were extracted
for the left and right amygdalae and hippocampi for further
statistical analysis.

Statistical analysis
Linear mixed-effects models with nested contrasts were

used to (1) compare volumes of amygdala and hippocam-
pus between ASD and TD groups of children; (2) provide
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Table 1 Demographic

information for ASD and TD

groups of children, M+ SD
(range)

Characteristics Group t 4

ASD,N=18 TD,N=18

boys, N=13; girls, N=5 boys, N=13; girls, N=5

10.02+1.76 (8.01-14.01)  10.00+1.38 (7.06-12.03)  0.31 0.76
0.77+0.21 (0.20-0.93) 0.95+0.02 (0.90-0.99)  -3.49 0.002%*
84.39+19.35 (45-120)  51.28+15.14 (25-83) 560  <0.001%#*
87.50+18.64 (41-118)  32.00+2.94 (23-36) - -

Age in years

Mean language score®
AQ total score
Non-verbal IQb
ADQOS, raw score
Module 1 (Npjigren=1)
Module 2 (Npjigren =4)

12 - _ -
14.50+5.92 (8-20) - _ -

Module 3 (Nyygen=11)  10.63+2.01 (8-14) - - -
ADOSE, severity score
Module 1 (Nyygen=1) 6 - - -

Module 2 (Ngen=4)  6.20+1.70 (4-8) - - -
Module 3 (Noygren=11)  6.50+1.00 (5-8) - - -

We run ¢ tests to compare the characteristics of ASD and TD groups of children. The significance is
labelled with *p <0.05, **p <0.01, ***p <0.001.

*Mean language score is a mean score across all subtests of the Russian Child Language Assessment Bat-
tery (Arutiunian et al. 2022), a standardised test for assessment of phonology, vocabulary, morphosyntax,
and discourse in both production and comprehension. The information about language tests as well as scor-
ing is freely available online: 1) https://osf.io/uaxrd, 2) https://ost.io/x8hty.

"Because non-verbal intelligence was measured with different tools in ASD and TD groups (K ABC — I,
WISC - III, and Raven’s Matrices), we do not provide the comparison in non-verbal 1Q. All TD children
were within the normal range, according to Raven’s Coloured Progressive Matrices. We used cut-off values
presented in the original publication for each age-group (i.e. 22 for 7-7.5-year-olds, 23 for 7.5-8-year-olds,
etc.).

“The Autism Diagnosis Observation Schedule—Second Edition (ADOS-2) calibrated severity score has a
range of 0—10, with a score of >4 consistent with a diagnosis of ASD

between-hemisphere (left vs. right) comparisons in the
volumes of amygdala and hippocampus in children with
and without ASD separately; and (3) assess the relation-
ships between volumes of amygdala/hippocampus and
behavioural measures in children with ASD. Correlation
matrices were applied to explore the association between
volumes of brain structures in ASD and TD groups
separately.

The models were estimated in R (R Core Team 2019)
with the /me4 package (Bates et al. 2015); the data were
plotted with ggplot2 (Wickham 2016) and corrplot (Wei
and Simko 2021) packages. Supplementary file 1 provides
all R codes used in the analysis with the structures/formu-
lae for each model.

Results

The tables with full model outcomes are provided in Sup-
plementary file 2. A graphical illustration of regions inves-
tigated in the study can be seen in Fig. 1A.

Between-group comparisons in the volume of brain
structures

The results showed a bilateral reduction in grey matter vol-
ume of amygdala and hippocampus in children with ASD
(p values are significant at the a=0.025 level): left amyg-
dala, #=0.11, SE=0.04, r=3.00, p=0.003; right amygdala,
£=0.10, SE=0.04, t=2.91, p=0.004; left hippocampus,
$=0.25, SE=0.10, r=2.60, p=0.009; right hippocampus,
$=0.22, SE=0.10, t=2.33, p=0.02. There were no differ-
ences between groups in white matter volume of these brain
structures (see Supplementary file 2, Tables 1-4; Fig. 1B).

Correlation matrices demonstrated that children with
ASD have less associated with each other brain regions
compared to TD controls (p values are significant at the
a=0.001 level; Fig. 1C).

Asymmetry of brain structures in children
with and without ASD

For amygdala, we did not find a difference in both grey and
white matter volumes between left and right hemispheres
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Fig. 1 The comparison of brain structures in children with and with-
out ASD: A a graphical illustration of brain regions investigated in
the study; B between-group differences in grey/white matter vol-
ume of amygdala and hippocampus (the significance is labelled with
*p<0.05, **p<0.01, ns non-significant). Lighter green/yellow col-
ours correspond to the TD group, darker green/yellow colours cor-
respond to the ASD group; C Pearson correlations between all brain

in both groups of children. For hippocampus, there was
no difference in white matter volume in children with and
without ASD, but there was significant difference in grey
matter volume between hemispheres in both groups (p val-
ues are significant at the a =0.025 level): ASD, f=0.21,
SE=0.02, t=8.57, p<0.001; TD, #=0.18, SE=0.02,
t=7.48, p<0.001. The results indicated that grey matter
volume was larger in the right hippocampus in both groups
of children (see Supplementary file 2, Tables 5-8).

The relationships between grey matter volume
of brain structures and behavioural measures
in children with ASD

To analyse how pathological reduction in grey matter vol-
ume of amygdala and hippocampus in children with ASD
is related to clinical and behavioural measures, we fitted
models with grey matter volume as a dependent variable and
the individual characteristics of children (age, non-verbal
1Q, language score, severity of autistic symptoms) as pre-
dictors. For amygdala, we found a significant relationship
between grey matter volume and both language score and
ADOS severity score: lower volume in both hemispheres
was associated with lower language abilities and more severe
autistic traits. For the left hippocampus, a lower grey matter
volume was related to worse language skills (Table 2; see
also Supplementary file 2, Tables 9, 10).

@ Springer

structures (upper matrix corresponds to the ASD group, lower matrix
corresponds to the TD group). The scale refers to the correlation
coefficient. Correlations that were not significant at p=0.001 (corre-
sponding to a Bonferroni correction for 36 statistical tests) are shown
on a white background. L—Ileft hemisphere; R—right hemisphere;
gm—agrey matter; wm—white matter

Discussion

In the present study, we investigated a grey/white matter vol-
ume of amygdala and hippocampus in children with ASD in
comparison to age- and sex-matched TD controls. Addition-
ally, we assessed the relationships between the volume of
brain structures and behavioural characteristics of children
with ASD, such as non-verbal 1Q, language skills, and the
severity of autistic symptoms. Overall, the results revealed
a reduction of grey matter volume in both amygdala and
hippocampus in the ASD group and also a significant asso-
ciation between abnormalities in grey matter volume and
the severity of autistic symptoms/language skills in children
with ASD.

Between-group comparisons showed that children with
ASD have a bilateral decrease in grey matter volume of
amygdala and hippocampus in comparison to TD controls,
but no difference was found in white matter volume of these
brain structures. Our results are in line with some of the pre-
vious findings showed that school-aged children with ASD
had a reduced total brain volume (Baribeau and Anagnos-
tou 2013; Courchesne et al. 2011; Libero et al. 2014) and,
specifically, a reduced volume of brain regions related to
psychopathology of ASD (Aylward et al. 1999; Eilam-Stock
et al. 2016). In contrast to this evidence, most of the stud-
ies reported an increased brain volume in ASD; however,
the vast majority of this research addressed toddlers and
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Table 2 The relationships between grey matter volume of brain structures and behavioural measures in children with ASD (summary of models

results)
Predictors Left hemisphere Right hemisphere

Amygdala Hippocampus Amygdala Hippocampus

p t p p t P p t p B t p
Age -0.02 -135 0.178 -0.08 —-173 0.084 -0.02 -123 0217 -0.04 -088 0379
Non-verbal 1IQ -0.00 -1.81 0.071 -0.01 -134 0.138 -0.00 -0.29 0.768 —-0.01 -199 0.047
ADOS -0.07 =324 0.001* -0.14 -2.03 0.043 -005 -231 0.021* -0.15 -220 0.028
Mean language score  0.31 3.15 0.002*  0.71 2.38 0.017*  0.31 3.16 0.002*  0.59 1.98 0.047
AQ_social® 0.00 0.74 0.458 0.02 1.10 0.273 0.01 1.21 0.227 0.01 0.82 0.412
AQ_communication  0.01 1.32 0.185 0.01 0.61 0.543 -0.00 -032 0.748 0.02 0.80 0.424

Bonferroni correction was applied. Predictors significant at @ =0.05 significance level are highlighted in bold. Predictors that retained their sig-
nificance following the Bonferroni correction (significant at the a=0.025 level) are also labelled with *

We included in the model only the scales that assessed the ‘core symptoms’ of ASD (AQ_social and AQ_communication)

preschoolers with ASD, whereas studies in school-aged
children with ASD are limited. Our findings confirmed the
hypothesis that children’s age may account for inconsisten-
cies in the results of brain volume in ASD and showed that
brain volume can be reduced in older children compared to
very young individuals with ASD (Baribeau and Anagnos-
tou 2013). It is important to note, however, that the white
matter volume of amygdala and hippocampus did not differ
between children with and without ASD.

Although we found a difference in grey matter volumes
of both amygdala and hippocampus between ASD and TD
groups of children, there was no between-group difference
in the pattern of asymmetry in these brain structures. Our
results are in line with the comprehensive study of Richards
et al. (2020) which showed that school-aged children with
ASD were not differed from age-matched TD controls in
the asymmetry of total volumes of amygdala and hippocam-
pus. We contributed to these findings highlighting that not
only the asymmetry of total volumes of amygdala and hip-
pocampus but also the asymmetry in grey and white matter
volumes of these brain structures separately did not differ
between groups of children.

Given the known involvement of amygdala and hip-
pocampus in the social communication and language func-
tions, we assessed whether the pathological reduction in
grey matter volume of these brain structures observed in the
ASD group were associated with behavioural measures of
these children. For amygdala, the results indicated that more
reduced volume in both hemispheres was related to more
impaired language skills and more severe autistic symptoms,
which is in line with the previous findings (e.g. Nacewicz
et al. 2006). For the hippocampus, we found a significant
relationship between volume and language skills only in
the left hemisphere, indicating that the lower volume was
related to more severe language impairment. This can be
explained by the fact that specifically the left hippocampus

is connected to the language cortical network and associ-
ated with verbal memory (Ezzati et al. 2016). Importantly,
the reduction of grey matter volume in both brain structures
was not associated with children’s non-verbal I1Q. It means
that although non-verbal 1Q can be related to language abili-
ties and social functioning in ASD (see Arutiunian et al.
2022; Hirosawa et al. 2020), the neuropathology of different
behavioural measures is distinct in this population. In addi-
tion, it has been demonstrated that amygdala and hippocam-
pus are involved in core functions in the “social brain” and,
subsequently, are more related to language and communica-
tion functions rather than non-verbal intelligence (Banker
et al. 2021; Goodman et al. 2014). It is also important to
note that the volume of brain structures was associated with
the severity of autistic symptoms measured with ADOS but
not AQ. One of the explanations of this discrepancy can be
the fact that ADOS is a direct measure of child behaviour,
whereas AQ is a parent report.

We acknowledge some limitations of our study. First, we
argued that the volume of brain structures in school-aged
children with ASD is reduced in comparison to increased
volume in younger ASD participants. However, since the
present study is not longitudinal, this statement is hypotheti-
cal. To test the possible developmental changes in volumes
of amygdala and hippocampus, it is necessary to apply a
longitudinal design and obtain the MRI images in preschool
and school-aged periods. Second, to generalise the findings
to the whole ASD population, it is necessary to include a
larger sample of participants in the future research.

Conclusion
The present study focused on the grey/white matter volume

of amygdala and hippocampus in a group of less-studied pri-
mary-school-aged children with ASD. The results showed a
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reduction of grey matter volume in both brain structures and,
importantly, revealed the association between this reduction
and the severity of autistic symptoms and language skills but
not with non-verbal cognition in children with ASD. This
highlighted the specific contribution of amygdala and hip-
pocampus to social/communication skills of children with
ASD and their involvement in core functions in the “social
brain”.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00429-023-02660-9.
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