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Intellectual disability (ID) is associated with aberrant structural and functional
development of the brain, yet how the dynamical developmental changes of the
structure and function of ID from childhood to around puberty remains unknown. To
explore the abnormal developmental trajectories of structure and function, 40 children
with ID aged 6-13 years and 30 sex-, age-, and educational level-matched healthy
controls (HC) with age range from 6 to 13 were recruited. The automatic voxel-based
morphometry (VBM) and resting-state functional connectivity (FC) analyses were adopted
to delineate the structural and functional differences. Significantly decreased total gray
matter volume (GMV) and white matter volume (WMV) in children with ID were found, and
the developmental trajectories of GMV and WMV in children with ID showed an opposite
direction as compared with HC. The voxel-wise VMB analysis further revealed significantly
increased GMV in the dorsal medial prefrontal cortex (dmPFC), bilateral orbital part of the
inferior frontal gyrus (orb_IFG.L, orb_IFG.R), right cuneus (cuneus.R), and bilateral middle
frontal gyrus (MFG.L, MFG.R) in children with ID. The following seed-based whole-brain
functional connectivity analyses of the brain areas with changed GMV found decreased
FCs between the cuneus.R and left intraparietal sulcus (IPS.L) and between the MFG.R
and anterior cingulate cortex (ACC) in children with ID. Moreover, negative correlations
between GMV values in the dmPFC, orb_IFG.L, cuneus.R, and intelligence quotient
(IQ) scores and positive correlations between the FCs of the cuneus.R with IPS.L and
MFG.R with ACC and 1Q scores were found in children with ID and HC. Our findings
provide evidence for the abnormal structural and functional development in children with
ID and highlight the important role of frontoparietal network in the typical development.
The abnormal development of GMV and functional couplings found in this study may be
the neuropathological bases of children with ID.

Keywords: intellectual disability, gray matter volume, functional connectivity, development, fronto-parietal
network
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INTRODUCTION

Intellectual disability (ID) is a generalized developmental
disorder and is characterized by deficits in both intelligence and
social adaptation with intelligence quotient (IQ) scores <70. ID
is a global development delay (GDD) disorder which occurs
under 5 years of age and accounts for 0.95-3% of children’s
disability (1-3). ID is strongly associated with environmental and
genetic factors, and it is usually accompanied by brain structural
and functional abnormalities and other mental disorders (4, 5).
Although conventional magnetic resonance imaging (MRI) is
able to detect brain aberrant structural alterations like dysplasia
of the corpus callosum, enlarged ventricles, and dysplasia of
the cerebral cortex closely associated with intellectual disorder
(6, 7), a majority of children with ID appear with invisible
structural changes on conventional MRI (6, 8). Moreover,
whether/how structural changes lead to abnormal functions and
behaviors in ID is elusive. Therefore, quantitative structural MRI
analyses could contribute toward the biological determination of
morphometric changes in ID.

The development of cognitive functions is closely related
to the normal processes of neurogenesis, synaptogenesis, and
pruning and myelination, and the abnormal developmental
trajectories of gray matter and white matter may result
in brain functional impairments (9, 10). Through manually
measuring the diameter and cross-sectional area, hypoplastic
corpus callosum (11) and enlarged supratentorial CSF spaces
(12) were identified in children with ID compared with
typical development children. Because of manual bias, a
fully automatic voxel-based morphometry (VBM) method
(13) was used and reduced total brain gray and white
matter volume and increased gray matter volume in ACC
in children with ID was found (14), but in this study, the
demographic information between groups is unmatched and
there is a lack of intelligence level on subjects. By analysis
of cortical thickness, Zhang and colleagues found reduced
cortical thickness in the bilateral lingual gyrus, fusiform gyrus,
parahippocampal gyrus, temporal pole, left inferior temporal
gyrus, right lateral orbitofrontal cortex, and right precentral
gyrus (15). Using diffusion tensor imaging (DTI), degenerated
myelination of the uncinate fasciculus, superior cerebellar
peduncle, inferior longitudinal fasciculus, corpus callosum,
optic radiation, and corticospinal tract and disrupted network
topology properties including global and local efficiency and
nodal degree have been revealed (16-19). However, all these
studies only include either adult or child participants under
5 years of age, and the sample size is also relatively small.
Moreover, during development, the period from childhood to
around puberty is important for brain functional integration
and segregation, high-order cognitive functions, and individual
intelligence maturing (20, 21). Therefore, characterizing the
structural and functional differences between atypical ID and
typical controls from childhood to around puberty could
shed new light on the biological and neural bases of ID.
To delineate the structural and functional abnormalities in
atypical development ID participants, the voxel-wise VBM and
resting-state functional connectivity analyses were adopted in
this study to identify the aberrant developmental trajectories

of brain structures and functions from childhood to around
puberty/early adolescence.

MATERIALS AND METHODS

Participants

Forty children with ID (26 males/14 females, age: 9.70 =+
2.07 years) diagnosed based on the Diagnostic and Statistical
Manual of Mental Disorders (DSM-V) (3) were recruited from
the First People’s Hospital of Zunyi (from December 2018 to
January 2020). Thirty age-, sex-, and education-matched healthy
controls (HC, 18 males/12 females, age: 9.51 + 1.54 years)
were also recruited. All participants received MRI examination
and intelligent assessment using the Manual for the Wechsler
Intelligence Scale for Children-Revised (WISC-R) (22). The
inclusion criteria for ID were as follows: (a) deficit in both
intelligence and adaptive functions such as reasoning, problem-
solving, planning, abstract thinking, academic learning, and
social communication and onset during the developmental
period; (b) intelligence quotient (IQ) scores <70; (c) no cause
of secondary ID, such as tumor, trauma, and tuberous sclerosis
in the brain; (d) right-handedness; and (e) aged 6-13 years. The
exclusion criteria of ID were as follows: (a) had a contraindication
for MRI; (b) fell asleep during rs-fMRI scanning; (c) had a
history of neurological disorders other than ID; (d) had focal
abnormality with conventional MRI like dysplasia of the corpus
callosum, enlarged ventricles, and posterior fossa subarachnoid
space; and (e) had abnormal height and weight based on WHO
Growth reference data for 5-19 years (23). In the HC group,
all the children are right-handed and had IQ scores >90. The
written informed consents were given and obtained from all the
participants or their guardians. This study was approved by the
local ethics committee of the First People’s Hospital of Zunyi.

MRI Data Acquisition

MRI data were acquired with a SIEMENS 3.0-T (Magnetom
Skyra, Siemens-Healthcare) scanner using a standard head coil
at the Department of Radiology, The First People’s Hospital of
Zunyi. All the subjects were instructed to stay at rest with their
eyes closed but keep awake and not think of anything. For each
subject, resting-state functional images were acquired using a
gradient-recalled echo-planar imaging (EPI) sequence with the
following parameters: repetition time = 2,000 ms, echo time =
30 ms, flip angle = 90°, 30 axial slices covering full brain, field
of view = 240 x 240 mm?, slice thickness = 5mm with no gap,
voxel size = 3 x 3 x 5 mm?, and 210 volumes were obtained.
Three-dimensional T1-weighted imaging (3D-TIWI) images
were also acquired by using a 3D-T1WI (magnetization prepared
rapid gradient echo, MPRAGE) sequence with parameters of field
of view = 230 x 230 mm?, repetition time = 2,200 ms, echo time
= 2.48 ms, inversion time = 900 ms, flip angle = 8°, and slice
thickness = 1.00 mm, covering 192 axial slices with an in-plane
resolution of 0.9 mm x 0.9 mm.

Intelligent Assessments

The participants meeting our inclusion criteria of MRI and
physical examinations needed to take an intelligent test
(WISC-R). The tests were performed by one of our colleagues
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(X.W) who is qualified for clinical children’s neuropsychological
evaluation. Tests were completed in one quiet room at the
Department of Child Health of the First People’s Hospital of
Zunyi with a professional toolbox. The whole process included
items of information, comprehension, arithmetic, similarities,
vocabulary, digit span, picture completion, picture arrangement,
block design, object assembly, coding, and mazes. According to
the manual of WASI-II (Chinese version), during each item, the
tester asked questions or gave instructions to the child and scored
the childs answers or performance, and finally calculated the
intelligence quotient score of the child.

VBM Analysis

High-spatial-resolution T1-weighted MRI data were processed
with  VBM Toolbox (VBMS; http://dbm.neuro.uni-jena.de/
wordpress/vbm/) in statistical parametric mapping software
(SPMS; http://www.fil.ion.ucl.ac.uk/spm/software/spm8/). First,
all images with artifacts were removed. Second, according to
default settings in VBMS, images were segmented into gray
matter (GM), white matter (WM), and cerebrospinal (CSF) areas
and then normalized to Montreal Neurologic Institute (MNI)
space and modulated. After checking the segmentation quality,
the segmented GM images were smoothed by using an 8-mm full
width at half-maximum Gaussian kernel for subsequent group
comparisons. The independent two-sample ¢-test with the total
brain volume as covariate was used to identify the significant
differences in GMV between ID and HC groups. The significant
level was determined using the false discovery rate (FDR) method
with p < 0.001 and minimum cluster size >100 voxels.

Resting-State Functional Connectivity

Analysis
The preprocessing of functional images was performed using
the Data Processing Assistant for Resting-State fMRI (DPARSF)
(24) and statistical parametric mapping (SPMS8, http://www.fil.
ion.ucl.ac.uk/spm/software/spm8/). To avoid instability of the
magnetic field, the first 10 volumes were removed, and the
remained volumes were realigned to the first volume to correct
the head motion. After realigning, the functional images were
normalized to a standard EPI template in the MNI space and
resampled to a voxel resolution of 3 x 3 x 3 mm?. Next, all the
volumes were smoothed with 8-mm FWHM Gaussian kernels
and detrended. The nuisance covariates containing Friston 24-
parameter head motion estimates, averaged time series in white
matter, and cerebrospinal fluid were then regressed. Finally, all
the fMRI images were filtered with a temporal band path of
0.01-0.1 Hz. To exclude the head motion effects, the subjects
were excluded if the head motion exceeds 3 mm of translation
or 3° of rotation. Under this criterion, 3 subjects in the ID
group and 3 subjects in the HC group were excluded. Moreover,
we calculated the frame-wise displacement (FD) value for each
volume and censored the bad images (before 2 volumes and after
1 volume) with FD >0.5 (25). The global signal was not regressed
to avoid introducing false-negative correlations and eliminate
positive correlations (26, 27).

Seed-based whole-brain FC analysis was used to explore
the functional differences between ID and HC groups. To

calculate FC, the seed areas were first defined by creating
spheres with a 6-mm radius based on the peak coordinates
yielded by aforementioned group comparisons of GMV. Next,
the mean time series of each seed area was calculated, and
the Pearson correlation coeflicients between the time series of
each seed area and the remaining voxels of the rest of the
brain were calculated and converted to z scores by Fisher z-
transformation. Then, a voxel-wise whole-brain FC map was
obtained for each subject. Finally, independent two-sample -
tests were used to identify the FC differences in children with ID.
The significant level was determined using cluster-level Alphasim
correction method with p < 0.05 (cluster-forming threshold at
voxel-level p < 0.001).

Correlation Analysis

Correlation coeflicients between IQ scores and the GMV and FC
values in brain areas with significant differences between ID and
HC groups were performed in all subjects, and the significant
level was set at p < 0.05 with Bonferroni correction.

RESULTS

Demographics and Clinical Characteristics
Table1 shows the detailed demographics and clinical
characteristics for the used subjects in this study. There

TABLE 1 | Characteristics of ID and HC.

Characteristics ID (n = 40) HC (n = 30)

Mean + SD Mean + SD P-value
Sex (male/female) 26/14 18/12 0.67+
Age, years 9.70 £ 2.07 9.51 +1.54 O.B?T
Handedness (right/left) 40/0 30/0 -
Education, years 343 +1.77 3.35 +1.70 O.87T
1Q scores 56.00 + 7.68 107.20 + 9.81 <0.0001 !
FD power 0.28+£0.35 0.20 £0.14 O‘BOT

ID, intellectual disability; HC, healthy control; n, number of subjects; SD, standard
deviation; 1Q, intelligence quotient; FD, framewise displacement. * Chi-squared test was
used; TTwo sample t-test was used.

TABLE 2 | Brain regions showing increased GMV in ID vs. HC.

Brain regions Peak MNI coordinates Peak t-value Cluster size
X Y z

dmPFC -9 51 -19.5 5.2083 8069
orb_IFG.L —51 36 —16.5 51772 983
orb_IFG.R 54 36 135 4.7254 3588
cuneus 6 —99 18 4.2991 419
MFG.L —-31.5 12 45 4.561 261
MFG.R 46.5 10.5 54 4.2053 129

GMV, gray matter volume; ID, intelligent disability; HC, healthy control; dmPFC, dorsal
medial prefrontal cortex; orb_IFG, orbital inferior frontal gyrus;, MFG, middle frontal gyrus.
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were no significant differences in age (p = 0.67), education
level (p = 0.87), and sex (p = 0.67) between the ID and HC
groups (Table1). No significant difference in head motion
of FD values (p = 0.30) was observed between the two
groups (Table 1).

Between-Group Comparisons of GMV and
WMV

First, we compared the total brain GMV and WMV to determine
whether ID disorder results in global developmental delay.
Between-group comparisons of total GMV and WMV found
significantly decreased total GMV (p = 0.0049) and WMV (p
= 0.0020) in children with ID (Figure 1). The developmental
trajectories of GMV and WMV in healthy controls are U-shaped,
whereas the developmental trajectories of GMV and WMV in
children with ID are inverted U-shaped (Figure 1).

To further determine the specific brain areas with changed
GMY, the voxel-wise between-group comparisons of GMV were
performed. Significantly increased GMVs in the dorsal medial
prefrontal cortex (dmPFC), the bilateral orbital part of inferior
frontal gyrus (orb_IFG.L, orb_IFG.R), the bilateral middle
frontal gyrus (MFG.L, MFG.R), and the right cuneus (cuneus.R)
were found in ID compared to HC (Figure 2, Table 2).

Between-Group Comparisons of
Seed-Based FCs

Whole-brain voxel-wise FC analyses found significantly reduced
FC between the cuneus.R and left intraparietal sulcus (IPS.L)
[peak t-value = —4.61 and MNI coordinates = [—30, —57,
45]] (Figure 3A) and between the MFG.R and anterior cingulate
cortex (ACC) [peak t-value = —4.26 and MNI coordinates = [15,
30, 39]] in children with ID compared to HC (Figure 3B).

Brain-Behavior Associations

To explore the relationship between IQ and GMYV, FC, correlation
analyses were further applied (Figure 4). Significantly negative
associations were found between mean GMV of the dmPFC,
orb_IFG.L, cuneus.R, and IQ scores. Meanwhile, FCs between
the cuneus.R and IPS.L and between the MFG.R and ACC were
positively correlated with IQ scores.

DISCUSSION

The voxel-based morphometry and FC analyses were employed
to investigate the structural and functional developmental
abnormalities in children with ID from childhood to around
puberty. Children with ID showed decreased global GMV and
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FIGURE 1 | Between-group comparisons of total gray matter volume (GMV) and white matter volume (WMV). (A) Decreased total GMV and WMV were detected in
children with ID compared to healthy controls (HC). (B) Different developmental trajectories of the total brain GMV and WMV were found in ID and HC. *represents
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ID - HC
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FIGURE 2 | Group differences in gray matter volume (GMV). Voxel-based morphology (VBM) was used to identify voxel-wise changes of GMV in ID participants.
Significantly increased GMV was found in the dorsal medial prefrontal cortex (dmPFC), bilateral orbital part of the inferior frontal gyrus (orb_IFG.L, orb_IFG.R), right
cuneus (cuneus.R), and bilateral middle frontal gyrus (MFG.L, MFG.R) in ID compared to HC.

IPS.L ACC
-5 0

FIGURE 3 | Between-group comparisons of resting-state functional connectivity (FC). Seed-based FC analyses of brain areas showing that changed GMVs were
performed to reveal the abnormal functional couplings. Significantly decreased FCs (A) between the cuneus.R and left intraparietal sulcus (IPS.L) and (B) between the
MFG.R and anterior cingulate cortex (ACC) were found in individuals with ID compared to HC.
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FIGURE 4 | Association analyses. (A) Significantly negative correlations were found between intelligence quotient (IQ) scores and mean GMV in the dmPFC,
orb_IFG.L, and cuneus.R in ID and HC participants. (B) Mean FCs between the cuneus.R and IPS.L and between the MFG.R and ACC were significantly positively
correlated with IQ scores.

WMYV while increased frontal and occipital GMV. The resting-
state FC analyses further revealed decreased functional couplings
in attention and executive control networks in ID. The presence
of specific structural and functional alterations indicated that
children with ID have abnormal developmental trajectory from
childhood to around puberty, which may be the neural basis of
functional disorders observed in ID.

Altered Maturational Patterns

Our results of significantly decreased total volume of GMV and
WMYV in ID compared to HC are in accordance with previous
findings (14, 20, 28-30). The higher GMV and WMV in HC
are mainly related to a larger number of neuron cells and
fibers for better computational and communicational ability (31).
Although most mature processes of the brain are completed
before age 2 years like shape, volume, and fold, and the brain size
reaches about 90% of adult size by 5 years of age, it keeps plasticity
across the lifespan (32). In our study, we found that the total
GMYV in HC increases to a peak (about 10-11 years) and then

decreases while the WMV keeps increasing. The development
trajectories of GMV and WMV in typical children is in line
with that found in a previous study (32). During development,
the increasing GMV and WMV mainly come from continuous
generation of dendrite, axon, and synapse and myelination
while decreasing GMV and WMV may result from competitive
elimination of redundant synapse. This process serves as the
neural substrate of development of the primary system and high-
order cognitive functions (10). In the ID group in our study, the
developmental courses of total GMV and WMV showed almost
opposite directions compared to that in HC, which suggests
that delayed development of gray and white matters may be the
neuropathology of children with ID.

Different from decreases in global GMV and WMV compared
with HC, increased region-specific GMV in the prefrontal and
occipital cortices were found in ID. Accumulating evidence
supports that the frontal cortex is important to both primary
and high-order cognition functions. For example, the prefrontal
cortex (PFC) has been demonstrated to be involved in memory
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(32), cognitive control, decision-making (33), language (34, 35),
and reasoning (36), and the volume of the PFC is closely related
to intelligence level (15, 20, 21). Moreover, the increased GMV
in ACC is also supported by a previous study of children with
ID (12). Additionally, Zhang and colleagues also found decreased
cortical thickness in the right lateral orbitofrontal cortex in adults
with ID (15). In a word, increased GMV at the prefrontal regions
and ACC in children with ID found in our study may be related to
the compensatory effect of hypofunctions of high-order cognitive
abilities (10, 21).

Altered Functional Couplings in the

Attention Network

The dorsal attention network (DAN), which mainly comprises
the frontal eye fields (FEF), IPS, and the superior occipital gyrus,
is involved in goal-directed attention processes and is associated
with working memory and intelligence (34, 37, 38). Moreover,
the DAN plays a key role in top-down attention control to
guide individuals to filter irrelevant information for better task
performance. In our study, we found decreased FC between the
IPS.L and cuneus.R, two important nodes of the DAN suggesting
impaired attention ability and declined cognitive functions in
individuals with ID (39). Our findings further highlight the
important role of the DAN in intelligence.

In addition to the top-down control of attention by the
DAN, the attention-related process also contains bottom-
top competitive stimulation selection by the ventral attention
network (VAN), which is strongly associated with social
cognition (39). Besides, the MFG is regarded as a converter
between the DAN and VAN by sending signals from the
DAN to direct VAN focusing on the targets and receiving
feedback and environmental information from the VAN to DAN
for reorienting attention (37). After receiving the important
or interesting target information from the external attention
system, the salience network, mainly composed of the ACC and
the anterior insula, is enrolled to identify most-concerned or
nonsense stimulation for dynamic switching between the default
mode network and central executive network to regulate the
following behaviors (40, 41). Thus, the decreased FCs within the
attention network and between the ACC and MFG indicated
relatively lower dynamic interaction within the attention network
and lower dynamic modulation by the ACC and MFG in
children with ID compared to typically developmental children,
which may be the underlying basis of the manifested low
intelligence level.

There are several limitations in our study. First, the scanning
slice is a little thick, which may contribute to inhomogeneity
with the voxel and lead to missing subtle but important findings.
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