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BACKGROUND: Type 1 diabetes mellitus (T1DM) affects the development of cognitive function in children, which may be due to
deficits in brain structures or functions. It is unclear whether children with T1DM experience alterations in the gray matter (GM)
structure at the initial stages of the disease. This study investigated GM structure alterations in children with newly diagnosed T1DM.
METHODS: Based on 3D T1-weighted MR images, we investigated the gray matter volume (GMV) of 35 newly diagnosed T1DM
children and 35 age- and sex-matched healthy controls using voxel-based morphometry. The brain regions with significant
differences in GMV between the newly diagnosed T1DM children and the controls were extracted and the correlation with clinical

data was assessed.

RESULTS: Compared with the control group, children with newly diagnosed T1DM had a lower GMV in the right inferior and middle
temporal gyri, right lingual gyrus, and left superior frontal gyrus. In TIDM subjects, the GMV of the right middle temporal gyrus was
positively correlated with IQ but was negatively correlated with HbA1c.

CONCLUSIONS: Our findings provide compelling evidence that GM abnormalities occur during early disease stages in T1IDM
children, which may be a potential neurobiological mechanism underlying cognitive deficits.

Pediatric Research (2023) 93:1342-1347; https://doi.org/10.1038/s41390-022-02227-0

IMPACT:
® Using an efficient method to analyze gray matter changes in TIDM is very important.
® The anterior, posterior, and temporal brain regions are susceptible to TIDM in children.
® Recent glucose variability may affect regional gray matter volume in children with newly diagnosed T1DM.
® Structural changes were documented in the gray matter of the brain even at the early stages of the disease in children
with T1IDM.
INTRODUCTION

It is well-established that type 1 diabetes mellitus (T1DM) usually
develops during childhood or adolescence, and results in
metabolic and vascular disturbances, with devastating effects on
many organs, including nephrological, cardiac, and ophthalmolo-
gical complications.”? TIDM is also known to affect the central
nervous system, increasing the risks of seizures, diabetic
encephalopathy, and cognitive disorders.

An increasing body of evidence suggests that TIDM affects the
development of cognitive function and induces cognition
impairments in children.>™ Children with TIDM have lower
overall intelligence quotient (IQ) scores than normal controls,
especially in early-onset TIDM children.* Moreover, TIDM children
often exhibit alterations in processing speed, executive functions,
and learning and memory."®® Notwithstanding that significant
inroads have been achieved in recent years, the mechanism of
cognition impairment caused by T1DM remains unclear. It has

been suggested that these cognitive impairments are due to brain
structural or functional deficits.

TIDM is well-recognized to result in alterations in brain
structures. Over the years, studies based on voxel-based
morphometry (VBM) have mainly focused on adult patients and
reported a reduced gray matter volume (GMV) in several brain
regions involved in the pathophysiology of T1DM-related cogni-
tive decline. Specifically, reduced GMV was found in brain regions
responsible for memory, attention, information processing, and
psychomotor speed.””'" Reduced GMV has also been reported in
the thalamus, occipital and frontal regions, and in the para-
hippocampal regions.'* ' Lower GMV was associated with poor
control of blood glucose, severe hypoglycemia, and long duration
and early onset of TIDM.'>'31°

To the best of our knowledge, few studies have hitherto
investigated GMV changes in children and adolescents with
T1DM. Interestingly, existing studies have shown structural
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changes in the brain as early as childhood in patients with
TIDM.'"'® One study showed a reduced GMV in the left
temporal area in TIDM children aged from 4 to 10 years, which
was associated with severe hypoglycemia.'”® Another study
showed the GMV was decreased in the bilateral occipital-
temporal and cerebellar areas, but was increased in the left
insula, frontal and temporal areas in young children with early-
onset T1DM, associated with hyperglycemia.'® In addition, it has
been shown that T1DM affects brain structure development. In
this regard, longitudinal studies revealed that gray matter (GM)
growth was decreased throughout the cortex and cerebellum in
T1DM children.?®

Given that the disease duration for TIDM children in previous
brain structural studies was more than 2 years, there is a lack of
studies on newly diagnosed T1DM children. It remains unclear
whether there are alterations in GM structure at the initial stages
of TIDM. Hence, we aimed to examine GM alterations in newly
diagnosed T1DM children relative to control subjects on 3D T1-
weighted images (T1WI) using VBM procedures and determine the
nature of GMV alterations. Our study may provide novel insights
into early structural brain alterations associated with the devel-
opment of TIDM.

METHODS

Subjects

This study was approved by our institution’s ethics committee. Written
informed consent was obtained from parents and children aged 12 years
and older. Children newly diagnosed with TIDM were consecutively
recruited from the Department of Pediatric Endocrinology from April 2016
until January 2018. TIDM was diagnosed according to the following
criteria: history of polydipsia and/or polyuria, blood glucose level (BGL)
above 200 mg/dL, glycated hemoglobin A1C (HbA1c) above 6.5%, low
insulin (fasting insulin level <5plU/mL) and C-peptide level (peak
C-peptide <0.2 pmol/mL), and insulin dependency.”'** The inclusion
criteria for the TIDM group were as follows: (1) patients first diagnosed
with TIDM within the past 30 days; (2) aged from 6 to 16 years; (3)
complete clinical, imaging, and 1Q data available. The inclusion criteria for
the control group were children and adolescents with normal fasting
glucose (<110 mg/dL), normal HbAlc (<6%), and complete clinical,
imaging, and |Q data. The exclusion criteria for both groups were vascular
disease, heart or kidney disease, neurologic diseases such as seizure
disorders, (history of) intracranial neoplasms or infection, traumatic brain
injury, psychiatric disorders, left- or mixed-handed, and MRI contra-
indications (metal implants or claustrophobia). In addition, controls were
matched to cases on age and sex.

Intelligence assessments

All subjects were assessed for general intellectual ability using the Chinese
Wechsler Intelligence Scale for Children or the Wechsler Intelligence Scale
for Children IV. For stability and reliability of our findings, all assessments
were performed by personnel who have been systematically trained and
qualified for the above-mentioned scales. The evaluation was completed
on the day of the MRI scan. Since the subtests of these two scales are
different, only the total IQ was used to assess cognitive function.

MRI protocol

The children underwent structural brain MRI scans using a 3.0-Tesla
magnetic resonance system (GE, Waukesha, WI). The 3D T1-BRAVO
sequence was used to obtain a high-resolution T1WI. The parameters
were set as follows: repetition time 7.2 msec, echo time 3.4 msec, number
of excitations 1, flip angle 12° matrix 256256, field of view
240 x 240 mm?, Locs per Slab 188, slice thickness 1 mm, and voxel size
1.0x1.0x 1.0mm. All TIDM children underwent MR scans after their
condition became stable, determined by the pediatric endocrinologists.
For TIDM children with diabetic ketoacidosis (DKA), MR scans were
performed at least 3 days after the resolution of DKA.

Image processing and analysis
Analysis of structural data was performed on FSL 4.1 software (the Analysis
Group, FMRIB, Oxford) by using FSL-VBM.?*?> Brain extracting tool was
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used to carry out brain extraction on the structural images. FSL Automated
Segmentation Tool 4 (FAST4) was used to carry out tissue-specific
segmentation.?®*” The GM partial volume images were then aligned to
the MNI standard space (MNI152) followed by nonlinear registration.?%2°
The resulting images were averaged to generate a study-specific GM
template (including all subjects).>® Then, all GM images were nonlinearly
registered to the standard space template generated above, with intensity
modulation being used to adjust for local contractions or expansions
coming from the nonlinear components of the spatial transformation. The
normalized images were then smoothed with an isotropic Gaussian kernel
(sigma = 3 mm, full width at half maximum = 9.4 mm). Finally, a series of
3D matrices were output.®® The three indices in each matrix represented
the spatial x, y, and z coordinates in the reference space, and each value
was proportional to the GMV.*°

FMRIB Software (the Analysis Group, Oxford) was used to generate
design matrix and contrast files. Based on the general linear model (age,
sex, and total intracranial volume as covariates), voxel-wise t-tests were
performed to investigate intergroup differences in GMV. Permutation-
based non-parametric testing (5000 permutations) was used to conduct
statistical inference' Threshold-free cluster enhancement with family-
wise error correction was used for statistical thresholding and multiple
comparisons correction (P < 0.05).3

Statistical analysis

Data normality was tested by the Shapiro-Wilk test. The results are
reported as mean + standard deviation. Demographic and clinical data
were analyzed on SPSS 19.0 (SPSS, Inc., Chicago, IL) using an independent-
samples t-test. The sex comparison was performed using x* test. To
investigate the relationship between GMV and clinical variables, we
extracted the mean GMV value of regions with significant intergroup
differences. Then partial correlation analysis was carried out between the
mean GMV of each ROI and each clinical variable. The correlations were
corrected for age, sex, and total intracranial volume. Bonferroni corrections
were used for multiple comparisons. A P value <0.05 was statistically
significant.

RESULTS

Demographic and clinical comparisons

There were no significant differences in age, sex, or IQ between
the TIDM and control groups (P> 0.05, Table 1). HbA1c and BGL at
imaging in the TIDM group were higher than in the control group
(P < 0.05). For the TIDM group, the time interval from diagnosis to
imaging was 4.7 days (Table 1).

Group differences in GMV

Compared with the control group, children with newly diagnosed
T1DM had a lower GMV in the right inferior temporal gyrus (ITG),
right middle temporal gyrus (MTG), right lingual gyrus (LG), and

Table 1. Demographic and clinical variables of two groups.
Variables T1DM group CON group P value
N 35 35

Age (years) 10.0+ 2.5 10.0+ 2.1 0.92

Sex [male/female 16/19 (0.46) 16/19 (0.46) 1.00

(% male)]

Time interval from 4.7+0.5 - -
diagnosis to

imaging (days)

HbA1c 13.0+£20 5303 0.00
BGL at imaging 122+43 48+ 04 0.00
(mmol/l)

Hypoglycemic event 0 - -
Full-scale I1Q 1103 +£17.1 1048+ 13.5 0.14

The data were presented as mean + SD.
T1DM type 1 diabetes mellitus, CON control, N number, BGL blood glucose
level, IQ intelligence quotient, HbA1c glycosylated hemoglobin.
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Table 2.

Brain region Brodmann area

Right inferior temporal 20 593
Right lingual 30 58
Right middle temporal 37 40
Left superior frontal 32 15

Voxel numbers

Altered GMV in brain regions in children with new-onset type 1 diabetes mellitus.

Peak voxel MNI coordinate 1-P

X Y z

64 -8 —30 0.998
—30 —44 6 0.998

42 —56 10 0.998
—16 34 34 0.998

GMV gray matter volume, T1DM type 1 diabetes mellitus, CON control, MNI Montreal Neurological Institute.

Fig. 1

Results of the regional-level analysis. Images showing the smaller GMV of the right inferior gyrus (a), right middle temporal gyrus (b),

right lingual gyrus (c), and left superior frontal gyrus (d) in the TIDM group compared with the CON group. Crosshairs indicate the location of
the peak voxels of the significant regions. The color bar indicates 1 - P values. GMV gray matter volume, T1DM type 1 diabetes mellitus, CON

control.

left superior frontal gyrus (SFG) (Table 2 and Fig. 1). There were no
brain regions with increased GMV in these children.

Correlation between GMV and clinical variables

In TIDM subjects, there was a significant negative correlation
between HbA1c and GMV in the right MTG (Table 3 and Fig. 2).
However, a significant positive correlation was found between full-
scale IQ and the GMV of the right MTG (Table 3 and Fig. 2). No
significant correlations were identified between HbAlc, BGL at
imaging or full-scale 1Q and reduced GMV in the right ITG, right
LG, and left SFG. For the normal controls, no significant
correlations were found between GMV and HbA1lc, BGL at

SPRINGER NATURE

imaging, and full-scale 1Q in the right MTG, right ITG, right LG,
and left SFG.

DISCUSSION

In this VBM-based study, we found GMV decreases in the right ITG,
right MTG, right LG, and left SFG in newly diagnosed T1DM
children compared with healthy controls. Interestingly, significant
correlations were found between GMV and HbA1c and full-scale
IQ in the right MTG in the newly diagnosed T1DM children. These
structural alterations indicate that brain tissue integrity is affected
by TIDM even at the beginning of the disease.
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Table 3. Relationship between the mean GMV and clinical data in the two groups.
Brain region Group HbA1c
r The corrected P

Right inferior temporal T1DM —0.25 0.16

CON —0.09 0.62
Right lingual T1DM 0.10 0.57

CON 0.27 0.14
Right middle temporal T1DM —0.37 0.03

CON 0.12 0.49
Left superior frontal T1DM 0.05 0.80

CON —0.07 0.72

GMV gray matter volume, /Q intelligence quotient, T1DM type 1 diabetes mellitus, CON control.

2+: increase. —: decrease.
bthe corrected P.
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Fig. 2 Correlation between GMV and clinical variables. Scatter plots of HbA1c (a) and the full-scale 1Q (b) compared to GMV of the right
middle temporal gyrus in the TIDM group. GMV gray matter volume, T1DM type 1 diabetes mellitus.

Few studies have investigated GM structure alterations in T1DM
children. A previous study reported that relative to the controls,
T1DM children with a mean age of 12.6 + 2.7 years displayed no
significant GMV  alteration.”® In contrast, young TIDM children
with a mean age of 7.0+ 1.7 years showed GMV alterations in
several brain regions, such as the left frontal and occipital lobes,
bilateral temporal lobe and cerebellum, and left insula region."® It
should be borne in mind that in these studies, the children had
T1DM for more than 2 years. Herein, we found a reduced GMV in
the right ITG, right MTG, right LG, and left SFG in children with
newly diagnosed T1DM with a mean age of 10.00 + 2.45 years. The
above studies suggest that the GM structure of younger children is
more susceptible to TIDM than older children. Our findings were
inconsistent with those reported by Marzelli et al., which may
stem from the heterogeneity in the age of onset, disease duration,
and hyperglycemic exposure.'® Our results also suggest that brain
structure is altered at the beginning of T1DM, especially the GMV
of the anterior, posterior, and temporal regions. A previous study
showed neurocognitive changes in children within days of TIDM
diagnosis, especially in psychomotor speed, visuomotor integra-
tion, and phonemic fluency.>* These findings support Ryan et al.’s
hypothesis that the peri-onset period may be a period of
significant structural and cognitive vulnerability.>*

The neural basis of GMV alterations in diabetes remains unclear,
but hyperglycemia is widely thought to be a crucial mediator.
Hyperglycemia causes oxidative stress and the production of toxic
glucose metabolites, which represents the mechanism for
increased neuronal apoptosis.>>> A recent study demonstrated
that defective cell volume regulation due to increased oxidative
stress might lead to neuronal loss.® Intriguingly, hyperglycemia
leads to an increase in the polyol pathway activity and a decrease
in the production of insulin-like growth factors and nerve growth

Pediatric Research (2023) 93:1342-1347

factors, which account for reduced dendritic arborization and
inhibited neuron growth.3”%® It was also shown that hyperglyce-
mia induces the remodeling (such as retraction and simplification)
of apical dendrites of neurons, resulting in relatively smaller
cortical neurons.>® The above alterations induced by hyperglyce-
mia may contribute to decreased GMV in children with newly
diagnosed T1DM.

The association between TIDM and cognitive impairment has
been widely reported in the literature. However, little is known
about neural deficits, which may lead to cognitive impairment. A
recent study that investigated the association between structural
deficits and functional outcomes in adult TIDM patients found
that whole-brain volume and structural defects of the temporal
lobe were associated with 1Q, information processing, and
attention impairments. However, the association between cogni-
tion and structural deficits in TIDM children remains unclear.
There is vast literature available suggesting that cognitive
impairments in IQ, language, visual perception, and memory are
present in TIDM children.>*° The ITG and the MTG are located on
the lateral surface of the temporal cortex and are involved in the
language process, visual perception, and semantic memory.*'™*°
The LG is a structure in the visual cortex with vision-related
functions.*® In contrast, the SFG accounts for one-third of the
human brain’s frontal lobe and is reported to be involved in
working memory.*’ In the present study, we found a reduced GMV
in brain regions responsible for 1Q, language, visual perception,
and memory. A positive relationship was also found between the
GMV of the right MTG and IQ in T1DM children, which suggested
that a smaller GMV in the right MTG was associated with a worse
IQ. We speculate that the reduction of GMV in these brain regions
provides a neural basis for cognitive decline in children with
T1DM, which warrants further study.

SPRINGER NATURE



K. Liu et al.

1346

A negative relationship was found between GMV of the right
MTG and HbA1c in newly diagnosed T1DM children, suggesting
that the right MTG may be particularly vulnerable to T1DM
because altered GMV in this brain region is not only associated
with diabetes but also with an elevated level of HbA1c. It is widely
acknowledged that HbA1c is an indicator of BGLs for the past
2-3 months. Our results indicated that recent changes in glucose
levels could affect the GMV of the right MTG in newly diagnosed
T1DM children, and the reduction of GMV in the right MTG may
result from recent hyperglycemic injury.

There are limitations to the present study. First, the sample size
is small, which can cause large variability in results. Multicenter
studies with larger sample sizes are required to reduce the
variability of heterogeneity of our findings. Second, the intelli-
gence scale used in this study is relatively basic and cannot
determine specific cognitive alterations such as language proces-
sing, visual perception, and learning and memory. Third, due to
the limited number of cases with DKA, we did not evaluate the
impact of DKA on GM and cognition. Fourth, given that all TIDM
children received insulin treatment, the potential confounding
effect of insulin cannot be ruled out. Fifth, due to the lack of prior
imaging, this study could not determine whether these changes
are truly due to hyperglycemia or due to underlying genetic or
metabolic pathways. Lastly, this study could not determine the
effect of altered GMV on cognition because of the cross-sectional
design. A subsequent longitudinal study is warranted to observe
changes in GMV over time and its role in brain function.

CONCLUSION

We found that GMV was reduced in the right ITG, right MTG, right
LG, and left SFG in newly diagnosed T1DM children compared
with the controls. In TIDM subjects, the GMV of the right MTG was
positively correlated with 1Q but was negatively correlated with
HbA1c. Our study revealed that GM structural alterations occurred
at the beginning of the disease, which may contribute to the
cognitive decline in children with TIDM.

DATA AVAILABILITY
The datasets generated and/or analyzed during the current study are available from
the corresponding author on reasonable request.
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