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Abstract

Down’s syndrome (DS) is one of the most common genetic causes of mental and cognitive retardation. In fact, it results in a number of
characteristic neuropsychological and physical symptoms, including mental retardation. The aim of this study was to compare the brain structure
volumes of children with DS to those of healthy children using MRI Studio in order to investigate whether there exists correlation between the
developmental stages of DS and the results of both the Denver II Developmental Screening Test and magnetic resonance imaging (MRI)
quantitative analysis. Five children diagnosed with Down’s syndrome (age range = 2—6 years) were matched for gender and age with five
healthy comparison subjects. To analyse the overall and regional brain volumes, high-resolution MRI scans were performed and a morphometric
analysis was conducted via MRI Studio software. The MRI T1 volumetric images were normalised using a linear transformation, which was
followed by large deformation diffeomorphic metric mapping. Significant decreases (p<0.05) in the volumes of the right pons, cerebellum and
left superior frontal gyrus (prefrontal cortex) were observed in the children with DS when compared with the control group (p<0.05). Although
decreases were detected in the regional volumes of other brain locations, they were not significant (p>0.05). It was further found that the
developmental retardation observed in the children with DS, as detected using the Denver 1I test, increased due to decreases in the volumes of
certain regions of the brain, although this was also not statistically significant (p>0.05). The results of this study generally confirm the findings
of prior studies concerning the overall patterns of the brain volumes in children with DS and also provide new evidence of the abnormal
volumes of specific regional tissue components among such a population. These results suggest that the brain volume reduction associated with
DS may primarily be due to early developmental differences rather than neurodegenerative changes
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1. Introduction

Down’s syndrome (DS), which is one of the most common
genetic causes of mental retardation, is a complex
neurodevelopmental disorder characterized by language and
memory deficits, low muscle tone, poor balance, decreased
cognition, poor postural control, and an abnormal gait
(Carducci et al., 2013; Gunbey et al., 2017; Anderson et al.,
2013). The DNA sequence of chromosome 21 and the clinical
features of DS have been characterized in the literature, with
such reports describing the different neuropathological brain
abnormalities associated with the syndrome (Anderson et al.,
2013; Adeyemi et al., 2014)

studies have
demonstrated significant reductions in the volumes of the
cerebrum, brain stem and cerebellum in individuals with DS

Magnetic resonance imaging (MRI)
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(Carducci et al., 2013; Rigoldi et al., 2009). The impairments
in the higher cognitive functions, such as cognitive planning
and linguistic syntactic processing, typically seen in those
with DS may be associated with the decreased cerebellar
volume (Menghin et al., 2011). In addition to the total brain
volume, the cingulate gyrus, frontal lobe, temporal lobe,
hippocampi, grey matter in the inferior cerebellum and
fusiform gyrus have similarly been found to be smaller in
individuals with DS than in typically developing individuals
(Anderson et al., 2013; Adeyemi et al., 2015; Rigoldi et al.,
2009; Menghin et al., 2011).

Recently, the calculation of the volumes of the subcortical
and cortical structures in the brain has become a popular field
of research. There are several techniques available for the



Oz et al. / J Exp Clin Med

semi-automatic or automatic segmentation of the subcortical
structures (Igual et al., 2011; Corson 1999; Ertekin et al.,
2013), including FSL (Jenkinson et al., 2011). Analysis of
Functional Neurolmages (AFNI) (Cox et al., 2011), Brain
Voyager (Goebel et al., 2012), FreeSurfer (Fischl et al., 2012)
and SPM (Ashburner et al., 2012), which have all been used
to analyze the structural properties of the human brain by
means of MRI. For instance, Guenette et al. (Guenette et al.,
2018) and Jovicich et al. (Jovicich et al., 2009) used
FreeSurfer, while Wang et al. (Wang et al., 2019) used
volBrain. Kocaman et al. (Kocaman et al., 2019) and Palanci
et al. (Palanci et al., 2018) used MRI-studio, while Mori et al.
(Mori et al., 2016) used Acer and Turgut (Acer et al., 2018).
Moreover, Rezende et al. (Rezende et al., 2019) used MRI
Cloud to perform the required brain volume measurements.

MRI Studio is a valid and sophisticated program that is
widely used in neuroimaging studies of both MRI and
diffusion tensor imaging (DTI) data. Currently, MRI Studio
consists of three programs, namely DTI Studio (Jiang et al.,
2006), DiffeoMap and ROI Editor. DiffeoMap images the
transformation based on the large deformation diffeomorphic
metric mapping (LDDMM) process, while ROIEditor uses the
DiffeoMap results to perform an image analysis concerning a
single atlas at both the voxel and regional levels (Ceritoglu et
al., 2013). Different methods have been used to estimate the
brain volume in prior studies (Morey et al., 2009; Morey et
al., 2010; Acer et al., 2017; Acer et al., 2018).

To the best of our knowledge, no previous studies have
used MRI Studio in patients with Down’s syndrome.
Therefore, the aim of this study was to compare the brain
structure volumes of children with DS to those of healthy
children using MRI Studio in order to investigate whether
there exists correlation between the developmental stages of
DS and the results of both the Denver II Developmental
Screening Test and MRI quantitative analysis.

2. Materials and methods

2.1. Subjects

The present study involved five children with DS (one boy
and four girls; mean age 2.6+0.69 years) and five healthy
controls (two girls and three boys; mean age
2.5+0.707 years). The study was approved by the Erciyes
University Medical School Ethics Committee.

The five gene-positive subjects were enrolled in the study
on the basis of their karyotype examination results. The
control group comprised five right-dominant, age- and sex-
matched healthy subjects who had been referred to our
hospital for an MRI scan (for various reasons other than DS)
and who had normal findings on the structural MRI. Chloral
hydrate (CH; 50 mg/kg) was administered to the subjects
prior to the MRI scan to provide sedation. The subjects’
oxygen saturation and electrocardiogram
monitored throughout the period of sedation.

levels were
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The Denver Il Developmental Screening Test was used to
assess the development of the DS group in terms of the
personal, social, linguistic and motor areas as well as to
determine their percentile. The data concerning the DS group
were compared the data concerning healthy children of the
same age (Yalaz et al., 2010).

2.2. Histological procedure

The lung tissues were a solution of 10% for two weeks. All
samples underwent to routine tissue processing involved in
dehydration, clearing, and embedding. The paraffin blocks
were cut at 7 um thickness based on the systematic random
sampling method using microtome (Leica RM2125RT, Leica
Instruments, Germany). The sections were then mounted onto
slides and then stained with triple.

2.3. Electromagnetic field exposure system

Procedure of this EMF exposure was according to our
previous study (Ulubay et al., 2014). A 900 MHz continuous
wave electromagnetic energy generator was used with a peak
specific absorption rate (SAR) of 2 W/kg and an average
power density of 1 + 0.4 mW/cm® (Koyu et al., 2005). This
generator was manufactured by the Electromagnetic
Compatibility Laboratory of Suleyman Demirel University.
Estimation of Localized SAR values were done as described
by Sirav and Seyhan (2011). We also measured the power
density of EMF using an EMF meter (Holaday Industry Inc.,
Adapazari, Turkey). The monopole antenna of the exposure
system was located perpendicular in the center of the round
plastic cage to ensure that electric field distributed uniformly
(Koyu et al., 2005). A 1 cm diameter air holes was devised on
the cage to attenuate stress in rats. Animals were arranged
adjacent to each other at a 1 cm distance with their heads in
direction of the antenna.

2.2. Image acquisition

All the images used in this study were obtained using an Aera
1.5T MRI Scanner (Siemens, The Netherlands). The thin-
section MRI data were obtained using a TI1-weighted 3D
magnetization prepared rapid gradient echo (MPRAGE)
sequence (TR/TE =1900/2.84; the data set contained an
image matrix: 256x256 pixelsx160 slices for a
FOV =280 x 280 mm; matrix size =256 x 256; flip angle
[FA] = 5° number of slices = 160 and slice thickness = 1.0
mm; NSA =2).

2.3. Atlas-based analysis using MRI Studio

MRI Studio (DTI Studio, ROIEditor and DiffeoMap)
software was used to process all the T1 datasets in this study
(Mori et al., 2008). After stripping, we saved the images
while applying a skull-stripped mask generated in ROIEditor.
Then, each subject’s masked images were used to perform the
LDDMM (Miller et al., 2005, Oishi et al., 2009).

More specifically, each subject’s masked images were
first transformed linearly (using an automated image
registration [AIR] transformation with trilinear interpolation)
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and then non-linearly (using LDDMM, with cascading alphas
of 0.01, 0.005 and 0.002) in order to match as much as
possible, the corresponding single-participant skull-stripped
templates produced by Johns Hopkins University
(JHU MNI T1 _ss). Next, the inverse transformation
algorithms (the inverse LDDMM and then the inverse AIR)
were applied to the ROI atlas
(JHU MNI SS WMPM Typell) to determine the ROIs
within each participant’s original brain space, thereby leading
to the parcellation of the brain into 181 anatomical structures.
As a result, each participant’s quantitative volume values (i.e.,
the number of voxels) for the 181 parcellated brain structures
were obtained (Fig. 1) (Faria et al., 2010; Faria et al., 2011).

To ensure that the algorithms had been appropriately

Tenpise JHU_MN|_S5_T1_ss

Lineer transformation

Subject. maskobyectT1img -0

Updated maskObject

JHU BPM Typen

executed, the generated ROIs were visually observed to
assess their accuracy. Then, the average caudate volume
values of the ROIs were extracted using an ROI editor.
Among the 181 parcellated brain structures, the total number
of voxels of the two cerebellar regions (region no. 81,
“cerebellum left”; region no. 82, “cerebellum right”) was used
to calculate the volume of the cerebellum.

2.4. Statistical analysis

To determine normality was used the Shapiro-Wilk test, and
the Mann-Whitney U test to comparisons of the means of
variables with controls. Correlations between volumetric
values and Denver II test were calculated with Spearman’s
correlation test. A p-value less than 0.05 was considered to

indicate statistical significance.

LDDMM Post Hmap

Updated LDDMM
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Superimposed LDDMM
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Fig. 1. A schematic diagram of the image normalization process using MRiStudio

3. Results

The present study included five children with DS (mean age
3.5+ 1.1 years) and five healthy controls (mean age 3.1 + 1.8
years). Significant decreases in the volumes of the left side of
the superior frontal gyrus (prefrontal cortex), the pons and
both sides of the cerebellum were found in the DS group (p <
0.05). The volumes of the other structures (Table 1) and of
the corpus callosum (Fig. 2) were also found to be lower in
the DS group than in the control group, although the
difference was not statistically significant (p > 0.05).

Based on the correlation between the brain structures of
the individuals with DS and the results of the Denver II
screening test, it was determined that the observed growth
retardation was due to the identified volume shrinkage,
although the difference was not statistically significant (p >
0.05) (Table 2).

4. Discussion

The principal findings of the present study are the significant
decreases (p < 0.05) found in the volumes of the right pons,
the cerebellum and the left superior frontal gyrus (prefrontal
cortex) in the DS group when compared with the control
group. The decreases detected in the regional volumes of the
other brain locations were not significant.

The volumes of the cerebellum, whole brain, hippocampal
structures and other regions of the brain are known to be
decreased in children with DS. However, varying results have
been found in relation to the lobes of the brain due to
difficulties associated with the global assessment of structural
and neuroanatomical brain aberrations (Carducci et al., 2013;
Gunbey et al, 2017; Pinter et al.,, 2001). Different
methodological approaches could explain the differing results
of similar studies involving children with DS, including the
age range of the sample, the number of cerebral areas
analyzed, the number of participants and the resolution of the
MRI data. The brains of children with DS show a smaller
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whole-brain volume than the brains of typically developing

children. This decreased brain volume results in cognitive

impairments (e.g., language learning difficulties; memory,

attention and executive functioning problems), sensory
processing problems (e.g., proprioception) and motor control

difficulties.

Table 1. Regional brain volumes of subjects with Down’s syndrome versus control subjects (cm?).

Resion Down Group Control Group p-value
g (mean + SD) (mean = SD)
R 2217610067 3210449415 0.146
Precentral Gyrus
L 17129+8199 27354+9561 0.107
R 16981+7069 24918+7264 0.118
Postcentral Gyrus
L 17118+7915 22907+6520 0.242
R 17363+6753 26170+6155 0.063
Angular Gyrus
L 12828+5239 16873+3228 0.180
Supramarginal R 10385+4725 16002+4886 0.102
Gyrus L 1124945455 16549+3216 0.98
Superior frontal R 13132 4958 202366685 0.094
gyrus (prefrontal
cortex) L 1365245276 22266+5362 0.034*
R 54361998 6702+1551 0.623
Thalamus
L 5637+2310 6821+1597 0.373
R 2703+1328 2611+530 0.889
Caudate Nucleus
L 3113+1493 2755+323 0.614
R 2722+690 3455+801 0.159
Putamen
L 2757+889 3385+780 0.269
R 747+265 929+166 0.231
GI. Pallidus
L 7244296 935+202 0.226
R 138+46 198+47 0.517
Red nucleus
L 145+57 209+58 0.431
o R 303+129 305+77 0.251
Substantia Nigra L 256493 308+107 0.341
. R 2392+855 3005+709 0.252
Hippocampus
L 2702+929 2819+626 0.88
Para hippocampal R 1559+485 1948+507 0.251
Gyrus L 1348+504 1652502 0.369
Amygdala R 1485+535 1528+373 0.886
L 1430+609 1443+425 0.970
R 5274+1748 4915+1599 0.743
Insula
L 6091+2227 5789+1948 0.825
R 1699+593 1992+516 0.429
Midbrain
L 1340+411 1738+498 0.206
R 302+140 530+181 0.050
Pons
L 91423 200+62 0.006**
R 905+321 1365+543 0.142
Medulla Oblongata
L 663+231 963+386 0.175
R 40582+16242 67032+17521 0.038*
Cerebellum
L 43092+17697 67398+15631 0.050*
R 361£150 429+101 0.429
Hypothalamus
L 398+157 436452 0.623

The significantly hypoplastic cerebellar volume noted in
the present study is consistent with the findings of prior
neuroimaging studies (Gunbey et al., 2017), and it reflects the
loss of the neocortical neuronal projections involved in the
maintenance of the higher cognitive processes (Pinter et al.,
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2001; Kates et al., 2002). Rigoldi et al. reported the strong
relationship between a reduced cerebellar vermis volume and
the quality of an individual’s gait (Rigoldi et al., 2007).
However, the cerebellum plays a major role in the regulation
of proprioceptive motor control and motor learning,
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hypotonia, the alteration of motor coordination and speech
disturbances, as verified by the work of Ilg et al. (Ilg et al.,
2007). Problems associated with the cerebellum might affect
an individual’s emotional regulation, attention, working
memory, executive control and language learning through the
non-motor cortico-cerebellar and cerebellar-limbic circuits
known to be involved in DS (Strick et al., 2009).

Boisgueheneuc et al. demonstrated that (i) the lateral and
posterior portions of the left superior frontal gyrus are key
components of the neural network associated with the
working memory, (ii) the participation of this region in the
working memory is triggered by the highest level of executive
processing, and (iii) the left superior frontal gyrus is also
involved in spatially oriented processing (Boisgueheneuc et
al., 2006). Moreover, Bletsch et al. investigated the same
region and noted the decreased volume of the superior frontal
gyrus (Bletsch et al., 2008). A significant decrease in the
volume of the left superior frontal gyrus was also noted in the
present study. Cognitive impairment leading to problems with
executive functioning, self-awareness and coordination could
explain the decreased planning ability and inadequate
functionality exhibited by individuals with DS (Goldberg et
al., 2000).

In terms of the brainstem, the pons was associated with
the greatest divergences between the children with DS and the
children in the control group in the present study. Prior
studies have also demonstrated the decreased volume of the
brainstem and the pons in individuals with DS. Raz et al.
reported more decreased volumes in relation to the ventral
part of the pons in adult DS patients using MRI data (Raz et
al., 1995), while Komaki et al. noted small pons volumes with
regard to the mid-sagittal MRI findings concerning infants
with DS (2—4 years old) (Komaki et al., 1999). This situation
results in functional abnormalities in the oculomotor circuits
of the cerebellum associated with nystagmus (% 20) and,
consequently, hearing loss has been reported in 38-78% of
patients with DS (Riozen et al., 2003; Shott et al., 2001).
Problems with the pons can cause central apnea due to
functional abnormalities, and episodes of sleep apnea have
been reported in individuals with DS. Physico-motor
development (e.g., standing and walking abilities) is known to
be delayed in children with DS who have a small cerebellar
volume, which may subsequently result in a small pons (Fujii
etal., 2017).

To the best of our knowledge, no volumetric studies have
previously been conducted via MRI Studio in children with
DS. MRI Studio is an atlas-based volumetry method that
allows the observer to perform fully automatic segmentation
using the software (Keller et al., 2012; Poretti et al., 2012). To
segment the subcortical structures, semi-automatic methods
have been suggested. Such methods involve knowledge-
driven two-step algorithms (Igual et al., 2011). However,
these segmentation methods pose certain problems due to the

anatomical structures’ spatial locations, intensities and
relative spatial relations varying among different groups of
subjects (Zhou et al., 2005).

It is important to note that the present study had a few
limitations. First, the cognitive/motor functions of the patients
were not evaluated and, second, the sample size was
relatively small. Larger populations should be investigated in
future studies to ensure more accurate statistical results are
obtained.

In conclusion, this study describes the brain volume
abnormalities observed in children with DS via MRI Studio.
Our data provide further evidence of the decreased volumes
of several brain structures in individuals with DS, with the
identified decreases being found to be statistically significant
in the case of the right pons, the cerebellum and the left
superior frontal gyrus (prefrontal cortex). These findings
suggest that the brain volume reduction associated with DS
may be primarily due to early developmental differences
rather than neurodegenerative changes.
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