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A B S T R A C T

Down syndrome (DS) is a genetic disorder caused by an extra copy of all or part of chromosome 21 and is
characterized by intellectual disability. We performed a retrospective analysis of 47 magnetic resonance imaging
(MRI) examinations of participants with DS (aged 5 to 22 years) and compared them with a large cohort of 854
brain MRIs obtained from neurotypical participants (aged 5 to 32 years) with the objective of assessing the
clinical presentation of Down syndrome, towards better understanding the neurological development associated
with the condition. An additional cohort of 26 MRI exams from patients with DS and 139 exams from neuro-
typical participants (aged 0–5 years) are included as part of a supplementary analysis. Regionally distributed
cortical thickness measurements, including average measurements as well as standard deviations (intra-regional
cortical thickness variability) were extracted from each examination. The largest effect sizes observed were
associated with increased average cortical thickness in the postcentral gyrus with specific abnormalities ob-
served in Brodmann's areas 1 and 3b in DS, which was observed across all age ranges. We also observed strong
effect sizes associated with decreased cortical thickness variability in the lateral orbitofrontal gyrus, the post-
central gyrus and more in DS participants. Findings suggest regionally irregular gray matter development in DS
that can be detected with MRI.

1. Introduction

Down syndrome (DS) has been estimated to occur in approximately
1 in 732 infants in the United States (Sherman et al., 2007). DS is the
most common chromosomal disorder in newborns. There are 3 types of
DS: trisomy 21 (nondisjunction), translocation and mosaicism. Non-
Disjunction Trisomy 21 is the most common type of DS (95% of in-
dividuals with DS) with three copies of chromosome 21 in all cells in
the body. Translocation, in which part of an extra chromosome 21 at-
taches to another chromosome, and mosaicism, in which only some
cells in the body carry three copies of chromosome 21, rarely occur
(Lowry et al., 1976; Nielsen and Sillesen, 1975; Sherman et al., 2007).

Chromosome 21 contains a number of genes, and in DS, gene over
expression disrupts numerous processes, including cardiac, digestive,
and neural systems which results in characteristic cognitive impairment
(Silverman, 2007). Depending on various epigenetic processes across

individuals with DS (Jiang et al., 2013; Letourneau et al., 2014), types
and severity of cognitive symptoms of DS vary, including problems with
learning (Fidler and Nadel, 2007; Wan et al., 2017), memory
(Carlesimo et al., 1997; Chapman and Hesketh, 2001; Jarrold et al.,
2009), and speech/language (Abbeduto et al., 2007; Jacola et al., 2014)
throughout life (Carr, 2005; Couzens et al., 2011). The amyloid pre-
cursor protein gene encodes for the amyloid precursor protein (APP)
and is located on chromosome 21. The processing of APP generates
amyloid beta, the abnormal accumulation of which leads to amyloid
plaques (Folin et al., 2003), which causes early onset Alzheimer's dis-
ease (AD) with further cognitive impairment in individuals with DS
(Annus et al., 2016; Hamlett et al., 2018; Head et al., 2012; Lao et al.,
2017; Rafii et al., 2017; Raha-Chowdhury et al., 2018). Research has
shown that virtually all adults with DS have amyloid beta plaques and
neurofibrillary tangles for a neuropathological diagnosis of AD, with a
high proportion of these individuals developing dementia and
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subsequent cognitive decline (Head et al., 2012; Lott and Head, 2019).
Technological improvements and advancements in medical care

have recently led to an increase in lifespans for individuals with DS and
an improvement of overall quality of life. Life expectancy of a 1-year
old child with DS is estimated to be approximately 53 years of age on
average (de Graaf et al., 2017). However, the disorder has not been well
studied with modern medical imaging techniques in a clinical setting.
We do not know the mechanism by which DS is linked with abnormal
brain development and we have not fully characterized the resultant
differences in the presentation of the DS brain relative to neurotypical
individuals. Further research of DS, including analysis of neurophy-
siological changes in the brain, can help us better understand the
condition and may lead to hypotheses that explain the basis of phy-
siological brain differences in DS.

Magnetic resonance imaging (MRI) provides a wide variety of
physiological and anatomical measurements of the brain that may assist
in clinical applications as well as basic science research. In the brain,
structural MRI provides for the ability to differentiate between white
matter, gray matter and cerebrospinal fluid, which forms the basis for
the extraction of potentially useful biomarker measurements from
various brain regions, such as volume measurements in the white
matter, gray matter and ventricles, as well as cortical thickness mea-
surements (e.g. Fischl, 2012).

Neuroimaging studies in DS using MRI have reported increased
subcortical gray matter volumes (Pinter et al., 2001) and larger lateral
ventricles (Pearlson et al., 1998). Automated MRI brain analysis tech-
nologies (e.g. Fischl, 2012) can assess cortical thicknesses in various
brain regions. Existing studies investigating the thickness of the cortex
in a DS population have produced variable findings, with one recent
study reporting increased cortical thickness in DS (Lee et al., 2016) and
another recent study reporting decreased cortical thicknesses (Romano
et al., 2016) in DS at later ages. The study showing increased cortical
thickness (Lee et al., 2016) indicated that the primary regions affected
were the frontal, parietal, and occipital lobes. This study also concluded
that individuals with DS exhibit a reduced cortical surface area. The
study indicating reduced cortical thicknesses in DS (Romano et al.,
2016) involved comparison of later years DS participants with neuro-
typical participants imaged as part of a separate study at a different
imaging center. In this study, we hypothesize that assessment of cortical
thickness abnormalities (including cortical thickness variability) in DS,
including a wider and younger developmental age range and large
sample sizes of neurotypical controls, may help improve our under-
standing of the abnormal neurological development associated with the
condition.

2. Materials and methods

2.1. Participants

Following approval by Boston Children's Hospital's (BCH)
Institutional Review Board (informed consent was waived due to the
lack of risk to participants included in this retrospective analysis), the

clinical imaging electronic database at BCH was reviewed for the pre-
sent analysis from 01/01/2008 until 02/24/2016, and all brain MRI
examinations of participants aged 5 to 32 years at the time of imaging
were included for further analysis if DS was indicated in the partici-
pant's electronic medical records. Examinations deemed to be of low
quality (because of excessive participant motion, large metal artefact
from a participant's dental hardware, lack of a T1 structural imaging
volume providing diagnostically useful axial, sagittal and coronal or-
iented images etc.) were excluded from this study. Examinations in-
accessible for technical reasons were excluded as well. This yielded 47
examinations from participants with DS. The supplementary analysis
includes an additional 26 DS examinations from the 0–5 age range. 73%
of our DS examinations were from patients with congenital heart de-
fects. Neurotypical participants were assembled retrospectively in a
previous analysis (Levman et al., 2017) by selecting participants on the
basis of a normal MRI examination, as assessed by a BCH neuror-
adiologist, and whose medical records provided no indication of any
neurological problems (participants with any known disorder were
excluded such as autism, cerebral palsy, traumatic brain injury, devel-
opmental delay, tuberous sclerosis complex, stroke, neurofibromatosis,
epilepsy, attention deficit hyperactivity disorder, etc.). Participants
with any form of cancer were also excluded to avoid data exhibiting
growth trajectories affected by treatments such as chemotherapy. The
same exclusion criteria applied to the DS population was also applied to
the neurotypical participants. This yielded 854 examinations, with an
additional 139 exams included in the supplementary analysis (ages
0–5 years). Table 1 provides demographic information on participants
studied and histograms are provided in Fig. 1.

2.2. MRI Data acquisition and preprocessing

Participants were imaged with clinical 3 Tesla MRI scanners (Skyra,
Siemens Medical Systems, Erlangen, Germany) at BCH yielding T1
structural volumetric imaging examinations accessed through the
Children's Research and Integration System (Pienaar et al., 2014). The
clinical and retrospective nature of this study results in variability in the
pulse sequences employed to acquire these volumetric T1 examinations.
Strengths and limitations of the large-scale varying MR protocol ap-
proach taken in this study are addressed in the paper's Discussion. A
single volumetric MRI was acquired from each imaging session and
some patients returned for multiple MRI examinations (different ima-
ging sessions) which were used in the analysis. Motion correction was
not performed, but examinations with substantial motion artefacts were
excluded based on visual assessment. T1 structural examinations were
processed with FreeSurfer (Fischl, 2012), using the recon-all command
which aligns the input examination to all available brain atlases. Those
atlases that include cortical thickness measurements were included for
further analysis (atlases: aparc, aparc.a2009, aparc.DKTatlas40, BA,
BA.thresh, entorhinal_exvivo). These combined atlases include defini-
tions of 331 cortical regions in the brain from which thickness mea-
surements were extracted. Each FreeSurfer output T1 structural ex-
amination was displayed with label map overlays and visually inspected

Table 1
Demographic information on study participants with hemispheric and whole brain group-wise comparisons.

Demographic measures and comparative statistics 0–5 Years 5–10 Years 10–15 Years 15–20 Years

DS mean age (std dev) in years 2.12 (1.25) 7.33 (1.30) 13.78 (0.69) 16.35 (0.86)
Healthy mean age (std dev) in years 2.59 (1.43) 7.63 (1.41) 12.41 (1.41) 16.70 (1.11)
DS age range in years 0.62–4.71 5.17–9.65 12.15–14.86 15.16–17.45
Healthy age range in years 0.00–4.99 5.02–9.98 10.04–14.99 15.01–19.95
DS male/female count 17/9 12/10 10/5 7/2
Healthy male/female count 71/68 124/137 115/177 80/194
Comparative total cortical volume, Cohen's d statistic −0.62 −0.89 −0.48 −0.17
Comparative left hemisphere mean cortical thickness, Cohen's d statistic 0.53 1.07 1.08 2.57
Comparative right hemisphere mean cortical thickness, Cohen's d statistic 0.44 1.06 0.99 2.46
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for quality of regional segmentation results and exams were excluded
from this analysis if FreeSurfer results were observed to substantially
fail (i.e. FreeSurfer regions-of-interest (ROIs) that do not align to the
MRI and examinations where major problems were observed with an
ROI such as a cerebellar segmentation extending far beyond the extent
of the cerebellum).

In our DS cohort, this resulted in 1 exam excluded due to a seg-
mentation error, 36 excluded due to technical problems accessing ex-
aminations, 65 were excluded due to no volumetric examination
available (thus not compatible with FreeSurfer technology), 1 due to no
non-contrast enhanced volumetric exam, 1 was excluded due to a mo-
tion artefact and 31 examinations were excluded because FreeSurfer
failed to complete execution on the patient's exam. In our healthy co-
hort, 58 were excluded because FreeSurfer failed to complete execution
on the patient's exam, 1 due to a major motion artefact, 1 due to an
imaging artefact, 231 were excluded due to no volumetric examination,
7 were excluded due to no non-contrast enhanced volumetric exam and
20 were excluded due to technical problems accessing the examina-
tions. As can be seen, the DS group had substantially higher rates of
exclusions, which is likely related to the additional challenges in suc-
cessfully imaging this cohort. The overall rates of motion artefacts are
low in both groups, because at our hospital, when motion artefacts are
observed by the MR technicians, they repeat an additional structural
MRI examination, so imaging sessions produce 1–3 volumetric ex-
aminations per patient. One of these was selected for this study for each
patient imaging session, based on imaging quality.

2.3. Statistical analysis

This study included the acquisition of 662 regionally distributed
cortical thickness measurements per imaging examination, as extracted
by FreeSurfer's recon-all command (Fischl, 2012). This included ex-
tracting measurements of both the average and the standard deviation
of within-region cortical thicknesses for each supported gray matter
region. This includes all sub-regions of the brain supporting cortical
thickness measurements across all FreeSurfer supported brain atlases.
Study participants were divided into three groups based on age: late
childhood (5–10 years old), early adolescence (10–15 years old) and
late adolescence (15–20 years old). We had very few participants>
20 years old and so did not include them in a separate group, however,
all scatter plots included all participants regardless of age to facilitate
visual comparison. There is uncertainty regarding the methods em-
ployed in this analysis as applied to the youngest patients in our dataset
(early childhood: 0–5 years old), and as such all results from this group

are relegated to the supplementary materials as a reference. As we were
interested in assessing the extent of group-wise differences of these
clinically acquired measurements, we compared each measurement (as
extracted by FreeSurfer) within each age range in a group-wise manner
(DS compared with neurotypical) with Cohen's d statistic (positive/
negative values indicate a higher/lower average value in the DS po-
pulation relative to the neurotypical population). Cohen's d statistic was
selected as it is the most established method to assess effect sizes. A p-
value based on the standard t-test (Student, 1908) for two groups of
samples was also calculated for each comparison. This yielded a total of
m=1986 group-wise comparisons which yielded a Bonferroni cor-
rected threshold for achieving statistical significance of p < 0.05/
m=2.52e−5. Supplementary tables present the findings from the 0–5
age group alongside the three older age groups outlined above, yielding
m=2648 comparisons included in Tables S1 and S2 with a Bonferroni
corrected threshold for achieving statistical significance of p < 0.05/
m=1.89e−5.

In order to confirm that the findings reported are the result of
group-wise differences between the DS and neurotypical participants, a
statistical model was constructed based on multivariate regression
(MATLAB R2018a, MathWorks Inc., MA, USA), adjusting each mea-
surement within each age range in order to control for group-wise
differences in age, gender and estimated total intracranial volume. This
model was used to adjust each cortical thickness measurement (mean
and standard deviation), in order to evaluate whether observed group-
wise differences between our DS and neurotypical populations are the
result of age, gender or intracranial volume effects.

3. Results

Many brain regions showed Bonferroni-corrected, statistically sig-
nificant differences in cortical thickness measurements between parti-
cipants with DS and neurotypical controls (average cortical thickness
comparisons are provided in Table 2 and comparison of the variability
of cortical thicknesses is provided in Table 3). Of the 1986 group-wise
comparisons performed, 18.8% were statistically significantly different
between DS and control groups after the Bonferroni correction for
multiple comparisons, indicating that many brain regions did not ex-
hibit abnormal presentation of cortical thicknesses. All age groupings
along with left and right hemisphere results (when available) are pro-
vided for ease of comparison. Specifically, there were a large number of
regions of the brain exhibiting abnormally increased average cortical
thickness as well as abnormally decreased variability of within-region
cortical thicknesses. Examples demonstrating the common abnormality

Fig. 1. A histogram of age distributions for our Down Syndrome and neurotypical populations.
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observed in our dataset of increased mean cortical thickness and de-
creased cortical thickness variability is provided in Fig. 2 for Brod-
mann's Area 3b. Fig. 3 demonstrates a FreeSurfer-based (Fischl, 2012)
segmentation of the rostral middle frontal region from a DS (right) and
a neurotypical participant (left). Note the reduced thickness variability
in the individual with DS on the right, a feature that can be hard to
visually assess, but for which automated technologies (e.g. Fischl,

2012) can provide relevant measurements.
The age-dependent, d statistic analysis yielded a variety of mea-

surements that may help elucidate the underlying anatomical pre-
sentation of the DS brain. Tables 2 and 3 present the leading mea-
surements organized by Cohen's d statistic (highest d values are found
at the top of the table). Thus Brodmann's area 3b exhibits the most
separation between groups (ages 15–20), the second most separation is

Table 2
Age-dependent analysis – Leading average measurements sorted by effect size (Cohen's d statistic).

Regional cortical measurement of interest Ages 5–10 years Ages 10–15 years Ages 15–20 years

L (d) R (d) L (d) R (d) L (d) R (d)

Brodmann's area 3b MT L (1.1956) R (1.1805) L (1.2809) R (1.3318) L (3.0731) R (2.7298)
Rostral middle frontal MT L (1.4317) R (1.2794) L (1.3085) R (1.2761) L (2.9576) R (2.9847)
Postcentral MT L (1.4355) R (1.2814) L (1.4801) R (1.3591) L (2.9578) R (2.7626)
Medial orbitofrontal MT L (1.1374) R (0.93384) L (1.0828) R (0.85334) L (2.6836) R (1.9296)
Brodmann's area 1 MT L (1.2729) R (1.3239) L (1.4378) R (1.5678) L (2.6583) R (2.5758)
Middle frontal sulcus MT L (1.3202) R (1.3506) L (1.0528) R (1.3078) L (2.5237) R (2.6191)
Whole hemisphere MT L (1.0686) R (1.0627) L (1.0754) R (0.99353) L (2.5713) R (2.4625)
Inferior frontal sulcus MT L (1.0127) R (1.1016) L (1.0999) R (1.0048) L (2.566) R (2.2108)
Orbital gyrus MT L (0.98257) R (0.77783) L (0.77274) R (0.75535) L (2.5657) R (1.7485)
Transverse frontopolar sulci and gyri MT L (1.0164) R (0.73072) L (0.7011) R (0.99168) L (1.925) R (2.5171)
Brodmann's area 45 MT L (0.94059) R (0.78045) L (1.0999) R (1.2302) L (2.4292) R (2.5163)
Brodmann's area 3a MT L (1.2169) R (0.93797) L (1.1003) R (1.0689) L (2.5065) R (2.3258)
Middle frontal gyrus MT L (1.2166) R (1.0298) L (1.1787) R (0.91201) L (2.4436) R (2.4266)
Lateral orbitofrontal MT L (1.0669) R (0.90833) L (0.97966) R (1.2639) L (2.4139) R (2.0683)
Anterior part of the cingulate gyrus and sulcus MT L (1.1519) R (1.0543) L (0.84982) R (1.2368) L (2.1484) R (2.4116)
Brodmann's area 2 MT L (1.1525) R (1.1971) L (1.187) R (1.1451) L (2.388) R (2.3993)
Superior frontal MT L (1.2723) R (1.2197) L (1.1713) R (0.9935) L (2.1985) R (2.3932)
Central sulcus MT L (1.0735) R (1.0022) L (0.9821) R (0.88679) L (2.3838) R (1.812)
Medial occipito-temporal sulcus and lingual sulcus MT L (0.31273) R (1.1268) L (0.80358) R (0.48812) L (2.3824) R (2.123)
Postcentral sulcus MT L (1.0572) R (1.052) L (0.96816) R (0.93648) L (2.3799) R (2.0472)
Marginal branch of the cingulate sulcus MT L (0.79548) R (0.838) L (0.91413) R (1.1513) L (2.3298) R (1.6916)
Pars triangularis MT L (0.91873) R (0.64676) L (0.92551) R (0.99841) L (2.2745) R (2.3047)
Lingual MT L (1.0323) R (1.0701) L (1.441) R (1.0273) L (2.2854) R (1.8872)
Gyrus rectus MT L (0.49214) R (0.50475) L (0.57802) R (0.14235) L (2.272) R (1.1547)
Superior parietal MT L (1.1939) R (1.0075) L (1.2331) R (1.1378) L (2.2686) R (1.951)
Lateral occipital MT L (0.56727) R (0.91728) L (0.72711) R (1.0203) L (1.7653) R (2.2562)

Abbreviations/Symbols: R= right; L= Left; d=Cohen's d statistic, MT=mean thickness.

Table 3
Age-dependent analysis – Leading variability measurements (standard deviation of cortical thicknesses) sorted by effect size (Cohen's d statistic).

Regional cortical measurement of interest Ages 5–10 years Ages 10–15 years Ages 15–20 years

L (d) R (d) L (d) R (d) L (d) R (d)

Central sulcus L (−0.9958) R (−1.041) L (−0.84813) R (−1.435) L (−1.6778) R (−1.1025)
Calcarine sulcus L (−0.86866) R (−1.3461) L (−0.83957) R (−0.74866) L (−0.77725) R (−0.83506)
Orbital gyrus L (−0.51993) R (−0.17382) L (−0.73376) R (−0.19016) L (−1.2884) R (−0.96168)
Postcentral L (−0.98244) R (−0.81665) L (−0.9326) R (−0.968) L (−1.2523) R (−0.3002)
Brodmann's area 3b L (−1.0793) R (−0.4072) L (−1.0597) R (−0.16356) L (−1.1328) R (0.55284)
Lateral orbitofrontal L (−0.35115) R (−0.18625) L (−1.1173) R (−0.2579) L (−0.82057) R (−0.29105)
H shaped orbital sulcus L (−1.0934) R (−0.47677) L (−0.45479) R (−0.75689) L (−0.2006) R (0.13329)
Suborbital sulcus L (−0.4644) R (−0.33238) L (−0.2653) R (−0.53813) L (−0.61304) R (−1.0708)
Superior segment of the circular sulcus of the insula L (−0.43074) R (−0.27873) L (−0.49151) R (−0.36925) L (−1.0616) R (−1.0366)
Frontal pole L (−0.32976) R (−0.62331) L (−0.77594) R (−0.87523) L (−1.0045) R (−0.19122)
Planum temporale L (−0.54804) R (−0.29889) L (−0.42263) R (−0.80842) L (−0.016892) R (−0.99533)
Parahippocampal L (0.29664) R (0.079097) L (−0.045782) R (−0.19356) L (−0.98535) R (−0.43674)
Middle temporal gyrus L (−0.18281) R (−0.49642) L (−0.34862) R (0.19717) L (−0.95314) R (−0.46132)
Parahippocampal gyrus L (−0.010975) R (0.25194) L (−0.17517) R (−0.26278) L (−0.94006) R (0.36601)
Inferior segment of the circular sulcus of the insula L (−0.54792) R (−0.65219) L (−0.93254) R (−0.81403) L (−0.035419) R (−0.16179)
Temporal pole L (−0.38326) R (−0.33081) L (−0.54762) R (−0.41904) L (−0.68682) R (−0.92814)
Pars orbitalis L (−0.87108) R (−0.51568) L (−0.41826) R (−0.4519) L (−0.7662) R (−0.75921)
Brodmann's area 4p L (−0.1098) R (−0.22897) L (−0.07502) R (−0.74563) L (−0.86798) R (−0.61679)
Fronto-marginal gyrus and sulcus L (−0.60447) R (−0.45065) L (−0.8485) R (−0.14854) L (−0.50946) R (0.33192)
Posterior ramus of the lateral sulcus L (−0.43005) R (−0.52486) L (−0.14436) R (−0.59598) L (−0.5341) R (−0.84056)
Transverse temporal gyrus L (−0.016624) R (0.044577) L (−0.15244) R (−0.15931) L (−0.82505) R (−0.16424)
Subcallosal gyrus L (−0.53438) R (−0.4871) L (−0.807) R (−0.38905) L (−0.25053) R (0.2401)
Transverse frontopolar gyri and sulci L (−0.65866) R (−0.23478) L (−0.31841) R (−0.57919) L (−0.088659) R (−0.7761)
Insula L (0.082385) R (−0.10319) L (−0.46935) R (−0.57684) L (−0.76821) R (−0.61669)
Lateral aspect of the superior temporal gyrus L (−0.76016) R (0.016711) L (−0.34673) R (0.20417) L (−0.76231) R (−0.017654)

Abbreviations/Symbols: R= right; L= Left; d=Cohen's d statistic.
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found in the rostral middle frontal region (ages 15–20), and so on. We
elected to present the raw Cohen's d statistic rather than the adjusted
statistic for ease of comparison with future studies. Tables 2 and 3 re-
port overlapping regions of interest including measurements across a
region's cortex as well as localized gyral, sulcal and lobular measure-
ments when available. Tables S1 and S2 provide an analysis of the
whole range of ages available, including the 0–5 year cohort.

4. Discussion

We performed a large-scale cortical thickness analysis of structural
MRI examinations of the brain in DS and neurotypical individuals and
demonstrated group-wise differences in average cortical thicknesses as
well as cortical thickness variability localized to select regions across
the brain. This is the first time regionally focused cortical thickness
variability measurements have been reported in the literature for in-
dividuals with DS. The observed cortical thickness abnormalities in this
study do not affect all brain regions and instead are localized to many
sub-regions of the brain (see Tables 2 and 3). Abnormally reduced
variability in cortical thickness may be indicative of underlying struc-
tural abnormalities prevalent among individuals with DS. Given that
both average cortical thicknesses and cortical thickness variability

exhibit a nonlinear decreasing trend with age in our neurotypical da-
taset (visually assessed), increased average thickness and decreased
thickness variability implicate abnormal gray matter development in
our DS population.

4.1. Relation to literature findings

Age-dependent cortical thinning has been observed repeatedly in
healthy populations (Levman et al., 2017), DS (Romano et al., 2016) as
well as in our DS population reported in this study (see Fig. 2, middle
pane), though to a lesser extent than in our healthy population. Both
cortical thickness and variation of regional cortical thickness are re-
cognized as being linked with gyrification (Van Essen, 1997). The de-
gree of cortical gyrification in the first year after birth has a strongly
positive correlation with increases in cortical fiber density (Li et al.,
2015; Nie et al., 2014), which is associated with the degree of myeli-
nation (Dubois et al., 2008) and pruning (Sur and Rubenstein, 2005).
Several reports have provided indirect evidence for abnormal pruning
in DS patients. DS patients exhibit altered processing of amyloid pre-
cursor protein (APP) (Wiseman et al., 2015), which is also observed in
Alzheimer's disease, resulting in disrupted axonal pruning and neuronal
culling (Kim and Tsai, 2009). DS patients have fewer microglia, which

Fig. 2. A scatter plot of Brodmann's Area 3b demonstrating average vs. variability in cortical thickness (left), average cortical thickness vs. age (center) and
variability in cortical thickness vs. age (right). Neurotypical participants are represented in green, Down syndrome participants are represented in red. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. Example MRI examinations of 13month old females with Down syndrome (left) and neurotypical (right). The rostral middle frontal region, as established by
FreeSurfer, is outlined in red. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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plays an important role in synaptic pruning (Paolicelli et al., 2011; Xue
and Streit, 2011). Additionally, dendritic branching, length and spine
density were reported to be increased in a young DS population
(Kaufmann and Moser, 2000; Moser, 1999). Pruning dysfunction in DS
may play a contributing role in observed thicker cortices relative to our
neurotypical population. There is considerable support from the sci-
entific literature for the theory that populations with DS may exhibit
irregular pruning. If the theory (presented above) connecting synaptic
pruning with cortical thickness is correct, then our findings in this
analysis might be indicative of reduced/impaired pruning in the DS
population, leading to lessened age-dependent reductions in cortical
thicknesses during childhood and adolescence, which was observed in
our study in a variety of brain regions (see Tables 2 and 3). Reduced
pruning may also give rise to cortical thickness variability abnormal-
ities (see Table 3) depending on the distribution of the location of the
sites of pruning within a given cortical subregion.

Our main findings of increased average cortical thicknesses were
observed in Brodmann's areas 1 and 3b in the postcentral gyrus and the
rostral middle frontal region. Our main findings pertaining to abnor-
mally reduced variability in cortical thicknesses implicate the post-
central gyrus (specifically Brodmann's area 1 and 3b), the lateral or-
bitofrontal gyri, the orbital gyrus and the central sulcus. The postcentral
region, which includes Brodmann's areas 1 and 3b, is the site of the
somatosensory cortex, the main sensory area for the sense of touch;
abnormalities therein may be linked with observed abnormalities in
pain perception among those with DS (Hennequin et al., 2000; McGuire
and Defrin, 2015) along with other sensory processing delays (Bruni
et al., 2010; Fidler and Nadel, 2007). The lateral orbitofrontal region
has been associated with the integration of prior information with
current information (Nogueira et al., 2017), and so abnormalities
thereof may be linked with intellectual disabilities in DS. The orbital
gyrus has been associated with the perception of odors (olfactory
senses) and previous research has indicated that participants with DS
exhibit severely impaired olfactory function (Cecchini et al., 2016).
Abnormally increased cortical thickness of the rostral middle frontal
gyrus has been associated with perceived stress (Michalski et al., 2017),
and future work can investigate possible associations between cortical
thicknesses and neurodevelopmental and psychological outcomes
(Walker et al., 2011).

Our study supports the findings of Lee et al., indicating increased
cortical thickness in DS. Furthermore, our finding of decreased cortical
thickness variability is not contradictory with their findings indicating
decreased surface area. When cortical thickness variability is low, the
gray matter has fewer folds and curves, resulting in less complicated
conformations of the surface of the gyrus which in turn should be as-
sociated with decreased surface area. Romano's findings indicating
decreased cortical thickness in DS was based on imaging at multiple
centers with the DS and neurotypical control groups receiving different
imaging protocols, MRI scanners, countries of imaging, age cohorts, and
versions of FreeSurfer (Fischl, 2012) to calculate cortical thickness
measurements. These inconsistencies between data acquisition and
analysis methodologies applied to the two groups of interest may ac-
count for the discrepancy between their findings and those presented by
Lee and in our study. Differences in the literature may also be attri-
butable to the developmental course of DS, given that Romano's study
included much later age ranges (up to 53 years old) than those included
in Lee's study and this study.

In the current study, increased cortical thickness in individuals with
Down syndrome when compared to neurotypical participants was ob-
served. Our results agree with previous findings (Lee et al., 2016) which
showed a statistically significant increase in mean cortical thickness
when compared to controls. Although their study did not focus on re-
gions of the brain as small as those considered in our analysis, it con-
cluded that there was an increase in cortical thickness in the frontal,
parietal, and occipital lobes. This aligns with the primary areas found in
our study, which are located in either the frontal, parietal or occipital

lobes. The postcentral gyrus (and the more specific regions: Brodmann's
Area 1 and Brodmann's Area 3b) are all located within the parietal lobe.
The lingual gyrus is located in the occipital lobe and the rostral middle
frontal region and transverse frontopolar sulci and gyri are located in
the frontal lobe.

4.2. Strengths & limitations

This study's strengths include a very large cohort of neurotypical
participants to compare with those with DS, providing a statistically
reliable baseline from which to assess DS related differences. This study
also considered intra-regional measurements of cortical thickness
variability, making this analysis considerably more thorough than ty-
pical cortical thickness studies, which only consider mean values. Our
dataset includes many examinations of participants aged 0 to 5 years,
providing data on early stages of development that is minimal in the
scientific literature, but ambiguity regarding the appropriateness of this
study's data processing in this age range remains and so all results from
this youngest cohort have been relegated to the supplementary mate-
rials as a reference.

Limitations of this study include that it was performed in a clinical
environment with pulse sequence variability, though participants were
imaged on a consistent set of MRI scanners at Boston Children's
Hospital. Strengths and shortcomings of the approach taken in this
study have been discussed previously in detail (Levman et al., 2017,
2018). It should be noted that the sample size for the DS group is low,
especially in the 10–15 and 15–20 age groups, which have 15 and 9
participants with DS respectively. However, our neurotypical cohort
(Levman et al., 2017) is a large population with 993 total examinations,
providing a statistically reliable baseline against which to compare our
DS population. The small sample size in the later ages may make our
findings in these age groups less reliable than those reported for par-
ticipants under the age of 10 (26 examinations of participants with DS
aged 0–5 years and 22 examinations of DS participants aged
5–10 years). Our findings demonstrate a general trend of observing
more separation between our DS and neurotypical populations as age
increases, however, as age increases our sample size diminishes sub-
stantially in our DS population, and so our later age statistics may in-
clude considerable measurement variability.

It should also be noted that our analysis is retrospective, thus par-
ticipants included in our analysis needed to have a reason for being
referred to MRI. As such, our analysis may be based on a population
with more extreme manifestations of the characteristics of DS, and thus
present larger effect sizes than will be obtained in other study designs.
It should also be noted that intelligence quotient (IQ) information was
unavailable for the participants in this study.

An additional limitation of this study is that the age distributions of
available participants in this experiment vary considerably because of
the availability of appropriate participants that met our inclusion cri-
teria from a large clinical population. This inevitably resulted in im-
balanced pools of participants in our analysis. Our experiment did not
involve age- or gender-based participant matching between our DS and
neurotypical participants. Instead, we opted to perform our statistical
analyses in a group-wise manner, varying the age range under con-
sideration to take advantage of the large sample size available in the
neurotypical cohort. This methodology was also selected in order to
avoid having our analysis be influenced by the extent of difference
between matched pairs of individuals, for which a variety of factors
beyond age and gender might influence how appropriate it was for the
participants to have been paired (brain volume, sub-structure volume,
co-morbidities, etc.). We also performed a multivariate regression
analysis that controls for the effects of age, gender and intracranial
volume in order to confirm that these factors are not the cause of our
reported findings. Comparative assessment of males and females from
our neurotypical population revealed no major gender differences in
terms of either the mean or the standard deviation of the cortical
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thickness measurements (Levman et al., 2017).
An additional limitation of this study is that FreeSurfer (Fischl,

2012) is not optimized for the youngest participants. As such, the rate at
which FreeSurfer fails to extract measurements from clinical MRI ex-
aminations increases substantially for participants aged 0 to 8months
and the reliability of the results successfully produced by FreeSurfer on
participants from this age range is not certain. FreeSurfer's reliability
was assessed as reasonable for participants 8-months-old and later
(considering this is beyond the age range for which the technology was
validated), at which point myelination contrast patterns have inverted
so as to match the general pattern exhibited through the rest of life
(with gray contrast located on the brain's periphery and white contrast
in the brain's central regions). Research aimed at overcoming the pro-
blem of FreeSurfer's applicability and reliability in very young popu-
lations is ongoing (de Macedo Rodrigues et al., 2015; Zollei et al., 2017)
and developments in this venue will be incorporated into future work,
which will also involve the extension of this analysis to tractography
and functional MRI (fMRI).

An additional limitation is that motion correction was not per-
formed. Instead, we opted to visually inspect each examination and
exclude them if image quality was poor. Had motion correction been
performed, we may have been able to include additional examinations
in the analysis, which may have been affected by sources of error as-
sociated with the motion correction algorithm employed. Sedation
during image acquisition is common in young patients, however, se-
dation information was unavailable in this study.

5. Conclusions

In conclusion, our study demonstrated group-wise differences in
average cortical thicknesses as well as cortical thickness variability
localized to select regions across the brain when comparing Down
Syndrome patients with neurotypical controls. This is the first time
regionally focused cortical thickness variability abnormalities have
been associated with DS. Abnormally reduced variability in cortical
thickness may be indicative of underlying structural abnormalities
prevalent among patients with DS. Increased average thicknesses and
decreased thickness variability implicate abnormal gray matter devel-
opment in our DS population.
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