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Abstract
Increased cortical thickness (CT) has been reported in Down syndrome (DS) during childhood and

adolescence, but it remains unclear, which components of the neural architecture underpin these

increases and if CT remains altered in adults. Among other factors, differences in CT measures

could be driven by reduced tissue contrast between grey and white matter (GWC), which has been

reported in neurodegenerative disorders, such as Alzheimer’s disease. Using structural magnetic

resonance imaging, we therefore examined differences in CT and GWC in 26 adults with DS, and

23 controls, to (1) examine between-group differences in CT in adulthood, (2) establish whether

DS is associated with significant reductions in GWC, and (3) determine the influence of GWC vari-

ability on between-group differences in CT. As hypothesized, we observed that DS was

accompanied by wide-spread increases in CT, and significantly reduced GWC in several large clus-

ters distributed across the cortex. Out of all vertices with a significant between-group difference in

CT, 38.50% also displayed a significant reduction in GWC. This percentage of overlap was also

statistically significant and extremely unlikely to be obtained by chance (p5 .0002). Differences in

GWC thus seem to explain some, although not all, of the differences in CT observed in DS. In addi-

tion, our study is the first to extend previous in vivo reports of altered CT in DS during childhood

and adolescence to older adults, implying that the regional pattern of neuroanatomical differences

associated with DS remains stable across the lifespan.
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1 | INTRODUCTION

Down syndrome (DS) is a genetic condition caused by a trisomy of

chromosome 21. In addition to distinctive physical features (Weijerman

& de Winter, 2010), DS is associated with intellectual disability and var-

ious medical conditions such as cardiovascular and immunological

abnormalities (for a review, see Abanto et al., 2011). Moreover, DS is

accompanied by an atypical development of the brain, with (a) signifi-

cantly reduced brain size overall (Haier et al., 1995), (b) developmental

perturbations to the configuration of the underlying cortical

microstructure (e.g., aberrant dendritic development and atypical neo-

cortical lamination; Becker, Mito, Takashima, & Onodera, 1991; Golden

& Hyman, 1994; Mrak & Griffin, 2004), and (c) significant reductions in

overall neuronal numbers (Guidi, Ciani, Bonasoni, Santini, & Bartesaghi,

2011). Many of these structural alterations have been linked to

ongoing neurodegeneration (Wisniewski, Wisniewski, & Wen, 1985).

The specific neurobiological mechanisms that underpin the cortical mal-

formation of the brain in DS, however, remain poorly understood.

To date, there are few neuroimaging studies examining atypical

brain anatomy in DS in vivo. Structural magnetic resonance imaging
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(MRI) studies typically report significantly reduced total brain volume in

DS, with commensurate reductions in total grey and white matter vol-

ume (Kates, Folley, Lanham, Capone, & Kaufmann, 2002; Pearlson

et al., 1998; Pinter, Eliez, Schmitt, Capone, & Reiss, 2001). Such volu-

metric reductions are particularly prominent in the frontal and occipital

lobes, with relative preservation of the parietal cortices (Pinter et al.,

2001). It therefore seems that not all brain regions are equally affected

in DS, but that there is region-dependent variability in the degree of

cortical abnormality observed. Thus, volumetric differences in the brain

of individuals with DS might be driven by distinct underlying mecha-

nisms affecting brain volume in a region-specific manner.

To date, however, only one neuroimaging study has linked the

differences in brain volume to different underlying mechanisms in

DS in children, adolescents and young adults. In this study, Lee et al.

(2016) investigated volumetric differences in DS based on its two

constituent components (i.e., cortical thickness (CT) and surface

area), which are known to represent different developmental trajec-

tories and aspects of the cortical architecture (Geschwind & Rakic,

2013). It was reported that decreased cortical volume in DS was pre-

dominately driven by significant reductions in surface area, particu-

larly in frontal and temporal regions (Lee et al., 2016). Measures of

CT, on the other hand, were significantly increased in DS. CT meas-

ures have previously been linked to neuronal numbers (Geschwind &

Rakic, 2013; Rakic, 1988) which—in turn—have been consistently

reported to be decreased in the cortex of DS individuals (Chakra-

barti, Galdzicki, & Haydar, 2007; Guidi et al., 2008; Guidi et al.,

2011). It therefore remains unclear, which components of the neural

architecture underpin increased CT in DS and if CT alterations

remain stable across the human lifespan.

One neuroanatomical feature that could affect in vivo measures of

CT in DS is grey–white matter tissue contrast (GWC). By definition,

MRI-based measures of CT are computed as the closest distance from

the grey–white matter boundary to the grey matter-cerebrospinal fluid

(CSF) boundary at each location (i.e., vertex) on the cortical surface

(Fischl & Dale, 2000). In vivo measures of CT therefore heavily rely on

the ability to clearly delineate the grey–white matter boundary, which

is—in turn—dependent on tissue contrast. In neurodegenerative condi-

tions, such as Alzheimer’s Disease (AD), the GWC has been shown to

be significantly decreased relative to typically developing (TD) controls

(Grydeland, Westlye, Walhovd, & Fjell, 2013; Jefferson et al., 2015;

Salat et al., 2011), and also reduces in healthy aging (Salat et al., 2009;

Westlye et al., 2009), potentially driven by reduced tissue integrity and

myelination within the white matter (Davatzikos & Resnick, 2002; Salat

et al., 2009; Vidal-Pi~neiro et al., 2016). As DS has been linked with

both neurodegeneration and white matter atypicalities (Holtzman et al.,

1996; Lott & Head, 2001; Olmos-Serrano et al., 2016; Wisniewski &

Schmidt-Sidor, 1989), it is likely that the GWC is also altered in DS.

The objectives of this study were therefore threefold: (a) to examine

between-group differences in CT in adult individuals with DS relative

to controls, (b) to establish whether DS is associated with significant

reductions in GWC of the brain, and (c) to determine the influence of

GWC variability on between-group differences in CT.

2 | MATERIALS AND METHODS

2.1 | Participants

Overall, 26 adults with DS (20 males and 6 females) and 23 TD controls

(17 males and 6 females) aged 18–51 years were included in this study.

Adults with DS were recruited across England and Scotland. The study

was conducted at the South London and Maudsley NHS Foundation

Trust in London. We included men and women with DS aged 18 years

or older without a co-morbid diagnosis of dementia. Karotyping was

used to confirm a diagnosis of DS in all participants. Dementia status

was assessed using the International Statistical Classification of Disease

version 10 (ICD-10) criteria (WHO, 1992). Groups did not significantly

differ in age or sex (Supporting Information, Table 1). Of the 26 DS par-

ticipants, 9 individuals had a prior history of psychiatric disorder(s)

including depression, anxiety, autism spectrum disorder (ASD), and

attention-deficit hyperactivity disorder (ADHD). 7 DS individuals were

taking psychotropic medication at the time of study (e.g., antidepres-

sants, neuroleptics, and hypnotics). None of the TD controls had a his-

tory of psychiatric disorders. The project was approved by the national

research ethics service (NRES), and written informed consent was

obtained from participants and their carers. If this was not possible,

proxy consent was obtained from their legal representatives. All partici-

pants also satisfied MRI safety requirements, and spoke English as their

native language.

2.2 | Cognitive assessment

Cognitive abilities in the DS group were assessed using the Cambridge

Cognitive Examination (CAMCOG) and the British Picture Vocabulary

Scale (BPVS). The CAMCOG (Huppert, Brayne, Gill, Paykel, & Beardsall,

1995) has been validated for use with adults with DS (Hon, Huppert,

Holland, & Watson, 1999), and provides a measure of general cognitive

function, including measures of episodic memory, orientation, language,

attention, praxis, and executive function. It is therefore appropriate for

assessing cognitive functioning in individuals with intellectual disability.

The BPVS (Dunn, Dunn, Whetton, & Burley, 1997) was used to assess

receptive vocabulary, which is highly correlated with full-scale IQ, to

give an additional indication of overall cognitive function. In the TD

group, the Wechsler Abbreviated Scale of Intelligence (WASI) was used

to assess general cognitive functioning. For each participant, neuropsy-

chological testing was completed within 6 months of scanning (for

group means, see Supporting Information, Table 1).

2.3 | MRI data acquisition

All participants were scanned at the Maudsley Hospital, Institute of

Psychiatry, Psychology and Neuroscience, London, UK, using a 1.5-T

GE Signa System (General-Electric, Milwaukee, WI). High-resolution

structural T1-weighted volumetric images were acquired with full head

coverage, 160 contiguous slices (1.2-mm thickness, with 1.2 3 1.2-mm

in-plane resolution), a 256 3 256 3 160 matrix and a repetition time/

echo time (TR/TE/TI) of 11/2.8/300 ms (flip angle518 in.,

FOV531 cm). A (birdcage) 8-channel head coil was used for
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radiofrequency transmission and reception. Consistent image quality

was ensured by a semi-automated quality control procedure.

2.4 | Cortical reconstruction using FreeSurfer

All individual T1-weighted scans were initially screened by a radiologist

to exclude images with visible clinical abnormalities or large-scale

movement artifacts. Scans of insufficient quality (e.g., apparent move-

ment, clinical abnormalities) were excluded from the analysis a priori.

Within the DS group, we started off with 27 scans. Here, one scan was

excluded due to the existence of severe motion artifacts (dropout 4%).

We did not exclude any participants in the control group. For the 26

participants in the DS group, at least one (sometimes two) structural

scans were available. Here, we usually utilized the first scan. FreeSurfer

v5.3.0 software (http://surfer.nmr.mgh.harvard.edu/) was used to

derive models of the cortical surface for each T1-weighted image.

These well-validated and fully automated procedures have been exten-

sively described elsewhere (Dale, Fischl, & Sereno, 1999; Fischl,

Sereno, & Dale, 1999; Fischl & Dale, 2000; Jovicich et al., 2006;

S�egonne et al., 2004). In brief, a single filled white-matter volume was

generated for each hemisphere after intensity normalization, extracere-

bral tissue was cropped, and image segmentation performed using a

connected components algorithm. A triangular tessellated surface was

then generated for each white-matter volume by fitting a deformable

template, resulting in a cortical mesh for the pial (i.e., outer) and white-

matter (i.e., inner) surface. The resulting surface models were visually

inspected for reconstruction errors, and surface reconstructions with

visible inaccuracies were further excluded from the statistical analysis.

In one individual with DS, the FreeSurfer reconstruction had severe

topological defects when analyzing the first scan. For this participant,

we utilized the second scan.

Measures of CT were computed as the closest distance from the

grey–white matter boundary to the grey matter–cerebrospinal fluid

boundary at each vertex on the tessellated surface (Fischl et al., 1999).

We also computed mean CT across hemispheres for each participant.

To improve the ability to detect population changes, each parameter

was smoothed using a 15-mm gaussian surface-based smoothing

kernel.

2.5 | Grey-to-white matter ratio and grey and white

matter tissue intensity measures

Grey matter tissue intensities (GMI) were sampled continuously across

different cortical layers starting from the grey-white matter boundary

(i.e., the white matter surface) up to 50% into the thickness of the cort-

ical ribbon where the outer pial surface equaled 100% (Supporting

Information, Figure 1). Sampling points were separated by projection

fraction intervals of 10%, thus yielding a set of five GMI measures (at

10%, 20%, 30%, 40%, and 50%). The outer 50% of the cortical sheet

was not sampled to assure that sampling was performed entirely within

the grey matter and not confounded by voxels composed of CSF.

White matter tissue intensity (WMI) was measured at 1.0 mm into the

white matter from the white matter surface (Supporting Information,

Figure 1).

The GWC at projection fraction (i) was then calculated as the per-

centage of GMI to WMI at each cerebral vertex (j) (Salat et al., 2009):

GWCi;j51003 WMI1:0mm;j2 GMIi;j
� �

=0:53 WMI1:0mm;j1 GMIi;j
� �

:

By definition, a decrease in GWC reflects decreases in contrast

between the grey matter tissue intensity measured at projection frac-

tion j and the white matter tissue intensity measured at 1.0 mm into

the white matter. We also examined the tissue contrast when GMI was

sampled at the grey–white matter boundary (i.e., at 0% projection

fraction).

To determine the influence of grey and white matter intensity on

the GWC, we also extracted the absolute grey (GMI) and white matter

intensities (WMI) at each cerebral vertex following nonuniform (NU)

intensity correction and normalization (i.e., scaling of mean intensity of

the white matter to 110) of the images in FreeSurfer at a projection

fraction of 30% CT, and at 1.0 mm into the white matter (FreeSurfer

default for the computation of the GWC). All surface overlays were

smoothed using a 15-mm full-width at half-maximum (FWHM)

Gaussian kernel prior to statistical analyses.

2.6 | Statistical analyses

Statistical analysis was conducted using the SurfStat toolbox (http://

www.math.mcgill.ca/keith/surfstat/) for Matlab (R2016a; MathWorks).

Vertex-wise statistical analyses of CT, GWC, and GMI/WMI (Y) were

estimated by regression of a general linear model (GLM) at each vertex

i, with (a) diagnostic group and biological gender as categorical fixed-

effect factors and (b) age as continuous covariate:

Yi5b01b1Group1b2Gender1b3Age1Ei;

where Ei is the residual error at vertex i.

For the investigation of between-group differences in CT, mean

CT computed across the cortex was included as a covariate. All

between-group differences were estimated from the corresponding

coefficient b1, normalized by the corresponding standard error, respec-

tively. Corrections for multiple comparisons across the whole brain

were performed using “random field theory” (RFT)-based cluster analy-

sis for nonisotropic images using a cluster-based significance threshold

of p< .05 (two-tailed) (Worsley, Andermann, Koulis, MacDonald, &

Evans, 1999).

To compare frequencies of unique or overlapping differences in

each morphometric parameter, the resulting spatially distributed pat-

terns of differences unique to CT and/or GWC, as well as their overlap

were then compared using a v2 test (i.e., contingency table), testing the

null hypothesis that differences in CT and GWC are equally distributed.

Furthermore, a simulation strategy was used to assess whether the

observed degree of overlap between differences in CT and GWC is

consistent with the idea of two spatially (in)dependent patterns. This

hypothesis was tested on the basis of N55000 randomly generated

difference maps (i.e., maps containing random t values, thresholded at

p< .05) for CT and GWC. The extent of overlap (i.e., number of
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vertices with differences in CT and GWC) was then assessed in each of

the 5,000 overlapping patterns to derive a probability value of obtain-

ing a given percentage of overlap on the basis of randomly varying

patterns of differences. As we were interested in determining the influ-

ence of GWC variability on between-group differences in CT, we used

CT as a mask and only looked for variability in GWC in all vertices with

a significant between-group difference in CT.

3 | RESULTS

3.1 | Participant demographics and global brain

measures

There were no significant differences in the distributions of age or sex

between DS and TD controls (Supporting Information, Table 1). In line

with previous research, individuals with DS had significantly reduced

total brain volume (t(47)528.62, p< .0001), total grey matter volume

(t(47)528.55, p< .0001), and total white matter volume (t(47)52

7.79, p< .0001).

3.2 | Between-group difference in CT

Following correction for multiple comparisons (RFT-based cluster cor-

rected, p< .05, two-tailed), individuals with DS had significantly

increased CT compared to TD controls in several large and spatially dis-

tributed clusters across the cortex. The CT increases were observed in

extended areas of the bilateral frontal lobes including (a) the dorsolat-

eral and ventrolateral prefrontal cortices (approximate Brodmann Area

[BA] 8), (b) the medial prefrontal cortex (BA10), and (c) the orbitofrontal

cortex (BA47). Furthermore, we found significantly increased CT in DS

in several areas of the occipital and parietal lobes (bilateral) including (d)

the lateral and medial occipital cortex (BA18) and (e) the medial and

superior parietal cortices (BA7) (see Figure 1a and Table 1 for details).

Relative to TD controls, individuals with DS had significantly reduced

CT in the bilateral anterior temporal lobes (BA13) and in the right pre-

central gyrus (BA6) (see Figure 1a and Table 1 for details).

3.3 | Between-group difference in GWC

Across the different projection fractions (i.e., 0, 10, 20, 30, 40, and 50%

CT), we found that GWC was significantly reduced in individuals with

DS compared to TD controls in several clusters across the cortex.

These reductions were observed in extended areas of the frontal and

temporal lobes in both hemispheres centering on the superior temporal

gyrus (BA34) and the inferior frontal gyrus (BA44). The GWC was also

reduced in the right lateral occipital cortex (BA18) and the bilateral sub-

genual cingulate (BA25) in DS individuals relative to TD controls (see

Figure 1b and Table 2 for details). In these regions, DS individuals thus

had a significantly reduced tissue contrast between grey and white

matter. The reductions in GWC were most extensive closest to the

grey–white matter boundary, and decreased in spatial extent with

increasing projection fraction into the cortex (i.e., away from the grey–

white matter boundary). There were no clusters where participants

with DS showed a significant increase in GWC as compared to TD

controls.

3.4 | Spatial overlap of between-group differences in

CT and GWC

When examining the spatial overlap between the patterns of between-

group differences in CT and GWC, we found that across hemispheres,

the number of vertices with a between-group difference in CT

(n5160,674) significantly exceeded the number of vertices with atypi-

cal GWC (n5100,421) in DS (v2 (df51) 5 13,905, p< .001). More

specifically, out of all vertices with a significant between-group differ-

ence in CT, 61,867 vertices (i.e., 38.50%) also displayed a significant

reduction in GWC (Figure 2). Similar proportions were also observed,

when examining clusters with significant in-/or decreased CT sepa-

rately, where 39.52% of differences in GWC “explained” (i.e., over-

lapped with) significantly increased CT, and 34.45% of GWC vertices

overlapped with vertices displaying a significant decrease in CT. Simula-

tions revealed that the probability of obtaining the same degree of

overlap (i.e., 38.50%) or higher by chance is less than p5 .0002.

3.5 | Between-group difference in absolute grey and

white matter intensities

To identify whether the observed differences in GWC were driven by

intensity differences in grey or white matter—or a combination of both

—we subsequently examined between-group differences in absolute

grey and white matter intensities at a projection fraction of 30% and

21.0 mm, respectively (i.e., FreeSurfer defaults). Compared to TD con-

trols, individuals with DS had significantly reduced GMI and WMI in

several large clusters distributed across the cortex. For both tissue

types, these reductions were observed predominantly in the temporal

and cingulate cortices of both hemispheres, and in the left parietal lobe

and the right frontal lobe, centering on the right fusiform gyrus (BA36),

the left occipitotemporal region (BA37), the bilateral subgenual cingu-

late cortex (BA25), the left postcentral gyrus (BA3), and the right supe-

rior frontal gyrus (BA8), respectively (see Figure 3 and Supporting

Information, Table 2 for details). There were no brain regions where

individuals with DS had significantly increased GMI or WMI relative to

TD controls. Thus, it seems that the differences in tissue contrast

between grey and white matter in DS cannot easily be attributed to

variability in one tissue type, but are driven by significant reductions in

both, grey and white matter, as well as by their proportional difference

(i.e., a proportionally larger reduction in one tissue type relative to the

other).

4 | DISCUSSION

This study examined whether DS is associated with significant altera-

tions in CT during adulthood and reductions in GWC compared to TD

controls, and whether variability in GWC might explain the between-

group differences in CT. We observed that overall, measures of CT

were significantly increased in DS, particularly in frontal, parietal and
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FIGURE 1 (a) Regions of increased and decreased cortical thickness (CT) in DS compared to TD controls. The blue to cyan colorscale
indicates brain regions with significantly decreased CT in DS relative to TD controls (RFT-based cluster corrected p< .05, two-tailed). The
orange to yellow colorscale indicates brain regions with significantly increased CT in DS compared to TD controls. (b) Regions with
significantly decreased grey–white matter tissue contrast (GWC) in DS (blue colorscale) compared to TD controls (RFT-based cluster
corrected p< .05, two-tailed) at the grey–white matter boundary (i.e., 0%), and at different CT projection fractions (i.e., sampled from 0% to
50% into the thickness of the cortical ribbon from the pial surface for grey matter in steps of 10%)
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FIGURE 2 Spatial overlap between the patterns of between-group differences in GWC and CT. In all overlap maps, the clusters of signifi-
cant CT differences were applied as a mask (i.e., CT differences that may be explained by GWC differences). (a) Spatial overlap between CT
and GWC clusters regardless of sign (i.e., positive or negative differences in CT). (b) Spatial overlap between regions with significantly
increased CT in DS relative to TD controls (TDC) (CTDS>CTTDC) and differences in GWC. (c) Spatial overlap between regions with signifi-
cant decreases in CT in DS relative to TD controls (TDC) (CTDS<CTTDC) and differences in GWC

6 | BLETSCH ET AL.4048 BLETSCH ET AL.



occipital regions, while the GWC was reduced in DS relative to con-

trols. Out of all vertices with a significant between-group difference in

CT, 38.50% also displayed a significant reduction in GWC. The proba-

bility of obtaining the same degree of overlap or higher by chance is

less than p5 .0002, indicating that the two measures are spatially

dependent. It is thus likely that some of the differences in CT in DS are

driven by differences in GWC, even though reduced GWC cannot

explain all differences in CT. Taken together, our findings suggest that

the tissue contrast between grey and white matter is less well-defined

in DS, and the characteristic pattern of CT differences—with decreases

in temporal regions and increases in other regions of the cortex—

remains stable across the human lifespan in DS.

In this study, we first examined differences in CT between individ-

uals with DS and TD controls. To date, alterations in CT in DS relative

to controls have only been studied in one in vivo study examining indi-

viduals during childhood and young adulthood (Lee et al., 2016). Here,

we therefore extended the analysis of between-group differences in

CT in DS by examining older adults. We established that CT is signifi-

cantly increased in DS during adulthood, particularly in frontal, parietal,

and occipital regions. Significant decreases were observed in temporal

regions and one small cluster in the right frontal cortex. Overall, our

findings are therefore in accordance with the earlier neuroimaging

study by Lee et al. (2016) in children, adolescents, and young adults,

who reported significantly increased CT in similar brain regions as

reported here and decreased CT in two small regions of the temporal

lobes. Moreover, our study builds upon this previous report by suggest-

ing that (a) differences in CT are not only present in DS from childhood

to young adulthood (5–24 years of age) (Lee et al., 2016), but also older

adults with the condition (i.e., from 18 to 51 years), and that (b) the

patterns of CT differences in DS seem to remain stable across the

human life span in terms of their regional composition.

Second, we tested the hypothesis that DS is accompanied by sig-

nificantly reduced tissue contrast relative to TD controls, which may

affect the reliability of in vivo estimates of CT. As expected, we found

that the GWC in DS was significantly reduced across the cortex, partic-

ularly in the temporal, frontal, and occipital lobes. This is of importance

as reduced GWC has previously been suggested to be a marker of neu-

rodegeneration (Grydeland et al., 2013; Salat et al., 2011; Westlye

et al., 2009), and is also characteristic of the “aging process” in the TD

brain (Salat et al., 2009; Westlye et al., 2009). Here, the typical age-

related decrease in GWC has primarily been linked to declining tissue

integrity within the cortical white matter (Davatzikos & Resnick, 2002;

Salat et al., 2009), and the degree of myelination in the superficial

white matter under the cortical mantle (Salat et al., 2009; Vidal-Pi~neiro

et al., 2016; Westlye et al., 2009). In DS, white matter atypicalities—

such as delayed myelination (�Abrah�am et al., 2012; Becker et al., 1991;

Dambska & Laure-Kamionowska, 1990; Wisniewski & Schmidt-Sidor,

1989) and progressive early demyelination (Haydar & Reeves, 2012)—

have previously been reported in several cortical regions.

To establish whether the observed differences in GWC in our sam-

ple were driven by intensity differences in grey or white matter, or a

combination of both, we also examined between-group differences in

absolute grey and white matter tissue intensities in the present study.

We found that the intensities of both tissue types were significantly

reduced in DS individuals relative to TD controls. However, while the

affected brain regions constituted several large and spatially distribu-

tred clusters across the cortex, we found little overlap between the

patterns of differences in absolute signal intensities and GWC. Thus, it

seems that differences in tissue contrast between grey and white mat-

ter in DS cannot easily be attributed to variability in one tissue type,

but are driven by significant reductions in both grey and white matter,

as well as their proportions (i.e., a proportionally larger reduction in

either grey or white matter relative to the other).

FIGURE 3 Clusters with significantly decreased grey (GMI) or white (WMI) matter tissue intensity in DS compared to TD controls (RFT-
based cluster corrected, p< .001, two-tailed), sampled at (a) 1.0 mm into the white matter starting from the grey–white matter boundary
for WMI (upper panel), and measured at (b) 30% into the thickness of the cortical ribbon from the pial surface for GMI (lower panel)
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We further investigated whether reductions in GWC could explain

the between-group differences in CT by examining the spatial overlap

between the difference patterns for CT and GWC. We found that out

of all vertices with a significant between-group difference in CT,

38.50% also displayed a significant reduction in GWC. Simulations

revealed that the probability of obtaining the same degree of overlap

TABLE 1 Clusters with significantly increased and decreased cortical thickness (CT) in DS relative to TD controls (TDC)

Talairach

Contrast Cluster Region labels Side BA (tmax) Vertices x Y z tmax pcluster

DS>TDC 1 Superior parietal cortex, inferior parietal
cortex, precuneus cortex

R 18 40,501 8 284 20 6.55 6.46 3 1026

2 Superior parietal cortex, precuneus cortex,
lateral occipital cortex

L 7 35,816 225 247 58 7.10 6.46 3 1026

3 Superior frontal gyrus, rostral middle
frontal gyrus, lateral orbital frontal cortex

L 8 31,480 28 33 43 9.44 6.46 3 1026

4 Superior frontal gyrus, rostral middle frontal
gyrus, caudal middle frontal gyrus

R 10 16,238 9 54 13 7.59 6.50 3 1026

5 Lateral orbital frontal cortex, pars orbitalis,
medial orbital frontal cortex

R 47 4,354 15 21 214 7.56 9.09 3 1023

DS<TDC 1 Superior temporal gyrus, middle temporal
gyrus, inferior temporal gyrus

R 13 15,141 40 222 23 27.46 8.83 3 1026

2 Inferior temporal gyrus, superior temporal
gyrus, fusiform gyrus

L 13 14,165 239 219 26 26.21 1.28 3 1025

3 Precentral gyrus R 6 2,979 39 29 39 25.08 4.65 3 1022

Note. Region labels listed include up to three regions with the highest t values; side5 hemisphere; L5 left; R5 right; BA5 approximate Brodmann area
at tmax; vertices5number of vertices within the cluster; tmax5maximum t-statistic within the cluster; pcluster5 cluster-corrected p value.

TABLE 2 Clusters with significant reductions in grey–white matter tissue contrast (GWC) in DS relative to TD controls

Talairach

Cluster Region labels Side Projection fraction BA (tmax) Vertices x y z tmax pcluster

1 Superior parietal cortex, precuneus cortex,
superior frontal gyrus

R 0 34 81,115 15 7 214 210.58 3.68 3 1026

2 Superior parietal cortex, superior temporal
gyrus, middle temporal gyrus

R 10 34 58,818 15 7 214 29.99 2.93 3 1026

3 Superior parietal cortex, precuneus cortex,
postcentral gyrus

R 20 44 18,739 57 6 21 23.71 4.15 3 1025

4 Superior parietal cortex, inferior parietal
cortex, precuneus cortex

R 50 18 25,321 25 275 19 23.60 1.60 3 1025

5 Superior temporal gyrus, middle temporal
gyrus, inferior temporal gyrus

R 20 25 23,968 6 13 29 29.73 4.55 3 1026

6 Superior temporal gyrus, supramarginal
gyrus, middle temporal gyrus

R 30 34 20,138 14 7 214 29.56 9.80 3 1026

7 Superior temporal gyrus, superior parietal
cortex, inferior parietal cortex

R 40 34 33,620 14 7 213 29.58 2.68 3 1026

8 Superior temporal gyrus, medial orbital
frontal cortex, insula

R 50 25 8,438 13 8 213 29.36 4.97 3 1023

9 Rostral middle frontal gyrus, pars
opercularis, precentral gyrus

L 0 44 10,599 251 5 7 23.55 1.81 3 1023

10 Insula, lateral orbital frontal cortex, medial
orbital frontal cortex

L 0 34 8,707 214 5 213 210.57 2.00 3 1023

11 Superior temporal gyrus, insula, lateral
orbital frontal cortex

L 10, 20, 30, 40, 50 34 8,971 214 5 213 29.48 3.09 3 1023

Note. Region labels include up to three regions with the highest t values; side5hemisphere; L5 left; R5 right; projection fraction5CT projection frac-
tion. In clusters referring to more than one projection fraction, the projection fraction in bold is the one with the smallest p value. The other values
listed (i.e., BA(tmax), vertices, Talairach coordinates, tmax, and pmax) also refer to the projection fraction with the smallest p value. BA5 approximate
Brodmann area at tmax; vertices5number of vertices within the cluster; tmax5maximum t statistic within the cluster; pcluster5 cluster-corrected p value.
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or higher by chance is less than p5 .0002. There was thus a significant

overlap between the patterns of between-group differences in CT and

GWC, which was unlikely due to random variability in both features.

Our finding is hence consistent with the hypothesis that differences in

CT and GWC are at least partly spatially dependent. This means that

some of the differences in CT in DS may be driven by differences in

GWC, even though reduced GWC cannot explain all differences in CT.

For example, 61.50% of CT differences in our study were not being

accounted for by variability in GWC, and are therefore likely to be

caused by alternative mechanisms. For example, many regions where

we observed a significant increase in CT in DS (i.e., frontal and occipital

regions) undergo a period of apoptosis and extensive synaptic pruning

during childhood and adolescence (Huttenlocher, 1984, 1990; Hutten-

locher & Dabholkar, 1997), which leads to a thinning of the cortical man-

tle during brain maturation (Gogtay et al., 2004; Raznahan et al., 2011;

Shaw et al., 2008; Vandekar et al., 2015; Wierenga, Langen, Oranje, &

Durston, 2014). On the other hand, many of the brain regions where we

observed significantly reduced CT in DS individuals (e.g., temporal lobes),

are typically characterized by cortical thickening in early adolescence

(Vandekar et al., 2015), potentially due to a second occurrence of synap-

togenesis or increases in neuropil (Giedd et al., 1999). It thus seems that

in addition to myelination-dependent effects, the neural mechanisms

that underpin brain maturation in the TD brain may be perturbed in DS.

Among others, these mechanisms also include impaired neurogenesis, as

reported above (Benavides-Piccione et al., 2004; Chakrabarti et al.,

2007; Guidi et al., 2008; Guidi et al., 2011; Schmidt-Sidor, Wisniewski,

Shepard, & Sersen, 1990; Sylvester, 1983), and increased apoptosis

(Guidi et al., 2008; Haydar, Nowakowski, Yarowsky, & Krueger, 2000;

Rueda, Fl�orez, & Martínez-Cu�e, 2013). It will therefore be essential in

the future to conduct a more detailed age-related histological investiga-

tion of the grey–white matter boundary in DS, in addition to the cortical

grey matter neuroarchitecture, to elucidate the cortial mechanism under-

pinning our in vivo differences in CT and GWC.

Our study has a number of limitations. First, brain anatomy in DS

was compared to the neuroanatomy of TD individuals, rather than a

group of individuals with a learning disability. Thus, we cannot rule out

the possibility that our findings also reflect differences in intellectual

abilities, in addition to differences caused by genetic variability in chro-

mosome 21. However, as intellectual impairment is an inherent feature

of DS, covarying for cognitive abilitites would mostly “partial out” sta-

tistical effects of interest. Moreover, it has been shown that different

groups of individuals with intellectual disability, such as idiopathic

intellectual disability or Fragile X syndrome, show distinct patterns for

CT variability (Meguid et al., 2012; Zhang et al., 2011).

Second, it is possible that some of our results are confounded by

head motion, which has previously been shown to reduce tissue con-

trast, and also affects measures of CT. Head motion is of particular

importance in DS individuals, which are difficult to scan due to their

intellectual disability, and would be expected to move more than neu-

rotypical controls (Backhausen et al., 2016). However, increased

motion is generally associated with a significant reduction of CT (Par-

doe, Kucharsky Hiess, & Kuzniecky, 2016; Reuter et al., 2015),

particularly in precentral and dorsolateral prefrontal regions, where we

either observed no differences in DS, or a significant increase in our

sample. Moreover, even though motion artifacts have also been shown

to reduce the tissue contrast in general, these reductions are typically

bilateral (Pardoe et al., 2016). In our study, however, the reductions we

observed in GWC were mostly found in the right hemisphere. Last, we

observed that there was only an 38.50% overlap between differences

in CT and GWC. This means, that the remaining 61.50% of CT differen-

ces remain “unexplained” by significant reductions in tissue contrast

potentially caused by motion. The characteristic pattern of between-

group differences in CT—with decreases in DS in temporal regions and

increases in frontal, occipital, and parietal regions—is therefore unlikely

to be caused by motion alone. However, differences in CT and GWC

should be interpreted with care, and a more thorough investigation of

the impact of motion artifacts on between-group differences in surface

anatomy in DS is required in the future.

Third, within the scope of this study, we did not examine brain–

behavioural associations (e.g., correlations between measures of symp-

tom severity and brain anatomy). Further research is thus required to

establish the functional relevance of our findings. Last, while surface-

based mapping allows for morphometric inferences on a sub-millimeter

scale, the derived grey–white matter tissue intensity values, and hence

the GWC, remain dependent on the native spatial resolution of the T1-

weighted images (i.e., 1 mm isotropic). Thus, partial volume effects and/

or the ability to clearly delineate the grey–white matter boundary may

affect GWC values. However, both of these factors are expected to

affect both groups equally, and our findings of significant between-

group differences in GWC cannot be fully explained by these limitations.

Taken together, our findings suggest that DS is accompanied by a

reduced tissue contrast between cortical grey and white matter and

those differences in GWC seem to be able to explain some, albeit not

all, of the differences in CT, which have previously been reported in

DS. In addition, our study is the first to expand these previous reports

to older adulthood, suggesting that the typical pattern of CT differen-

ces in DS remains stable across the lifespan.
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