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Abstract

Research suggests a link between Alzheimer’s Disease in Down Syndrome (DS) and

the overproduction of amyloid plaques. Using Positron Emission Tomography (PET)we

can assess the in-vivo regional amyloid load using several available ligands. To mea-

sure amyloid distributions in specific brain regions, a brain atlas is used. A popular

method of creating a brain atlas is to segment a participant’s structural Magnetic Res-

onance Imaging (MRI) scan. Acquiring an MRI is often challenging in intellectually-

imparied populations because of contraindications or data exclusion due to signifi-

cant motion artifacts or incomplete sequences related to general discomfort. When

an MRI cannot be acquired, it is typically replaced with a standardized brain atlas

derived from neurotypical populations (i.e. healthy individuals without DS) which may

be inappropriate for use in DS. In this project, we create a series of disease and

diagnosis-specific (cognitively stable (CS-DS),mild cognitive impairment (MCI-DS), and

dementia (DEM-DS)) probabilistic group atlases of participants with DS and evalu-

ate their accuracy of quantifying regional amyloid load compared to the individually-

based MRI segmentations. Further, we compare the diagnostic-specific atlases with

a probabilistic atlas constructed from similar-aged cognitively-stable neurotypical

participants. We hypothesized that regional PET signals will best match the

individually-based MRI segmentations by using DS group atlases that aligns with

a participant’s disorder and disease status (e.g. DS and MCI-DS). Our results vary

by brain region but generally show that using a disorder-specific atlas in DS better

matches the individually-based MRI segmentations than using an atlas constructed
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Highlight

∙ Down syndrome (DS) joint-label-fusion atlases provide accurate positron emission

tomography (PET) amyloid measurements.

∙ Adisorder-specificDSatlas is better thananeurotypical atlas forPETquantification.

∙ It is not necessary to use a disease-state–specific atlas for quantification in agedDS.

∙ Dorsal striatum results vary, possibly due to this region and dementia progression.

1 INTRODUCTION

Down syndrome (DS) is a genetic disorder caused by abnormal cell

division resulting in an extra copy of chromosome 21.1 Trisomy 21

leads to developmental abnormalities impacting brain growth.2 Differ-

ences include ≈20% decrease in brain volume and an overall reduction

in the cerebral and cerebellar hemispheres compared to age-matched

controls.3–5 In addition, individualswithDSare at ahigher risk of devel-

oping neuropathological phenotypes that are indistinguishable from

Alzheimer’s disease (AD), including early overproduction of amyloid.6

The early progression of AD in participants with DS is thought to be

associated with the amyloid overexpression7–9 and thus measuring

brain amyloid accuratelymayhelp to identify those at risk of early tran-

sition to dementia.10

Positron emission tomography (PET) has been used to identify amy-

loid deposition in the brain and is a widely used neuroimaging tool for

AD research.10,11 Due to the lack of structural information in amyloid

PET scans, researchers investigating regional amyloid typically obtain

amagnetic resonance imaging (MRI) scan to identify regional anatomic

boundaries, serving as an individual brain atlas. Often the acquisi-

tion of an MRI scan is challenging in intellectually impaired popula-

tions because of contraindications (e.g., incomplete sequences related

to claustrophobia and/or general discomfort) or the data are unus-

able due to significant motion artifacts.12–14 When an MRI is unus-

able, researchers use one of several canonical brain atlases, often con-

structed from a single, young, healthy individual, or groups of individ-

uals, whose brain morphometry is vastly different from those with DS.

Such atlases may not accurately reflect DS morphology thus resulting

in inaccurate quantification of regional amyloid, impacting our under-

standing of the relationship to dementia-related disease progression.

Given the challenges researchers face in structural brain mapping

and the complexity and variation in atrophy, shape, and size of the

human brain, accurate structural brain templates that account for vari-

ation and represent the population accurately are required.15 Prior

efforts in this area have focused on building MRI templates of tissue

types for PET amyloid investigations in DS16 whereas here we build

complete atlases.

In this work, we created a series of probabilistic disease-state

(i.e., cognitively stable [CS-DS], mild cognitive impairment [MCI-DS],

or dementia [DEM-DS]), and disorder-specific (i.e., DS) brain atlases

from participants with DS. Generally, group standardized atlases are

thought to reduce subject-to-subject variability compared to indi-

vidual segmentations,37 whereas typical individualized MRI-based

FreeSurfer segmentations rely on prior information obtained through

regression coefficient predictions and high-dimensional Bayesian

optimizations.38 For this reason, we evaluated the accuracy of using

these group-based atlases to compute regional amyloid distributions

bydisease status compared tousing individualizedMRI-based segmen-

tations or using a group atlas constructed fromsimilar-aged cognitively

stable neurotypical (CS-NT) participants. We hypothesized that using

group atlases that match the disease state and disorder will result in

regional amyloid measurements that are most sensitive to disease sta-

tus and most consistent with the individualized MRI-based segmenta-

tions.

mailto:nqueder@uci.edu


QUEDER ET AL. 3 of 10

2 METHODS

2.1 Participants

Neuroimaging data of participants with DS were collected as part

of the Alzheimer’s Disease–Down Syndrome (ADDS), now part of

the Alzheimer’s Biomarkers Consortium–Down Syndrome (ABC-DS),

and neurotypical (i.e., healthy) participants from the Neuroimaging

Biomarkers for Cognitive Decline in Elderly with Amyloid Pathology

(National Institute on Aging [NIA]) project at the University of Cali-

fornia, Irvine (UCI). Data from 83 participants with DS (Table 1) were

collected at three participating sites: Massachusetts General Hospi-

tal/HarvardUniversity (MGH), Columbia University, andUCI. The neu-

rotypical dataset from the NIA study consisted of 56 participants.

Informed consent was obtained from all participants and their legal

representatives prior to their participation.

2.1.1 Participants’ consensus diagnosis

Our sample included participants with three consensus diagnoses: CS-

DS—participants who show no signs of dementia or cognitive decline;

MCI-DS—participants with DS who show mild cognitive deterioration

but do not satisfy the criteria for dementia; DEM-DS—participants

with DS showing severe cognitive impairment. Each participant’s diag-

nostic status was determined at a consensus case conference using a

standardized assessment battery that includes a review of their health

status and medical records, an assessment of their function and voca-

tional abilities, maladaptive behaviors as well as neuropsychiatric con-

cerns, and a direct assessment of a variety of cognitive abilities.17–19

2.1.2 Image acquisition

T1-weighted MRI scans for the DS sample acquired at UCI

were scanned on a Philips Achieva 3T (orientation = sagittal,

TR/TE = 7.8/3.6 ms, flip angle = 7, voxel size = 1 mm3, matrix

size= 256× 256× 176) or a Siemens Prisma 3T (orientation= sagittal,

IT/TR/TE = 900/2300/3.0 ms, flip angle = 9, voxel size = 1 mm3,

matrix size = 240 × 256 × 208). Both Columbia and MGH used a

Siemens Prisma 3T scanner with consistent protocols. For the NIA

RESEARCH INCONTEXT

1. Systematic Review: Trisomy 21 impacts the overex-

pression of amyloid plaques in the brains of individ-

uals with Down syndrome (DS) suggesting a link to

the early progression of Alzheimer’s disease (AD). The

authors reviewed the literature in PubMed, conference

publications, abstracts, and posters along with current

research from the Alzheimer’s Biomarkers Consortium–

Down Syndrome (ABC-DS). This effort will provide a

valuable tool to accurately accumulate regional positron

emission tomography (PET) amyloid in DS in the absence

of individual magnetic resonance imaging (MRI) scans.

2. Interpretation: Our results suggest that disease and

disease-specific DS atlases better match individual MRI

atlases than age-matched cognitively stable neurotypi-

cal atlases, showing the need for an MRI-based DS atlas

for better prediction of PET amyloid accumulations in the

brains of individuals with DS.

3. FutureDirections: Futureefforts are encouraged to focus

on longitudinal group data to improve our understanding

of the impact of DS-related brain atrophy and structural

changes on the accuracy of DS atlases’ amyloid measure-

ments.

study, participants were scanned at UCI on a Siemens Prisma 3T

(orientation = coronal, IT/TR/TE = 902/2300/2.38 ms, flip angle = 8,

voxel size= 0.8mm3, matrix size= 320× 320× 240).
18F-AV-45 (florbetapir) PET scans of the UCI DS sample were

acquired on a high resolution research tomograph (HRRT; vox-

els = 1.2 mm3, matrix = 256 × 256 × 207, reconstruction = OP-

OSEM3D) at Columbia on a Siemens Biograph64 mCT (vox-

els = 1.0 × 1.0 × 2.0 mm, matrix = 400 × 400 × 436, reconstruc-

tion = OSEM3D+TOF 4i21s), and MGH on a Siemens Biograph mMR

(voxels = 2.1 × 2.1 × 2.0 mm, matrix = 344 × 344 × 127, reconstruc-

tion = OP-OSEM 3i21s). Image acquisition followed the Alzheimer’s

Disease Neuroimaging Initiative16,20,21 protocol. PET reconstructions

were performedwith all corrections as implemented on each platform.

TABLE 1 Participant characteristics showing the total sample size (N), sex, agemean± standard deviation, andminimum/maximum age in
years

Diagnosis N Sex

Mean age± SD

(years)

[min,max]

Age

(years)

Down syndrome (DS) 83 29F/54M 50± 6.8 [40,67]

Cognitively stable (CS-DS) 53 21F/32M 48± 5.9 [40,62]

Mild cognitive impairment (MCI-DS) 19 2F/17M 54± 6.5 [44,67]

Dementia (DEM-DS) 11 6F/5M 55± 6.6 [44,65]

Cognitively stable neurotypicals (CS-NT) 56 43F/13M 72± 5.1 [61,81]
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PET scan processing followed themethods described in Keator et al.,22

consisting of spatial resolutionmatching across the three imaging plat-

forms, realignment and averaging of the PET frames, co-registration

with the structural MRI, and standardized uptake value ratio (SUVR)

scaling using each participant’s cerebellar gray reference region.

2.2 Atlas creation

In this study, we created a series of brain atlases using the Advanced

Normalization Tools’ (ANTs version 2.2.0; RRID:SCR_004757) joint

label fusion algorithm.23,24 The joint label fusion atlases were

created by propagating the individual MRI-based segmentations

computed with FreeSurfer (FS6 version 6.0; RRID:SCR_001847)

and the Desikan/Killiany atlas.25–28 Segmentations were visually

checked for accuracy and corrected when necessary using procedures

from FreeSurfer.29 The volumetric aparc+aseg segmentations from

FreeSurfer and associated T1-weighted MRIs were used in creating

the joint label fusion atlases. To align the PET scan images with the

joint label fusion atlases, ANTs’ symmetric diffeomorphic image regis-

tration algorithmwasused to register eachparticipant’s structuralMRI

to each joint label fusion atlas and apply the resulting deformations to

the coregistered PET scan. PET scan region-of-interest (ROI) average

SUVR valueswere then extracted from each joint label fusion atlas and

from the individual MRI-based FreeSurfer segmentations for the com-

parisons presented in Section 3 (Figure 1). The following regions were

chosenbasedon existingAD literature implicating them in the progres-

sion of the disease: inferior parietal, lateral occipital, superior/rostral-

medial frontal, medial/inferior/superior temporal, anterior/posterior

cingulate, dorsal striatum, medial/lateral orbitofrontal, hippocampus,

and entorhinal cortex.

2.2.1 Disorder and disease-state–specific group
(DSG) atlas

To evaluate the accuracy of using a joint label fusion group atlas within

disorder (i.e., DS) and consistentwith aparticipant’s disease status (e.g.,

CS-DS, MCI-DS, DEM-DS), disease-state–specific (DSG) atlases were

constructed using individual MRI-based segmentations separately for

each consensus diagnosis: CS-DS, MCI-DS, and DEM-DS (see Table 1).

For the PET comparisons, we created a series of DSG atlases, leaving

one participant out in a cross-validation paradigm, to compare to their

individual MRI-based PET ROI averages. This was done to prevent bias

in the joint label fusion-derived regional PETmeasures aswould be the

case if the participant’s data being evaluatedwere used in constructing

the joint label fusion atlas.

2.2.2 Disorder-specific cognitively stable Down
syndrome (CS-DS) group atlas

In Section 2.2.1 we constructed group atlases that took into account

the disease status in DS. Here we evaluated whether atlases

constructed fromMCI-DS andDEM-DS (seen in Section 2.2.1) are ben-

eficial or whether an atlas created from cognitively stable individuals

with DS (CS-DS) would still have similar results compared to individual

MRI-based segmentation. To evaluate the CS-DS atlas, we compared

individual MRI-based PET ROI averages in participants who had either

a consensus-based diagnosis of MCI-DS or DEM-DS and not CS-DS;

because this comparison was performed in Section 2.2.1 , we did not

need to use leaving-one-out in a cross-validation paradigm.

2.2.3 Cognitively stable neurotypical (CS-NT)
group atlas

In Sections 2.2.1 and 2.2.2 we evaluated group atlases that take into

account the disease status and disorder. Here we construct a group

atlas from the cognitively stable neurotypical (CS-NT) participants to

evaluate whether accounting for the disorder (e.g., DS) or disease sta-

tus is necessary for accurate PET ROI averages compared to the indi-

vidualMRImethod. Similar to the CS-DS atlas, we built an atlas reflect-

ing the aged brain (72 ± 5.1 years) of cognitively stable participants

without DS. For evaluations of the CS-NT atlas, we compare the indi-

vidual MRI-based PET ROI averages in each of the diagnostic groups

(i.e., CS-DS,MCI-DS, and DEM-DS).

2.3 PET ROI analysis

To quantify differences in the regional average SUVR values between

the three diagnostic groups, we built fixed-effects linear regres-

sion models for each ROI separately using RStudio (version 1.1447;

RRID:SCR_001905). The dependent variable was the difference in

amyloid load between our atlases (i.e., DSG, CS-DS, CS-NT) and indi-

vidualized MRI-based segmentations as a function of average amyloid

load between the two atlases, diagnosis, and the interaction between

the average amyloid load and diagnosis. Results (Section 3) are illus-

trated using Bland Altman plots.30,31

3 RESULTS

3.1 Atlas structure comparisons

To quantify the overall structural differences between atlases, we

computed the mean squared error (MSE) of the disorder and disease-

state–specific group (DSG), CS-DS, and CS-NT atlases compared to

individualizedMRI-based segmentations.MSE scoreswere normalized

to the MSE score of comparing the joint label fusion atlas to a matrix

of zeros and scaled to percentage. High MSE scores indicate a poor

match between the anatomical labels in joint label fusion atlases and

individualized MRI-based segmentations. MSE scores were compared

across the atlases (Section 3.1.1) using one-way analysis of variance

(ANOVA) and Tukey’s honest significant difference (TukeyHSD) tests in

RStudio (version 1.1447; RRID:SCR_001905). P-values from the
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F IGURE 1 A flow diagram visualizing the probabilistic atlases’ creation and the alignment of the atlases with the amyloid positron emission
tomography (PET) scans. In addition, the diagram shows the comparisons of each of the atlases with the Desikan/Killiany (DKT) individual
magnetic resonance imaging (MRI) segmentation (IM) atlas in a leave-one-out cross-validation (LOOCV) paradigm. ANTs, AdvancedNormalization
Tools; CS-DS, cognitively stable Down syndrome; CS-NT, cognitively stable neurotypical; DEM-DS, dementia Down syndrome; JLF, joint label
fusion; MCI-DS, mild cognitive impairment Down syndrome

overall ANOVA were adjusted using the Bonferroni-Hommel

method.32 A visual example of the DSG, CS-DS, and CS-NT atlases

compared to a selected individualized MRI-based atlas is included in

the supporting information (S1).

3.1.1 Comparisons across atlases within diagnostic
groups

Herewe evaluate the overall difference in ROI segmentations between

individualized FreeSurfer MRI-based segmentations and each group

joint label fusion atlas across diagnostic groups. The overall ANOVA

models of CS-DS (Figure 2A) andMCI-DS (Figure 2B) groups were not

significantly different across atlases. In comparison, theDEM-DS over-

all model was significantly different across the atlases (F(2,30)= 8.669,

Padj. < .003; Figure 2C). A post hoc Tukey test showed that, in theDEM-

DSgroup, both theCS-DS and theCS-NTatlases had anMSE score that

was significantly different from theDSGatlas (CS-DS vs.DSG [t(20)=–

8.013, Padj. < .006]; CS-NT vs. DSG [t(20)= –9.001, Padj. < .002]), while

no significant differences were observed between the CS-DS and CS-

NT atlases.

In summary, both the CS-DS and MCI-DS groups’ average MSE

scores remained consistent across each atlas, indicating no signifi-

cant structural differences between the group atlases and individual-

ized MRI-based segmentations. Interestingly, in the DEM-DS group,

the DSG atlas had a significantly higher mean MSE score than both

CS-DS and CS-NT atlases compared to individualized MRI-based seg-

mentations, suggesting more structural differences between the DSG

atlas and the FreeSurfer segmentations than in either CS-DS or CS-NT

atlases. Upon further interrogation, we find the structural differences

are predominantly on the region borders (supporting information S1)

and that differences in the DEM-DS group (Figure 2C) are likely due to

brain atrophy resulting in theDSG atlas being less consistentwith each

individualizedMRI-based segmentation.

3.2 PET ROI comparisons

3.2.1 DSG versus individual MRI-based atlases

To investigate whether the structural differences found in Section 3.1

affect our PET regional averages, we evaluate differences in regional
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F IGURE 2 Mean squared error (MSE) by atlas. A higher percentage ofMSE score indicates a worsematch between our atlas and the individual
magnetic resonance imaging (MRI)-based FreeSurfer segmentations (IM). Asterisks identify results that are significant at P< .05 after adjusting for
the P-value, whereas “n.s.” indicates non-significant. CS-DS, cognitively stable Down syndrome; CS-NT, cognitively stable neurotypical; DEM-DS,
dementia Down syndrome;MCI-DS, mild cognitive impairment

PETmeasurementsbetween theDSGand individualMRI-basedatlases

using fixed-effects linear regression. Participants’ datawithin± 3 stan-

dard deviations were included in the analysis and reported. Results

are visualized using Bland Altman plots (Figure 3A).33 Regression lines

for each diagnosis are shown as a function of the difference (DSG-

individual MRI-based atlases) between PET ROI averages computed

using each atlas (y-axis) and the average amyloid load across both

atlases (x-axis). Differences closer to zero indicate better correspon-

dence between average regional amyloid from both atlases. Regres-

sion lines with positive slope indicate increasing differences between

the two atlases as a function of higher amyloid whereas lines with zero

slope and zero difference indicate perfect correspondence across the

range of amyloid between both atlases. Prior to P-value adjustments,

the dorsal striatum, lateral orbitofrontal cortex, and anterior cingulate

were significantly different in PET ROI mean values between atlases.

After adjusting for multiple comparisons the dorsal striatum remained

significant.

3.2.2 PET ROI comparisons CS-DS versus
individual MRI-based atlases

The results from Section 3.2.1 suggest that PET amyloid measures are

reasonably consistent between DSG and individual MRI-based atlases

with the exception of a few regions.Hereweevaluatewhetherweneed

to account for disease status by comparing the atlas of cognitively sta-

ble participantswithDS (CS-DS) and computingPETaverages in partic-

ipants with the diagnoses of MCI-DS or DEM-DS. We expect that due

to disease-related atrophy and comorbidities, using a group atlas based

on those who are cognitively stable would result in less consistent

matches with individual MRI-based segmentations compared to the

DSG atlas. The analysis was performed using the same approach as the

comparisons in Section 3.2.1. Significant regions included the dorsal

striatum, inferior temporal, middle temporal, and lateral orbitofrontal

cortex (Figure 3B). Similar to the DSG atlas results, the dorsal stria-

tum was the only region to survive the P-value adjustment although,

in this analysis, we see temporal regions, known to be among the most

affected by disease-related atrophy in AD, significant before adjust-

ment. The Bland Altman plots (Figure 3B) are reasonably consistent

between MCI-DS and DEM-DS groups suggesting it may not be nec-

essary to use atlases that account for disease severity.

3.2.3 PET ROI comparisons CS-NT versus
individual MRI-based atlases

Expanding upon the results from Sections 3.2.1 and 3.2.2, we report on

similar experiments using an atlas made from cognitively stable neu-

rotypical participants (CS-NT) of similar age. Due to brain morpho-

logical differences in DS, we expect the results when using the CS-

NT atlas to be less consistent with the individual MRI-based atlases.

Interestingly, similar regions to both the DSG and CS-DS atlas com-

parisons were identified as different from the individual MRI-based

atlas at the P < .05 unadjusted threshold: dorsal striatum, middle tem-

poral, inferior temporal along with one additional region: entorhinal

cortex (Figure 3C). Further, two additional regions approached signifi-

cance: superior temporal and hippocampus. After P-value adjustments,

both the dorsal striatum and middle temporal lobe remained signifi-

cant, with the entorhinal cortex approaching an adjusted significance

level of P< .05.

3.3 Amyloid by diagnostic group comparisons

In Sections 3.1–3.2, we evaluated differences in atlas structure and

regional amyloid average values, across our group atlases and the indi-
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F IGURE 3 Bland Altman plots of significant regional differences in average amyloid and the corresponding linear regressionmodel statistics
are shown for each region of interest (ROI). Each plot illustrates the relationship between the difference in amyloid measurements on the y-axis
and the average amyloid load on the x-axis. Regression lines with a positive slope indicate an increasing difference between the two atlases as a
function of higher amyloid. Only results from the regressionmodel statistics of ROI that were significant at the P< .05 unadjusted threshold are
reported here. A, Results of significant regional differences in average amyloid between diagnosis-specific group (DSG) and individual magnetic
resonance imaging (IM) atlases. B, Results of significant regional differences in average amyloid between cognitively stable Down syndrome
(CS-DS) and IM atlases. C, Results of significant regional differences in average amyloid between cognitively stable neurotypical (CS-NT) and IM
atlases. DEM-DS, dementia Down syndrome;MCI-DS, mild cognitive impairment; PET, positron emission tomography

vidual MRI-based segmentations. We found some differences in struc-

ture and amyloid average values but it is unclear whether these dif-

ferences would result in alternative inferences about disease progres-

sion when using a group atlas instead of individualized MRI-based

FreeSurfer segmentations. In this section, we look at this question

explicitly by focusing on pairwise comparisons typically used to eval-

uate regional amyloid as a function of disease state (e.g., DEM-DS vs.

MCI-DS, MCI-DS vs. CS-DS, DEM-DS vs. CS-DS). To perform these

comparisons, we use fixed-effects linear regression and include age,

gender, and disease status as regressors against each region’s amyloid

average, for each of the atlases (e.g., DSG, CS-DS, CS-NT, and individ-

ual MRI-based atlases). The results are shown in Table 2 and include

regions for which the inferences would have changed at the P < .05

unadjusted significance level, either false positives or negatives, com-

pared to individual MRI-based atlases. Comparing DEM-DS to the CS-

DS group, we find that no inferences would have changed using any

of the group atlases compared to the individual MRI-based atlases.

However, comparing theMCI-DS andDEM-DS groups, we see that our

inference about lateral andmedial orbitofrontal would change. For lat-

eral orbitofrontal, if we used a group atlasmade fromcognitively stable

participantswithDS (CS-DS) or neurotypicals (i.e., withoutDS; CS-NT),

we would infer amyloid load is significantly different between those

with a diagnosis of MCI-DS versus DEM-DS whereas if we used the

DSG atlas our inference would be the same as with individual MRI-

based atlases. For medial orbitofrontal, we see a change when using

any of the alternative group atlases, going from non-significant with

individual MRI-based to significant with the group atlases. Compar-

ing the MCI-DS and CS-DS groups we see many inferences that would

have changed. Specifically, amyloid load in lateral occipital, rostral mid-

dle frontal, prefrontal cortex, medial orbitofrontal cortex, dorsal stria-

tum, and anterior cingulatewere all significantly different between the

two groups using the individual MRI-based atlases yet mostly (excep-

tion: rostral middle frontal using CS-DS atlas) became non-significant

when using any of the group atlases. Further, the hippocampus was

non-significant with the individualMRI-based atlas but became signifi-

cant using the group atlases.

4 DISCUSSION

In this study,wecreateda seriesof probabilistic groupatlases (i.e.,DSG,

CS-DS, andCS-NT) and evaluated their accuracy compared to individu-

alized MRI-based FreeSurfer segmentations when measuring regional

amyloid. We hypothesized that using DSG atlases would best match
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TABLE 2 Group amyloid comparisons by region and atlas

IM DSG atlases CS-DS atlases CS-NT atlases

Comparison Region t(78) SE P t(78) SE P t(78) SE P t(78) SE P

DEM-DS vs.

MCI-DS

Lateral orbito frontal 1.545 0.085 .063 1.440 0.091 .077 2.137 0.091 .018* 2.065 0.091 .021*

Medial orbito frontal 1.134 0.095 .130 1.685 0.099 .048* 1.801 0.098 .038* 1.782 0.097 .039*

MCI-DS vs.

CS-DS

Lateral occipital 2.119 0.062 .019* 1.153 0.072 .126 1.154 0.073 .126 0.990 0.071 .163

Rostral middle frontal 2.024 0.081 .023* 1.552 0.084 .062 1.794 0.085 .038* 1.475 0.088 .072

Prefrontal 1.995 0.070 .025* 1.405 0.071 .082 1.522 0.072 .066 1.340 0.073 .092

Medial orbito frontal 1.860 0.070 .033* 1.447 0.072 .076 1.108 0.072 .136 1.407 0.071 .082

Dorsal striatum 1.832 0.062 .035* 1.512 0.069 .067 1.652 0.069 .051 1.394 0.068 .084

Anterior cingulate 1.731 0.071 .044* 1.168 0.079 .123 0.966 0.079 .168 1.137 0.080 .129

Hippocampus 1.331 0.035 .093 1.892 0.036 .031* 2.237 0.036 .014* 2.188 0.037 .016*

DEM-DS vs.

CS-DS

No changed inferences

Note: Regions are included if inferences changed from individualMRI segmentation (IM)when using a group atlas. Regionswith significant differences surviv-

ing the P< .05 unadjusted threshold are indicated by *. Reported in the table are the group contrast, brain region (i.e., ROI), t-statistic (t), standard error (SE),
P-value (P), and adjusted P-value (padj.), respectively.
Abbreviations: CS-DS, cognitively stable Down syndrome; CS-NT, cognitively stable neurotypical; DEM-DS, dementia Down syndrome; DSG, diagnosis-

specific group;MCI-DS, mild cognitive impairment;MRI, magnetic resonance imaging; ROI, region of interest

the individualized MRI-based segmentation measurements, followed

by CS-DS, because they account for disorder-specific differences in

brain morphology. In evaluating the structural differences in the group

atlases compared to the individualized MRI-based segmentations, we

found higher MSE values in the DEM-DS group when using the DSG

atlas drivenprimarily bydifferences in eachanatomical region’s bound-

aries. With respect to regional amyloid measurements, we found, gen-

erally, that bothDSG andCS-DS atlases did quite well inmatching indi-

vidualized MRI-based atlas measurements with the exception of a few

regions identified (e.g., dorsal striatum across all atlases). As expected,

we found increasingly more differences from the individualized MRI-

based atlases as we moved from using disease-state atlases (DSG) to

a disorder-specific atlas (CS-DS) and finally the neurotypical atlas (CS-

NT).

InvestigatingADprogression using amyloid PET relies on accurately

quantifying regional amyloiddifferences across cohorts.We, therefore,

evaluated differences between diagnostic groups when using each of

the atlases, focusing on instances when our interpretation would have

changed, and found quite a few instances where one might implicate

different regions in AD progression if using the group atlases (Sec-

tion 3.3). These effects were confined to diagnoses that were adjacent

to one another in terms of disease progression (e.g., MCI-DS vs. CS-DS,

DEM-DS vs. MCI-DS) which likely have more overlap in their amyloid

distributions and smaller differences across groups.

More specifically, the dorsal striatum resulted in an alternative

inference in the transition fromCS-DS toMCI-DSwhenusing thegroup

atlases in addition to being the only region to survive the adjusted P-

value thresholds (Section 3.2). Prior studies suggest that early amyloid

binding in dorsal striatum foreshadows the onset of dementia22,31,34,35

and that brain atrophy in striatal regions in individualswithDS are con-

sistent with findings from AD studies in neurotypical populations.36 In

vivo human neuroimaging studies in DS have also shown presence of

amyloid in the striatum around 40 years of age.37,38 Because regional

amyloid retention positively correlateswith regional cell loss and brain

atrophy,39 we expect the early amyloid load and structural atrophy in

the dorsal striatum to be associated with increased variability across

our participants in this region.

Our studyhad several limitations. First, it is unclearwhether individ-

ualized MRI-based FreeSurfer segmentations are capturing regional

boundaries more accurately than the group atlases. We suspect

FreeSurfer is better able to capture individual variability in boundaries

because they are based on segmenting an individual’s MRI; however,

there may be additional variability introduced through the complex

optimizations performed by FreeSurfer in detecting these boundaries.

Another limitation is the neurotypical sample age which is, on aver-

age, older than our DS sample. Elderly neurotypical participants might

reflect greater age-associatedbrain atrophy compared to age-matched

neurotypical participants.42 Further, our relatively small DEM-DS sam-

ple may have hindered our ability to accurately capture population-

level brain structural variability in this group. Futureefforts areencour-

aged to compare DEM-DS atlas, with a larger sample size, to an

atlas constructed from age-matched neurotypical individuals with AD

dementia.

In summary, both the disease-specific and diagnosis-specific atlases

(i.e., DSG andCS-DS) performed better in replicating the regional amy-

loid measurements of the individualized MRI-based FreeSurfer seg-

mentations than the neurotypical atlas (CS-NT). Overall, we suggest

using the CS-DS atlas because it appears to be as accurate as the DSG

atlas for use in this population and better captures the overall vari-

ability in atrophy across the diagnostic groups. Each of the atlases

(DSG, CS-DS, and CS-NT), the posterior probability maps for each

ROI from the joint-label-fusion algorithm, and the scripts to create
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the atlases along with a Neurodocker (RRID:SCR_017426) image con-

taining the required software are made publicly available at http://

www.nitrc.org/projects/ds_brainatlas/. The DS dataset used for this

study is available from the ABC-DS consortium through the Labora-

tory of Neuro Imaging Image and Data Archive database.43 Future

work will focus on longitudinal group atlases to better understand the

effects of disease-relatedbrain changeson theaccuracyof groupatlas–

basedmeasurements and on building group atlases of younger cohorts

with DS.
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