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E-mail: rosas@helix.mgh harvard.edu Introduction: Most individuals with Down syndrome (DS) have the neuropathological

changes of Alzheimer’s disease (AD) by age 40 and will have developed dementia by age
60. Alterations of the intrinsic connectivity of the default mode network (DMN) are
associated with AD in the neurotypical population. In this study, we sought to deter-
mine whether, and how, connectivity between the hubs of the DMN were altered in
cognitively stable adults with DS who did not have evidence of either mild cognitive
impairment or AD.

Methods: Resting state functional MRI scans were collected from 26 healthy adults
with DS and 26 healthy age-matched non-DS controls. Nodes comprising the DMN
were generated as ROI’s (regions of interest) and inter-nodal correlations estimated.
Results: Analysis of intra-network connectivity of the DMN revealed anterior-
posterior DMN dissociation and hyper- and hypo-connectivity, suggesting “accelerated
aging” in DS.

Discussion: Disruption of the DMN may serve as a prelude for AD in DS.
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medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
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1 | INTRODUCTION

By the age of 40, virtually all adults with Down syndrome (DS),
the most common genetic cause of neuro-developmental delay,!
develop Alzheimer’s disease (AD)-associated neuropathology and
most will be clinically diagnosed with dementia by age 60,24 although
not in all cases. The triplication of amyloid precursor protein on
chromosome 21 is associated with increased deposition of extracel-
lular amyloid beta (AB) in the brain in DS.* The neuropathological
hallmarks of AD, including AB senile plagues and tau neurofibril-
lary tangles, begin to develop years before cognitive impairment
are observed in both the neurotypical and DS populations.>®
Several studies have also reported subtle early neuronal and
synaptic changes in individuals with mild cognitive impairment
(MCI) in the general population,’® suggesting that these early
pathological changes could interfere with typical patterns of brain
connectivity.

Functional connectivity is a functional magnetic resonance imaging
(FMRI) analysis method which compares correlations in the time-
series of blood-oxygen level dependent (BOLD) activity across the
brain to assess the functional relationships between distinct brain
areas. Analyses of regions with comparable BOLD fluctuations over
time have revealed the presence of a number of different “func-
tional networks” in the brain. The default mode network (DMN),
one of the most studied and best characterized functional networks
in humans, is a group of brain regions characterized by a shared
pattern of increased level of activation during rest and reduced
activation during attention-demanding, externally directed tasks.’?
Regions of the classically defined DMN include: the prefrontal cortex,
angular gyrus, precuneus/posterior cingulate cortex, and temporal
areas.’®11 The DMN has received particular attention in studies of
neurotypical AD, in which reduced intra-network connectivity has
been reported,1-13 and is hypothesized to be associated with regional
AB deposition.

Previous functional connectivity studies in healthy young adults
with DS have suggested increases in inter-network functional con-
nectivity of the DMN to other brain networks such as the dor-
sal and ventral attention networks.2*1> However, studies focusing
on the distinct components of the DMN in cognitively stable adults
with DS, before clinical decline caused by AD-related neuropathol-
ogy, have not as of yet been conducted. The aim of this study was
to better characterize the functional architecture of the DMN in
cognitively normal adults with DS. We therefore examined differ-
ences in network connectivity within the DMN in a subset of cog-
nitively stable adults with DS (ie, no diagnosis of MClI or of demen-
tia) and compared them to healthy age-matched adults without
DS.

2 | MATERIALS AND METHODS

2.1 | Participants

Participants with DS were recruited through the Alzheimer’s Dis-
ease in Down Syndrome component of the Alzheimer’s Biomarker
Consortium-Down Syndrome (ABC-DS), established to identify
biomarkers associated with AD in older adults with DS. Massachusetts
General Hospital (MGH); University of California, Irvine (UCI); and
Columbia University (CU)/New York State Institute for Basic Research
in Developmental Disabilities served as enrolling sites. Inclusion
criteria for the overall study were: (1) >40 years of age at baseline;
(2) estimated premorbid intelligence quotient (1Q) > 30; (3) trisomy
21 as confirmed by genetic testing, and (4) English speaker. Exclu-
sion criteria included prevalent dementia, pregnancy, or presence of
nonremovable ferromagnetic material on or in the body. Premorbid
level of functioning was determined from previous testing or caregiver
report; a majority of individuals with DS have mild to moderate
cognitive disability and this was true in our sample.® As part of
the study design, participants with DS received a comprehensive
assessment that included: (1) detailed review of medical records; (2)
informant interviews focused on functional and vocational abilities,
neuropsychiatric status, health status, and life events that might cause
substantial stress; and (3) direct one-on-one tests covering the breadth
of cognitive abilities expected to be affected by AD. Finally, each par-
ticipant with DS was examined by a neurologist. Assessments of DS
participants were reviewed to determine the clinical status of each
participant at a Consensus Review Conference,’” which included site
senior staff members and research assistants who had direct contact
with the participants under consideration. Clinical status was classified
in a manner generally consistent with recommendations of the Amer-
ican Association on Mental Retardation-International Association for
the Scientific Study of Intellectual Disability (AAMR-IASSID) Working
Group for the Establishment of Criteria for the Diagnosis of Dementia
in Individuals with Developmental Disability.1®1? Categorical ratings
of dementia status included: (1) cognitively stable (CS), indicating an
absence of AD-related decline but allowing for age-related changes;
(2) MCI-DS, indicating presence of declines over and above what
would be expected with healthy aging but of insufficient severity to
suggest frank dementia; (3) possible dementia, indicating presence
of declines that are more severe than those of MCI-DS but of recent
onset; (4) probable dementia, indicating presence of declines at least
as severe as possible dementia with duration longer than 1 year. The
present sample included only individuals with DS given a designation
of CS who had good quality structural and resting state fMRI scans.
Out of a total of 49 individuals characterized as CS, only 26 scans met

sufficiently strict criteria to be included in this study (see below).
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In addition, 26 age- and sex-matched healthy adults without DS
served as controls (HC): all HC were recruited through MGH. The
work was done in accordance with the Declaration of Helsinki after
informed consent was obtained. Institutional review board approval
was obtained at participating institutions; informed consent from legal
authorized representatives as well as participant assent was obtained

in all cases.

2.2 | Experimental design

2.2.1 | MRI image acquisition

Imaging data for participants with DS were collected across all
three sites using a Siemens Prisma 3-Tesla MRI equipped with
a 32-channel head coil. T1 Multi-Echo MPRAGE scans were col-
lected with the following parameters at MGH: repetition time (TR):
2530 ms; echo time (TEs): 1.69 ms, 3.55 ms, 5.41 ms, 7.27 ms; flip angle:
7.00°, voxel sizes: 1.0 mm isotropic; image dimensions: 256 x 256 x
176; field of view (FOV): 256 x 256 mm; and with the following param-
eters at the CU and UCl sites: repetition time (TR): 2300 ms; echo time
(TE): 2.96 ms; flip angle: 9.00°, voxel sizes: 1.0 isotropic; image dimen-
sions: 208 x 240 x 256; FOV: 240 x 256 mm. At all sites, resting state
fMRI were collected with the following parameters and in the absence
of external stimuli: TR: 1250 ms; TE: 30 ms; flip angle: 90°; voxel
sizes: 2.4 mm isotropic; image dimensions: 108 x 108 x 57; number of
frames: 408. Imaging data from the 26 HC were collected at MGH using

identical sequences.

2.2.2 | Automated anatomical segmentation

Individual T1-weighted MEMPRAGE images were automatically seg-
mented into gray and white matter, with automated cortical parcella-
tions and subcortical segmentations performed using the FreeSurfer
reconstruction (https://surfer.nmr.mgh.harvard.edu, version 6.0). All
raw imaging data and reconstructions were visually assessed for arti-

facts and accuracy of surface-boundary before analysis.

2.2.3 | Resting state fMRI processing

All functional images also underwent an initial visual quality assurance.
In addition, after the application of the MCFLIRT tool from the FMRIB
Software Library (FSL), resting state scans were eliminated from
analysis if more than 10% of the frames (ie, > 40 out of 408 total
frames) exceeded a threshold of 0.7 mm for framewise displacement, a
measure of the translation and rotation from one frame to the next2°
as differences in motion can affect functional connectivity results.2!
We chose this threshold to avoid removing any frames of data and to
control for between-group differences in motion, as clinical popula-
tions are shown to move more during scans than controls.’* Resting

state data were preprocessed with the FreeSurfer-based FS-FAST
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Highlights

* Default mode network connectivity is altered in cogni-
tively stable adults with Down syndrome (DS).

* Asimilar pattern of DMN connectivity is found in sporadic
Alzheimer’s disease (AD).

* This pattern suggests “accelerated aging” in DS or prelude
to AD.

RESEARCH IN CONTEXT

1. Systematic Review: The authors reviewed the litera-
ture using traditional (eg, PubMed) sources and meet-
ing abstracts and presentations. Functional connectiv-
ity using functional magnetic resonance imaging has not
been widely studied in adults with Down syndrome (DS)
but could provide important insights into early changes
that may precede the development of Alzheimer’s disease
(AD). We focused our attention on the default mode net-
work (DMN), one of the most important resting state net-
works affected in AD.

2. Interpretation: We found early alterations in DMN con-
nectivity in cognitively stable adults with DS, in a pattern
consistent with “accelerated aging,” suggesting that net-
work dysfunction could represent an early indicator or
predictor of AD.

3. Future Directions: This article proposes a novel frame-
work for the generation of new hypotheses related to the
role of network connectivity analyses in identifying early
subclinical decline in adults with DS.

analysis pipeline, which includes the following steps: motion correc-
tion, slice-timing correction, rigid anatomical-functional registration,
masking of nonbrain tissue, intensity normalization, resampling of
functional time series data to common surface space (fsaverage), and

spatial smoothing using a 5 mm full width half maximum.

2.2.4 | Region of interest (ROI) analysis

To evaluate the architecture and connectivity of the DMN more closely,
we separated Yeo’s DMN from the seven-network segmentation into
its major components, generating six seeds/ROls per hemisphere.??
These included: angular gyrus (AG), middle temporal gyrus (MTG),
ventral lateral prefrontal (VLPFC), dorsal/medial prefrontal (DMPFC),
precuneus/posterior cingulate cortex (PCC), and paraphippocampal
gyrus. The ROIs were then transformed into subject-specific space and

seeded in each subject.
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2.2.5 | Whole brain voxel-wise analysis

Subject-level voxel-wise time series analysis was performed in each
hemisphere to determine the Pearson’s correlation coefficient for
each pair of time-courses of default mode ROIs. The mean BOLD signal
was measured for each of the seeded regions in each subject. The
correlation coefficients between the measured time courses and every
other voxel in the brain were computed, regressing out the following
nuisance variables to account for physiological noise: (1) the principal
component of the mean signal from cerebrospinal fluid from the lateral
ventricles, (2) the principal component of the mean signal from the
white matter, (3) motion parameters extracted as part of the motion
correction in preprocessing, and (4) the principal component of the
global (whole-brain) signal. These values were subsequently converted
to z-values. Z-maps were then subjected to weighted random-effects
analysis to measure statistical significance across participants at the
group level. A clusterwise correction for multiple comparisons was also
performed on the weighted random-effects analyses, and select results
were displayed on the fsaverage inflated brain surface.?? For each sub-
ject, partial correlation coefficients between the time-series of a given
seed and ROl were calculated and compiled using the funcroi-sess and
funcroi-table-sess commands from the FS-FAST FreeSurfer software
package. To evaluate the within-network functional connectivity
of the DMN, we conducted ROI analysis between each of the six
DMN ROls.

2.2.6 | Apolipoprotein E genotyping
ApolipoproteinE (APOE) genotyping was done using standard clinical
methods.2*

2.2.7 | Statistical analyses

Continuous variables are summarized using median and interquartile
range and categorical variables (ie, sex) are summarized as percentages
(frequency/number of non-missing responses). Group comparisons
were performed using the either the Kruskal-Wallis or chi-square test
for continuous and categorical variables, respectively.

Separate quantile regression models were constructed to quantify
the associations between the Pearson correlation values of each DMN
node pair and group. Additional models were constructed that simul-
taneously adjusted for age (modeled as a linear term as well as a func-
tional term using restricted cubic splines), but these age adjustments
did not improve the model fit via a rank score test. Unadjusted esti-
mates of the median correlation value and its 95% confidence inter-
val were computed by group along with estimates of the difference in
these median values. To account for multiple comparisons, false discov-
ery rate adjusted P-values were computed.?®

Secondary analyses included quantifying the effect of sex and site
onto connectivity for the entire cohort, and a subset analysis in which

the effects of APOE ¢4 (any €4 vs not) and age were quantified among

DS participants only. All analyses were performed using R 3.5.22¢ and

the quantreg package.?’
3 | RESULTS
3.1 | Demographics

Controls and participants with DS did not differ with respect to age (HC
group median age 51.0 [interquartile range (IQR) 45.5-59]); DS group
median age 47.5 (IQR 43.3-52.8, p = 0.124) or sex distribution (HC 15
F/11 M; DS 11 F/15 M, p = 0.267). Among the DS participants with an
available APOE genotype, 15 had an £3/¢3 (75%), 3 had an £3/¢4 (15%),
1 had an £2/¢3 (5%), and 1 had an £4/¢4 (5%). APOE status was unavail-

able for six participants.

3.2 | Within-network group differences
We evaluated the within-group profiles of DMN connectivity based on
the ROl analysis and found significant differences in intra-network con-
nectivity of the DMN (Figure 1, Table 1). We found evidence of stronger
coupling (“hyperconnectivity”) between the (R)VLPFC-DMPFC (0.08,
95% confidence interval [CI]: 0.03-0.13; p = .004, pg, = 0.019) and
the PCC-AG (0.09, 0.03-0.16; p = .007, pgg = 0.026), but significantly
lower coupling (“hypoconnectivity”) between the the (L) PCC-VLPFC
(=0.07, [CI]:-0.11, —0.02; p = .006,psy, = 0.002) and the (R/L) PCC-
DMPFC (-0.10 [CI]:—0.16,-0.05; p < .001, psy = 0.003, and —0.12
[CI]-0.17,-0.06; p < .001, pgg = 0.002), for example, suggesting an
anterior to posterior dissociation (see Table 1 for additional estimates).
Group differences were similar between the unadjusted and
adjusted models. Thus, only unadjusted estimates are presented, to
reduce the possibility of model overfitting. Similarly, associations
between connectivity and APOE &4 status and between connectivity
and age among DS participants were not observed. We further con-
firmed this finding in the whole-brain voxel-wise analysis. As demon-
strated in Figure 2, when the DMPFC was used as the seeded region,
activation in the HC group follows the typical DMN pattern, with
strong correlations to the AG, MTG, and PCC. However, in the DS
group, there was significantly reduced to absent activation in the pos-
terior DMN regions accompanied by more widespread frontal connec-
tivity, especially to the VLPFC region. In contrast, when the PCC was
used as the seeded region, there appeared to be reduced activation in
the anterior DMN regions (ie, DMPFC and VLPFC) in the DS group.

Similar patterns were found in both hemispheres.

4 | DISCUSSION

We examined functional connectivity within the DMN in cognitively
stable Down syndrome participants and HC by comparing the func-
tional activity between six nodes of the DMN in each hemisphere.

We found a number of differences between the two groups that
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FIGURE 1 SixROIs of the DMN selected from the Yeo seven-network parcellation for detailed connectivity analysis. Each ROl is shown on an
average brain surface template, in a different color, to differentiate it from the rest of the network. Box plots depict connectivity between the given
seed and the remaining five default mode network ROls. Box plots summarize the distribution of Pearson correlation values by group with healthy
controls in blue and cognitively stable DS in green. Components of the box plot include: the group median (horizontal line within each box), the
25th and 75th quantiles, and 1.5 x interquartile range (whiskers). An asterisk denotes significant unadjusted comparisons (P < .05) and a & denotes
significant comparisons using an FDR adjustment (P-fdr < 0.05). Abbreviations: AG, angular gyrus; DMN, default mode network; DMPFC, dorsal
and medial prefrontal cortex; DS, Down syndrome; FDR, false discovery rate; MTG, middle temporal gyrus; PCC, posterior cingulate
cortex/precuneus; PH, parahippocampal gyrus; ROI, region of interest; VLPFC, ventral lateral prefrontal cortex. Note that the dark blue DMPFC
extends to the upper lateral surface of the frontal lobe. The ROls are comparable on the right hemisphere and are not shown

indicate that the structure of the DMN is altered in cognitively stable
adults with DS. There was a pattern of reduced functional connectivity
between certain nodes of the DMN in participants with DS, in particu-
lar with those projecting to or from the frontal lobe, and a small number
of connections showed stronger functional connectivity in DS subjects.
The DMPFC seed showed reduced connectivity to the AG and PCC in
both hemispheres. As a target ROI, the VLPFC showed reduced con-
nectivity to MTG and PCC in the left hemisphere, as well as subthresh-
old reductions to these two regions in the right hemisphere and to the
AG in both hemispheres. Interestingly, in the right hemisphere, the con-
nectivity of the DMPFC and VLPMC (both frontal DMN regions) to
each other was increased, which may indicate a higher level of local con-
nectivity within the frontal lobe in DS.

Abnormal brain synchrony in adolescents and young adults with DS
has been reported previously, demonstrating evidence of an overall
simplified network structure in this population;1* therefore, it is pos-
sible that some of our findings could reflect, at least in part, differ-
ences due to atypical brain development caused by DS, beginning in
utero. Taken all together, however, our findings suggest that the ante-
rior regions of the classical DMN (ie, those falling within the frontal
lobe) are not fully integrated into the DMN in middle-aged adults with

DS, perhaps because the frontal lobe in DS is more functionally con-

nected to itself compared to the neurotypical adult brain. This hypoth-
esis is further substantiated by examining the connections that remain
“intact” in the DS population (ie, the more posterior components of the
DMN). For instance, the connectivity of the AG to the PCC and PH was
not significantly different in either hemisphere, nor was the connectiv-
ity of the PCC to the MTG and PH. Thus, connectivity remained rela-
tively unchanged between regions of the DMN that fall outside of the
frontal lobe, with the exception of the (R) AG-MTG and (L) PH-MTG.
The presence of an APOE ¢4 allele has been associated with
increases in DMN functional connectivity in young adult carriers of
this allele; 2827 however, only four participants in our DS cohort had an
APOE ¢4 allele, making it unlikely that this could have contributed sig-
nificantly to group differences reported here. Increased activation of
the DMN has been associated with amyloid deposition in the neurotyp-
ical population,© so it is possible that our observed increases in DMN
connectivity, particularly the (R/L) VLPFC-DMPFC, could predate
measurable amyloid deposition. For example, in a study using amyloid-
positron emission tomography (PET) imaging, Jack et al.3! reported
increased DMN connectivity in cognitively normal neurotypical indi-
viduals who were amyloid negative at baseline but who subsequently
became amyloid positive at follow-up; this pattern did not occur in

those who remained amyloid negative. Amyloid accumulation begins
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TABLE 1 Estimates, and 95% confidence intervals, of the median differences (Down - healthy controls) are provided by seed and target ROI
and by hemisphere
SEED
Dorsal
Angular Gvr Middle Temporal| Ventral Lateral | lateral/medial Precuneus/ Parahippocampal
gu :G yrus Gyrus Prefrontal prefrontal  JPosterior Cingulate Gyrus
MTG VLPFC DMPFC PCC PH
-0.07* -0.05 -0.13** 0.09** 0.02
Angular Gyrus (-0.13, -0.01) (-0.13, 0.02) (-0.22, -0.05) (0.08, 0.16) (-0.01, 0.04)
AG -0.05 -0.17** 0.05* 0.01
(-0.12, 0.02) (-0.24, -0.11) (0.00, 0.10) (-0.03, 0.04)
. -0.09** -0.02 -0.05 -0.08 0.01
""'dd'; Temporal | 413, -0.05) (-0.06,0.02) | (-0.11,000) | (-0.07,000) | (-0.01,0.03)
rus
I\XTG -0.05 -0.04 -0.05 -0.01 0.05**
(-0.10, -0.01) (-0.11, 0.02) (-0.12, 0.01) (-0.05, 0.02) (0.02, 0.07)
| | -0.09* -0.05* 0.09** -0.06* -0.03
"e::;?r:::;’a (-0.16,-0.01) | (-0.10, 0.00) (0.04, 0.14) (-0.12,0.00) | (-0.06,0.01)
o) VLPEC -0.06* -0.09** 0.06 -0.07** 0.00
|°_‘ (-0.13, -0.00) | (-0.14, -0.04) (-0.01,0.13) (-0.11, 0.02) (-0.04, 0.03)
wl
9 Dorsal lateral/ -0.12%* -0.04 0.08** -0.10** 0.00
< | medial prefrontal | (-0.18, -0.06) | (-0.10, 0.01) (0.03, 0.13) (-0.16, -0.05) (-0.02, 0.02)
DMPFC -0.13** -0.04 0.05 -0.12** -0.02
(-0.17,-0.08) | (-0.08, 0.00) (-0.01,0.12) (-0.17, -0.06) (-0.05, 0.01)
0.03 -0.02 -0.03 -0.15** 0.02
P;ec‘:“?us/ (-0.02,0.08) | (-0.07,0.03) | (-0.07,0.01) | (-0.21, -0.08) (-0.01, 0.04)
osterior
Cingulate PCC 0.01 0.01 -0.05** -0.18** 0.01
(-0.04, 0.07) (-0.03, 0.04) (-0.09, -0.02) | (-0.24, -0.11) (-0.02, 0.04)
hi | 0.00 0.02 -0.04 -0.01 0.01
Para 'gp“a’“"a (-0.06,0.05) | (-0.03,0.07) | (-0.09,0.01) | (-0.05,0.04) (-0.04, 0.06)
rus
zH 0.00 0.04* 0.00 -0.05* 0.00
(-0.04, 0.04) (0.00, 0.08) (-0.04, 0.04) (-0.09, 0.00) (-0.03, 0.04)

The asterisk superscript next to the point estimate denotes significant unadjusted comparisons (P < .05) and the double asterisk denotes significant compar-

isons using an FDR-adjustment (P-fdr < 0.05).
Abbreviations: FDR, false discovery rate; ROI, region of interest.

early in DS; in one PET study, as many as 25% of nondemented adults
were found to have increased uptake of Pittsburgh compound B,
a tracer used to image amyloid deposition in humans in vivo.32-34
Interestingly, the deposition of amyloid in DS follows a pattern starting
first in the striatum and eventually involving rostral prefrontal-
cingulo-parietal regions, to caudal frontal, rostral temporal, primary
sensorimotor and occipital, and finally medio-temporal regions and the
rest of the basal ganglia.®® Therefore, the parallel between the distri-
bution of amyloid in DS and our findings of early increased connectivity
in frontal regions suggests that the observed increases in connectiv-
ity could possibly represent early changes associated with amyloid
deposition.

Reduced anterior to posterior DMN node connectivity was also
reported in another study in adults with DS.3¢ That study, however,
combined both cognitively stable and demented individuals with DS
within the same analysis; our study focused on exclusively cognitively

stable adults, so a direct comparison is not possible. Reduced connec-
tivity between nodes of the DMN has been reported in several studies
of normal aging®’38 and the present findings in our DS cohort are con-
sistent with previous investigations reporting a dissociation between
the “anterior” and “posterior” DMN connectivity within other aging
populations.?

In our study, participants with DS demonstrated a similar pattern of
reduced and/or disrupted anterior-posterior DMN connectivity; how-
ever, our participants were on average more than 20 years younger
than the neurotypical population studied previously.3? Though we did
not find an association between network connectivity and age in our
sample, it is tempting to speculate that the disruptions observed in
cognitively stable adults with DS (which align with findings in much
older neurotypical populations) reflect a sort of “accelerated” brain
aging, consistent with what has been proposed previously,*0-42 includ-
ing a left-ward 20-year shift in the incidence of AD in DS compared to
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FIGURE 2 Whole brain activation surface maps for the DMPFC and PCC seed regions of the right hemisphere. HC group shown in Panel A, DS
group shown in Panel B, group difference maps (HC-DS) shown in Panel C. When the DMPFC is seeded, there is reduced or no activation of the
MTG, AG, or PCC in the DS group; however, when the PCC is seeded, there is reduced activation of the DMPC and VLPFC, suggesting an
anterior-posterior dissociation of the DMN in DS. Maps are FDR corrected for multiple comparisons

Abbreviations: AG, angular gyrus; DMN, default mode network; DMPFC, dorsal and medial prefrontal cortex; DS, Down syndrome; FDR, false
discovery rate; HC, healthy control; MTG, middle temporal gyrus; PCC, posterior cingulate cortex/precuneus; PH, parahippocampal gyrus; ROI,

region of interest; VLPFC, ventral lateral prefrontal cortex.

neurotypical AD (Schupf, personal communication). Alternatively, our
findings suggest that disruption of networks may be a prelude to a
diagnosis of AD. However, these should only be considered hypotheses
worthy of further investigation.

Several limitations of this study include its cross-sectional nature,
a modest sample size, and the possibility that motion and motion
artifacts, even if well controlled, could affect results. Motion is a
significant challenge in imaging studies of individuals with intellec-
tual disability and may become more so as individuals transition to
dementia.

In summary, the DMN is an important resting state network with
well-characterized changes in late onset Alzheimer’s disease (LOAD)
and normal aging. Studies including both those affected with LOAD
and those diagnosed with amnestic MCl have demonstrated early func-
tional “disconnections” or decreased functional connectivity within the
DMN.12:39:43.44 | this study, we evaluated the DMN in cognitively sta-
ble adults with DS, given the high risk for dementia caused by AD.
We observed a disrupted DMN, which highlights that neuroanatomi-
cal areas are altered, even in individuals deemed to be clinically unaf-
fected. The observed fragmentation of the DMN seems indicative of

atypical brain aging and may be characteristic of functional activity

changes that occur during the preclinical stage of AD. These findings
also suggest that functional connectivity MRI could serve as an impor-
tant and early indicator of network disruptions in DS, before the onset
of clinical diagnosis of MCl or dementia.

ACKNOWLEDGMENTS

We are very grateful to the individuals who participated in this study,
their families, and care providers, who so generously contributed their
time and energy to this project, and without whom it would not have
been possible. We thank the individuals who helped recruit and/or
assess participants for this study including: Margaret Pulsifer, Sharon
Krinksy-McHale, Courtney Jordan, Nusrat Jahan, Eric Doran, Sara Staj-
cic, Casey Evans, Christy Hom, Deborah Pang, Tracey Listwan, and Cyn-
thia Kovacs. We thank the individuals who assisted with scanning par-
ticipants including: Matthew Linnehan, Lily Wang, Ana Mun, and Anna
Smith. We appreciate thoughtful conversations with Dr. Julie Price and
Dr. David Keator. We also acknowledge the efforts of our colleagues:
Drs. Elizabeth Head, Mark Mapstone, and Joseph Lee, who have con-
tributed to the research program. This article has been reviewed by
ABC-DS investigators for scientific content and consistency of data

interpretation with previous ABC-DS study publications. The content



80of9 Diagnosis, Assessment

ROSASET AL.

Disease Monitoring

is the sole responsibility of the authors and does not necessarily repre-
sent the official views of the NIH.

FUNDING

The Alzheimer’s Biomarkers Consortium-Down Syndrome (ABC-DS)
is funded by the National Institute on Aging and the National Institute
for Child Health and Human Development (U01 AG051406 and UO1
AG051412). The work contained in this publication was also supported
through the following National Institutes of Health Programs: The
Alzheimer’s Disease Research Centers Program (P50 AG008702, P30
AG062421, P50 AG16537, P50 AG005133, P50 AGO05681, and P30
AG062715), the Eunice Kennedy Shriver Intellectual and Developmen-
tal Disabilities Research Centers Program (U54 HD090256 and U54
HDO087011), the National Center for Advancing Translational Sciences
(UL1TR0O01873,UL1 TR002373,UL1 TR0O01414,UL1 TRO01857,UL1
TR002345), the National Centralized Repository for Alzheimer Dis-
ease and Related Dementias (U24 AG21886), and DS-Connect (The
Down Syndrome Registry) supported by the Eunice Kennedy Shriver
National Institute of Child Health and Human Development. Support
for imaging control subjects was provided by the National Institute of
Neurological Disorders and Stroke NS106384.

CONFLICTS OF INTEREST

The authors report no conflicts of interest.

REFERENCES

1. Parker SE, Mai CT, Canfield MA, et al. Updated National Birth Preva-
lence estimates for selected birth defects in the United States, 2004-
2006. Birth Defects Res A Clin Mol Teratol. 2010;88(12):1008-1016.

2. Lai F, Williams RS. A prospective study of Alzheimer disease in Down
syndrome. Arch Neurol. 1989;46(8):849-853.

3. Evenhuis HM. The natural history of dementia in ageing people with
intellectual disability. J Intellect Disabil Res. 1997;41(Pt 1):92-96.

4. Schupf N. Genetic and host factors for dementia in Down’s syndrome.
Br J Psychiatry. 2002;180:405-410.

5. Zigman WB, Devenny DA, Krinsky-McHale SJ, et al. Alzheimer’s
disease in adults with Down syndrome. Int Rev Res Ment Retard.
2008;36:103-145.

6. Wisniewski HM, Rabe A. Discrepancy between Alzheimer-type neu-
ropathology and dementia in persons with Down’s syndrome. Ann N
Y Acad Sci. 1986;477:247-260.

7. Mufson EJ, Binder L, Counts SE, et al. Mild cognitive impairment:
pathology and mechanisms. Acta Neuropathol. 2012;123(1):13-30.

8. Scheff SW, Price DA, Ansari MA, et al. Synaptic change in the posterior
cingulate gyrus in the progression of Alzheimer’s disease. J Alzheimers
Dis. 2015;43(3):1073-1090.

9. Buckner RL, Dinicola LM. The brain’s default network: updated
anatomy, physiology and evolving insights. Nat Rev Neurosci.
2019;20(10):593-608.

10. Andrews-Hanna JR, Smallwood J, Spreng RN. The default network and
self-generated thought: component processes, dynamic control, and
clinical relevance. Ann N Y Acad Sci. 2014;1316:29-52.

11. Buckner RL, Snyder AZ, Shannon BJ, et al. Molecular, structural, and
functional characterization of Alzheimer’s disease: evidence for arela-
tionship between default activity, amyloid, and memory. J Neurosci.
2005;25(34):7709-7717.

12. Greicius MD, Srivastava G, Reiss AL, Menon V. Default-mode
network activity distinguishes Alzheimer’s disease from healthy

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

aging: evidence from functional MRI. Proc Natl Acad Sci U S A.
2004;101(13):4637-4642.

Sheline YI, Raichle ME. Resting state functional connectivity in preclin-
ical Alzheimer’s disease. Biol Psychiatry. 2013;74(5):340-347.
Anderson JS, Nielsen JA, Ferguson MA, et al. Abnormal brain syn-
chrony in Down syndrome. Neuroimage Clin. 2013;2:703-715.

Vega JN, Hohman TJ, Pryweller JR, Dykens EM, Thornton-Wells TA.
Resting-State functional connectivity in individuals with Down syn-
drome and Williams syndrome compared with typically developing
controls. Brain Connect. 2015;5(8):461-475.

Antonarakis SE, Skotko BG, Rafii MS, et al. Down syndrome. Nat Rev
Dis Primers. 2020;6(1):9.

Silverman W, Schupf N, Zigman W, et al. Dementia in adults with men-
tal retardation: assessment at a single point in time. Am J Ment Retard.
2004;109(2):111-125.

Aylward EH, Li Q, Habbak R, et al. Basal ganglia volume in adults with
Down syndrome. Psychiatry Res. 1997;74(2):73-82.

Burt DB, Aylward EH. Test battery for the diagnosis of dementia in
individuals with intellectual disability. Working group for the establish-
ment of criteria for the diagnosis of dementia in individuals with intel-
lectual disability. J Intellect Disabil Res. 2000;44 (Pt 2):175-180.

Power JD, Schlaggar BL, Petersen SE. Recent progress and outstand-
ing issues in motion correction in resting state fMRI. Neuroimage.
2015;105:536-551.

Power JD, Barnes KA, Snyder AZ, Schlaggar BL, Petersen SE. Spu-
rious but systematic correlations in functional connectivity MRI
networks arise from subject motion. Neuroimage. 2012;59(3):2142-
2154.

Yeo BT, Krienen FM, Sepulcre J, et al. The organization of the human
cerebral cortex estimated by intrinsic functional connectivity. J Neuro-
physiol. 2011;106(3):1125-1165.

Greve DN, Fischl B. False positive rates in surface-based anatomical
analysis. Neuroimage. 2018;171:6-14.

Hixson JE, Vernier DT. Restriction isotyping of human apolipopro-
tein E by gene amplification and cleavage with Hhal. J Lipid Res.
1990;31(3):545-548.

Benjamini Y, Hochberg Y. Controlling the false discovery rate: a prac-
tical and powerful approach to multiple testing. J Roy Statist Soc Ser A.
1995;57(Series B):289-300.

Team RC, R: A language and environment for statistical computing. R Foun-
dation for Statistical Computing 2018; https://www.R-project.org/.
Koenker R, quantreg: Quantile Regression. R package version 5.38.
2018; https://CRAN.R-project.org/package=quantreg.

Filippini N, Macintosh BJ, Hough MG, et al. Distinct patterns of brain
activity in young carriers of the APOE-epsilon4 allele. Proc Natl Acad
SciUSA.2009;106(17):7209-7214.

Dennis NA, Browndyke JN, Stokes J, et al. Temporal lobe functional
activity and connectivity in young adult APOE varepsilon4 carriers.
Alzheimers Dement. 2010;6(4):303-311.

Busche MA, Konnerth A. Neuronal hyperactivity-A key defect in
Alzheimer’s disease?. Bioessays. 2015;37(6):624-632.

Jack CR, Jr, Wiste HJ, Weigand SD, et al. Amyloid-first and
neurodegeneration-first profiles characterize incident amyloid
PET positivity. Neurology. 2013;81(20):1732-1740.

Levine H, Spielmann HP, Matveev S, et al. Down syndrome: age-
dependence of PiB binding in postmortem frontal cortex across the
lifespan. Neurobiol Aging. 2017;54:163-169.

Handen BL, Cohen AD, Channamalappa U, et al. Imaging brain amyloid
in nondemented young adults with Down syndrome using Pittsburgh
compound B. Alzheimers Dement. 2012;8(6):496-501.

Lao PJ, Betthauser TJ, Hillmer AT, et al. The effects of normal aging on
amyloid-beta deposition in nondemented adults with Down syndrome
as imaged by carbon 11-labeled Pittsburgh compound B. Alzheimers
Dement. 2016;12(4):380-390.


https://www.R-project.org/
https://CRAN.R-project.org/package=quantreg

ROSASET AL.

Diagnosis, Assessment 9of 9

35.

36.

37.

38.

39.

40.

41.

Annus T, Wilson LR, Hong YT, et al. The pattern of amyloid accumula-
tion in the brains of adults with Down syndrome. Alzheimers Dement.
2016;12(5):538-545.

Wilson LR, Vatansever D, Annus T, et al. Differential effects of Down’s
syndrome and Alzheimer’s neuropathology on default mode connec-
tivity. Hum Brain Mapp. 2019;40:4551-4563.

Grady CL, Protzner AB, Kovacevic N, et al. A multivariate analysis of
age-related differences in default mode and task-positive networks
across multiple cognitive domains. Cereb Cortex. 2010;20(6):1432-
1447.

Grady CL, Springer MV, Hongwanishkul D, Mcintosh AR, Winocur G.
Age-related changes in brain activity across the adult lifespan. J Cogn
Neurosci. 2006;18(2):227-241.

Jones DT, Knopman DS, Gunter JL, et al. Cascading network failure
across the Alzheimer’s disease spectrum. Brain. 2016;139(Pt 2):547-
562.

Schupf N, Zigman WB, Tang M-X, et al. Change in plasma AB pep-
tides and onset of dementia in adults with Down syndrome. Neurology.
2010;75(18):1639-1644.

Horvath S, Garagnani P, Bacalini MG, et al. Accelerated epigenetic
aging in Down syndrome. Aging Cell. 2015;14(3):491-495.

42.

43.

44,

Disease Monitoring

Gensous N, Franceschi C, Salvioli S, Garagnani P, Bacalini MG. Down
syndrome, ageing and epigenetics. Subcell Biochem. 2019;91:161-
193.

Wang Y, Chen K, Yao Li, Jin Z, Guo X. Structural interactions within
the default mode network identified by Bayesian network analysis in
Alzheimer’s disease. PLoS One. 2013;8(8):e74070.

Brier MR, Thomas JB, Snyder AZ, et al. Loss of intranetwork and inter-
network resting state functional connections with Alzheimer’s disease
progression. J Neurosci. 2012;32(26):8890-8899.

How to cite this article: Rosas HD, Lewis LR, Mercaldo ND,

et al. Altered connectivity of the default mode network in
cognitively stable adults with Down syndrome: “Accelerated
aging” or a prelude to Alzheimer’s disease? Alzheimer’s Dement.
2021;13:12105. https://doi.org/10.1002/dad2.12105


https://doi.org/10.1002/dad2.12105

	Altered connectivity of the default mode network in cognitively stable adults with Down syndrome: “Accelerated aging” or a prelude to Alzheimer’s disease?
	Abstract
	1 | INTRODUCTION
	2 | MATERIALS AND METHODS
	2.1 | Participants
	2.2 | Experimental design
	2.2.1 | MRI image acquisition
	2.2.2 | Automated anatomical segmentation
	2.2.3 | Resting state fMRI processing
	2.2.4 | Region of interest (ROI) analysis
	2.2.5 | Whole brain voxel-wise analysis
	2.2.6 | Apolipoprotein E genotyping
	2.2.7 | Statistical analyses


	3 | RESULTS
	3.1 | Demographics
	3.2 | Within-network group differences

	4 | DISCUSSION
	ACKNOWLEDGMENTS
	FUNDING
	CONFLICTS OF INTEREST
	REFERENCES


