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Abstract.
Background: Trisomy 21 causes Down syndrome (DS) and is a recognized cause of early-onset Alzheimer’s disease (AD).
Objective: The current study sought to determine if premorbid intellectual disability level (ID) was associated with variability
in age-trajectories of AD biomarkers and cognitive impairments. General linear mixed models compared the age-trajectory of
the AD biomarkers PET A� and tau and cognitive decline across premorbid ID levels (mild, moderate, and severe/profound),
in models controlling trisomy type, APOE status, biological sex, and site.
Methods: Analyses involved adults with DS from the Alzheimer’s Biomarkers Consortium-Down Syndrome. Participants
completed measures of memory, mental status, and visuospatial ability. Premorbid ID level was based on IQ or mental age
scores prior to dementia concerns. PET was acquired using [11C] PiB for A�, and [18F] AV-1451 for tau.
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Results: Cognitive data was available for 361 participants with a mean age of 45.22 (SD = 9.92) and PET biomarker data
was available for 154 participants. There was not a significant effect of premorbid ID level by age on cognitive outcomes.
There was not a significant effect of premorbid ID by age on PET A� or on tau PET. There was not a significant difference
in age at time of study visit of those with mild cognitive impairment-DS or dementia by premorbid ID level.
Conclusion: Findings provide robust evidence of a similar time course in AD trajectory across premorbid ID levels, laying
the groundwork for the inclusion of individuals with DS with a variety of IQ levels in clinical AD trials.
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INTRODUCTION

Down syndrome (DS), which is caused by trisomy
21, is the most common known genetic cause of intel-
lectual disability [1]. Trisomy 21 is also recognized
as a genetic cause of Alzheimer’s disease (AD) [2,
3], with a 90% or higher lifetime incidence of AD
dementia [4–6]. The triplication of the amyloid pre-
cursor protein, located on chromosome 21, leads to
an overexpression of amyloid-beta (A�), which accu-
mulates over time into extracellular A� plaques, an
early pathologic feature of AD. These plaques are
followed by the formation of intracellular neurofib-
rillary tangles of the protein tau [2, 7]. Natural history
studies are documenting the timeline of AD biomark-
ers and clinical AD dementia in large DS cohorts
[4, 8]. In positron emission tomography (PET) stud-
ies, 40–60% of individuals with DS have elevated
A� across various cortical regions in their early- to
mid-40 s [9] and the estimated age of onset of AD
dementia is 53.8 years [10]. However, there is marked
variability in these data: elevated PET cortical A� is
present in many individuals with DS before the mid-
30 s [9] and age of onset of AD dementia spans 32
years in DS [5, 6, 10]. As clinical trials become avail-
able to people with DS field, it is critical to identify
factors that influence this individual variability. Pre-
morbid intellectual disability (ID) may be one of these
factors.

People with DS vary in ID level prior to onset of
AD (referred to as premorbid ID), with IQ scores
ranging from the 30 s to 70 s [11–13]. The majority
of adults with DS (75–80%) have mild or moderate
ID; however, 2–5% of individuals with DS have an
IQ in the borderline to normal IQ range and 15–25%
have severe to profound ID [11–13]. In part, hetero-
geneity in premorbid ID is tied to type of trisomy
21, with mosaicism (2–3% of DS cases) associated
with a higher IQ than the full (96% of DS cases)
or translocation (1–2% of DS cases) types [14, 15];
however, other factors such as co-occurring medical
conditions are also linked to IQ variability [16]. It is

not known if differences in premorbid ID alter the
trajectory of AD in DS. These effects could oper-
ate through biological mechanisms related to brain
reserve, which is the idea that neural resources that
contribute to differences in premorbid ID level may
alter the ability to compensate for early AD pathol-
ogy [17]. For example, in non-DS populations, higher
(versus lower) intracranial volume appears to pro-
tect against cognitive decline in the presence of early
AD pathology [18, 19]. Alternatively, variability in
premorbid ID may impact the trajectory of AD in
DS through cognitive reserve, or the concept that
those with higher premorbid intelligence can better
recruit alternate neural networks or more efficiently
use existing networks to cope with early AD-related
pathology [20]. Indeed, there is evidence outside of
DS that adults with higher education have more pro-
nounced levels of AD pathology before showing the
clinical AD symptomology relative to adults with
lower education, and thus maintained cognitive func-
tioning for a longer period of time in the presence of
early pathology [18, 21, 22]. In line with these find-
ings, it is possible that adults with DS with a higher
premorbid ID level would have a later age of onset
of clinical AD symptomology, despite a similar time
course of AD pathology, relative to those with a lower
premorbid ID level.

To date, only a handful of large-sized studies have
compared the trajectory of AD by premorbid ID level
in DS [4, 23, 24]. These studies were limited in
that they only stratified by mild versus moderate ID
(excluded those with severe/profound ID), examined
differences on only one or two cognitive measures,
and analyses did not control for type of trisomy (full,
mosaic, or translation) or apolipoprotein E (APOE)
status (e.g., allele �4), genetic status, each which may
have its own effect on the time course of AD clinical
signs. Mixed results were reported in these studies.
For example, Videla et al. [24] used a longitudinal
design (follow-up visit occurred ≥6 months follow-
ing baseline) and reported a similar age-trajectory of
cognitive decline for adults with DS with mild versus
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moderate premorbid ID on the Cambridge Cognitive
Examination for Older Adults (CAMOG-DS) [25]
and modified Cued Recall Test (mCRT) [26]. Con-
versely, Fortea et al. [4], who used a cross-sectional
design, reported that adults with DS with moderate
premorbid ID had an earlier age of decline than those
with mild premorbid ID. Neither study compared age-
trajectories in AD biomarkers of PET A� and tau PET
or evaluated the timing of prodromal AD (i.e., mild
cognitive impairment) or dementia by premorbid ID
level.

The current study drew on a large cross-sectional
cohort of adults with DS to compare the estimated
age-trajectory of AD biomarkers of PET A� and tau
PET and cognitive decline (across four instruments)
between three premorbid ID levels (mild, moderate,
and severe/profound) in models controlling trisomy
type and APOE status. The average age of adults with
DS with a clinical status of mild cognitive impairment
(MCI-DS) or dementia were also compared across
the three premorbid ID groups. It was predicted that
there would be a similar age-trajectory in PET A� and
tau PET across the premorbid ID groups. However,
based on the concepts of brain and cognitive reserve,
the mild ID group was expected to have a slower
estimated trajectory of cognitive decline and those
with a clinical status of MCI-DS and dementia would
be older relative to the moderate and severe/profound
ID groups.

METHODS

Participants

Analyses involved cognitive data on adults with
DS, a subset of whom also had brain imaging
data. Data was collected at baseline from eight sites
involved in the Alzheimer’s Biomarkers Consortium-
Down Syndrome (ABC-DS). Study inclusion criteria
included aged 25 years or older, karyotyping testing
confirming DS, the absence of conditions con-
traindicative for brain imaging scans (e.g., pregnant
or metal in the body), and the absence of non-
AD untreated medical or psychiatric conditions that
altered cognitive functioning. In addition, for the
current analyses, a documented IQ or mental age
score prior to any AD-related concerns was required.
Adults with DS who had a clinical AD status of
‘unable to determine’ were also removed from anal-
yses. Internal Review Boards approved the study,
and consent and assent were obtained prior to
participation.

Procedures

Data included in present analyses was part of
a larger study protocol completed across multiple
days. Participants completed a battery of directly-
administered cognitive measures and a blood draw
for karyotyping. Caregivers provided information on
the adult with DS’s medical history and their cog-
nitive, adaptive, and behavioral functioning. At four
sites, PET and MRI imaging were conducted on the
adults with DS. A physical and neurological exam
were also completed at all sites with the adult with
DS.

Measures

Socio-demographics
Date of birth was reported by the caregiver

and used to calculate age in years. Karyotyping
was used to evaluate APOE allele status (coded:
�4 present = 1, �4 absent = 2) and type of DS
(trisomy = 1, mosaic = 2, or translocation = 3). Bio-
logical sex (female = 1, male = 2) and race/ethnicity
(white, non-Hispanic = 1, other = 2) were reported by
caregivers.

Premorbid ID level
Premorbid ID was defined as intellectual disabil-

ity level prior to a clinical status of MCI-DS or AD
dementia and was based on scores from the Stanford-
Binet Intelligence Scales, Fifth Edition (SB5) [27],
Abbreviated Battery or medical records document-
ing IQ using the Wechsler Adult Intelligence Scale
[28], or Kaufman Brief Intelligence Test [29]. Pre-
morbid ID level was coded as mild (1), moderate
(2), or severe/profound (3) based on IQ standard
scores (borderline: 70–85; mild: 50–69, moderate:
35–49, and severe/profound: <35) or age equivalent
scores (borderline: >15 years; mild: 9–14 years, mod-
erate: 4–8 years, and severe/profound: ≤3 years).
For participants with a clinical status of MCI-DS
or AD dementia, a prior IQ or mental age equiv-
alent score, taken before AD-related concerns, was
used.

Clinical AD status
Clinical AD status was based on a case con-

sensus process that involved at least three staff
with expertise in AD in DS (including at least one
psychologist and physician) who were blind to imag-
ing/biofluid data. This process reviewed information
from the current study visit and any prior visits from



216 S.L. Hartley et al. / AD and Intellectual Disability Level

caregiver-reported and direct measures of cogni-
tive functioning, adaptive behavior, and maladaptive
behaviors, a neurological exam, medical and psy-
chiatric history and recent life events [8]. Clinical
AD statuses were: 0 = cognitively stable, indicating
no evidence of cognitive or functional decline from
prior levels; 1 = MCI-DS, indicating evidence of cog-
nitive and/or functional decline that is not severe
enough to meet criteria for AD dementia; 2 = AD
dementia, indicating marked cognitive and functional
decline across multiple domains; and 3 = unable to
determine, which was used when there was evidence
of cognitive and/or functional decline but the par-
ticipant had also experienced a new (or increased
severity) medical condition or major life event, mak-
ing the underlying cause of the decline unclear.
Published data on measure norms guided the inter-
pretation of scores. However, the determination of
AD clinical status was based clinical judgement and
the overall pattern rather than a cut-off scores or a
single measure and reached following group discus-
sions. One member of the consensus team typically
included someone who was not part of that ABC-
DS site. A subset of cases at each site were also
reviewed by staff at other sites to harmonize the
process.

Cognitive function
Four cognitive instruments were selected from a

larger battery because they had assessed a cognitive
domain shown in prior work [30–32] to decline early
on in AD progression in DS.

Visuospatial ability. The Wechsler Intelligence
Scale for Children, Fourth Edition (WISC-IV) [33]
Block Design subtest declines early in the progres-
sion to AD and distinguishes adults with DS with
AD dementia from those without [3, 30–32] and has
excellent test-retest reliability (� = 0.94) [31]. The
Haxby extension, which is a downward (i.e., more
training and easier items) extension of the WISC-IV,
was also used. The total Block Design score was cre-
ated by summing the raw score of the Haxby and
WISC-IV items.

Memory. The modified Cued Recall Test (mCRT)
[26, 35] assesses episodic memory by asking partic-
ipants to recall pictures freely (free recall) and when
given a category cue (cued recall). The free and cued
recall scores were summed to create a mCRT Total
score. This assessment has been identified as a strong
indicator of dementia diagnostic status among adults
with DS 25 to 81 years old [32]. Additionally, the
mCRT is associated with AD biomarkers of PET A�

and tau PET prior to the onset of AD dementia in DS
[29, 36].

Mental status. The Down Syndrome Mental Status
Examination (DSMSE) [37] assesses broad dementia
symptoms including personal information, orien-
tation, memory, and language. This measure has
excellent test-retest reliability (� = 0.97) [31] and
demonstrated sensitivity in identification of MCI-
DS and AD dementia in adults with DS [30, 31].
Moreover, this measure has limited floor effects in
adults with DS with a range of intellectual levels
[30].

Caregiver-reported dementia symptoms. Dementia
Questionnaire for People with Learning Disabilities
(DLD) [38] is an informant-reported measure of cog-
nitive (Sum of Cognitive Score; SCS) and social (Sum
of Social Score; SSS) declines related to AD in DS.
Both the DLD-SCS (referred to as DLD Cognitive)
and DLD-SSS (referred to as DLD Social) scores
differentiate adults with DS with and without AD
dementia [30, 39].

MRI and PET
PET data were acquired using [11C] PiB for A�

and [18F] AV-1451 for tau quantification, and MRI
was used for anatomical reference. Scanning was
performed on Siemens HR+, Siemens 4-ring Bio-
graph mCT or GE Signa PET/MR (see [6] for
details). Tracers were administered as 20–30 s bolus
injections and saline flush. Images were acquired
in 5-min frames and inspected and corrected for
motion on a frame-by-frame basis. Time-averaged
images were 50–70 min post injection for [11C]
PiB and 80–100 min for [18F] AV-1451. Data were
reconstructed using iterative methods and corrected
for deadtime, attenuation, scatter, and radioactive
decay.

[11C] PiB and [18F] PET processing
[11C] PiB PET scans and associated T1 MRI were

analyzed with the centiloid method [40] using SPM8
software. The 50–70-min PET images were regis-
tered to corresponding anatomical MR images. The
MR scan was deformed to match the 152-subject
template of the Montreal Neurological Institute
(MN152) included with SPM8 and corresponding
PET images were co-warped using the determined
parameters. PiB radioactivity concentration was
extracted for the centiloid standard global region and
whole cerebellum, defined on the MNI152 template.
Global SUVR was the ratio of tracer concentration
in the global region to that of whole cerebellum.



S.L. Hartley et al. / AD and Intellectual Disability Level 217

This tissue ratio was converted to centiloid values
using linear+constant transformation specified for
[11C] PiB [40].

The 80–100 min [18F] AV-1451 tau images were
registered to T1 MRI. The next step was typically to
parcellate the T1 MR images to determine regions
of interest for the PET quantitation. However, the
DS population presents analysis challenges due to
anatomical differences between DS subjects and the
neurotypical subjects used in the construction of
FreeSurfer templates and also due to motion arti-
facts often seen with MR scans of DS subjects. Thus,
an extended methodology (multi-template method)
was employed. First, Subject T1 MR scans were pro-
cessed through FreeSurfer 5.3 [41] resulting in each
being parcellated into regions defined by the Desikan-
Killiany (DK) atlas [41]. An automated labeling
system for subdividing the human cerebral cortex
on MRI scans into gyral based regions of interest.
Results were then inspected, and 12 high-quality
scans were selected for use as templates, as part of the
extended analysis. In most cases the FreeSurfer par-
cellations were edited to provide better conformation
of the FS-based atlas to the template anatomy.

For each subject, each of the 12 templates was
warped to the subject’s T1 MR using the Advanced
Neuroimaging Tools (ANTs) software package [42,
43] resulting in 12 versions of the DK atlas in sub-
ject space. Each subject-space voxel was labeled with
a final DK region name which was taken to be the
region most often chosen by the 12 atlases. All results
were accepted or rejected based on a visual rating
of the final atlas adherence to subject MR anatomy.
The object of this method is to produce high qual-
ity parcellations without the need for parcellation
editing. In a few cases it was found that the previ-
ously performed direct application of FreeSurfer, i.e.,
not the multi-template method, along with previously
performed editing, produced acceptable parcella-
tions whereas the multi-template method did not.
In such cases the direct FreeSurfer parcellations
were used.

Radioactivity concentration of regions of inter-
est of [18F] AV-1451 was expressed as SUVr and
was determined using volume weighted average
of tracer concentration within FS-based compo-
nents reproducing the composite region defined by
Jack et al. [44] divided by the cerebellar cortex
concentration. The A� centiloid value and tau Mayo-
composite SUVr were used to classify participants as
A� ± (threshold value 19) and tau ± (threshold value
1.21) [44].

Statistical analysis

To examine variable distribution and potential out-
liers, boxplots, histograms, and descriptive statistics
were used. In addition, Loess plots conducted in R
4.2.0 were used to visualize a smoother scatter plot
of the relationship between age, cognitive perfor-
mance, and AD biomarkers by premorbid ID group.
We conducted general linear mixed models in SAS
9.4 to examine the associations between age and pre-
morbid ID level, as well as their interactions, on
cognitive functioning and AD biomarkers of PET A�
and tau PET. A mixed model was conducted as site
was included as a random effect; all other variables
were added as fixed effects. The linear and non-linear
effects of age and age by premorbid ID were explored
in all models. Biological sex, trisomy type, APOE sta-
tus, and the random effect of site (as recommended
by [45]) were added to models to adjust for the effect
of these variables on each outcome. Differences in
the mean of age between adults with a clinical status
DS, MCI-DS and/or dementia across the three pre-
morbid ID groups were assessed using the estimates
of the coefficients from the models using a dummy
variable.

RESULTS

Preliminary analyses

Table 1 presents information on the sample socio-
demographics. Of the 388 participants who met
inclusion criteria for the larger ABC-DS study, 8
(2.1%) did not have an IQ or mental age score prior
to AD-related concerns, and 19 (4.9%) had a clinical
AD status of ‘unable to determine’. The remaining
361participants ranged in age from 25 to 81 years,
with a mean of 45.19 years (SD = 9.88). About half
were female (n = 162, 44.9%) and the majority were
White (n = 340, 94.2%). The majority of participants
had full trisomy (n = 306, 84.8%), while 17 (5.5%)
had mosaic, 19 (5.2%) had translocation, and the
karyotype was unknown for 19 (5.2%) participants.
The latter missing karyotype group was retained in
analyses but not a focus of contrast effects in mod-
els. In terms of premorbid ID level, 187 (51.8%)
participants had mild ID, 140 (38.8%) had moder-
ate ID, and 34 (9.4%) had severe/profound ID. The
majority of participants had a clinical status of cog-
nitively stable (n = 263, 72.9%), while 53 (14.7%)
had MCI-DS and 45 (12.5%) had AD dementia.
There were 162 participants who had completed
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Table 1
Participant characteristics and mean and standard deviation for study variables

Total Mild ID Moderate ID Severe/Profound ID F or χ2 value
(n = 361) (n = 187) (n = 140) (n = 34) (p)

Trisomy type, No. (%) 10.902 (0.028)
Full 306 (84.8) 160 (85.5) 120 (85.7) 26 (76.5)
Mosaic 17 (5.5) 9 (4.8) 7 (5.0) 1 (2.9)
Translocation 19 (5.2) 8 (4.2) 5 (3.6) 6 (17.6)
Unknown 19 (5.2) 10 (5.3) 8 (5.7) 1 (2.9)

APOE �4, No. (%) 87 (24.1) 47 (25.1%) 29 (20.7%) 11 (32.4%) 1.732 (0.421)
Age in years, M (SD) 45.19 (9.88) 44.89 (9.42) 45.92 (9.96) 43.88 (11.93) 1.593 (0.205)
Sex, No. (%) 4.746 (0.093)

Male 199 (55.1) 96 (51.3) 87 (62.1) 16 (47.1)
Female 162 (44.9) 91 (48.7) 53 (37.9) 18 (52.9)

Clinical Status, No. (%) 7.310 (0.120)
CS 263 (72.9) 144 (77.0) 93 (66.4) 26 (76.5)
MCI-DS 53 (14.7) 22 (11.8) 28 (20.0) 3 (8.8)
Dementia 45 (12.5) 21 (11.2) 19 (13.6) 5 (14.7)

Race, No. (%) 2.364 (0.307)
White 340 (94.2) 179 (95.7) 129 (92.1) 32 (94.1)
Non-white 21 (5.8) 8 (4.3) 11 (7.9) 2 (5.9)

Cholinesterase inhibitors, NO. (%) 35 (9.6%) 16 (8.6%) 13 (9.3%) 5 (14.7) 0.829 (0.661)
Cognition, M (SD)

Block Design 22.16 (12.38) 26.33 (12.14) 18.74 (11.24) 12.26 (7.78) 28.223 (<0.001)
mCRT 27.31 (10.66) 29.17 (9.83) 25.26 (11.34) 24.07 (10.71) 5.639 (0.004)
DSMSE 59.27 (15.79) 65.77 (13.23) 53.96 (14.95) 43.23 (13.63) 48.887(<0.001)
DLD Cognitive 7.10 (9.22) 4.02 (6.56) 9.30 (10.06) 14.94 (10.99) 29.208 (<0.001)
DLD Social 6.27 (6.93) 4.97 (5.66) 7.31 (7.46) 9.21 (9.25) 8.510 (<0.001)

Biomarkers, M (SD)
PET A� 16.23 (28.70) 17.46 (31.51) 15.82 (26.56) 11.63 (19.59) 0.812 (0.446)
Tau PET 1.19 (0.26) 1.20 (0.29) 1.21 (0.08) 1.12 (0.08) 0.943 (0.323)

M, mean; SD, standard deviation; ID, intellectual disability; CS, cognitively stable; MCI-DS, mild cognitive impairment-Down syndrome;
mCRT, modified Cued Recall Test; DSMSE, Down Syndrome Mental Status Examination; DLD, The Dementia Questionnaire for People
with Learning Disabilities. PET A� is in centiloids. Tau PET is in standard uptake value ratio.

PET and MRI imaging. These scans provided usable
PET A� and tau PET data on 154 participants; 8
(4.94%) of the scans were unreadable due to motion/
other.

Premorbid ID and cognitive functioning

Table 2 shows the results of the mixed general lin-
ear mixed models examining the effects of age and
premorbid ID level, and their interaction, on cogni-
tive performance in models that controlled for clinical
AD status, biological sex, trisomy karyotype, APOE
�4 allele status, and site. The quadratic effect of age
on cognitive performance was also tested. However,
there was not a significant age2 or age2 by premor-
bid ID effect when all covariates were included; thus,
only the linear effect of age is included in final models
(see Table 2 footnote). There was a significant random
effect of site for Block Design (F = 3.227, p = 0.003),
DLD sum of cognitive (F = 3.671, p = 0.001) and
social (F = 3.286, p = 0.002) scores, and mCRT
(F = 5.297, p < 0.001) Total score, indicating that
sites differed in the age of recruited participants.

Clinical status had a significant effect on Block
Design (F = 32.949, p < 0.001), mCRT (F = 75.578,
p < 0.001), DSMSE (F = 47.770, p < 0.001), and the
DLD cognitive (F = 104.733, p < 0.001) and Social
(F = 53.556, p < 0.001) scores. Participants with
MCI-DS or AD dementia performed worse than those
who were cognitively stable. There was a signifi-
cant negative effect of age on the DSMSE (–0.294
[SE = 0.106], p = 0.006), with older participants per-
forming worse than younger participants. There was
a significant effect of premorbid ID level on DSMSE
(F = 5.188, p = 0.006) with adults with mild ID scor-
ing higher than those with moderate ID (–13.034
[SE = 5.990], p = 0.030) and severe/profound ID
(–24.734 [SE = 8.506], p = 0.004). There was not a
significant premorbid ID level by age interaction on
any of the cognitive outcomes. Thus, the associa-
tion between age and performance on the cognitive
measures was similar across the premorbid ID level
groups. Figure 1A–E displays loess scatterplots of
age and cognitive performance by premorbid ID
group, which provides a visualization of the asso-
ciations.
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Table 2
General linear mixed models of premorbid intellectual disability (ID) level on cognitive outcomes

Estimate (Standard Error) or F value
Block Design mCRT DSMSE DLD Social DLD Cognitive

Site (random effect) 3.227∗∗ 5.297∗∗ 1.245 3.286∗∗ 3.671∗∗
Age –0.110 (0.093) –0.044 (0.073) –0.294 (0.106)∗ 0.016 (0.049) 0.060 (0.055)
Biological Sex –0.933 (1.104) 0.332 (0.863) 1.385 (1.256) 0.393 (0.584) –0.579 (0.650)
Trisomy type (versus full), F value 1.957 (0.143) 1.647 (0.194) 0.495 (0.610) 0.202 (0.817) 0.602 (0.548)

Mosaic –1.317 (2.577) –3.645 (2.196) –1.470 (2.956) 0.789 (1.372) 1.293 (0.527)
Translocation 4.275 (2.256) 1.190 (1.734) 2.169 (2.562) –0.303 (1.202) –0.898 (1.338)

APOE �4 –0.472 (1.146) 0.197(0.994) 0.057 (1.416) –0.486 (0.662) 0.064 (0.737)
Clinical Status (versus CS), F value 32.949∗∗ 75.578∗∗ 47.770∗∗ 53.556∗∗ 104.733∗∗

MCI-DS –3.922 (1.698)∗ –9.329 (1.329)∗∗ –5.733 (1.951)∗∗ 2.060 (0.906)∗ 4.021 (1.008)∗∗
Dementia –15.270 (1.881)∗∗ –18.560 (1.617)∗∗ –20.869 (2.136)∗∗ 10.011 (0.969)∗∗ 15.608 (1.078)∗∗

Premorbid ID (versus mild), F value 2.603 0.166 5.188∗∗ 0.491 0.308
Moderate –7.609 (5.256) 2.387 (4.165) –13.0334 (5.990)∗ 0.848 (2.797) 0.543 (3.114)
Severe/Profound –15.801 (7.490)∗ 0.0695 (5.958) –24.734 (8.506)∗∗ 3.954 (3.988) 3.478 (4.439)

Age × Premorbid ID, F value 0.054 1.672 0.194 0.003 1.678
Age × Moderate 0.029 (0.114) –0.113 (0.091) 0.072 (0.130) 0.004 (0.060) 0.070 (0.067)
Age × Severe/Profound –0.019 (0.166) –0.220 (0.137) –0.020 (0.189) –0.002 (0.088) 0.171 (0.098)

ID, intellectual disability; CS, cognitively stable; MCI-DS, mild cognitive impairment-Down syndrome; AD, Alzheimer’s disease; DSMSE,
Down Syndrome Mental Status Examination; DLD, The Dementia Questionnaire for People with Learning Disabilities. Age2 was not
significantly related to Block Design (–0.045 [0.657]), mCRT (–0.012[(0.09]), DSMSE (0.003 [0.002]), DLD Social (0.033 [0.029]) or DLD
Cognitive (0.002 [0.002]). Age2 × Premorbid ID was not significantly related to Block Design (F = 0.087, p = 0.765), mCRT (F = 01.654,
p = 0.322), DSMSE (0.176, p = 0.829), DLD Social (F = 0.006, p = 0.711). or DLD Cognitive (F = 1.50, p = 0.231]). ∗p < 0.05; ∗∗p < 0.01.

Fig. 1A–E. Loess scatterplots of the association between age and performance on the modified Cued Recall Test (A), Block Design Tasks (B),
Down Syndrome Mental Status Exam (DSMSE) (C), Dementia Questionnaire for People with Learning Disorders (DLD) sum of cognitive
score (D) and DLD sum of social score (E) by premorbid level of intellectual disability. The first dashed vertical line is the mean age of the
cognitively stable group and the second line is the mean age of those with mild cognitive impairment (MCI) or dementia.

Premorbid ID and AD biomarkers

Table 3 shows the results of the general linear
mixed model regressions examining the effect of age
and premorbid ID level, and their interaction, on PET
A� and tau PET in models controlling for the same

set of control variables as above. The quadradic effect
of age on cognitive performance was also tested.
However, there was not a significant age2 or age2

by premorbid ID effect (see Table 2 footnote); thus,
only the linear effect of age is included in final mod-
els. There was a significant positive effect of age
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Table 3
General linear mixed models of premorbid intellectual disability (ID) level on PET Biomarkers

Estimate (Standard Error) or F value
A� Tau

Site (random effect) 0.554 0.498
Age 1.622 (0.233)∗∗ 0.017 (0.002)∗∗
Biological Sex –2.033 (2.774) –0.022 (0.031)
Trisomy type (versus full) 0.531 0.481

Mosaic 2.443 (7.041) 0.080 (0.087)
Translocation –4.877 (5.087) –0.018 (0.056)

APOE �4 2.461(3.333) 0.026 (0.036)
Clinical Status (versus CS) 48.681∗∗ 43.185∗∗

MCI-DS 37.720 (6.882)∗∗ 0.437 (0.073)∗∗
Dementia 66.874 (7.411)∗∗ 0.624 (0.078)∗∗

Premorbid ID (versus mild) 0.093 1.351
Moderate 2.53 (13.755) –2.57 (0.155)
Severe/Profound –7.823 (22.867) –0.141 (0.256)

Age × Premorbid ID (versus mild) 0.182 1.797
Age × Moderate –0.016 (0.354) 0.008 (0.004)
Age × Severe/Profound 0.349 (0.602) 0.004 (0.007)

ID, intellectual disability; CS, cognitively stable; MCI-DS, mild cognitive impairment-Down syndrome; A�,
amyloid-beta assessed in centiloids. Age2 was not significantly related to A� (0.099 [0.067]) or Tau (0.003 [0.002]).
Age2 × Premorbid ID was not significantly related to A� (F = 0.134, p = 0.865) or Tau (F = 0.184, p = 0.465).
∗p < 0.05; ∗∗p < 0.01.

Fig. 2. A and B. Loess scatterplots of the association between age and PET amyloid-beta (centiloids) and tau PET by premorbid level of
intellectual disability. The first dashed vertical line is the mean age of the cognitively stable group and the second line is the mean age of
those with mild cognitive impairment (MCI) or dementia.

on both PET A� (1.622 [SE = 0.233], p < 0.001) and
tau PET (0.017 [SE = 0.002], p < 0.001). There was
also a significant effect of clinical AD status on PET
A� (F = 48.681, p < 0.001) and tau PET (F = 43.185,
p < 0.001). Participants who were cognitively stable
had lower levels of both biomarkers than those with
MCI-DS or AD Dementia. There was not a signifi-
cant premorbid ID by age interaction on PET A� or
on tau PET. Thus, age had a similar association with
the PET biomarkers across premorbid ID levels. Fig-
ure 2A and 2B displays the loess scatterplots of age
and PET biomarkers by premorbid ID group.

Premorbid ID and MCI-DS and dementia

Table 4 displays the results of the general linear
mixed models examining the interaction of premor-
bid ID level by clinical AD status (MCI-DS and AD
dementia) on age in models controlling for biological
sex, trisomy karyotype, APOE �4 allele status, and
site. There was not a significant quadradic effect of
age2 or age2 × premorbid ID level interaction on clin-
ical AD status (see Table 4 footnote) and thus only the
linear effect of age is shown in the final model. There
was not a significant effect of premorbid ID level by
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Table 4
General linear mixed models of premorbid intellectual disabil-
ity (ID) level and clinical Alzheimer’s disease Status and their

interaction on age

Estimate (Standard
Error) or F value

Site (random effect) 21.909 (<0.001)∗∗
Trisomy type (versus full) 3.928 (0.021)

Mosaicism 3.079 (1.970)
Translocation –3.891 (1.726)∗

APOE �4 –2.596 (0.947)∗
Biological Sex –1.234 (0.841)∗
Clinical Status (versus CS) 13.901 (<0.001)∗∗

MCI-DS 6.602 (1.804)∗∗
Dementia 8.446 (1.771)∗∗

Premorbid ID (versus mild) 0.999 (0.369)
Moderate –0.670 (1.018)
Severe/Profound 1.508 (1.585)

Premorbid ID × Clinical Status (versus CS) 1.531 (0.193)
Moderate × MCI-DS –2.626 (2.504)
Moderate × Dementia 0.389 (2.757)
Severe/Profound × MCI-DS 4.548 (4.703)
Severe/Profound × Dementia –6.321 (4.227)

ID, intellectual disability; CS, cognitively stable; MCI-DS,
mild cognitive impairment-Down syndrome; A�, amyloid-beta
assessed in centiloids. ∗p < 0.05; ∗∗p < 0.01.

MCI-DS or premorbid ID level by AD dementia on
age. As shown in Fig. 3, the mean age of adults with
DS in each clinical status group did not significantly
differ by premorbid ID level.

DISCUSSION

As we prepare for AD clinical trials in DS, it is
essential to understand whether phenotypic variabil-
ity, including premorbid ID level, is associated with
differences in AD progression. Findings from the
present study provide the strongest evidence to-date
that the timing of AD is similar across premorbid ID
levels in DS. The age-trajectory of PET A� and tau
PET was similar in adults with DS with mild, moder-
ate, and severe/profound premorbid ID based on our
cohort of adults with DS. Across all premorbid ID
levels, PET A� increases occurred in the late 30 s,
and tau PET increases occurred in the 40 s, which is
a decade prior to the expected average age of transi-
tion to MCI-DS and AD dementia in DS, in line with
studies on autosomal dominant AD [46] and previ-
ous studies on DS [2, 47]. The age-trajectory of early
cognitive decline on tests of episodic memory, visu-
ospatial ability, and overall dementia symptoms was
also similar across premorbid ID groups. Despite the
groups having different baseline performance levels,
adults with mild, moderate, and severe/profound pre-
morbid ID demonstrated a similar age trajectory of
cognitive declines. The average age at time of study
visit of adults with DS diagnosed with MCI-DS and
AD dementia also did not differ by premorbid ID
level, occurring in the early to mid-50 s, respectively.

Fig. 3. Boxplot of age on clinical status (cognitively stable [none], mild cognitive impairment [MCI], and dementia) by premorbid level of
intellectual disability (mild, moderate, or severe/profound).
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These mean ages are in line with prior work showing
a mean age of AD dementia onset across studies of
53.8 years [10].

These findings are aligned with those from another
large cohort of adults with DS, which reported a simi-
lar rate of decline in AD-related cognitive functioning
for adults with mild versus moderate premorbid ID
using the CAMCOG-DS and mCRT [24]. These
findings are also in line with studies reporting no dif-
ference in age of dementia onset based on premorbid
ID level in samples of people with ID due to eti-
ologies other than DS [48]. Overall, these findings
suggest that the time course of AD is comparable
across premorbid ID levels in DS. Thus, AD clin-
ical trials should not exclude individuals with DS
based on premorbid ID level; rather, projected age
trajectories of AD progression such provide sufficient
inclusion criteria for participation in clinical trials.
While premorbid ID level may not confer cognitive
or brain reserve effects in people with DS—given that
the time course of AD progression did not vary based
on premorbid ID level—it is still possible that brain
or cognitive reserve effects occur in this population.
Indeed, there is some evidence that engagement in
cognitively-stimulating leisure activities and employ-
ment complexity, which vary widely even among
those with the same level of ID, are associated with
less decline in cognitive functioning with age among
individuals with DS [49, 50].

Results should be interpreted with consideration of
study strengths and limitations. In terms of strengths,
the study leveraged a large cohort of adults with
DS. The focus was on cognitive measures with
adequate testing properties across premorbid ID lev-
els, and, thus, floor effects were limited. However,
it is still possible that these floor effects, espe-
cially on the mCRT, obscured accurate detection of
age-trajectories of decline for the severe/profound
premorbid ID group, as has been reported by other
groups [24]. In terms of other limitations, model-
ing of the timing of AD progression was based on
cross-sectional data. Future within-person longitudi-
nal data is needed to validate estimated trajectories
in AD biomarkers and cognitive decline and better
understand within-person declines. While the mean
age of participants in the MCI-DS and dementia status
groups at the time of the study visit did not dif-
fer by premorbid ID level, it is still possible that
the age of initial transition to MCI-DS or dementia
does. The sample included a relatively small number
of individuals with severe/profound premorbid ID,
and the inclusion criteria necessary for PET imag-

ing restricted the participation of adults with DS with
certain medical conditions. As a result, our sample
may reflect healthier and higher functioning folks
within each premorbid ID level relative to the broader
DS population. The sample was also primarily white
and non-Hispanic, and future work should make con-
certed efforts to recruit diverse samples. In the current
study, clinical AD status groups (MCI-DS and AD
dementia) focused on the presence of cognitive and/or
functional decline from a baseline level. Behavioral
changes often occurred alongside of the cognitive
and functional changes, and thus potential differ-
ences in behavioral AD symptoms by premorbid ID
level should be examined in future studies. Finally,
our visualizations of age-trajectories suggest possible
increases in cognitive performance and/or practice
effects on some measures (e.g., mCRT) in early adult-
hood (20 s and early 30 s), which should be evaluated
in the future.

Overall, the study adds to the characterization of
the time course of AD pathology and clinical sympto-
mology in DS. Understanding this progression across
the varying phenotypic presentation of DS is essential
for anticipated AD clinical trials in the DS popula-
tion. The present study provides robust evidence of
a similar time course in AD progression across mild,
moderate, and severe/profound premorbid ID levels
in DS. Importantly, these findings lay the ground-
work for the inclusion of individuals with DS with
a variety of IQ levels in clinical AD trials. Finally,
while evidence suggests that the timing of AD pro-
gression does not differ by premorbid ID level, it is
still possible that lifestyle factors such as employ-
ment or engagement in cognitively stimulating leisure
activities, which vary widely among individuals with
DS, effects AD progression which may not necessar-
ily align with premorbid ID level among individuals
with DS.
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