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Highlights

∙ Volume declines before Alzheimer’s pathology in Down syndrome.

∙ Volume declines shortly before symptom onset in autosomal dominant Alzheimer’s.

∙ Down syndrome and autosomal dominant Alzheimer’s are similarly affected by

amyloid.

∙ Estimated years to onset of decline outpredicts volume relative to Centiloid.

1 BACKGROUND

Alzheimer’s disease (AD) is the leading cause of dementia worldwide,

affecting more than 55 million people and costing more than $1.3 tril-

lion per year.1 AD ismarkedby thepresenceof amyloid plaques and tau

tangles, followed by neurodegeneration and cognitive impairment.2

Rare genetic forms of AD account for ∼1%–2% of AD prevalence with

almost 100% penetrance, leading to cognitive impairment at younger

ages than typically seen for late onset AD.3–5 Genetic forms of AD

include Down syndrome AD (DSAD) and autosomal dominant AD

(ADAD). In individuals with DS, triplication of chromosome 21 results

in an additional copy of the amyloid precursor protein (APP) gene

responsible for overproduction of amyloid-β,3,4 leading to cognitive

impairment developing in their early 50s.3 Similarly, individuals pos-

sessing ADAD-specific mutations, which occur in the APP, presenilin

1 (PSEN1), or presenilin 2 (PSEN2) genes, also exhibit excess amy-

loid. This leads to dementia at a younger, highly predictable age,5 that

can be predicted based on mutation type and parental age of onset.6

Unlike ADAD, where affected individuals are similar to the unaffected

until disease onset, people with DS have a distinct phenotype that

includes accelerated aging related to early cell senescence.7 Given that

DSAD and ADAD are associated with highly reliable age of symptom

onsets specific to their underlying mutation, pathological changes in

both forms of AD can be staged as a function of estimated years to

onset (EYO) of clinical symptoms.

Neuroimaging studies have previously compared DS and ADAD

using amyloid8–10 and tau positron emission tomography (PET).11,12

Overall, both groups have a similar sequence of pathological events

with initial amyloid deposition, followedby tau accumulation, then cog-

nitive impairment.However, the timing of these events differs between

ADAD and DS.3,8 Amyloid accumulates earlier relative to cognitive

impairment in ADAD compared to DS, though the rate of change

in amyloid is greater for DS than ADAD. By the onset of dementia,

amyloid levels are similar forbothgroups.8 Tauhasbeen shown toaccu-

mulate soon after amyloid onset and to be higher for a given amount of

amyloid in DS compared to ADAD.11,12

In general, brain volumes decrease with increasing AD pathology,13

serving as a biomarker of neurodegeneration, and predicting future

cognitive impairment.14 The temporal and spatial changes in volumet-

ricwith regards to EYOhave not beenwell studied inDS; subsequently,

its usefulness as a biomarker remains uncertain. Changes in brain

volumes in DS are complicated by developmental differences. Brain

structure is different from birth in DS15 with smaller intracranial

volumes,16 thicker cortices due to reduced gyrification,17 smaller hip-

pocampi, and larger putamen observed.18 Brain volumes continue to

decline with aging,19–23 though a recent paper found inflections in

medial temporal volumes between the ages of 38 and 45 years old.24 In

contrast, brain structure for ADAD is similar to healthy controls until

later in the disease course.25

Due to their predictable symptom onset, ADAD and DS can help

identify early AD-related changes in a reliable manner over a shorter

period of time. This differs from sporadic AD, where individuals

may have decades of pathology before the onset of symptoms.2

Understanding the expected trajectory of volumetric change over

AD progression may be particularly important as new anti-amyloid

therapies may exacerbate volume loss.26 Insights into the timing

and regional pattern of brain volumetric changes due to AD is

necessary to evaluate the impact of new treatments in these two

genetic forms of AD. The goal of these analyses is to identify the

timing and location of brain volume changes in ADAD and DS,

both before and after the onset of cognitive impairment, and to

determine whether these changes are similar or different in these

conditions.

2 METHODS

2.1 Participants

Participants were from two ongoing multisite longitudinal studies: the

Alzheimer Biomarker Consortium—Down Syndrome (ABC-DS) study

and the Dominantly Inherited Alzheimer Network (DIAN). ABC-DS

enrolls participants with DS and sibling controls 25 years and older.

DIAN recruits ADADmutation carriers and familial controlswho are at

least 18 years old. See Supplemental Methods for how genetic status

was determined.
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RESEARCH INCONTEXT

1. Systematic review: The authors reviewed the literature

usingPubMed. Previous researchhas exploredautosomal

dominant Alzheimer’s disease (ADAD) volume changes,

typically using a single inflection changepoint model in

cross-sectional analyses. Down syndrome (DS) volume

has also been investigated, typically as a linear model or

in a limited set of regions of interest (ROIs). Differences in

volume changes in both groups have not been examined.

2. Interpretation: Our findings point to independent neu-

rodegenerative patterns in DS and ADAD despite both

groups being similarly affected by amyloid. DS vol-

umes are lower initially than controls and decrease

prior to Alzheimer’s disease (AD) pathology. Volumetric

decline does not accelerate following amyloid accumula-

tion. ADAD volumes are similar to controls until rapidly

decreasing, beginning up to 7 years prior to symptom

onset.

3. Future directions: Future direction include applying this

approach to other neurodegenerative biomarkers (e.g.,

plasma neurofilament light chain [NfL], cortical thick-

ness). AD drug trials may use these normative volume

estimates to evaluate the effects of anti-amyloid thera-

pies on brain volumes.

2.2 Standard protocol approvals, registrations,

and patient consents

Written informed consent or assentwas obtained fromall participants,

or if individuals are incapable of providing consent, from their legally

authorized representatives. All protocols were approved by the insti-

tutional review boards at the ABC-DS and DIAN sites and conform to

the ethical standards of the 1964 Declaration of Helsinki and its later

amendments.

2.3 Genetics

All DIAN participants underwent genetic testing for an ADAD-causing

mutation in the APP, PSEN1, or PSEN2 genes. ABC-DS partici-

pants had their medical records checked for karyotype or under-

went genetic testing to confirm DS. Apolipoprotein E (APOE) ε4

status was established using a TaqMan genotyping assay (Applied

Biosystems [Waltham, MA, USA]) for DIAN participants and a KASP

assay (LGC Genomics [Beverly, MA, USA]) for ABC-DS. The pres-

ence of at least one APOE ε4 allele was deemed as APOE ε4

positive.

2.4 EYO determination

For the ADAD group, EYO was calculated individually based on

mutation-specific age of onset and actual age of onset of dementia.6

For ABC-DS the estimated age of onset was defined as 52.5 years old

based on previous literature.3,8 By using EYO we are able to directly

compare DS and ADAD. EYO for familial controls was identical to their

affected relatives. Our approach to EYO was consistent with previous

analyses comparing ADAD andDSAD.8,11,27–29

2.5 Imaging

All participants had a T1-weighted scan performed on a 3T mag-

netic resonance imaging (MRI) scanner. Scans were processed using

FreeSurfer30 v5.3 and v7.3 for a subset of the ABC-DS partici-

pants (N = 143; a comparison of versions is included as Table S1).

Brain volumes were summed across hemispheres for each individ-

ual region, generating 34 unique cortical and 10 unique subcortical

gray matter regions. Regional volumes were corrected for intracra-

nial volume using a linear mixed effect-based residual approach31

and converted to a z-score to simplify comparisons across regions

using two approaches: normalizing using all participants so that change

across regions is on the same scale while preserving group differ-

ences or normalizing groups separately using the amyloid negative

members of each cohort. The first approach allows for comparison

of the actual volume of each group while the second removes the

developmental offset observed in DS. All cohorts had the same pro-

cessing and quality control to allow for direct comparison between

groups.

2.6 Amyloid PET imaging

The majority of participants underwent amyloid PET scans using

[11C]-Pittsburgh compound B (PiB) for DIAN and PiB or [18F]-AV45

(florbetapir) for ABC-DS. PET data from 50–70 min after bolus injec-

tion was used for ABC-DS for both tracers and 40-70 min for DIAN.

PET scans were processed using a PET Unified Pipeline32 that aligns

the PET scan with the FreeSurfer segmentations and applies par-

tial volume correction using a regional spread function.33 Regional

standardized uptake value ratios (SUVRs) were calculated using the

cerebellum as the reference region. To harmonize across PET tracers,

Centiloid values34 were calculated from the SUVRs based on a corti-

cal summary measure.32 All PET processing was identical for ABC-DS

and DIAN data. Amyloid positive (Centiloid ≥ 16.4)34 controls were

omitted from analyses.

2.7 Clinical assessment

All participants were evaluated for dementia. In ABC-DS, this was

accomplished by a committee with experience in evaluating dementia
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in DS.35 The committee used neuropsychological evaluations designed

for people with DS, medical and psychiatric histories, and interviews

with caregivers or informants to derive a consensus diagnosis of cogni-

tively unimpaired,mild cognitive impairment (MCI), or dementia due to

AD. For some participants with DS, a consensus was not reached, and

they were designated as uncertain. Cognitive status in DIAN partici-

pants was established using the Clinical Dementia Rating (CDR) scale,

which rates participants as either cognitively unimpaired (0), very mild

dementia (0.5), mild dementia (1), moderate dementia (2), or severe

dementia (3). Cognitive status in both groups was binarized, either

cognitively unimpaired or showing signs of cognitive impairment (MCI

or dementia) for ABC-DS or CDR > 0 for DIAN. While there is some

heterogeneity in clinical presentation in MCI,36 the early onset, high

penetrance, and symptom homogeneity of AD in DS and ADADmeant

any cognitive impairment was interpreted as indicative of AD.

2.8 Statistics

All analyses were completed in R v4.41.37 Group differences in demo-

graphics were analyzed using chi-squared tests for categorical vari-

ables and independent sample t-tests for continuous variables. Results

are reported as uncorrected for multiple comparisons for demograph-

ics only. The effects of amyloid accumulation and impairment on

regional brain volumes were calculated in linear mixed effect (LME)

models, comparing volumes of controls against cognitively unimpaired

amyloid negative (CU-), cognitively unimpaired amyloid positive (CU+),

and cognitively impaired amyloid positive (IMP+) participants with DS

or ADADmutations. All models controlled for the effects of sex, APOE

e4 status, and FreeSurfer version and treated individual nested under

family as randomeffects.Groupdifferenceeffectswere considered sig-

nificant if they survived a false discovery rate (FDR) corrected p ≤0.05

applied to a Tukey correction for number of group comparisons in each

analysis (21).

We also compared brain volumes trajectories between groups

through generalized additive mixed-models (GAMMs) in the R mgcv

package.38 GAMMs do not assume a consistent relationship between

two measures, instead allowing the direction and shape (linear or

nonlinear) of the relationship to vary over segments of the slope, or

splines. GAMMs find the model that accounts for the most variance

while penalizing for model complexity to avoid overfitting. Slope shape

was summarized with the estimated degrees of freedom (EDF), where

1 indicates a linear relationship and values greater than 1 indicate

increasingly nonlinear relationships. The shape of a relationship can

significantly differ between groups that have linear relationships due

to differences in slope steepness.

Group-specific relationships between brain volume and EYO were

evaluated using GAMMs. GAMMs allow for slopes to vary by group

and included sex,APOEe4 status, andFreeSurfer version as covariates,

and treated individual nested under family as a random effect. Differ-

ences betweenDS, ADAD, and controlswere examinedwith regards to

main effect differences in brain volumes between groups (offset), dif-

ferences in the shape of the relationship with EYO between groups,

and the EYO ranges where groups significantly diverged. A group-

specific amyloid negative normalization was performed to allow for

divergence analyses for DS as significant developmental effects are

present.16–18 Differences in group offset and shape were extracted

from the model summary. EYO-specific group divergences were cal-

culated by examining when the estimate for one group no longer fell

within the spline-based confidence interval for another and vice-versa.

Correction for multiple comparisons was performed by applying an

FDR correction for tests of group main effects and interactive effects

with EYO and a Bonferroni correction for ranges of group divergences.

Multiple comparison corrections were applied separately for the anal-

yses using group-specific normalized data. Analyses were repeated

using amyloid in Centiloids,34 excluding controls due to limited range.

To examinewhether brain volumeswere better predicted by EYOor

Centiloid, analyses compared the Akaike Information Criterion (AIC)

for volumes predicted by EYO or by Centiloid. AIC is a measure of

model fit, where lower values indicate better model performance. As

AICs depend on sample size and number of parameters, they cannot be

compared across groups. These analyses examined groups separately,

using only participantswith both anEYOandCentiloid. As the EYOand

Centiloid models have the same degrees of freedom, region-specific

comparisons in an analysis of variance (ANOVA) were not feasible.

Instead, a paired t-test was performed on the AICs of the EYO and

Centiloid models.

Analyses were conducted to test for group-specific inflection points

in the linear relationship between intracranial volume-corrected vol-

ume and EYO. A group-specific piecewise LME model was calculated,

allowing for a single inflection point for each region, and compared

against an inflectionless model. Inflection methods and results are

detailed in the supplementarymaterials.

Volumetric results are described at a summary level (e.g., cor-

tical or subcortical) in the main text. When demonstrating group

slopes we used three regions implicated in the pathogenesis of

genetic AD pathology: the hippocampus, precuneus, and nucleus

accumbens.3,39–42 A more detailed regional description of trajectory

differences by group can be found in the supplemental results. Videos

of volume estimates and group differences between EYOs -20 to 10

and Centiloids 0 to 150 can be found in the supplement, with andwith-

out correcting for developmental offset (Supplemental Videos 1–6).

Individual region volume-EYO/Centiloid plots can also be found in the

supplemental materials (Supplemental Plots 1-8).

Analyses examining gene-specific effects in ADAD are detailed in

the supplement.

3 RESULTS

3.1 Participants

Participants consisted of 267 controls combined over both cohorts,

341 adults with DS, and 358 individuals with an ADADmutation, with

576, 472, and 860 longitudinal MRIs, respectively, for a total of 1908

scans. There were 106 unique mutations in the ADAD sample. Partici-
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TABLE 1 Demographics.

Parameter

Baseline All

Control DS ADAD Control DS ADAD

N (male) 267 (104) 341 (188)* 358 (155) 576 (231) 472 (258) 860 (373)

No. Impaired – 65 119* – 100 294

No. of amyloid scans 246 238 314 493 318 688

APOE E4 prevalence 28% 23% 28% 29% 24% 30%

Age (SD) 37.6 (11.2) 42.8 (9.4)* 37.4 (10.8) 39.0 (10.3) 43.8 (9.4) 39.4 (10.8)

EYO (SD) −11.2 (11.5) −9.7 (9.4) −8.7 (11.4)* −9.5 (10.4) −8.7 (9.4) −7.0 (10.7)

Centiloid (SD) −0.7 (3.4) 28.0 (37.3)* 40.7 (48.8)* −1.0 (3.4) 30.3 (38.8) 44.7 (50.7)

Impaired Centiloid (SD) – 79.6 (41.4) 81.3 (55.4) – 79.6 (43.7) 85.0 (54.5)

N Tri/Mos/Trns/Unk – 308/12/14/7 – – 428/16/19/9 –

NAPP/PSEN1/PSEN2 – – 65/266/27 – – 191/603/66

Note: Characteristics of each genetic Alzheimer group and controls.

*: Groupwas significantly different from another for this metric, see Results for more information.

Abbreviations: ADAD, participants with an autosomal dominant mutation; APP, amyloid precursor protein; APOE, apolipoprotein E; DS, participants with

Down syndrome; EYO, estimated years until onset of cognitive impairment; Mos, mosaicism; PSEN, presenilin; SD, standard deviation; Tri, trisomy 21; Trns,

translocation; Unk, unknown.

pantswithDS (mean age[SD]= 42.8[9.4] at baseline) were significantly

older than ADAD (37.4[10.8]; p < 0.001) and controls (37.6[11.2];

p < 0.001). Age was not included as a covariate in the model to control

for this groupdifferencedue to its high collinearitywithEYO, especially

for DS. EYOwas only significantly different between ADAD (−8.7[9.4])

and controls (−11.2[11.5]; DS -9.7[9.4]). A higher proportion of DS par-

ticipants were male (55.1%) compared to controls (39.0%; p < 0.001)

or ADAD (43.3%; p = 0.002). Participants with ADAD were signif-

icantly more likely to be impaired relative to DS (33.2% vs 19.1%,

p<0.001). Thepresenceof anAPOEe4allele didnot significantly differ

between groups. AmyloidPET (inCentiloids)was significantly different

between all groups at baseline—ADAD (40.7[48.8]), DS (28.0[37.3]),

and controls (−0.7[3.4]), all p’s < 0.001. However, for those individu-

als with cognitive impairment, Centiloid did not differ between ADAD

and DS (81.3[54.5] and 79.6[41.4], respectively; p = 0.85). See Table 1

for a description of groups by sex, mutation type, APOE e4, age,

EYO, and Centiloid. See Supplemental Results and Table S2 for ADAD

gene-specific demographics.

3.2 Effects of amyloid and cognitive impairment

at the group level

LME analyses of the influence of amyloid and cognitive impairment

on brain volume found that escalating AD pathology was associated

with significantly smaller brain volumes inmost regions. Amyloid accu-

mulation in ADAD was associated with smaller volumes in primarily

striatal subcortical, and inferior temporal, parietal, and occipital cor-

tical regions. Progression to cognitive impairment in ADAD resulted

in smaller brain volumes in almost all regions. In DS, amyloid accumu-

lation was associated with smaller volumes in frontal, inferior/medial

parietotemporal, and subcortical regions. Cognitive impairment was

linked to greater brain volume loss in these regions, which was more

significant than the loss caused by amyloid accumulation in ADAD.

Betweengroupanalyses found thatbrain volumes in controlswere sim-

ilar to CU- ADAD carriers while CU- DS were typically smaller than

either group. Figure 1 shows significant between and within group

(control/ADAD/DS) and stage (CU-/CU+/IMP+) differences in volume

across all group and stage comparisons. Prior to amyloid accumula-

tion, volumes were similar for ADAD and controls but were already

lower for DS. Both DS and ADAD volumes decrease with progressive

AD stage. Sex effects were seen for most regions for all groups, with

smaller volumes observed for females relative to males. APOE e4 did

not have a significant effect on brain volumes. See Supplemental Table

3 for the full LME results.

3.3 GAMM Analyses

3.3.1 Volume loss with increasing EYO

Volumes decreased with increasing EYO for all groups. Parametric

effects resemble those described in the LME analyses. Slope trajec-

tory and group differences in slope are demonstrated in Figure 2.

Figure 2A shows that the EYO-volume relationship is linear (EDF ∼1)

for both DS and controls but is nonlinear for ADAD (EDF > 1) in

most regions, rapidly declining around EYO -7. This was consistent

with inflection point analyses which observed significant inflections

in almost all brain regions in ADAD (see Table S4). An inflection was

seen in relatively few regions for DS but was observed for a few

regions relevant to AD including the amygdala and hippocampus. For

these two regions inflections were seen at EYO −18 to −19, respec-

 1
5
5
2
5
2
7
9
, 2

0
2
6
, 1

, D
o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://alz-jo
u
rn

als.o
n
lin

elib
rary

.w
iley

.co
m

/d
o
i/1

0
.1

0
0
2
/alz.7

1
1
0
3
 b

y
 D

eu
tsch

es Z
en

tru
m

 fu
r N

eu
ro

d
eg

en
era E

rk
ran

k
u
n
g
en

 e. V
. (D

Z
N

E
), W

iley
 O

n
lin

e L
ib

rary
 o

n
 [2

0
/0

1
/2

0
2
6
]. S

ee th
e T

erm
s an

d
 C

o
n
d
itio

n
s (h

ttp
s://o

n
lin

elib
rary

.w
iley

.co
m

/term
s-an

d
-co

n
d
itio

n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v
ern

ed
 b

y
 th

e ap
p
licab

le C
reativ

e C
o
m

m
o

n
s L

icen
se



6 of 13 KENNEDY ET AL.

F IGURE 1 Group-specific volume differences. Volumes presented as differences in z-scores calculated across all groups after an intracranial

volume-correction. z-scores thresholded at± 2. Groups were divided based on stage of AD pathology. (A) Comparisons between controls and all

groups. (B)Within-group ADAD comparisons. (C)Within-group DS comparisons. (D) ADAD andDS comparisons. Red indicates the first group

listed was significantly smaller than the second, blue indicates the second groupwas significantly smaller than the first. Gray regions not

significantly different. All significant values survived an FDR for the number of regions analyzed (44) applied to a Tukey corrected group difference

for number of comparisons (21). AD, Alzheimer’s disease; ADAD, autosomal-dominant Alzheimer’s disease; CU−, cognitively unimpaired amyloid

negative; CU+, cognitively unimpaired amyloid positive; DS, Down syndrome; FDR, false discovery rate; IMP+, cognitively impaired amyloid

positive

tively, with negative slopes seen before the inflection. Figure 2B shows

that slope shape is significantly different between ADAD compared

to DS or controls (white-blue regions indicating significant differences

in slope between groups, darker colors indicating greater differences

in slope complexity). While DS and controls had linear slopes, neg-

ative slopes were steeper in DS (light colors indicating steepness

differences in similar slopes) in subcortical, parietal, and temporal

regions implicated in AD pathology.40–42 Full statistics can be found in

Table S5.

Group differences in volumes at 10-year intervals in EYO are shown

in Figure 3A. DS volumes were typically smaller than controls initially,

with the number of regions and the difference between group volumes

increasing over time. Adjusting for developmental effects removed

most differences between DS and controls. Significantly smaller vol-

umes in DS (outside of the cerebellum) appeared only at EYO 0 in

subcortical and occipital regions, spreading temporally and parietally

by EYO +10. Volume differences between ADAD and controls were

not observed at EYO -10 but were apparent at EYO 0 and widespread

by EYO +10. By EYO +10 ADAD volumes were generally smaller than

DS despite ADAD volumes declining later. Figure 3B shows estimated

volume slopes in ROIs for each group, before and after accounting for

developmental differences with DS. Due to the linear decline present

before amyloid accumulation, normalizing the DS cohort to the amy-

loid negative subset leads to the youngest participants being shifted

above the mean, while the oldest participants fall below the line. The

results for ADAD based on specific genetic mutations can be found in

the Supplemental Results and Table S6. The slopes in regions of inter-

est for specific ADADmutations can be visualized in Figure S1. Videos

showing volume estimates and group divergences for DS, ADAD, and

controls between EYOs -20 to +10, with and without adjusting for

developmental effects, can be found in Supplemental Videos 1–4

(unadjusted group estimates SV1, unadjusted group differences SV2,

adjusted group estimates SV3, and adjusted group differences SV4).

Plots showing the volume-EYO relationship for each region can be

found in Supplemental Files 1–4.

3.3.2 Amyloid models and fit relative to EYO

Analyses examining the relationship between Centiloid and volume

found similar negative relationships in DS and ADAD in almost all

brain regions. Relationships were nonlinear in subcortical and fron-
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F IGURE 2 Nonlinearity of the relationship between volume and EYO. Nonlinearity, measured by EDF, of the relationship between volume and

EYO (A) for DS, ADAD, and sibling CON and (B) group differences in linearity for the volume relationship with regards to EYO. An EDF= 1 (white

regions) represents a linear relationship while an EDF> 1 indicated a nonlinear relationship (red/blue regions). Amax EDF of 9 was chosen to

capture the full range of EDFs reported (1 to 8.42). Darker colors indicate amore nonlinear relationship, gray indicating no significant relationship

with EYO (A) or no shape difference between groups (B). (B) Awhite region indicates that, while both groups have the same slope complexity, one

group’s slope is significantly steeper than the other. ADAD, autosomal dominant Alzheimer disease; CON, controls; DS, Down syndrome; EDF,

estimated degrees of freedom; EYO, estimated years to onset of cognitive impairment

toparietal regions, including key regions like the hippocampus. Slope

differences were mainly seen in subcortical regions, where DS showed

greater volume loss than ADAD for the same Centiloid levels. The sim-

ilarity in slopes can be visualized in Figure 4 for DS and ADAD and

Figure S1 for DS, APP, PSEN1, and PSEN2. Full GAMM model results

can be found in Supplemental Table 7 while results from models that

allow slopes to vary according to affected ADAD gene can be found in

Table S8, and inflection points for group-specific relationships between

Centiloid and volume canbe found in Table S9. Videos showing the esti-

mated volumes and group differences between Centiloids 0 and 150,

with and without controlling for developmental differences, can be

found in Supplemental Videos 5–6 (unadjusted SV5, adjusted SV6) and

region-specific volume–Centiloid plots found in Supplemental Files

5–8.

Comparing model fits, EYO better explained brain volume changes

in ADAD and controls than Centiloid levels (paired t-tests of EYO and

Centiloid AICs: p < 0.001 for controls and ADAD, p = 0.321 for DS).

Parietal and hippocampal regions strongly favored an EYO model in

ADAD, and parietal regions slightly favored a Centiloid model in DS.

Detailed results for the model fit comparisons can be visualized in

Figure 5 and found in Table S10.

4 DISCUSSION

Our analyses found an inverse relationship between EYO and amy-

loid with brain volume. DS typically exhibited smaller brain volumes

than controls or ADAD. EYO-volume relationships were nonlinear in

ADAD and linear in DS and controls. Volumetric declines were more

pronounced in DS compared to controls, especially in posterior and

subcortical regions. ADAD volumes followed a similar trajectory to

controls until decreasing significantly about 7 years before cognitive

impairment onset. Differences in EYO-volume were earliest in subcor-

tical regions for both groups. In ADAD, cortical divergence appeared

first in parietal regions, while in DS, it began in the lateral occipital

regions and spread to temporal areas near impairment onset. Volume-

Centiloid slopes were generally linear and similar in DS and ADAD, but

associations occurred at lower Centiloid levels in DS. Model compar-

isons indicated that EYO is a better predictor of volume changes than

amyloid in ADAD.

Non-linear relationships were observed between volume and EYO

in ADAD. Divergences began in regions associated with ADAD (e.g.,

precuneus, hippocampus)25,41 and expanded tomost of the brain by an

EYO +10 (Figure 3). Changes were seen within areas typically spared
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F IGURE 3 Group differences in volume over time. (A) Z value of time-specific significant group differences in regional volume at different

EYOs from -20 to+10. Red indicates the first group listed has a significantly higher volume than the second, blue the opposite. Darker colors

indicate a greater difference. Gray indicates no significant difference between groups at a particular time interval. ADJDS-CON compares volumes

betweenDS and controls after adjusting for developmental offset in DS. Plots show early volume deficits in DS expanding over timewhile ADAD

volume does not begin to diverge until near EYO 0, affectingmost of the brain by EYO+10 andwith smaller volumes than in DS after EYO 0.

Adjusting for developmental differences limits DS volume deficits to primarily temporal and subcortical regions. (B) Standardized volumetric

change over time (with regards to EYO) for certain regions of interest in each groupwith ranges of significant group divergences noted at the top

of the plots. EYO-specific estimate patterns show the relatively linear DS slopes and the inflected ADAD trajectories. Actual: z-score calculated

across all participants, Adjusted: z-scores adjusted to account for the developmental effect in DS. ADAD, autosomal dominant mutation carriers;

CON, controls; DS, Down syndrome; EYO, estimated years until onset of cognitive impairment

in LOAD (e.g., occipital),41 with only the insula and medial prefrontal

unaffected. Since volume loss occurred shortly before symptom onset,

tracking these changesmayprovide amarkerof incipient impairment in

ADAD. A particular area of interest is the striatum, where volume first

diverged and which has been implicated as an area of early AD pathol-

ogy in ADAD and DSAD.40 This is in contrast to more cortical regions

like the precuneus that have been implicated in LOAD.3,43,44Our diver-

gence timings differ from previous studies, which reported divergence

more than a decade before impairment. This discrepancy may reflect

differences in the modality (thickness) and EYO approach.25,39,45 Our

changepoint analyses place hippocampal inflections at the same EYO

as previous research (see supplement).46

The EYO–volume relationship was primarily linear for DS and con-

trols, with developmental effects typically resulting in smaller volumes

in DS. Decline was faster in DS in subcortical, parietal, and tempo-

ral regions compared to controls41 and preceded AD pathology.8,11

This suggests volume loss independent of AD, as slopes largely did

not change with amyloid conversion.8 Inflections were observed in a

few subcortical regions, consistent with previouswork.24Wedetected

inflections in DS in the hippocampus and amygdala around the time of

amyloid accumulation, though slopes pre-inflection were still negative.

This suggests that, while the onset of AD pathology may be associated

with accelerated volume loss in key regions, loss is already occurring in

DS.

Interestingly, precuneus volumes did not conform to this overall

pattern. Instead, volumetric decline in the precuneus of individuals

with DS more closely resembled the pattern seen in ADAD. There

were no early differences in precuneus volume between controls and

individuals with DS. Individuals with DS exhibited a nonlinear decline

in precuneus volume, initially matching controls and ADAD before

diverging from controls at EYO -3, 1 year before the ADAD-control

divergence. Although these patterns were similar, the post-divergence

slope was greater in ADAD. Previous research in DS has identi-

fied precuneus thickness as an excellent classifier of AD stage.42

Other work has identified precuneus atrophy as an early marker

of neurodegeneration in both ADAD39 and APOE ε44 carriers.47

Our findings in conjunction with existing evidence suggest that the

precuneus may display unique vulnerability to genetically-associated

AD.

The non-AD volume loss observed in DS may reflect two fac-

tors: acceleratedagingandDYRK1Aoverexpression.Brain-cell derived

epigenetic age has been shown to be 11.5 years older than chrono-

logical age in DS.48 MRI-based estimates of brain age found a 5.3-

year brain–age gap, indicating accelerated aging in DS detectable
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F IGURE 4 Relationship between Centiloid and volume. (A) Nonlinearity, measured by EDF, of the relationship between volume and Centiloid

for DS and ADAD and (B) group differences in linearity for the volume–Centiloid relationship. EDF of 1= linear,> 1more nonlinear. Darker colors

indicate amore nonlinear relationship, gray indicating no significant relationship with Centiloid (A) or no shape difference between groups (B).

Volume–Centiloid slopes are typically linear and similar in both groups, outside subcortical regions. (C) Volumetric estimates across Centiloids in

regions of interest in DS (red) and ADAD (blue), ranges of significant group divergences are noted in purple. Plots show similar relationship

between volume and Centiloid in both groups, though DS is more affected in the hippocampus between Centiloids of 40 and 90. Actual: volume

z-score after normalizing across all participants. Adjusted: volume z-score adjusted to account for developmental offset in DS. ADAD, autosomal

dominant mutation carriers; EDF, estimated degrees of freedom; DS, Down syndrome

using neuroimaging.49 DYRK1A is a gene on the 21st chromo-

some involved in neurogenesis and astrocyte reactivity.50 DYRK1A

overexpression disrupts both factors, resulting in malformed den-

drites and axons, reduced synaptogenesis, and impaired excitotoxic

glutamate clearance by astrocytes. The linear decline observed in

most brain regions may reflect accelerated aging or excitotoxic

cell death, while the inflection point decline reported in certain

regions may represent additional effects of AD. Why these effects

are observed in several temporal-parietal regions affected in AD is

unclear.

The association between amyloid and volume was similar for both

DS and ADAD. The largely linear and negative relationship observed in

both groups suggest atrophy correlates with increasing disease sever-

ity. Although this association was present, EYO accounted for more

variance in volumes in ADAD but not DS. The reasons for this are

likely two-fold: (1) as the rate of change for Centiloid is largely con-

sistent once amyloid accumulation begins8 and volume is continuously

decreasing and typically unaffected by amyloid in DS, then Centiloid

is effectively another temporal marker in DS and, like EYO, exhibits a

linear association with volume. (2) In contrast, in ADAD, EYO is a rel-

atively precise temporal marker of disease stage, as it is anchored to

the predictable age of symptomonsetwithin familieswhich, alongwith

ADADtime course,51 can vary significantly bymutation.5 BecauseEYO

in ADAD closely reflects proximity to symptom onset, it aligns more

tightlywith the period of rapid volumetric loss. This can be visualized in

Figures 2 and 5, where the regions that have the greatest volume loss

are also the regions where the difference in variance accounted for by

theEYOandCentiloidmodelswas greatest. The intrasubject variability

is poorly accounted for by Centiloid in ADAD, resulting inweakermod-

els and less accurate slopes where the inflection has been smoothed

out. Thus, while both groups show similar patterns of amyloid-related

atrophy, differences in disease pacing and the precision of EYO as

 1
5
5
2
5
2
7
9
, 2

0
2
6
, 1

, D
o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://alz-jo
u
rn

als.o
n
lin

elib
rary

.w
iley

.co
m

/d
o
i/1

0
.1

0
0
2
/alz.7

1
1
0
3
 b

y
 D

eu
tsch

es Z
en

tru
m

 fu
r N

eu
ro

d
eg

en
era E

rk
ran

k
u
n
g
en

 e. V
. (D

Z
N

E
), W

iley
 O

n
lin

e L
ib

rary
 o

n
 [2

0
/0

1
/2

0
2
6
]. S

ee th
e T

erm
s an

d
 C

o
n
d
itio

n
s (h

ttp
s://o

n
lin

elib
rary

.w
iley

.co
m

/term
s-an

d
-co

n
d
itio

n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v
ern

ed
 b

y
 th

e ap
p
licab

le C
reativ

e C
o
m

m
o

n
s L

icen
se



10 of 13 KENNEDY ET AL.

F IGURE 5 Ratio of EYO to Centiloid AIC. Themodel fit by a group

and region-specific EYOGAMMmodel divided by the fit of the

Centiloid model. Lower values (blue) indicate the EYOmodel

accounted for more variance than Centiloid, higher values (red)

indicate Centiloid accounted for more variance than EYO.White

indicates bothmodels performed similarly. AIC, Akaike Information

Criterion; EYO, estimated years to onset; GAMM, generalized additive

mixed-models

a staging metric likely explain the different EYO–volume association

observed between DS and ADAD. It is worth noting that in DSAD

an individualized measure of AD progression accounted for as much

variance as a measure based on a groupwide impairment estimate

subtracted from age.

Our current results align with our recent fluorodeoxyglucose (FDG)

-PET research conducted on a subset of participants from ABC-DS

andDIAN.27 FDG-PET,whichmeasures glucosemetabolismand serves

as a proxy for neurodegeneration, showed a nonlinear relationship

with EYO for ADAD, diverging from controls around EYO -7. DS FDG-

PET started lower than ADAD and controls and declined linearly. The

observed decline for DS was more rapid than controls. For both DS

and ADAD, FDG-PET declined with increasing Centiloid. Overall, both

FDG-PET and MRI results in DS indicate a linear decline in neurode-

generationmarkers that precedes amyloid and tau changes, suggesting

these changes are largely unaffected by AD pathology. These neurode-

generative changes may be linked to developmental alterations in key

brain structures due to chromosomal triplication, starting at birth and

progressing with age.52

Understanding regional volume trajectories in genetic forms of

AD is important as new AD treatments that target amyloid and

slow the course of the disease have also been shown to cause vol-

ume loss.26 Clinicians will need to be familiar with typical patterns

of change due to aging compared to anti-amyloid therapy. Provid-

ing regional volume-EYO trajectories for both ADAD and DS gives

group-specific templates to compare volumetric change against when

examining treatment efficacy and potential side effects. Several clinical

trials have been performed in ADAD, with an upcoming study admin-

istering anti-amyloid therapies before participants become amyloid

positive.53 Only recently have anti-amyloid therapies been considered

in DS.54

4.1 Limitations and future directions

There are some limitationswith this study. The use of different amyloid

tracers in ABC-DSmeant that we had to use a summary Centiloidmea-

sure and could not examine the effect of regional amyloid on volume.

Centiloid was based on regions involved in late onset AD32 rather than

regions affected inDSADorADAD.Theprevalenceof cognitive decline

was significantly lower in DS compared to ADAD. There is heterogene-

ity in DS dementia onset55 that may influence volume trajectories.

However, our analyses and previous pathological studies have shown

that amyloid and tau are stereotypically seen by age 40. The acqui-

sition of more longitudinal amyloid and cognitive data will allow us

to estimate individual conversion points using techniques like amy-

loid chronicity.56 Future directions include expanding to other imaging

modalities (e.g., cortical thickness) andotherbiomarkermodalities (e.g.,

plasma/cerebrospinal fluid [CSF]).

5 CONCLUSIONS

Brain volume was inversely related to EYO and PET amyloid in most

regions for both DS and ADAD. In ADAD, volume changes were sim-

ilar to controls until sharply decreasing around EYO -7. DS volumes

showed amore linear decline, suggestingAD-independent volume loss.

Despite differing temporal patterns, the amyloid-volume relationship

was similar for both DS and ADAD. Initially, DS participants had lower

brain volumes than controls, with both groups experiencing linear

declines; however, DS showed faster declines in posterior and sub-

cortical regions. Conversely, ADAD exhibited inflection points where

volume declined faster than DS once it began. Divergence from con-

trols occurred earliest in subcortical regions for both groups, while

cortical effects appeared in ADAD before cognitive impairment onset,

mainly in the parietal lobe, and were most prominent in DS in the

temporal lobe after onset. These findings may shed light on aging

effects compared to new anti-amyloid therapies related to volumetric

declines.
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