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Abstract

INTRODUCTION: Preclinical Alzheimer’s disease (AD) can be described relative to

biomarker positivity onset time.

METHODS: We estimated time from amyloid positivity (A+) using sampled iterative

local approximation (SILA) in a longitudinal autosomal dominant AD (ADAD) sample

(N= 379) with amyloid positron emission tomography.We compared (1) predicted age

at A+ to imputed age, (2) estimated age at A+ to estimated age at symptom onset, and

(3) variance in cognitive performance explained.

RESULTS: Mean error between imputed and SILA-estimated age at A+ (N = 26) was

1.15 years. Age at A+ explained 39% of estimated years to symptom onset (EYO)

variance. Time from A+ explained 19% of cognitive composite variance and 14% of

ClinicalDementiaRating SumofBoxesCDR-SBvariance; EYOexplained43%and57%,

respectively.

DISCUSSION: SILA estimates A+ age in ADAD with reasonably good accuracy. SILA-

estimated time from A+ describes the start of pathology, but the time from A+ onset

to symptoms is variable in ADAD and better described by EYO.

KEYWORDS

Alzheimer’s disease, biomarkers, genetic causes of Alzheimer’s disease, numeric methods

Highlights

∙ Amyloid chronicity predicts a 14-year preclinical AD phase in ADAD.

∙ SILA accurately estimates age at A+ (MAE< 2 years).

∙ EYO outperforms chronicity in predicting symptom onset.

∙ APPmutation carriers show atypical amyloid accumulation.

∙ Chronicity models help reveal AD heterogeneity in preclinical stages.

1 BACKGROUND

Alzheimer’s disease (AD) has a long asymptomatic phase that can last

20 years or more.1 Recent clinical trials suggest that earlier interven-

tion is key to maximizing therapeutic response.2,32,3 Biomarkers give

critical information about disease stage during the preclinical period

when abnormal biomarker levels indicative of underlying pathological

processes are observed in the absence of overt cognitive decline.4This

has been demonstrated in landmark studies in late-onset sporadic AD

(sAD)1,4,5 and autosomal dominant AD (ADAD).6–8 Since these initial

studies, several developments in modeling longitudinal biomarker tra-

jectories have shown great promise toward understanding the timing

of biomarker abnormalities during the preclinical phase of AD.

Multiple approaches have been introduced to transform biomarker

levels to time course estimates of AD progression. These models are

commonly based on amyloid biomarkers (e.g., amyloid positron emis-

sion tomography (PET)9–11 or plasma biomarkers12) and the assump-

tion that these measures have a relatively uniform annualized rate of

accumulation across individuals once abnormal levels are reached.13

From these models it is possible to generate estimates from even

cross-sectional observations as to how long an individual has been

amyloid positive. This “amyloid chronicity” (i.e., amyloid time, amyloid

clock) approach has been applied in sAD, with patterns being observed

that are consistent with the hypothesized AD biomarker cascade,1

where changes occur first in amyloid biomarkers,9–11,14–17 followed

by tau elevation in Braak stages I/II about 8 to 10 years after amyloid

positivity (A+).14,15

In contrast to sAD, wherein disease time course cannot be verified

until the onset of dementia, individuals with ADAD have a more pre-

dictable time course. This phenomenon is due to the highly heritable

age of symptom onset linked to specific point mutations.18 This allows

staging by estimated years to symptom onset (EYO).6,18–20 ADAD pro-

vides a unique opportunity to characterize the relationship between

EYO and amyloid chronicity estimates. This project aims to consider

amyloid chronicity as a framework for describing the preclinical and

early symptomatic disease course in ADAD,with particular focus on its

utility in individuals with lower cortical amyloid PET uptake. If amyloid

chronicity offers reliable estimates of disease time course in ADAD,
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RESEARCH INCONTEXT

1. Systematic review: The authors reviewed the literature

using PubMed, searching for “sampled iterative local

approximation” (SILA), “amyloid chronicity,” and “amyloid

time.” SILA has been validated in sporadic AD and applied

in Down syndrome AD, but it has not been considered in

ADAD, where biomarker elevation and dementia appear

in a predictable manner based on genetic information

2. Interpretation: For comparisons across broad forms of

AD, anchoring analyses to pathology progression – using

SILA or similar amyloid-based approaches – may have

utility for studying disease progression relative to the

putative start of preclinical AD. Variability in the timing

of cognitive changes following the development of amy-

loid pathology suggests these approaches have less utility

near symptom onset.

3. Future directions: SILA can quantify heterogeneity in

preclinical disease duration. Future investigations of the

relationship between -omics data and estimated preclin-

ical disease duration could yield valuable insights into

mechanisms behind advancement from early pathology

to observable clinical symptoms.

it may facilitate cross-disease comparisons with other forms of AD

where EYO is not available, particularly in participants who are in the

preclinical phase of AD.

2 METHODS

2.1 Participants and study design

The Dominantly Inherited Alzheimer Network (DIAN) observa-

tional study is a multisite international research consortium that

recruits individuals from families with ADAD mutations. Participants

were included in this study if they were carriers of an autosomal dom-

inant mutation (see Genetics) and had completed longitudinal amyloid

PET. Because of known differences in amyloid PET binding patterns

APP Dutch mutation carriers21 and a previously identified escapee22

were excluded from analysis. Written consent was obtained for all

participants, and study protocols were approved by local Institutional

Review Boards of all DIAN sites.

2.2 Genetics

DNA samples were collected at enrollment and genotyped using a

TaqMan assay (Applied Biosystems, Waltham, MA, USA). Pathogenic

variations in eitherAPP,PSEN1, orPSEN2were identified in these carri-

ers of autosomalAD. Individualswith thePSEN1mutationwere further

stratified by location ofmutation, as either before or after codon20023

as well as on either transmembrane or cytoplasmic domains.24 Individ-

uals were classified as APOE ε4-positive if they had at least one copy of
the ε4 allele, including APOE ε2/ε4.

2.3 Estimated age at symptom onset

Age at symptom onset is evaluated preferentially: If an individual has

had demonstrated cognitive decline (CDR > 0), the estimated age

of decline is used (Supporting Information); if decline has not been

observed, themean onset age for individuals with the samemutation is

used; if neither of these estimates is available, the individual’s parental

age of onset will be used to estimate the individual’s age at symptom

onset. EYO is calculated by subtracting the observed or estimated age

at which the individual will develop symptoms based on family/genetic

history (e.g., 40 years) from the participant’s current age (e.g., 30 years,

EYO−10 years).

2.4 Calculation of cognitive composite

The DIAN cognitive composite consists of the Trail Making Test Part

B, the category fluency test (Animals), the Logical Memory delayed

recall score from the Wechsler Memory Scale-Revised, and the Digit

Symbol Coding test total score from the Wechsler Adult Intelligence

Scale-Revised.25 We calculated this cognitive composite by Z-scoring

the performance of the mutation carriers relative to the baseline visit

scores of all cognitively unimpaired mutation non-carriers. We calcu-

lated the composite as the average of these Z-scores, as long as one

or fewer test scores were missing for the clinical visit. All longitudinal

visits were used.

2.5 Neuroimaging

Magnetic resonance (MR) images were obtained on 3T Siemens or

GE scanners. Reconstructed T1-weighted MR images were region of

interest-segmented (FreeSurfer 5.3, Desikan-Killiany atlas) and used

for anatomical reference for PET. Dynamic amyloid PET was obtained

using 11C-PittsburghCompoundB (PiB).26,27 Reconstructed PET time-

series images were processed using the PET Unified Pipeline (PUP,

https://github.com/ysu001/PUP).28 Briefly, images were smoothed to

achieve a spatial resolution of 8 mm28 and corrected for interframe

motion using in-house software.29 The standardized uptake value ratio

(SUVR) in each region was calculated with cerebellar gray as a ref-

erence region using the 40- to 70-min post-injection window.23 A

summary value for cortical amyloid30 was calculated as the arithmetic

mean of the partial volume corrected (regional spread function28)

SUVR of the precuneus and the superior frontal, rostral middle frontal,

lateral orbitofrontal medial orbitofrontal, superior temporal, and mid-

dle temporal regions.31 SUVR summary values were transformed to
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Centiloids (CL) using previously published methods26,32 for report-

ing purposes. Individuals were considered amyloid positive (A+) if
their cortical summary value exceeded the previously established 1.42

SUVR (16.4 CL).32

2.6 Sampled iterative local approximation

Sampled iterative local approximation (SILA) is an open source, pub-

licly available method designed to estimate time from A+ based on

longitudinal amyloid PET data (https://github.com/Betthauser-Neuro-

Lab/SILA-AD-Biomarker).11 SILA first models the longitudinal trajec-

tory of amyloid accumulation across the sample by discretely sampling

amyloid annualized change versus amyloid level at the reference scan,

smoothing this curve, and then integrating with Euler’s method. The

resulting relative time axis is then adjusted with the initial condition

that zero time corresponds to the A+ threshold. For each participant,

A+ agewas estimated by solving the integrated curve for time given an

input SUVR value at a reference scan and then subtracting estimated

A+ time from age at the reference scan. For individuals who became

A+, we used the first observed A+ scan. For amyloid-negative (A−)
individuals, we used their last scan as the reference scan.

2.7 Statistical analysis

Quantification of a biomarker outside of the range of detectability

can lead to noise. Specifically, in the case of amyloid PET, a minimum

density of amyloid plaque is necessary to achieve a suitable signal-to-

noise ratio. Below this threshold, quantification results predominantly

reflect free, non-specifically bound radiotracer. Therefore, we adapted

previously published methods to identify individuals above the min-

imum threshold for meaningful cortical amyloid PET uptake, based

on the assumption that these individuals were likely to accumulate

amyloid on future visits.33 Briefly, we estimated cortical amyloid annu-

alized rate of change (ARC) using individual-level linear regression of

longitudinal PiB PET data. We applied Gaussian mixture modeling to

identify two ARC distributions, with the 99th percentile of the lower

distribution set as the threshold for reliable accumulation.33 We then

performed a cutpoint analysis, optimizing on F1 score, to determine

the baseline cortical amyloid PET uptake that best identified reliable

accumulators. Precision-recall analysis, quantified by the F1 score, is

preferable when dealing with imbalanced data classes and has been

applied to define reliable accumulation.33 To better understand the

characteristics of the individualswith amyloidPETaccumulation below

theminimum threshold for reliable accumulation,we examined the dis-

tribution of baseline EYOs for these participants. We then performed

a test of proportions to assess whether the relative prevalence of the

three genetic mutations (APP, PSEN1, and PSEN2) was similar to the

prevalence of genetic mutations in the overall cohort of participants.

Next, we estimated time from A+ using SILA.11 We limited SILA

application to only individuals with longitudinal amyloid PET data

exceeding the minimum threshold for reliable accumulation to mini-

mize the risk of spurious estimates of time to A+. The results of the

application of SILA to all available longitudinal data are presented in

the supplement. We performed an additional sensitivity study on the

reliable accumulators in order to evaluate the robustness of the SILA

results. We deliberately held out the 28 known amyloid converters

(that is, the individuals who transitioned from A− to A+ during the

study) and generated the SILA-based estimates of time from A+ using

the remaining data, then applied the model to estimate the age at A+
for the 28 converters.

2.8 Characterization of SILA-estimated age at A+

We estimated age at A+ by subtracting time from positivity from the

participant’s scan age. For individuals who converted from A− to A+
during enrollment, we used linear interpolation to estimate their con-

version age based on the lag between their last A− and first A+ visits.

We compared estimated age at A+ from SILA to the (interpolated)

observed age at amyloid positivity using linear regression with boot-

strapped confidence intervals (1000 iterations), with forecasted age

at A+ as the dependent variable and participant sex as a covariate of

non-interest. We calculated mean absolute error (MAE) to quantify

the average error in estimate for both this primary analysis and the

sensitivity study, which is presented in the supplement.

To increase the number of individuals with observed ages at A+
beyond those who were known to convert from A− to A+ during

the study, we also evaluated cases where individuals were either A+
throughout the study or A− throughout the study. In the cases of indi-

viduals who were A− throughout the study, we checked whether or

not their predicted age at A+ was greater than their final age of par-

ticipation, as individuals who were A− throughout participation in the

study should have SILA-forecasted ages at A+ that are greater than

their maximum age. Similarly, in the cases of individuals who were A+
throughout the study, we checked whether or not their predicted age

at A+ was less than their study age at enrollment. Using chi-squared

tests for categorical variables andANOVA for continuous variables, we

comparedparticipant demographics between the individualswhowere

correctly and incorrectly classified to look for patterns in inaccurate

estimations of amyloid chronicity.

2.9 Comparison of SILA-estimated age at A+ and
EYO

We compared age at A+ to age at symptom onset using linear regres-

sion. We did this first for all participants based on their projected age

at symptom onset (N = 278) and then limited it to only include partic-

ipants who had converted to symptomatic AD (N = 22). We explored

genetic influences by stratifying SILA results by mutation type (APP,

PSEN1, and PSEN2), APOE ε4 status, and PSEN1 mutation location

(pre- vs post-codon 200) and domain (cytoplasm vs transmembrane).

Bootstrapped linear regressions (1000 iterations) tested interactions

between mutation type and symptom onset age, and Wilcoxon tests
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compared A+ and symptom onset ages across mutations (results in

supplement).

2.10 Comparison of SILA-estimated age at A+,
EYO, and cognition

Finally, we assessed cognitive performance using generalized additive

models, with the composite cognitive score as the dependent variable

and disease progressionmarkers (EYO and estimated time fromA+) as
independent variables.We also tested a combinedmodel to determine

whether both markers provided additional predictive value. Similarly,

we used the CDR-SB score as the dependent variable and disease

progression markers, both individually and combined, as independent

variables.

3 RESULTS

Longitudinal PET-PiB scans were completed by 379 ADAD mutation

carriers (Table S1). The median number of scans completed was 2

(μ = 2.66, ơ = 0.98). Twenty-two participants converted from asymp-

tomatic to symptomatic during enrollment, and another 28 converted

fromA− to A+ during enrollment.

When we calculated the threshold for reliable accumulation, we

observed that the 99th percentile for the lower distribution of ARC

was 0.052 SUVR/year (approximately 2.3 CL/year) (Figures S1A,B).

This rate of accumulation was associated with a baseline cortical

amyloid PET uptake of 1.16 SUVR (4.8 CL) (sensitivity = 0.843, speci-

ficity = 0.720, and F1 score = 0.685) (Figure S1C). One hundred one

participants had baseline scans below 1.16 SUVR. Of these 101 par-

ticipants, 77% were more than 10 years prior to symptom onset,

suggesting that these individuals were enrolled prior to the onset of

preclinical AD pathology. Their amyloid PET uptake is likely to increase

at a future time. The remaining 23% of participants were within 10

years of symptom onset (median = −3.9 years, range = −9.0 years, 5.1

years). We compared the proportion of genetic mutation prevalence,

finding that 64%of theseparticipantswereAPPmutation carriers. This

proportion was significantly greater (p = 0.0008) than the observed

13% prevalence of APP mutation carriers in the full cohort of DIAN

participants with longitudinal PiB PET.

Application of the SILA model to longitudinal amyloid PET data

yielded similar results, whether or not the low amyloid participants

(SUVR < 1.163) were included (Figure 1, Figures S2–4). Notably, only

data containing reliable accumulators (N= 278, Table 1) yielded a min-

imum A+ time of 9.3 years prior to A+ as compared to the estimate

of 50.0 years prior to A+ yielded in the full cohort. The issue is inher-

ent in modeling disease progression in individuals with low amyloid

uptake wherein the mean rate of change approaches zero (i.e., peo-

ple are not accumulating amyloid) and is below ameaningful threshold

of amyloid detection by PET. This is most apparent when we consider

the estimated number of years that elapse between estimated A+ age

and age at symptom onset. In the reliable accumulator subset, more

than 50% of individuals develop symptoms between 5 and 18 years

after becomingA+, a rangewe consider reasonable based on published
descriptions of the preclinical disease phase in ADAD5–7,20 (Figure

S3B). In contrast, when the model is applied to the entire cohort, more

than 50% of individuals become symptomatic between 1 and 16 years

after becoming A+, while some individuals become symptomatic as

early as 40 years prior to A+.
When we tested SILA-estimated A+ age accuracy within the 28

individualswhowere observed to convert fromA− toA+during enroll-

ment, we observed aMAEof 1.15 years (Figure 2A).Whenwe excluded

these 28 individuals from the model generation and only applied SILA

to individuals who remained either A+ or A− throughout, we still

observed a MAE less than the sampling frequency of DIAN (approxi-

mately one amyloid PET scan every 3 years), although it wasmarginally

higher than the model that included the 28 individuals in the training

data (MAE = 2.66 years) (Figure S5). When we compared the age at

the conclusion of participation for all A− participants, we found that 56

out of 62 participants had a predicted age at A+ that was greater than

their age at the conclusion of the study, which indicates 90.3% success

in identifying individualswhowereA− throughout participation.When

we performed a similar exercise to the participants who were A+ at

enrollment, we found that 181 out of 198 A+ participants had a pre-

dicted age at A+ thatwas less than their age at enrollment of the study,

which corresponds to 91.4% success.

Evaluation of participant demographics revealed that the six par-

ticipants who were A− but assigned an age at A+ that was less than

their age at the conclusion of the study were on average younger

(mean age = 34.7 compared to 38.4 years old at enrollment), but

not significantly so (p = 0.470). None of the six participants who

remained A− throughout the study but were assigned an age at A+
within the timeframe of the study were post-codon-200 mutation

carriers (compared to 82% of the PS1 mutation carriers [N = 17]

who were correctly assigned an age at A+ that was greater than

their age at the conclusion of the study (p = 0.001), which may be

consistent with the notion that post codon-200 mutation carriers

accumulate amyloid relatively slowly.34 Of the 17 A+ participants

who incorrectly had a predicted age at A+ that occurred after study

enrollment, they were younger (mean age = 32.0 compared to 43.7

years for the correctly identified A+ individuals, p < 0.001), had a

lower mean cortical amyloid load (p < 0.001), and were earlier in

disease progression relative to symptom onset (EYO = −13.4 com-

pared to EYO=−0.72 years for the correctly identified A+ individuals,

p < 0.001). This suggests that these incorrectly identified individu-

als may have a more rapid rate of amyloid accumulation than the

group-averaged SILA model, which would be consistent with the

idea that pathological accumulation is more aggressive in younger

individuals.35

Next, we evaluated the relationship between amyloid onset and

symptom onset by comparing SILA-estimated age at A+ to the EYO-

forecasted age at symptom onset (Figure 2B,C). When applied to

the entire cohort, there was a significant association between age at

A+ and age at symptom onset (β = 0.8828, 95% confidence inter-

val [CI]: 0.7541 to 1.021). When we limited our comparison to
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F IGURE 1 (A) Cortical amyloid PET uptake increases across the lifespan for individuals with autosomal dominant Alzheimer’s disease (ADAD).
(B) This pathological accumulation occurs prior to symptom onset but has a high degree of variability when it increases relative to estimated years
to symptom onset (EYO). (C) Cortical amyloid positron emission tomography uptake can be translated into a chronological estimate of time from
amyloid positivity (A+) using the sampled iterative local approximation. The threshold for A+ is shown by a dashed line on all figures.

TABLE 1 Participant demographics of individuals with longitudinal amyloid imaging above reliable accumulation threshold.

Overall PSEN1 PSEN2 APP p

N 278 228 18 32

Number of visits (mean [SD]) 2.69 (1.02) 2.65 (1.00) 3.44 (1.29) 2.56 (0.80) 0.004

Duration of enrollment (mean [SD]) 3.13 (2.08) 3.02 (1.93) 5.54 (2.98) 2.59 (1.71) <0.001

Age at enrollment (mean [SD]) 39.87 (10.68) 39.11 (10.53) 41.90 (10.95) 44.10 (10.84) 0.033

Sex (percentage female) 154 (55.4) 130 (57.0) 6 (33.3) 18 (56.2) 0.15

Racial identity (percentageWhite) 238 (85.6) 190 (83.3) 18 (100.0) 30 (93.8) 0.516

Estimated year of onset at enrollment (mean [SD]) −5.10 (9.61) −4.96 (9.10) −10.75 (12.03) −2.92 (10.76) 0.018

Amyloid cortical PET uptake at enrollment (mean [SD]) [SUVR] 2.36 (1.08) 2.34 (1.07) 2.56 (1.33) 2.43 (1.00) 0.668

APOE ε4 carrier (%) 92 (33.1) 72 (31.6) 10 (55.6) 10 (31.2) 0.112

PSEN1mutation location percentage post-codon 200mutation – 138 (60.5) – – –

PSEN1mutation domain percentage transmembrane – 142 (65.7) – – –

Abbreviations: APOE, apolipoprotein E; PSEN1, Presenilin 1; PSEN2, Presenilin 2; APP, amyloid beta precursor protein; PET, positron emission tomography;

SD, standard deviation; SUVR, standardized uptake value ratio.

individuals who had converted to symptomatic AD (N = 22), the

association increased in strength (β= 1.041, 95%CI: 0.5111 to 1.513).

Subsequent analyses tested whether considering genetic informa-

tion would enhance the accuracy of estimated A+ age (Figures S6–9).

The relationship between estimated A+ age and age at symptom onset

varied by both overall genetic mutation and location of mutation. It

appeared that individualswith theAPPmutationmay accumulate amy-

loid pathology more slowly than individuals with the PSEN1 or PSEN2

mutations. The average age at A+ was 33.9 years for PSEN1 muta-

tion carriers, 37.9 (95% CI: 33.7 to 42.0) years for APP carriers, and

35.9 (95% CI: 31.8 to 41.4) years for PSEN2 carriers. Although the

relationship between cortical amyloid and time was consistent regard-

less of location of mutation for PSEN1 carriers (pre- vs post-codon

200), individuals with mutation occurring before codon 200 had sig-

nificantly younger ages of both A+ (31.1 years compared to 35.2, 95%

CI: 32.3 to 38.2 years for post-codon 200mutation carriers) and symp-

tom onset (41.2 years compared to 46.0, 95% CI: 43.9 to 48.1 years

for post-codon 200mutation carriers).We did not observe differences

by APOEε4 allele presence or mutation domain. In all stratifications,

we were constrained by the number of samples available and have

included further discussion of the results in the supplement.

EYO explained 43% of the variance in performance on the general

cognitive composite (Figure 3A), while estimated A+ time explained

only 19% (Figure 3B). In both cases the relationship was statistically

significant (p < 0.001). The effective degrees of freedom (EDF) for

the spline fit of the relationship between the cognitive composite and

EYO was much higher (EDF = 1.98) than the relationship between

the cognitive composite and time from A+ (EDF = 1.00), indicating

that a non-linear fit was merited for EYO but not estimated A+ time.

When we evaluated the combined model, EYO continued to be sta-

tistically significant (EDF = 1.98, p < 0.001) but A+ time was not

(EDF = 1.25, p = 0.509), suggesting that A+ time did not contribute

additional information beyond EYO in ADAD. Results were highly sim-

ilar when analysis was performed with CDR-SB as the response vari-

able. EYO explained 57% of the variance in CDR-SB score (Figure 3C),

while estimated A+ time explained only 14% (Figure 3D). For both
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WISCH ET AL. 7 of 11

F IGURE 2 Comparison of sampled iterative local approximation (SILA)-estimated age at amyloid positivity (A+) to multiple parameters, with
corresponding Bland–Altman plots underneath. (A) In individuals who converted from amyloid negative (A−) to A+ during study enrollment
(N= 28), we observed amean average error in model prediction less than the typical imaging sampling frequency. Estimates of time at actual
conversion of amyloid were based on linear interpolation between the last observed A− and first observed A+ dates. (B) Across the study cohort,
using the predicted age at conversion to symptomatic Alzheimer’s disease (AD), we observed that themodel-predicted age at A+ explained 39% of
the variance in symptom onset. (C)Whenwe limited the cohort to only include participants who converted from asymptomatic to symptomatic AD
during study enrollment (N= 22), model-predicted age at A+ explained 45% of the variance in observed age at symptom onset. (D) The
Bland–Altman plot highlights systematic underestimation of the SILA-estimated age at A+ in individuals with younger ages of A+. (E) The
y-intercept for themodeled relationship between SILA-estimated age at A+ and predicted age at symptom onset is shown by a dashed line. A high
degree of heterogeneity existed. (F) The y-intercept for themodeled relationship between SILA-estimated age at A+ and observed age at symptom
onset is shown by a dashed line. In younger individuals, A+ and symptom onset occurredmore proximately, indicating a shorter preclinical disease
duration. In older individuals, A+ and symptom onset occurred farther apart, indicating a longer preclinical disease duration.

models, the relationship was statistically significant (p < 0.001). The

EDF for the relationship between CDR-SB and EYO was marginally

higher (EDF = 1.99) than the relationship between CDR-SB and time

from A+ (EDF = 1.82). When we evaluated the combined model, EYO

continued to be significant (EDF = 2.00, p < 0.001), but A+ time was

not (EDF= 1.34, p= 0.802), suggesting that A+ time did not contribute

additional information beyond EYO in ADAD.

4 DISCUSSION

Our objective was to compare amyloid chronicity as a framework for

describing AD progression in ADAD to the established EYO construct.

At the group level, amyloid chronicity predicted a 14-year preclinical

disease duration in ADAD, consistent with the AT(N) cascade.1 When

compared to observed conversion to A+, the error in SILA-generated

estimates was low. However, reasonable estimates for time from A+
could not be generated for all individuals, highlighting that amyloid

chronicity modeling cannot be applied to individuals in the absence

of biomarker signal. Within this cohort of individuals with ADAD, we

observed some degree of heterogeneity, noting particularly aberrant

patterns in some individuals carrying the APP mutation. Despite this

observedheterogeneity, in themajorityof cases, theestimatedA+ time

corresponded to EYO.Although amyloid chronicity predicted cognitive

changes, it was not more informative than EYO, highlighting the value

of genetic information in ADAD.

Amyloid chronicity and EYO are distinct timescales. EYO predicts

future symptom onset based on genetic information,6,18,19 while amy-

loid chronicity is a retrospective estimate of how long an individual

has been A+.11 Although the model can produce future A+ age esti-

mates for A− participants, our work agrees with prior work11 showing

prospective A+ age estimates are less reliable as reference SUVR val-

ues approach the lower limit of amyloid detection by PET imaging.

By establishing the initiation of preclinical AD, amyloid chronicity

allows for evaluating other biomarkers relative to this starting point.

Prior work used amyloid chronicity to compare pathological progres-

sion across forms of AD,36 and we encourage continued use of this

approach, particularly in cases where the pathological changes of
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8 of 11 WISCH ET AL.

F IGURE 3 (A) Performance on a general cognitive composite reliably declined around the time of symptomonset in individuals with autosomal
dominant Alzheimer’s disease (ADAD). (B) Cognitive performance also declined after individuals converted to amyloid positive; however, therewas
a greater degree of heterogeneity. (C) Clinical Dementia Rating (CDR) Sum of Boxes (SB) scores increase at time of symptom onset in individuals
with ADAD. (D) CDR-SB also increased after individuals converted to amyloid positive; however, there is a substantial amount of heterogeneity.

interest are temporally closer to the start of the preclinical disease

phase than symptom onset.

Our results support amyloid chronicity as a useful timescale for

describing amyloid progression, particularly near the time of conver-

sion to A+. For individuals converting to A+ during enrollment, the

error in estimating age at A+ was below the study’s sampling fre-

quency, regardless of whether or not the converters were included

in the training of the model. However, prediction of conversion to

symptomatic AD was less accurate, consistent with prior findings that

symptom onset varies widely after A+ conversion.16,17 Forecasted

conversion to symptomatic disease ranged from 10 years prior to

31 years after A+ (half of individuals converted to symptomatic AD

between 6 and 18 years after A+), with A+ explaining about 45% of

symptom onset variance. This is comparable to findings in sAD (0 to 40

years after A+, 50% symptom onset variance).9 For clinical trials (e.g.,

TRAILBLAZER-ALZ 3, AHEAD345), this means that utilizing amyloid

markers to stage individuals will enrich cohorts for the risk of cogni-

tive decline. However, this result also reinforces the idea that while

amyloid chronicity aligns with AD pathology onset, the time between

A+ onset and cognitive decline is variable, making amyloid chronicity a

less informative predictor of future symptoms compared to EYO. Cur-

rent models of AD progression suggest that amyloid is insufficient to

instigate cognitive decline.37 Instead, a combination of both amyloid

and tau pathologies are required,38 with many other factors including

cardiovascular health and educational attainment playing key roles in

the degree of clinical impairment that proceeds from these biological

measures.39

Overall, the current work demonstrates the ability of amyloid

chronicity to estimate A+ onset. However, when using such statistical

models, some factors must be kept in mind. For any biomarker there is

a lower bound of quantification and observations that near this limit

are largely dominated by measurement noise. Only once pathology

reliably accumulatesbeyond this noise threshold arebiologicallymean-

ingful observations obtained. Applying statistical models to the entire

range of possible measurements will lead to biologically implausible

estimates.38,39 For example, observations near the noise floor for PET

(e.g., 1.06SUVR/0CL)will bepredictedby the fittedmodel to represent

implausible estimates (e.g., −45 years, Figure S1). Our work suggests

amyloid positivity can only be modestly anticipated (approximately−3
years).

A second caveat is that the generalizability of models is dependent

upon the assumption that all individuals follow a relatively similar bio-

logical trajectory. Of the individuals excluded from modeling due to

low amyloid PET values (N = 101), a subset (N = 24) were individuals

displaying abnormally low amyloid PET uptake relative to their antic-

ipated time of symptom onset. Overall, a disproportionate number of

the excluded participants were APPmutation carriers.

Investigations into the heterogeneity of ADAD progression have

suggested that a myriad of characteristics, including genetic muta-

tion type and location,may impact pathological accumulation.21,23,26,40

Lower rates of amyloid accumulation in APP mutation carriers have

been reported.26,40 Our work seems to support this observation; a

disproportionate number of the excluded participants in this model-

ing exercise were APP mutation carriers. Accumulation of amyloid in
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WISCH ET AL. 9 of 11

the basal ganglia has also been noted as a feature in ADAD tied to

mutation-specific features and is also a noted feature in Down syn-

drome, which features an APP triplication.41–44 Although the chronic-

ity models generally performed very well, such heterogeneity needs

to be recognized in order to optimally utilize such measures. Address-

ing such variability may be particularly critical for applying chronicity

approaches to other markers such as tau PET, where there is con-

siderable heterogeneity in both spatial presentation45 and rates of

accumulation.35

Although the initial objective of this investigation was to apply SILA

in a cohort of individuals with ADAD and compare its performance

with EYO, our understanding of this tool has evolved such that we now

also consider it to be a useful approach to defining heterogeneity. The

observed heterogeneity in the duration of preclinical AD (as defined by

the time elapsed between SILA-estimated age at A+ and estimated age

at symptom onset) highlights potential non-amyloidogenic pathways

in genetically induced AD. It was previously established that amyloid

is only a modest predictor of cognition,16,17 but future investigations

of, perhaps, the relationship between -omics-level data and estimated

preclinical disease duration could yield valuable insights into mecha-

nisms behind advancement from early pathology to observable clinical

symptoms.

We applied SILA in DIAN, observing reasonable estimates of A+
time and age, for individuals with meaningful cortical amyloid PET

uptake. We outlined a data-driven method to define this threshold

based on longitudinal accumulation. Weaker association between A+
time compared to EYO reinforces that amyloid chronicity reflects the

start of pathology, but the time from A+ onset to symptoms is variable

in ADAD. For comparisons across broad forms of AD, anchoring anal-

yses to pathology progression – using SILA or similar amyloid-based

approaches may have utility for study disease progression relative to

the putative start of preclinical AD.
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