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Abstract

The minimal amyloid accumulation (MAA) in cognitively unimpaired individuals that predicts the onset of cognitive
impairment remains unknown. In a multi-center amyloid positron emission tomography (PET) study of 1834 cognitively
unimpaired participants with longitudinal clinical/cognitive assessments for up to 20.3 years, we found that 48.7% of the
amyloid-negative participants with MAA starting from an amyloid PET centiloid of 1.03 had a higher risk of cognitive
impairment than those with the lowest centiloid values (<1.03; hazards ratio (HR)=1.40, p=0.0046), although their risk was
clearly lower than amyloid-positive participants (centiloid>20; HR=0.47, p<0.0001). Amyloid positivity was also associated
with the fastest longitudinal amyloid accumulation and cognitive decline, followed by the MAA, and finally by the lowest
amyloid. These findings suggest that current thresholds of amyloid positivity used for Alzheimer disease diagnosis may be
overly restrictive, potentially excluding a large portion of amyloid-negative participants at elevated risk of developing

cognitive impairment from prevention trials.
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Main

Amyloid plaques are a hallmark of Alzheimer disease (AD) pathology. A positive amyloid positron emission tomography
(PET) scan is often required to diagnose AD dementia and to enroll individuals into both treatment trials and secondary
prevention trials where change in amyloid burden from baseline also serves as a major efficacy endpoint. The definition of
a positive amyloid PET scan is operationalized using a single threshold for a composite measure of amyloid burden in the
brain, the amyloid PET centiloid. Despite different thresholds used by different studies, it has been consistently reported
that a positive amyloid PET scan is sufficient for significant association with worse cognition'3 and higher risk of
developing cognitive impairment4®. As roughly less than 30% of cognitively unimpaired middle aged and older individuals
are amyloid-positive’®, a fundamental question remains: what is the minimal or necessary level of amyloid burden in the
brains of cognitively unimpaired individuals that predicts the subsequent development of cognitive impairment? The
question is important because its answer may facilitate the identification of cognitively unimpaired individuals who may be

amyloid-negative by the current thresholds but are at an elevated risk of developing cognitive impairment.
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In this study, we harmonized amyloid PET and clinical/cognitive data across six studies of memory and aging
conducted by five institutes: Washington University (WashU), University of Pennsylvania (UPenn), University of Wisconsin
(Wisconsin), University of Alabama at Birmingham (UAB), and Harvard University, and examined the ability of a wide
range of sub-thresholds below the typically used threshold for amyloid positivity (centiloid 20) to predict the subsequent

development of cognitive impairment among cognitively unimpaired individuals.

Results

Baseline characteristics and summary of longitudinal follow up

The longitudinal study included a total of 1834 participants who were cognitively unimpaired (1644 CDR 0 and 190
diagnosed with normal cognition) at baseline. Baseline demographics and clinical characteristics, APOE genotype, and
amyloid PET centiloid, and summary of longitudinal clinical assessments are provided (Table 1). The baseline age ranged
from 42 to 95 years with a mean of 68.3 years (SD=8.84 years). The mean years of education were 16.1 years (SD=2.55
years). About 61.5% of the participants were female. Most participants (85.1%) were White, and about 12.7% self-
identified as Black or African American. About 34% carried an APOE ¢4 allele. About 40.1% of the participants had a
history of at least one vascular comorbidities (hypertension, diabetes, stroke, and obesity). The duration of longitudinal

clinical assessments ranged from 0.2 years to 20.3 years with a mean of 7.27 years (SD=4.67 years). The mean interval
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between the baseline amyloid PET and baseline clinical assessment was 0.38 years (SD=0.3 years). A total of 477
participants went on to develop cognitive impairment, while the other 1357 participants remained cognitively unimpaired

during the follow up.

Distribution of baseline PET centiloid and the number of participants who subsequently

developed cognitive impairment

The distribution of the baseline PET centiloid is in Supplemental Figure 1, suggesting at least a bi-modal distribution
among cognitively unimpaired individuals whose component distributions may differentially predict the risk of clinical
progression. The estimated percentiles from the 10" to 70" of amyloid PET centiloid in increment of 5 percentiles are in
Supplemental Table 1. The median centiloid was 3.21 which split the entire cohort into 50% each. The 78™ percentile
corresponded to a PET centiloid of 20 which was conventionally used to define amyloid positivity. For each sub-threshold
from the 10t to 70" percentile with an increment of 5 percentiles, participants were classified at baseline into three groups
by their amyloid burden: the lowest amyloid group (L; <the threshold), the middle/intermediate amyloid group (M; between
the threshold and centiloid 20), and the amyloid-positive group (P; centiloid=20). Supplemental Table 1 also contains the
sample size (N) for each subgroup (L, M, or P) and the number of ‘progressors’ (NP) who went on to develop cognitive

impairment.



102 Very low levels of amyloid associated with elevated risk of developing cognitive impairment

103  For each sub-threshold (the x-axis) that binarized PET centiloid distribution, Figure 1 presents the estimated HR of

104  developing cognitive impairment between the higher (>the threshold) and lower (<= the threshold) amyloid groups of

105  participants without (top panel) and with (lower panel) adjustments for major covariates, along with the corresponding
106  95% confidence intervals (Cl). When the threshold was -3.65 which corresponded to the 20 percentile of the baseline
107  centiloid distribution (Supplemental Table 1), the top 80% of the participants with higher amyloid burden had a 41%

108  (hazard ratio (HR)=1.41,, 95% CI=1.09 to 1.82, from the unadjusted analyses, FDR p=0.010) and 35% (HR=1.35, 95%
109 CI=1.04 to 1.75, from the adjusted analyses, FDR p=0.03) increased risk to subsequently develop cognitive impairment
110 than those with lower amyloid burden. This sub-threshold (20t percentile at centiloid -3.65) was the lowest PET centiloid
111 that demonstrated a statistically significant increase in the risk of progression to cognitive impairment for the higher

112 amyloid group (in comparison to the lower amyloid group) from both the unadjusted and adjusted analyses. As expected,
113 when the threshold was centiloid 20, the amyloid-positive participants had 236% (HR=3.36, 95% CI: 2.78 to 4.05, FDR
114  P<0.0001 from the unadjusted analyses) and 147% (HR=2.47, 95% CI: 2.00 to 3.04, FDR P<0.0001 from the adjusted
115 analyses) increased risk in developing cognitive impairment, as compared to amyloid-negative participants. When

116  thresholds from the 25™ percentile to the 70" percentile were used to binarize the PET centiloid distribution, the estimated

117 HR showed a generally increasing trend (Figure 1, Supplemental Table 1), indicating that participants with the higher
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baseline amyloid burden continued to demonstrate a significantly higher risk of progression to cognitive impairment than
those with the lower amyloid burden from both unadjusted and adjusted analyses. The adjusted HR ranged from 1.49 to

2.49, implying at least 49% and up to 149% increased risk.
The minimal PET centiloid level associated with elevated risk of progression to cognitive impairment

Because the higher amyloid group in the PET centiloid dichotomy by each sub-threshold (from 10t to 70t percentile;
Figure 1) included amyloid-positive participants as a subset, the elevated risk of clinical progression may be attributable
to the amyloid-positive participants. To examine whether a minimal amyloid accumulation (MAA) existed in the continuum
of amyloid burden in predicting cognitive impairment, we further binarized the amyloid-negative participants by each
possible sub-threshold (from 10t to 70" percentile in Supplemental Table 1), leading to the trichotomy of entire cohort:
the amyloid-positive group (=centiloid 20), the lowest amyloid group (<the threshold), and the middle/intermediate amyloid
group (between the threshold and centiloid 20). Table 2 contains, for each sub-threshold (left most column), the covariate-
adjusted estimates to HR of developing cognitive impairment between the positive and the lowest amyloid groups,
between the positive and middle/intermediate amyloid groups, and between the middle/intermediate and the lowest
amyloid groups, along with the corresponding 95% CI| and FDR-adjusted p-values. Across all sub-thresholds, in
comparison to both the middle/intermediate and the lowest amyloid groups, amyloid-positive participants had an

estimated 53% to 196% increased risk of developing cognitive impairment (HR from 1.53 to 2.96, all FDR adjusted p-
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values<0.05). Participants in the middle/intermediate amyloid group also had an elevated risk of progression to cognitive
impairment than the lowest amyloid group at the threshold of 40t percentile that corresponded to centiloid 1.03
(Supplemental Table 1). This threshold was the lowest among all the candidates that demonstrated a statistically
significant increase in the risk of clinical progression for the middle/intermediate amyloid group, in comparison to the
lowest amyloid group from both the covariate-adjusted analyses (HR=1.40, FDR p=0.018) and the unadjusted analyses
(HR=1.28, p=0.035; see Supplemental Table 2 and Supplemental Figure 2). Hence, the entire PET centiloid
distribution contained three distinctive risk groups divided by two thresholds: the amyloid-positive group (centiloid=20)
which amounted for the upper 22% of the population, and the lowest amyloid group (centiloid<1.03) that covered the
lowest 40% of the population, and the group with minimal amyloid accumulation (MAA; 1.03<centiloid<20) that accounted
for the middle 38% of the distribution (or equivalently, 48.7% of the amyloid-negative participants). Figure 2 presents the
estimated survival curves for the three groups: the amyloid-positive group had the highest risk of clinical progression,
followed by the MAA group, and finally by the lowest amyloid group. Importantly, although the survival curves of the MAA
and the lowest amyloid groups started to separate right after baseline, their differences became much more profound only

after ~10 years from baseline.



148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

11

Absolute levels of PET centiloid within each amyloid group and the risk of progression to
cognitive impairment

Given that the baseline amyloid trichotomy defined by centiloid 1.03 and 20 implied three distinct amyloid groups with
differential risks of progression to cognitive impairment, we then addressed the question whether, within each group,
higher levels of amyloid burden were still associated with higher risk of clinical progression by treating PET centiloid as a
continuous predictor. After covariate adjustments, every increase of 1 centiloid in the amyloid-positive and the MAA
groups was associated with 1.4% increased risk (HR=1.014, 95% CI: 1.008 to 1.02, p<0.0001) and 2.9% increased risk
(HR=1.029; 95% CI: 0.997 to 1.063, p=0.081) of developing cognitive impairment symptoms, respectively, and the
difference in the HR was not significant (p=0.302). For the lowest amyloid group, however, an increase of centiloid by 1
was no longer associated with a higher risk of clinical progression (HR=0.983, 95% CI: 0.956 to 1.011, p=0.226). Further,
the association of PET centiloid levels with the risk of clinical progression in the MAA group was significantly stronger than

the lowest amyloid group (p=0.017).

Longitudinal amyloid accumulation as a function of baseline amyloid trichotomy

A total of 1094 cognitively unimpaired participants (199 in the amyloid-positive group, 446 in the MAA group, and 449 in
the lowest amyloid group) had longitudinal amyloid PET assessments with an average follow up of 6.57 years (SD=3.79

years). We examined how the baseline amyloid categorization into trichotomous levels predicted the subsequent amyloid
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accumulation over time. Amyloid-positive participants continued to accumulate amyloid at an estimated rate of 4.16
centiloid/year (SE=0.24 centiloid/year, p<0.0001), significantly faster (p<0.0001) than those with MAA (1.00 centiloid/year,
SE=0.11 centiloid/year, p<0.0001). With an estimated baseline mean centiloid of 6.65 in the MAA group, it would take
about 13.35 years for the mean level of centiloid in the MAA group to reach the threshold (=20) for amyloid positivity.
Participants in the lowest amyloid group, however, showed a much slower but statistically significant accumulation of
amyloid over time (0.50 centiloid/year, SE= 0.08 centiloid/year, p<0.0001). Figure 3 presents the spaghetti plots of the

longitudinal PET centiloid for the three amyloid groups.

Baseline level and longitudinal change in cognition as functions of amyloid trichotomy

Based on the baseline amyloid trichotomy as defined by the thresholds of centiloid 1.03 and 20, we further estimated the
baseline levels and the annual rates of cognitive change and compared them across the groups. Figure 4 presents the
spaghetti plots of the cognitive composite. At baseline, amyloid-positive group had the lowest cognitive score (mean=0.27,
SE=0.023), followed by the lowest amyloid group (mean=0.35, SE=0.017) and the MAA group (mean=0.36, SE=0.017).
Over time, amyloid-positive group had the fastest cognitive decline (-0.063/year, SE=0.005, p<0.0001), followed by the
MAA group at -0.02/year (SE=0.0019, p<0.0001), and finally by the lowest amyloid group at -0.016/year (SE=0.002,

p<0.0001). All differences in the baseline levels and the rates of decline for the cognitive composite were statistically
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significant between the amyloid-positive group and each of the other two groups, but not between the MAA and the lowest

amyloid groups (baseline level: p=0.37; rate of decline: p=0.15).

The amyloid trichotomy validated by sensitivity analyses

We repeated the analyses after accounting for death as a possible competing risk to the progression to cognitive
impairment. Supplemental Figure 3 presents the estimated cumulative incidence curves for the 3 amyloid groups,
demonstrating that the MAA group had a 31% increased risk of clinical progression than the lowest amyloid group
(HR=1.31, 95% CI: 1.05 to 1.65, p=0.019), but a reduced risk than the amyloid-positive group (HR=0.35, 95% CI: 0.28 to

0.43, p<0.0001).

Next, we repeated the analyses by defining the survival time as from the baseline to the first occurrence of a CDR
=0.5 or a diagnosis of cognitive impairment after which no regression back to CDR 0 or normal cognition occurred. These
analyses confirmed the existence of the MAA group as defined by centiloid 1.03 and 20. The MAA group had a 63%
increased risk of clinical progression than the lowest amyloid group (HR=1.63, 95% CI: 1.20 to 2.21, p=0.002), but a
reduced risk than the amyloid-positive group ( HR=0.25, 95% CI: 0.20 to 0.33, p<0.0001). Supplemental Figure 4
presents the estimated survival curves for the three amyloid groups with the revised definition of clinical progression. As

another sensitivity analysis to make sure our findings were robust against the assumption of proportionality in the Cox
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models, we compared the survival distributions across amyloid trichotomy by Wilcoxon’s score test, and the results were

consistent.

Discussion

Recent research advancement has established the fact that AD has a long window of latent or preclinical stage during
which no clinical symptoms are present but AD-related neuropathology, especially amyloid plaque, is accumulating.
Because amyloid burden in the brain measured by amyloid PET is inherently continuous, it is necessary to dichotomize it
with appropriate thresholds to facilitate diagnosis of AD and enrollments of participants into treatment and prevention
trials. The prevalence of amyloid positivity by PET among living individuals depends on multiple risk factors, such as age,
APOE genotype, sex, and racial/ethnic identity. On average, only ~20% to ~30% of cognitively unimpaired middle aged
and elderly individuals have been reported to be amyloid-positive”'°. Importantly, a positive amyloid PET scan has been
demonstrated sufficient for significant association with worse cognition-3, faster onset of cognitive impairment*$, lower
cerebrospinal fluid (CSF) levels of B-amyloid (1-42) (AR42) to B-amyloid (1-40) (AB40) ratio and higher CSF levels of total
tau (t-tau) and tau phosphorylated at 181 (p-tau181) 2, and lower blood levels of AB42/40 and higher blood levels of p-
tau217'"-13, It remains unknown, however, whether the current thresholds for amyloid PET positivity represent the minimal
or necessary level of amyloid burden in the brains of cognitively unimpaired individuals that predicts the subsequent

development of cognitive impairment. The question is important because its answer may facilitate the identification of
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cognitively unimpaired individuals who may be amyloid-negative by the current thresholds but are already at an elevated

risk of developing cognitive impairment.

We tackled this very question by centrally processing amyloid PET scans across six studies of memory and aging
and assessed the ability of a wide range of sub-thresholds from PET centiloid to predict the development of cognitive
impairment among cognitively unimpaired individuals. We first found that at the sub-threshold of centiloid -3.75, the 80%
of the participants with higher levels of centiloid had a significantly higher risk of developing cognitive impairment than the
lower 20% of the participants, suggesting a significant portion of the amyloid-negative participants may be subject to
elevated risk of cognitive impairment because the amyloid-positive participants accounted for only the top 22% of the
cohort. We further sought for other sub-thresholds to risk stratify the amyloid-negative participants and found that at the
sub-threshold of centiloid 1.03 which divided the entire amyloid-negative cohort into the lowest 51.3% (centiloid <1.03)
and the upper 48.7% with minimal amyloid accumulation (centiloid between 1.03 and 20), the latter had a significantly
elevated risk (40% higher) than the former, but a significantly reduced (53% lower) risk than the amyloid-positive group, to
develop cognitive impairment. Importantly, we observed that the most profound risk differences between the minimal
amyloid accumulation and the lowest amyloid groups (Figure 2) occurred after at least ~10 years of longitudinal follow up.
We further validated the minimal amyloid accumulation group by comparing its longitudinal trajectory with the other two
amyloid groups: amyloid-positive participants had the fastest amyloid accumulation over time, followed by the minimal

amyloid accumulation group, and finally by the lowest amyloid group. Specifically, participants with minimal amyloid
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accumulation accumulated amyloid at a significant rate of 1 centiloid/year, resulting in an estimated 13.35 years for the
mean centiloid in the group to reach the threshold for amyloid positivity. The longitudinal rate of cognitive decline across
three amyloid groups also followed the similar ordering, although the difference between the minimal amyloid

accumulation and the lowest amyloid groups was not significant.

Our findings are important in better understanding the disease mechanism, optimally designing early prevention
trials of AD, and accurately diagnosing the disease at its earliest stages. First, the field’s current understanding of amyloid
accumulation in cognitively unimpaired individuals has been mostly limited to the dichotomous approach that classified
individuals into positive and negative categories. The well-established A/T/N biomarker network of AD stages has been
the crescendo of the approach'-15. Whereas the A+ individuals have justifiably been the focus of diagnosis and
prevention effort in the field during the past decades, the identification of minimal amyloid accumulation among the
negative individuals challenges the amyloid dichotomy, which, coupled with the fact that amyloid accumulation is a very
early event in the decades-long and continuous neuropathological process of AD'-17, may allow the field to appreciate the
much earlier or perhaps the earliest possible stage of amyloid accumulation that occurs well before reaching the threshold
for amyloid positivity. In fact, our findings are consistent with multiple recent longitudinal studies that aimed to establish an
amyloid clock for predicting the onset of amyloid positivity and then the symptoms among cognitively unimpaired
individuals*'8. One of the major requirements for such an amyloid clock to work is that participants must be showing early

signs of amyloid accumulation by reaching a much lower sub-threshold, consistent with our findings that a large portion of
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amyloid-negative participants are at an elevated risk of developing cognitive impairment. Second, the minimal amyloid
accumulation must be appropriately diagnosed. Whereas individuals with minimal amyloid accumulation are classified by
the current amyloid dichotomy as negative and hence do not receive a diagnosis of AD, they are different from the lowest
amyloid group whose individual levels of centiloid no longer predicted the clinical progression. In fact, albeit at different
levels of PET centiloid, the minimal amyloid accumulation group and the amyloid-positive group shared similar within-
group HR of clinical progression for every increase of 1 centiloid. Importantly, our findings also indicated that participants
with minimal amyloid accumulation continued to longitudinally accumulate amyloid at 1 centiloid/year, much faster than
the lowest amyloid group, implying that it is just a matter of time that people with minimal amyloid accumulation will
become amyloid-positive (in an estimated 13.35 years) and then on the way to develop cognitive impairment. The minimal
amyloid accumulation hence represents a transitional stage from the lowest amyloid or perhaps the amyloid-free stage
whose levels did not predict the clinical progression to the fully accumulated amyloid stage (the positive stage) in the
brain, and must be adequately recognized in diagnosing AD. Third, prevention of AD is crucial to truly solve the public
health crisis associated with AD'®, and the minimal amyloid accumulation may provide a unique target for prevention trials
of AD. Secondary prevention therapies have the potential to stop or delay cognitive impairment in people with biomarker
evidence of the disease. Primary prevention therapies are designed to avert the disease itself in people without cognitive
impairment. Current secondary prevention trials enroll only amyloid-positive individuals which may have excluded a large

group of cognitively unimpaired amyloid-negative individuals whose amyloid levels already put them at an elevated risk of
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AD over a longer timeframe. For example, even with a relatively lower threshold, about 70.5% of the cognitively
unimpaired participants who underwent amyloid imaging were excluded from a recently completed large prevention trial
because they did not meet the threshold for amyloid positivity?°. Our findings suggest that individuals with minimal amyloid
accumulation may be considered for inclusion into future secondary prevention trials, which may reduce the large number
of PET assessments needed to screen individuals for amyloid-based eligibility to achieve adequate statistical power.
However, because the statistical power in the secondary prevention trials depends on not only the sample size but also
the rate of clinical progression in the placebo arm, the slower rate of clinical progression and cognitive decline in the
minimal amyloid accumulation group as compared to the amyloid-positive group must also be considered in designing
future prevention trials. In fact, the slower rate of clinical progression may imply a much longer prevention trial that will
then lead to increased cost. More longitudinal studies are needed to fully understand the implications of minimal amyloid
accumulation in statistical power and cost of future trials, and most importantly, more research is needed for biomarker
surrogate outcomes in prevention trials for this very early stage of AD. Whereas current primary prevention trials of AD
enroll amyloid-negative individuals with the current thresholds?', they may have included participants with minimal amyloid
accumulation who are already on their way to accumulate amyloid and develop cognitive impairment. Our findings hence
may have important implications to the design of future prevention trials, especially with respect to the inclusion/exclusion
of individuals, statistical power, and cost. At minimum, incorporating screening methods emphasizing gradations of

amyloid elevation may improve trial design.
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Our study has several major strengths. First, both imaging biomarker data and clinical/cognitive data were
rigorously harmonized across six major studies of aging and AD, optimizing the quality of the database and improving the
representativeness of the study cohort with a reasonable representation of individuals self-identified as Black or African
Americans. Second, the sample size of 1834 cognitively unimpaired participants with amyloid PET who underwent
comprehensive longitudinal clinical and cognitive assessments represents one of the largest studies in the association of
imaging biomarkers with clinical progression. Third, the longitudinal assessments were up to 20.3 years with a large
number of participants developing cognitive impairment, providing adequate statistical power to identify the MAA group
whose risk of clinical progression falls in between the amyloid-positive group and the lowest amyloid group, especially
when the differences in survival curves between the minimal amyloid accumulation and the lowest amyloid groups
required at least ~10 years of follow up to fully manifest (Figure 2). Fourth, the rigorous control of FDR over repeated
testing of many sub-thresholds and the adjustments of all main AD covariates in the primary analyses as well as multiple
sensitivity analyses implied that the identified minimal amyloid accumulation group is unlikely a false positive or
confounded by main AD risk factors. Despite multiple strengths of the study, a major limitation is the fact that the study
cohort is primarily a collection of multiple research cohorts which unlikely captured the true demographics of the elderly
American population and hence may affect the generalizability of our findings. Further, it is possible there existed more
distinct risk sub-groups within the minimal amyloid accumulation group (Figure 2) and even within the amyloid-positive

group?? that the current study failed to detect due to lack of statistical power. More powerful longitudinal studies are
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needed to fully explain the amyloid risk stratification. Finally, even with rigorous data harmonizations across studies,

measurement errors and noise from amyloid PET data may still exist and have affected our analyses.

In summary, this study assembled a large longitudinal cohort of cognitively unimpaired individuals by rigorously
harmonizing imaging biomarker and clinical data from six studies and identified a large portion of amyloid-negative
individuals who were cognitively unimpaired but already at an elevated risk of developing cognitive impairment over a
longer timeframe. This minimal amyloid accumulation group had its own unique risk profile which was significantly
different from the amyloid-positive and the lowest amyloid groups. The minimal amyloid accumulation may enable the field
to better understand the earliest possible stage of amyloid accumulation during the decades-long preclinical stage of AD
and has the potential to improve the design and analyses of future prevention trials of the disease. Future longitudinal
studies with at least a decade of follow up are needed to replicate the long-term risk profile of the minimal amyloid
accumulation and generalize these findings to the more representative elderly population, as well as with more scalable

modalities of amyloid biomarkers, e.g., plasma p-tau217.
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Legends

Figure 1. Every increase of five percentiles from the 10t to 70" (upper x-axis) of the baseline PET centiloid levels (bottom
x-axis) was used as a sub-threshold to binarize participants. Estimated HRs (with 95% pointwise Cl in shaded grey)
between participants with higher and lower amyloid were plotted as a function of the threshold from the unadjusted (top
figure) and covariate-adjusted (bottom figure) analyses. Vertical dashed line corresponded to the threshold for amyloid
positivity (centiloid 20).
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Figure 2. Estimated survival curves to cognitive impairment for the three distinct amyloid groups identified by baseline
PET centiloid 1.03 and 20: amyloid-positive participants had the highest risk of clinical progression, followed by those with
the minimal amyloid accumulation, and finally by participants in the lowest amyloid group

Figure 3. Spaghetti plots of the longitudinal PET centiloid for the three amyloid groups defined by centiloid 1.03 and 20.
An estimated longitudinal trajectory by locally estimated scatterplot smoothing (LOESS) was superimposed.

Figure 4. Spaghetti plots of the cognitive composite for the amyloid trichotomy as defined by centiloid 1.03 and 20. An
estimated longitudinal trajectory by locally estimated scatterplot smoothing (LOESS)was superimposed.

Supplemental Figure 1. Histogram of baseline PET centiloid with a fitted bi-modal distribution as indicated by red and
green density curves, suggesting more than one sub-groups of the entire amyloid distribution

Supplemental Figure 2. Unadjusted (top panel) and covariate-adjusted (bottom panel) estimates to the HR of
progression to cognitive impairment as functions of centiloid sub-threshold (x-axis) between amyloid-positive group (P),
middle/intermediate amyloid group (M), and lowest amyloid group (L). The analyses indicated that participants between
centiloid 1.03 and centiloid 20 had a significantly higher risk of progression to cognitive impairment than those whose PET
centiloid is below centiloid 1.03, but a significantly lower risk of progression than amyloid-positive participants.

Supplemental Figure 3. Estimated cumulative incidence curves (CIC) for the 3 amyloid groups defined by centiloid 1.03
and 20 after taking death into account as a competing risk, demonstrating that the minimal amyloid group had a 31%
increased risk of clinical progression than the lowest amyloid group (HR=1.31, 95% CI: 1.05 to 1.65, p=0.019), but
reduced risk than the amyloid-positive group (HR=0.35, 95% CI: 0.28 to 0.43, p<0.0001)

Supplemental Figure 4. Estimated survival curves for the three amyloid groups defined by centiloid 1.03 and 20 with the
survival time defined as from the baseline amyloid PET scan collection to the first occurrence of cognitive impairment after
which no regression back to CDR 0 or normal cognition occurred---a sensitivity analysis
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Table 1: Baseline characteristics of participants in the longitudinal cohort

Overall
(N=1834)

Age: Mean (SD)

Race: n (%) for White/Black/Other/Missing)
Sex: n (%) for M/F/Missing

Education: n (%) for <=12 yrs />12yrs /Missing
APOE &4: n (%) for Positive/Negative/Missing

Site: n (%) for WashU/UPenn/HABS/Wisconsin
ADRC/Wisconsin WRAP/UAB

Interval between amyloid PET and Clinical assessments (y):
Mean (SD)

Length of clinical follow up (y): Mean (SD)
PET centiloid: Mean (SD)
Vascular comorbidity: n (%) for Yes/No/Missing

Cognitive composite: Mean (SD)

68.3 (8.84)

1561 (85.1%)/233 (12.7%) /28 (1.5%)/12 (0.7%)

704 (38.4%)/1127 (61.5%)/3 (0.2%)

241 (13.1%)/1584 (86.4%)/9 (0.5%)

624 (34.0%)/1187 (64.7%)/23 (1.3%)

920 (50.2%)/106 (5.8%)/339 (18.5%)/110 (6.0%)/358
(19.5%)/1 (0.1%)

0.377 (0.300)

7.37 (4.67)
12.9 (27.1)

735 (40.1%)/546 (29.8%)/553 (30.2%)
0.295 (0.487)
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Table 2: Covariate-adjusted estimates of HR (95% CI) between the amyloid-positive (P), middle/intermediate
amyloid (M), and lowest amyloid (L) groups as a function of threshold (in percentiles; first column). Both FDR

adjusted (FDR p) and unadjusted p-values are presented.

p- FDR p

HR: value: : HR: p-value: | FDR p: | HR: p-value: FDR p:
Threshold Mvs. L Mvs.L |[Mvs.L | Pvs.L Pvs.L Pvs.L Pvs.M Pvs.M Pvs.M
10% 1.05 (0.73~1.52) 0.7791 | 0.8072 | 2.58 (1.76~3.79) 1.25E-06 | 1.25E-06 | 2.45 (1.98~3.04) 1.97E-16 | 1.28E-15
15% 0.95 (0.70~1.28) 0.7297 | 0.8072 | 2.36 (1.71~3.26) 1.51E-07 | 1.64E-07 | 2.49 (2.01~3.10) 1.69E-16 | 1.28E-15
20% 1.03 (0.79~1.36) 0.8072 | 0.8072 | 2.53 (1.88~3.42) 1.00E-09 | 1.19E-09 | 2.45 (1.97~3.05) 1.09E-15 | 4.73E-15
25% 1.14 (0.88~1.47) 0.3311 | 0.4305 | 2.70 (2.04~3.56) 2.61E-12 | 3.39E-12 | 2.38 (1.90~2.97) 2.15E-14 | 6.99E-14
30% 1.19 (0.93~1.52) 0.1672 | 0.2480 | 2.77 (2.12~3.61) 8.48E-14 | 1.23E-13 | 2.32 (1.86~2.91) 1.92E-13 | 5.00E-13
35% 1.32 (1.04~1.68) 0.0219 | 0.0475 | 2.92 (2.26~3.78) 4.31E-16 | 7.00E-16 | 2.21 (1.76~2.77) 9.19E-12 | 1.99E-11
40% 1.40 (1.11~1.78) 0.0046 | 0.0183 | 2.96 (2.31~3.79) 1.24E-17 | 3.22E-17 | 2.11 (1.67~2.66) 3.07E-10 | 4.99E-10
45% 1.22 (0.96~1.54) 0.0983 | 0.1825 | 2.71 (2.13~3.44) 2.87E-16 | 5.32E-16 | 2.22 (1.74~2.83) 9.58E-11 1.78E-10
50% 1.18 (0.93~1.51) 0.1717 | 0.2480 | 2.64 (2.09~3.33) 2.70E-16 | 5.32E-16 | 2.23 (1.73~2.87) 4.15E-10 | 5.99E-10
55% 1.36 (1.06~1.75) 0.0170 | 0.0442 | 2.73 (2.17~3.43) 5.30E-18 | 1.72E-17 | 2.01 (1.55~2.62) 2.00E-07 | 2.60E-07
60% 1.45 (1.12~1.90) 0.0056 | 0.0183 | 2.73 (2.18~3.41) 1.43E-18 | 6.18E-18 | 1.88 (1.42~2.48) 9.75E-06 | 1.15E-05
65% 1.64 (1.23~2.19) 0.0007 | 0.0088 | 2.74 (2.20~3.42) 3.06E-19 | 3.98E-18 | 1.67 (1.24~2.25) 0.0008 0.0008
70% 1.73 (1.23~2.42) 0.0015 | 0.0096 | 2.65 (2.13~3.29) 9.02E-19 | 5.87E-18 | 1.53 (1.08~2.18) 0.0174 0.0174
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FIGURES

Figure 1. Every increase of five percentiles from the 10t to 70t (upper x-axis) of the baseline PET centiloid levels
(bottom x-axis) was used as a sub-threshold to binarize participants. Estimated HRs (with 95% pointwise Cl in
shaded grey) between participants with higher and lower amyloid were plotted as a function of the threshold
from the unadjusted (top figure) and covariate-adjusted (bottom figure) analyses. Vertical dashed line
corresponded to the threshold for amyloid positivity (centiloid 20).
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Figure 2. Estimated survival curves to cognitive impairment for the three distinct amyloid groups identified by
baseline PET centiloid 1.03 and 20: amyloid-positive participants had the highest risk of clinical progression,
followed by those with the minimal amyloid accumulation, and finally by participants in the lowest amyloid

group.
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Figure 3. Spaghetti plots of the longitudinal PET centiloid for the three amyloid groups defined by baseline
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centiloid 1.03 and 20. An estimated longitudinal trajectory by locally estimated scatterplot smoothing (LOESS; in

black curve) was superimposed.
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568 Figure 4. Spaghetti plots of longitudinal cognitive composite for the amyloid trichotomy as defined by baseline
569 centiloid 1.03 and 20. An estimated longitudinal trajectory by locally estimated scatterplot smoothing (LOESS; in
570 black curve) was superimposed.
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Online Methods
Participants

Participants were from a multi-center study that harmonized imaging data and clinical data collected by multiple biomarker
studies of memory and aging in middle-aged and older individuals: the WashU Knight Alzheimer Disease Research
Center (ADRC), the UPenn ADRC, the Wisconsin ADRC, the UAB ADRC, the Wisconsin Registry of Alzheimer
Prevention (WRAP), and the Harvard Aging Brain Study (HABS). Recruitment details for these studies have been
described previously?3-?’. Inclusion criteria for the current study included categorization as cognitively unimpaired at study
baseline (the time of initial amyloid PET assessments), and availability of longitudinal clinical and cognitive assessments
since baseline. Participants who had conditions that could prevent participation in neuroimaging (e.g., a pacemaker), or
that could affect long-term participation (e.g., metastatic cancer), were excluded. All participants provided written informed
consent at recruitment from their parent studies. The WashU Human Research Protection Office approved the current
study.

Clinical and cognitive assessments

Clinical and cognitive assessment protocols across WashU, UPenn, Wisconsin, and UAB ADRCs included common
elements from the National Alzheimer Coordinating Center (NACC) Uniform Data Set (UDS)?%-2°. The Clinical Dementia
Rating® (CDR®)% was performed at each clinical assessment to determine the presence or absence of cognitive
impairment, and when present, its severity. Standard criteria were applied to diagnose the likely etiology of cognitive
impairment3'. HABS and WRAP also followed assessment protocols largely consistent with the NACC UDS. Age, sex,
years of education, self-reported race, and medical history were collected at study entry and updated at each visit. In this
study, we defined cognitively unimpaired as CDR 0, or if CDR was missing, a diagnosis of normal cognition. Development
of cognitive impairment over time was defined as CDR>0, or if CDR was missing, a diagnosis of cognitive impairment.

The cognitive batteries across the studies were also similar to the NACC UDS, which included measures of episodic
memory, working memory, semantic knowledge, executive function and attention, and visuospatial ability. Cognitive
measures were harmonized as necessary across UDS version 2 and 332 using approaches that have been previously
described?3: the Mini-Mental State Examination (MMSE, harmonized with Montreal Cognitive Assessment [MoCA]),
Animal Fluency (60 seconds), Vegetable Fluency, Wechsler Adult Intelligence Scale (WAIS-R) Digit Symbol, Digit Span,
Logical Memory Immediate Recall (harmonized with Craft Story Immediate Recall), Logical Memory Delayed Recall
(harmonized with Craft Story Delayed Recall), Boston Naming Test (BNT; harmonized with Multilingual Naming Test),
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Free and Cued Selective Reminding, and Trail Making Test A and B. All scales were oriented such that a higher score
indicates better cognition. Z-scores were computed by subtracting the mean from the individual test scores across all
subjects and times and dividing the difference by the standard deviation (SD). A global cognitive composite score was
constructed by averaging Z-scores across all available tests. A minimum of two tests were required to compute the
cognitive composite score.

Apolipoprotein E genotypes

Details of the apolipoprotein E (APOE) genotyping protocols have been described previously?. The APOE ¢4 carrier status
was dichotomized as positive if an individual carried either one or two APOE ¢4 alleles, or negative if no APOE ¢4 alleles.

Amyloid PET collection and processing

Amyloid PET was performed with either ''C-Pittsburgh Compound B (PiB), '8F-florbetapir (FBP), or '8F-florbetaben (FBB),
and the quantification was based on the post-injection windows of 30-60, 50-70, or 90-110 minutes, respectively. All
amyloid PET scans from WashU, UPenn, Wisconsin, UAB, and most of the scans from HABS were centrally processed at
the Knight Alzheimer Research Imaging (KARI) Program at WashU using a protocol similar to that used by the Alzheimer
Disease Neuroimaging Initiative (ADNI). Details of the amyloid PET protocols are provided elsewhere?. The centralized
processing was MR-free®*, and PET data were corrected for inter-frame motion and summed over frames covering the
quantitative window using PET Unified Pipeline (https://github.com/ysu001/PUP). Preprocessed output was fed into a
local implementation of the MR-free PET pipeline3® where it was resampled and aligned to the MNI-152 atlas using the
SPM12 (Wellcome Centre for Human Neuroimaging, London, UK) Coregister module. The MNI-aligned PET data was
smoothed to a full-width-half-max (FWHM) of 8mm and spatially normalized to a tracer-specific template image using the
Normalise module. To harmonize data from different tracers (PiB, Florbetapir or Florbetaben) used in amyloid PET
imaging scans across studies, we calculated a global cortical standardized uptake value ratio (SUVr) using the standard
centiloid 3° cortical summary regions of interest with whole cerebellum as the reference and then converted to centiloid
using equations derived from a Level 2-calibration of the WashU-implemented MR-free PET pipeline, similar to our MR-
based centiloid equations®-37. A total of 687 amyloid PET scans from 282 participants of HABS were also centrally
processed by WashU with the identical protocol, which served as the bridging data to harmonize the amyloid PET
distribution volume ratio (DVR) values from the rest of 71 HABS participants into the centiloid scale, following published
methodologies38-3°.

Statistical analysis
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The baseline of this study was defined as the time of the first amyloid PET assessments. Baseline demographics, APOE
€4 status (carrier or non-carrier), and presence of select medical comorbidities (hypertension, diabetes, stroke, obesity)
were summarized with the mean and standard deviation (SD) for continuous variables and count (percentage) for
categorical variables.

The primary analyses were conducted to detect a minimal level of PET centiloid among cognitively unimpaired individuals
that predicted the subsequent onset of cognitive impairment, defined as the first occurrence after baseline of a CDR 20.5
or a diagnosis of cognitive impairment. The ‘survival’ time from the baseline to the onset of cognitive impairment was
analyzed by Cox proportional hazards models*®. The survival time for participants who never received a CDR 20.5 or a
diagnosis of cognitive impairment during the entire follow-up period was treated as statistically right-censored, using the
time the participants had stayed in the study*°. To locate the minimal amyloid burden that predicted the onset of cognitive
impairment, a wide range of possible thresholds lower than a commonly used amyloid PET positivity threshold of centiloid
20* were considered. Because amyloid positivity have been associated with faster cognitive decline’2 and elevated risk of
developing cognitive imapirment*®, we designed the analyses to focus on the lowest possible threshold starting from the
10" percentile of the baseline centiloid distribution. Specifically, for every increase of 5 percentiles from the 10th to 70th
percentile of PET centiloid (a centiloid of 20 corresponded to the 78" percentile), we first binarized participants into higher
(2the threshold) and lower (<the threshold) amyloid groups and located the minimum threshold where the corresponding
higher amyloid group had a significantly higher risk of progression to cognitive impairment than the lower amyloid group
by estimating and testing the associated hazards ratio (HR). Next, because the higher amyloid group contained amyloid-
positive participants as a subset, in order to demonstrate that the elevated risk of clinical progression for the higher
amyloid group was not solely attributable to the amyloid-positive participants, we searched for the second minimum
threshold such that the resulting middle/intermediate amyloid group of participants (with centiloid from the threshold to
centiloid 20) had a significantly increased risk of clinical progression than the lowest amyloid group (<the threshold) but a
significantly reduced risk than the amyloid-positive group. The 10th and 70" percentiles were chosen because of the
recommended minimum number of ‘events’ (e.g., individuals who progressed to cognitive impairment) necessary to
reliably estimate the risk of clinical progression*! in the lowest and middle/intermediate amyloid groups. To control for the
possible inflation of false-positives in the search of the minimal sub-threshold, we adjusted statistical significance for a
False Discovery Rate (FDR)*? of 5%. Both unadjusted and adjusted analyses were conducted, with the latter including
major AD risk factors, baseline age, APOE €4 carrier status, sex, education (>12 yrs vs. <12 yrs), race, and presence of
medical comorbidities in the models. Because death may be a competing event to dementia onset, we conducted
sensitivity analyses by using the Fine and Gray semiparametric proportional hazards model*3-44 to estimate the cumulative
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incidence curve of cognitive impairment for amyloid groups of participants (defined by the thresholds), and tested the
difference between the groups using Gray’s K-sample statistic*4. For another sensitivity assessment, we repeated the
analyses by defining the survival time as the time to the first occurrence of a CDR =0.5 or cognitive impairment after which
no regression back to a cognitive unimpaired status (CDR 0 or normal cognition) occurred.

Once we identified the minimal sub-threshold of PET centiloid that predicted clinical progression to cognitive impairment,
we validated it by estimating and comparing the annual rates of longitudinal change in PET centiloid and cognition
between the resulting three groups of participants with the lowest (centiloid<the minimal sub-threshold), minimal (centiloid
from the minimal sub-threshold to 20), and positive (centiloid=220) amyloid accumulation. These analyses were based on
the random intercept and slope models*®, and the statistical comparisons of the rate of change were based on the
approximate t tests with the degrees of freedom estimated by the Satterthwaite method. All analyses were implemented in
R/Rstudio (Version. 2025.9.2.418)%,
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Supplemental Figures

Supplemental Table 1. For each sub-threshold from the 10t to 70" percentile (first column) of the baseline
amyloid PET centiloid (second column), participants are divided into 3 groups: L= lowest amyloid (centiloid<the
threshold), P=positive amyloid (centiloid 220), and M=middle/intermediate amyloid (centiloid from the threshold
to 20). The sample size (N) of each group and the number of participants who progressed to cognitive impairment
(progressors) during the longitudinal follow up (NP) are presented.

L M P
Threshold in Percentile | PET centiloid N NP | N NP N NP
10% -7.25 184 | 34 1248 | 258 | 402 | 185
15% -5.20 271 | 54 1161 | 238 | 402 | 185
20% -3.65 372 | 69 1060 | 223 | 402 | 185
25% -2.40 468 | 86 964 | 206 |402 | 185
30% -1.36 543 | 100 | 889 |192 |402 | 185
35% -0.11 636 | 114 | 796 | 178 | 402 | 185
40% 1.03 726 | 133 | 706 | 159 | 402 | 185
45% 2.17 829 |[162 | 603 | 130 |402 | 185
50% 3.21 921 182 | 511 | 110 | 402 | 185
55% 4.35 1005 | 198 | 427 |94 402 | 185
60% 6.01 1100 | 215 | 332 | 77 402 | 185
65% 7.90 1192 | 230 | 240 | 62 402 | 185
70% 11.22 1284 | 251 | 148 | 41 402 | 185
78% 20 1432 [ 292 | 0 0 407 | 185
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Supplemental Table 2. Unadjusted estimates to HR (95% CI) between amyloid-positive group (P),

middle/intermediate amyloid group (M), and lowest amyloid group (L) as a function of sub-threshold (first

column) along with the p-values for statistical significance

40

Threshold | HR: p-value: HR: p-value: HR: p-value:
(percentile) | M vs. L Muvs. L Pvs.L Pvs. L Pvs. M Pvs. M

10% 0.91 (0.64~1.31) 0.6157 3.09 (2.15~4.46) 1.49E-09 3.39 (2.80~4.11) 1.68E-35
15% 0.85 (0.63~1.14) 0.2659 2.92 (2.16~3.96) 4.62E-12 3.46 (2.84~4.21) 2.13E-35
20% 0.95 (0.73~1.25) 0.7306 3.24 (2.45~4.27) 1.10E-16 3.39 (2.78~4.14) 1.88E-33
25% 1.05 (0.82~1.35) 0.7085 3.47 (2.68~4.49) 2.88E-21 3.31 (2.70~4.047) | 3.94E-31
30% 1.06 (0.83~1.35) 0.6183 3.49 (2.73~4.46) 1.64E-23 3.28 (2.67~4.03) 7.65E-30
35% 1.20 (0.95~1.51) 0.1351 3.73 (2.94~4.72) 8.26E-28 3.12 (2.534~3.84) | 1.38E-26
40% 1.28 (1.02~1.61) 0.0350 3.82 (3.04~4.79) 4.19E-31 2.98 (2.40~3.69) 1.72E-23
45% 1.20 (0.95~1.52) 0.1172 3.63 (2.93~4.50) 5.16E-32 3.02 (2.41~3.79) 9.53E-22
50% 1.19 (0.94~1.51) 0.1548 3.57 (2.90~4.40) 4.34E-33 3.01 (2.37~3.81) 1.13E-19
55% 1.30 (1.01~1.66) 0.0385 3.63 (2.96~4.45) 3.41E-35 2.80 (2.18~3.59) 6.62E-16
60% 1.42 (1.09~1.84) 0.0085 3.65 (2.99~4.46) 8.89E-37 2.57 (1.97~3.36) 4.23E-12
65% 1.65 (1.25~2.18) 0.0005 3.67 (3.01~4.47) 2.85E-38 2.22 (1.67~2.97) 5.97E-08
70% 1.79 (1.29~2.50) 0.0005 3.58 (2.95~4.35) 2.50E-38 2.00 (1.42~2.80) 6.69E-05
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705  Supplemental Figure 1. Histogram of baseline PET centiloid with a fitted bi-modal distribution as indicated by red
706 and green density curves, suggesting more than one sub-group of the entire amyloid distribution
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Supplemental Figure 2. Unadjusted (top panel) and covariate-adjusted (bottom panel) estimates to the HR of
progression to cognitive impairment as functions of centiloid sub-threshold (x-axis) between amyloid-positive
group (P), middle/intermediate amyloid group (M), and lowest amyloid group (L). The analyses indicated that
participants between centiloid 1.03 and centiloid 20 had a significantly higher risk of progression to cognitive
impairment than those whose PET centiloid is below centiloid 1.03, but a significantly lower risk of progression

than amyloid-positive participants.
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719  Supplemental Figure 3. Estimated cumulative incidence curves (CIC) for the 3 amyloid groups defined by

720 centiloid 1.03 and 20 after taking death into account as a competing risk, demonstrating that the minimal amyloid
721 group had a 31% increased risk of clinical progression than the lowest amyloid group (HR=1.31, 95% CI: 1.05 to
722 1.65, p=0.019), but reduced risk than the amyloid-positive group (HR=0.35, 95% CI: 0.28 to 0.43, p<0.0001)
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Supplemental Figure 4. Estimated survival curves for the three amyloid groups defined by centiloid 1.03 and 20
with the survival time defined as from the baseline amyloid PET scan collection to the first occurrence of
cognitive impairment after which no regression back to CDR 0 or normal cognition occurred---a sensitivity
analysis

Strata = PET centiloid<1.03 1.03<PET centiloid<20 - PET centiloid>=20

1.00+4
0.754
>
=)
=
©
Ke)
e
s 0.504 e M s S ;
7; : |
1 1
= ; '
m 1 1
0.25- y |
1 1
] L}
1 1
1 1
1 1
1 1
] 1
0.00 p < 0.0001 ! .
0 3 6 9 12 15 18
Time to cognitive impairment (years)
Number at risk
PET centiloid<1.03 726 554 395 278 131 66 14
706 543 391 265 104 40 5
PET centiloid==20 | 402 264 164 92 29 7 1




	Absolute levels of PET centiloid within each amyloid group and the risk of progression to cognitive impairment
	Longitudinal amyloid accumulation as a function of baseline amyloid trichotomy
	Baseline level and longitudinal change in cognition as functions of amyloid trichotomy
	The amyloid trichotomy validated by sensitivity analyses

