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Abstract

Background and Objectives
To predict when cognitively normal individuals with brain amyloidosis will develop symptoms
of Alzheimer disease (AD).

Methods

Brain amyloid burden was measured by amyloid PET with Pittsburgh compound B. The mean
cortical standardized uptake value ratio (SUVR) was transformed into a timescale with the use
of longitudinal data.

Results

Amyloid accumulation was evaluated in 236 individuals who underwent >1 amyloid PET scan.
The average age was 66.5 + 9.2 years, and 12 individuals (5%) had cognitive impairment at their
baseline amyloid PET scan. A tipping point in amyloid accumulation was identified at a low
level of amyloid burden (SUVR 1.2), after which nearly all individuals accumulated amyloid at a
relatively consistent rate until reaching a high level of amyloid burden (SUVR 3.0). The average
time between levels of amyloid burden was used to estimate the age at which an individual
reached SUVR 1.2. Longitudinal clinical diagnoses for 180 individuals were aligned by the
estimated age at SUVR 1.2. In the 22 individuals who progressed from cognitively normal to a
typical AD dementia syndrome, the estimated age at which an individual reached SUVR 1.2
predicted the age at symptom onset (R* = 0.54, p < 0.0001, root mean square error [RMSE] 4.5
years); the model was more accurate after exclusion of 3 likely misdiagnoses (R*=0.84,p <
0.0001, RMSE 2.8 years).

Conclusion
The age at symptom onset in sporadic AD is strongly correlated with the age at which an
individual reaches a tipping point in amyloid accumulation.
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Glossary

AP = p-amyloid; AD = Alzheimer disease; ADRC = Alzheimer Disease Research Center; CDR = Clinical Dementia Rating;
PiB = Pittsburgh compound B; RMSE = root mean square error; SUVR = standardized uptake value ratio.

Alzheimer disease (AD) is characterized neuropathologically
by amyloid plaques and neurofibrillary tangles, which are
thought to start accumulating approximately 20 years before
the onset of dementia symptoms."” Brain amyloid accumu-
lation does not occur linearly over time; instead, the pattern is
reminiscent of the multiphased nucleation-dependent aggre-
gation of B-amyloid (AB) peptide in vitro.> In a test tube,
monomeric AP stochastically aggregates and disaggregates
during an initial lag phase. Once a critical concentration of AP
aggregates is reached (the nucleation threshold or tipping
point), the aggregates serve as nuclei for the rapid and rela-
tively predictable growth phase of AB aggregation. Similarly,
in the human brain, studies suggest that the rate of amyloid
accumulation is slow and highly variable at very low levels of
amyloid burden.>® Once a threshold level of amyloid burden
is crossed, the rate of amyloid accumulation increases and
becomes relatively consistent across individuals, which allows
the time of amyloid accumulation to be reliably estimated
through a variety of mathematical approaches.”**

Although the pattern of brain amyloid accumulation may or
may not be directly related to the aggregation kinetics of AP in
vitro and empirically investigating this potential connection
was not the goal of this study, we used nucleation-dependent
aggregation as a conceptual framework for modeling amyloid
accumulation. We speculated that the level of amyloid burden
that marks the transition from slow to rapid amyloid accu-
mulation might represent the nucleation threshold for brain
amyloid aggregation. Furthermore, we hypothesized that this
tipping point in amyloid aggregation could be used to align
longitudinal clinical data across individuals and enable pre-
diction of when cognitively normal individuals with brain
amyloidosis will develop the onset of AD symptoms.

Methods

Standard Protocol Approvals, Registrations,
and Participant Consents

Community-dwelling participants enrolled in longitudinal
studies of memory and aging at the Knight Alzheimer Disease
Research Center (ADRC) who underwent an amyloid PET
scan with Pittsburgh compound B (PiB) within 1 year of a
comprehensive clinical assessment and had available APOE
genotype data were included in the present study. Race and
sex were self-reported. APOE genotyping was performed by
the Knight ADRC Genetics Core.” All procedures were ap-
proved by the Washington University Human Research
Protection Office, and written informed consent in accor-
dance with the Declaration of Helsinki was obtained from
each participant or their legally authorized representative
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when appropriate. All data were used for research purposes
only.

Clinical Assessment and Categorization

of Dementia

Individuals who were cognitively normal or had cognitive im-
pairment caused by an uncertain etiology or suspected AD eti-
ology were enrolled. Comprehensive clinical assessments were
performed every 3 years for participants <65 years old and yearly
for participants >6S years of age. The clinical assessment included
a detailed interview of a collateral source, a neurologic examina-
tion of the participant, the Clinical Dementia Rating (CDR),"
CDR Sum of Boxes,'! and the Mini-Mental State Examination."*
Individuals with a CDR score of >0.5 were considered to have a
dementia syndrome, and the probable etiology of the dementia
syndrome was formulated by clinicians on the basis of clinical

features in accordance with standard criteria and methods."®

For this study, individuals with a CDR score of 0 were catego-
rized as cognitively normal. Previous studies in this cohort
established that individuals with a CDR score of 0.5 and an
etiologic diagnosis of AD, who would have been described by
some other studies as having mild cognitive impairment, had
early AD dementia."*'® Symptomatic AD is a continuum that
includes mild cognitive impairment due to AD and AD
dementia.'**® Therefore, individuals with a CDR score of >0.5
were categorized as having a typical AD dementia syndrome if
they met the McKhann et al.'” criteria, which include the in-
sidious onset and slow progression of dementia with an amnestic
presentation and without substantial evidence of confounding
factors."” Individuals with a typical AD dementia syndrome, who
also had secondary disorders that could impair cognition (e.g,
depression) that were not thought to be contributing signifi-
cantly to the dementia syndrome, were also categorized as having
a typical AD dementia syndrome. Individuals with a CDR score
of >0.5 with any other etiologic dementia diagnoses were cate-
gorized as having other dementia syndrome. The most common
diagnosis in the other dementia category was uncertain etiology,
meaning that the clinical features were not clearly concordant
with 1 dementia diagnosis. Possible AD dementia was included
in the other dementia syndrome category when other disorders
were present and thought to be contributing significantly to the
dementia or when atypical clinical features were present that
could potentially be caused by other neurologic disorders such as
parkinsonism or early changes in language, visuospatial function,
or social appropriateness. The other dementia syndrome cate-
gory also included diagnoses of non-AD dementias, including
dementia with Lewy bodies, frontotemporal dementia, and
vascular dementia. Diagnostic categories were defined before the
analyses described herein were performed.
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In formulating the CDR and etiologic diagnosis based on
clinical features, clinicians were blinded to the participant’s
performance on neuropsychological tests, the results of prior
assessments, and biomarker results. This blinding was critical
to the current study: if the amyloid PET standardized uptake
value ratio (SUVR) were considered in the diagnostic for-
mulation, the relationship between amyloid PET SUVR and
syndromic diagnosis could be confounded.

Amyloid PET and Structural Brain MRI

More detailed imaging methods are presented in eAppendix 1
(links.lww.com/WNL/B535). Briefly, participants underwent
a dynamic scan with PiB'® in coordination with a structural
MRI scan. Regional data from the 40- to 60 minute post-
injection window were converted to SUVRs with cerebellar
gray as a reference and partial volume corrected with a geo-
metric transfer matrix approach based on the FreeSurfer
parcellation."”* Values from regions where amyloid de-
position occurs early in AD were averaged together to rep-
resent mean cortical SUVR: the left and right lateral
orbitofrontal, medial orbitofrontal, precuneus, rostral middle
frontal, superior frontal, superior temporal, and middle tem-
poral cortices. Amyloid PET positivity for PiB has previously
been defined as a mean cortical SUVR >1.42."%*

Transformation of Mean Cortical SUVR Into
Amyloid Time

Mean cortical SUVR was transformed into a timescale, as has
been performed by other groups who evaluated the relation-
ship between amyloid burden and time.*” This transformation
was performed with the computer algorithm provided in
eAppendix 2 (linkslww.com/WNL/B536) using data from
individuals with >2 amyloid PET scans. The rate of amyloid
accumulation for each individual was determined by linear re-
gression and anchored at the estimated SUVR halfway through
the follow-up period (SUVR igpoint)- Phases of amyloid accu-
mulation, similar to those described by other studies,”** were
delineated by binning individuals by SUVR ,igpoine and evalu-
ating the correlation of SUVR ,igpoine With the rate of amyloid
accumulation (eFigure 1, linkslww.com/WNL/BS37). The
lowest/first bin with a significant correlation between the rate
of amyloid accumulation and SUVR ,igpoint Was SUVRyidpoint
1.1 to 1.2, and the upper boundary of this bin (SUVR 1.2) was
chosen as the tipping point because nearly all individuals ac-
cumulated amyloid after SUVR ipoine >1.2.

Because there was a significant but nonlinear correlation be-
tween the rate of amyloid accumulation and SUVR pigpoint for
individuals with an SUVR nigpoine between 1.2 and 3.0, the
relationship between the rate of amyloid accumulation and
SUVR midpoine Was fitted with a cubic spline with knots at 1.2
and 3.0. The average time in years required to pass from one
SUVR to another was then estimated by integrating the re-
ciprocal of the modeled rate of amyloid accumulation, similar
to previously reported methods.®” Amyloid time was defined
as the estimated years from SUVR 1.2; at SUVR 1.2, amyloid
time was equal to 0.
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A cross-validation procedure was performed to evaluate the
correspondence of amyloid time and actual time (by dates)
using 80% of the cohort to generate the model and 20% of the
cohort to test the model. PROC SURVEYSELECT was used
to randomly select training and tests groups. This approach
was applied to all individuals with at least 2 amyloid PET scans
within the range of SUVR 1.2 to 3.0. The actual time interval
between the first and last amyloid PET scan was calculated
and compared to the amyloid time interval.

Alignment of Longitudinal Clinical Diagnoses
by the Estimated Age at SUVR 1.2

The amyloid time transformation of SUVR derived from in-
dividuals with longitudinal amyloid PET was applied to all PiB
scans between SUVR 1.2 and 3.0 in the Knight ADRC cohort.
The age at SUVR 1.2 was estimated by subtracting the amy-
loid time value for the scan from the participant’s age at the
scan. For individuals with >1 amyloid PET scan between
SUVR 1.2 and 3.0, the estimated age at SUVR 1.2 was aver-
aged across all scans from the individual. The time from
SUVR 1.2 for a clinical assessment was calculated as the age at
a clinical assessment minus the estimated age at SUVR 1.2.

Estimating Years From Symptom Onset
Progressors to symptomatic AD were defined as individuals
who were cognitively normal at their baseline clinical assess-
ment and diagnosed with typical AD dementia syndrome at
their last clinical assessment. The age at symptom onset was
defined as the age when progressors were first diagnosed with
a typical AD dementia syndrome. These definitions were
formulated before data analysis. Logistical regression models
were used to evaluate dementia syndrome category as a
function of the estimated age at SUVR 1.2 and the estimated
time from SUVR 1.2 or age and SUVR. Linear regression
models were used to estimate the age at symptom onset as a
function of the estimated age at SUVR 1.2.

Spearman correlations were used to evaluate potentially
nonlinear relationships, while Pearson correlations were used
to evaluate whether estimated values corresponded linearly
with actual values. All statistical analyses and programming
were conducted with SAS 9.4 (SAS Institute Inc, Cary, NC).
Plots were created with GraphPad Prism version 9.1

(GraphPad Software, La Jolla, CA).

Data Availability
All data used for this study are from the Knight ADRC and are
available on request by qualified investigators.

Results

Participants

The longitudinal cohort was used to create of model of time as a
function of amyloid PET SUVR and included 236 individuals with
>1 amyloid PET scan. The majority of individuals had 2 scans (n =
139, 59%), and the average follow-up period between the last and
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first scan was 4.8 + 2.2 years (Table 1). The average age was 66.5 +
9.2 years, and 12 (5%) individuals had cognitive impairment
(CDR score >0.5) at their baseline amyloid PET scan. The
alignment cohort was used to visualize clinical diagnosis as a
function of estimated years from SUVR 12 and included 180
individuals with at least 1 amyloid PET scan between SUVR 1.2
and 3.0 (centiloid values of 7 and 88, respectively; Table 2).

Rate of Amyloid Accumulation

The average rate of amyloid accumulation as a function of
amyloid burden, which was represented by the estimated
SUVR halfway through the follow-up period (SUVRmidPoint),
was plotted for each individual with longitudinal amyloid PET
scans (Figure 1A). The rate of amyloid accumulation became
significantly correlated with amyloid burden between SUVR
1.1 and 1.2 (Spearman p = 0.58, p = 0.02, eFigure 1, links.Iww.
com/WNL/BS537), and SUVR 1.2 was identified as the tipping
point after which nearly all individuals accumulated amyloid.
For individuals with an SUVR <1.2, the rate of amyloid accu-
mulation was positively but weakly correlated with amyloid
burden (phase 1, Spearman p = 0.17, p = 0.03). Interestingly,
there was a significant correlation in APOE €4 carriers
(Spearman p = 0.48, p = 0.003) but no correlation in APOE &4
noncarriers (Spearman p = 0.06, p = 0.48, Figure 1B). After
SUVR 1.2, amyloid accumulation was positive in nearly all

individuals and did not vary significantly by APOE €4 carrier
status. This suggests that once an individual crossed the SUVR
1.2 threshold, he or she was almost always destined to develop
significant amyloid accumulation regardless of APOE €4 carrier
status. There was a strong correlation between the rate of
amyloid accumulation and amyloid burden between SUVR 1.2
and 3.0, but this relationship was nonlinear, with a positive
correlation between SUVR 1.2 and 1.8 (phase 2a, Spearman p =
0.76, p < 0.0001) and a negative correlation between SUVR 1.8
and 3.0 (phase 2b, Spearman p = -0.47, p = 0.006, eTable 1,
links.lww.com/WNL/BS539). After individuals reached an
amyloid burden of SUVR 3.0, the rate of amyloid accumulation
was highly variable and no longer correlated with amyloid
burden (phase 3, Spearman p = -0.11, p = 0.75).

Transforming SUVR Into a Proxy for Time

The relationship between amyloid burden and time was
evaluated. For all individuals, the change in SUVR (SUVR at
last scan minus SUVR at first scan) was significantly but rel-
atively weakly correlated with the actual time interval (last
scan date minus first scan date) on a linear scale (Pearson r =
0.31, p < 0.0001, Figure 1C). When only scans with an SUVR
between 1.2 and 3.0 were evaluated, this linear relationship
was much stronger (Pearson r=0.75, p< 0.0001). To account
for the nonlinear rate of amyloid accumulation between

Table 1 Characteristics of Participants With Longitudinal Amyloid PET Data

Phase 1 Phase 3

SUVRmidpoint Phase 2 SUVRmidpoint  SUVRmidpoi Phase Phase

<1.2 >1.2and <3.0 23.0 2vs1 3vs1
Characteristic (n=162) (n=63) (n=11) p value p value
Baseline age, y 64.8 £ 9.6 70.1+7.3 71.4+6.2 0.0001 0.03
Sex, n (% female) 109 (67) 36 (57) 7 (64) NS NS
Education, y 15.9+25 15.5+2.7 15.2+2.8 NS NS
Asian/Black/White, n 1141147 0/5/58 0/0/11 NS NS
APOE genotype (0 €4 alleles/1 4 allele/2 €4 alleles (% €4 carrier) 125/35/2 (23) 28/30/5 (56) 2/6/3 (82) <0.0001 0.0001
Baseline MMSE score 29.2+1.1 29.1+£1.0 27.8+25 NS 0.0003
CDR score 0/0.5, n (% >0) 158/4 (2) 57/6 (10) 9/2 (18) 0.03 0.05
CDR-SB score 0.1+04 0.1+0.5 0.2+0.3 NS NS
Cognitively normal/typical AD dementia syndrome/other dementia 158/2/2 (1) 57/2/4 (3) 9/1/1 (9) 0.03 0.05
syndrome, n (% typical AD dementia syndrome)
2/3/4/5 Scans, n 94/60/6/2 37/22/3/1 8/3/0/0 NS NS
Baseline SUVR 0.99 + 0.07 1.66 + 0.53 3.11+043 <0.0001 <0.0001
SUVR midpoint 1.02 £ 0.06 1.91 +0.51 3.29+0.28 <0.0001 <0.0001
SUVR rate of change per year 0.016 £ 0.021 0.109 £ 0.051 0.046 £ 0.161 <0.0001 0.03
Total scan follow-up time, y between first and last scans 49+2.1 45+23 38+28 NS 0.08

Abbreviations: AD = Alzheimer disease; CDR = Clinical Dementia Rating (CDR = 0 indicates cognitive normality, CDR = 0.5 indicates very mild dementia); CDR-SB
=CDR Sum of Boxes; MMSE = Mini-Mental State Examination (a score of 30 is best, a score of 0 is worst); NS = not significant; SUVR = standardized uptake value

ratio; SUVRmigpoint = estimated SUVR halfway through scan follow-up time.

Values within 1 year of the baseline amyloid PET scan are shown. Continuous measures are presented as the mean + SD. Significance of differences between
groups was determined by Student ¢ tests for continuous variables and by x? or Fisher exact tests for categorical variables.
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Table 2 Characteristics of Participants With at Least 1
Amyloid PET Scan Between SUVR 1.2 and 3.0

General characteristics No. Value

Sex, n (% female) 180 95(53)
Education, y 180 15.7+3.0
Asian/Black/Other/White, n 180  1/19/160
APOE genotype, 0 £4 alleles/1 €4 allele/2 4 180  80/75/25 (56)

alleles, n (% =4 carrier)

Age at death (if applicable), y 29 83.6+75
Estimated age at SUVR 1.2,y 180 65.9+8.3
Clinical follow-up, y 180 84+47
Clinical assessments, n 180 56+4.2
Characteristics at baseline clinical nent

Age,y 180 699%7.7
Estimated years from SUVR 1.2 180 4.0+64
MMSE score 173 285+20
CDR score 0/0.5/1, n (% >0) 180  142/31/7 (21)
CDR-SB score 180 06+1.3
Normal/typical AD dementia syndrome/other 180  142/24/14(13)

dementia syndrome, n (% AD dementia syndrome)

Specific diagnoses at all assessments (o = 1,384)

Cognitively normal (o = 1,064, 77%)

Typical AD dementia syndrome (o = 179, 13%)

Typical AD dementia (0 = 171)
Typical AD dementia with other disorders not contributing to dementia (o = 8)

Other dementia syndrome: uncertain, atypical, or suspected non-AD dementia (n
=141, 10%)

Uncertain etiology (o = 77)

Uncertain etiology, possible non-AD dementia (n = 13)

Uncertain etiology, questionable impairment (o = 19)

Possible AD dementia with other disorders contributing (o = 11)

Possible AD dementia with atypical features such as parkinsonism or early
changes in language, visuospatial function, or social appropriateness (o = 11)
Dementia with Lewy bodies or Parkinson disease dementia (o = 3)
Frontotemporal dementia (o = 5)

Vascular dementia (o0 = 2)

Abbreviations: AD = Alzheimer disease; CDR = Clinical Dementia Rating (CDR
= 0 indicates cognitive normality; CDR = 0.5 indicates very mild dementia;
CDR = 1 indicates mild dementia); CDR-SB = CDR Sum of Boxes; MMSE =
Mini-Mental State Examination (score of 30 is best and a score of 0 is worst);
n =number of individuals; o = number of observations; SUVR = standardized
uptake value ratio.

Values at the baseline clinical assessment are shown. Continuous measures
are presented as mean + SD.

SUVR 1.2 and 3.0, a cubic spline was fitted to the rate of
amyloid accumulation as a function of amyloid burden. The
average time between levels of amyloid burden between
SUVR 1.2 and 3.0 was estimated by integrating the reciprocal
of the modeled rate of amyloid accumulation between 2
SUVR levels (eFigure 2, linksIww.com/WNL/BS38, and
eAppendix 2, links.lww.com/WNL/B536). Given that SUVR
1.2 was the threshold after which significant amyloid
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accumulation was likely to occur, SUVR 1.2 was set as the
origin (0) for this scale, and the estimated years from SUVR
1.2 was called amyloid time.

Between SUVR 1.2 and 3.0, the estimated years between
SUVR increments of 0.2 ranged between 1.4 and 2.9 years,
demonstrating the nonlinear relationship between SUVR
and time over small intervals despite an appearance of rel-
ative linearity (Table 3 and Figure 1D). The amyloid time
interval (amyloid time at the last scan minus amyloid time at
the first scan) had a strong linear relationship with the actual
time interval (last scan date minus first scan date) with a
Pearson 7 = 0.83. To more rigorously examine the accuracy
of the amyloid time estimates, a cross-validation approach
was used such that each amyloid PET scan was assigned an
amyloid time value estimated with a model in which that
scan was not included. The actual time interval between the
first and last scan (by dates) and the amyloid time interval
based on the SUVR of the 2 scans was highly correlated
(Pearson r = 0.83, p < 0.0001, Figure 1E).

Examining the Age at SUVR 1.2 as a Function of
APOE Genotype

The estimated age at which individuals reached SUVR 1.2 was
examined as a function of APOE €4 genotype. Using the model
created in participants with longitudinal amyloid PET, we es-
timated amyloid time for all amyloid PET scans with an SUVR
between 1.2 and 3.0 in the entire Knight ADRC cohort
(Table 2 gives participant characteristics). Amyloid time at the
baseline amyloid PET scan was plotted as a function of age for
APOE &4 noncarriers (Figure 2A) and carriers (Figure 2B). For
individuals with an SUVR between 1.2 and 3.0, the age at which
an individual reached SUVR 1.2 could be estimated by sub-
tracting amyloid time from the age at the scan. The estimated
age at SUVR 1.2 across multiple amyloid PET scans in the same
individual was highly consistent: the within-individual SD was
only 0.8 years (Figure 2C). For example, if an individual’s
estimated age at SUVR 1.2 was 75 years at the baseline scan
(age 80 years at the scan minus amyloid time of S years [SUVR
1.63]), it was almost exactly 75 years at a scan S years later (age
8S years at the scan minus amyloid time of 10 years [SUVR
2.31]). The estimated age at SUVR 1.2 was plotted by the
number of APOE &4 alleles: no alleles (n = 80), 69.3 + 7.6 years;
1 allele (n =75), 64.3 £ 7.0 years; and 2 alleles (n = 25), 59.9 +
9.2 years (mean + SD, Figure 2D).

The estimated age at SUVR 1.2 was used to align amyloid
PET trajectories. Plotting SUVR as a function of age depicted
accurate slopes of change in amyloid burden over time
(Figure 2E), but these trajectories were not aligned because
individuals started accumulating amyloid at different ages. For
the participants with at least 1 amyloid PET scan between
SUVR 1.2 and 3.0 (Table 2), the estimated age at SUVR 1.2
was subtracted from the age at each scan, which aligned am-
yloid PET trajectories (Figure 2F). Some individuals with an
estimated age at SUVR 1.2 had undergone earlier amyloid
PET scans with an SUVR <1.2 or later amyloid PET scans
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Figure 1 Transformation of Amyloid PET Mean Cortical SUVR Into Amyloid Time
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Rate of amyloid accumulation for each
individual was determined by linear
regression and anchored at the esti-
mated standardized uptake value ra-
tio (SUVR) halfway through the follow-
up period (SUVRmigpoint) (A). Note that
the y-axis represents rate of change,
not total amyloid burden. Solid red
squares represent APOE ¢4 homozy-
gotes (e4/e4); red open squares rep-
resent ¢4 heterozygotes (e4/¢2 or €4/
£3); and blue circles represent APOE ¢4
noncarriers. Rate of change for each
individual was correlated (Spearman)
with SUVR migpoint OVer phases denoted
by vertical dotted lines. Solid lines in-
dicate the linear regression of amyloid
accumulation as a function of amyloid
burden for APOE ¢4 carriers (red) and
noncarriers (blue). At SUVR <1.2, the
rate of amyloid accumulation was
correlated (Spearman) with amyloid
burden in APOE &4 carriers but not
noncarriers (B). One point with a low
rate was omitted for improved data
visualization. Change in amyloid bur-
den (last SUVR minus first SUVR) was
linearly correlated (Pearson) with the
time between scans (last scan date
minus first scan date) (C). For individ-
uals with an SUVRmigpoint between
SUVR 1.2 and 3.0, the estimated years
between 2 SUVR values was calculated
by integrating the reciprocal of the
modeled rate of amyloid accumula-
tion (D). Amyloid time was defined as
the estimated years from SUVR 1.2. A
cross-validation approach showed
that for individuals with at least 2
scans between SUVR 1.2 and 3.0, the
amyloid time interval (based on the
last SUVR minus the first SUVR) was
highly correlated (Pearson) with actual
time interval by dates (E). Solid line
represents the linear regression be-
tween the amyloid time interval and
actual time interval. Dashed black line
represents a perfect correlation.

with an SUVR >3.0; therefore, the trajectories aligned by age
at SUVR 1.2 extended outside the SUVR 1.2 to 3.0 range.

Estimation of Years Until Symptom Onset

Using Age at SUVR 1.2

An estimate of the age at SUVR 1.2 allowed alignment of
longitudinal clinical diagnoses, enabling visualization of 1,384

Neurology | Volume 97, Number 18 |

clinical assessments from 180 individuals with an average total
follow-up time of 8.4 + 4.7 years (Figure 3A). Each point

represented the dementia syndrome category from a single

clinical assessment; data from each individual were arranged

in a single row and aligned on the x-axis by the estimated time

November 2, 2021

from SUVR 1.2 (the age at each clinical assessment minus the
estimated age at SUVR 1.2). Points with a negative value on
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Table 3 Estimated Years Between Different SUVR Levels

SUVR Amyloid time, y
Beginning End Interval Cumulative (from 1.20)
1.20 1.40 2.9 2.9
1.40 1.60 1.9 4.8
1.60 1.80 1.6 6.3
1.80 2.00 1.4 7.8
2.00 2.20 1.4 9.2
2.20 2.40 1.5 10.7
2.40 2.60 1.7 124
2.60 2.80 2.0 14.4
2.80 3.00 2.7 171

Abbreviation: SUVR = standardized uptake value ratio.
Note that the time between SUVR increments of 0.2 varies between 2.9 and
1.4 years because of the nonlinear accumulation of amyloid over time.

the x-axis denoted clinical assessments that occurred before
the individual was estimated to have reached SUVR 1.2. Be-
cause clinicians were blinded to biomarker status, some in-
dividuals were diagnosed with typical AD dementia syndrome
at a low amyloid PET burden. Clinicians were also blinded to
diagnoses at previous assessments; some individuals fluctu-
ated from year to year between a typical AD dementia syn-
drome and other dementia syndrome (usually with an
uncertain dementia diagnosis), potentially reflecting changing
conditions that affected diagnostic certainty. The 180 indi-
viduals in Figure 3A were further arranged vertically from
oldest (top) to youngest (bottom) estimated age at SUVR
1.2. With the dementia syndrome category at the baseline
assessment for all 180 individuals in the alignment cohort, a
logistic regression was used to estimate the years from SUVR
1.2 at which 50% of individuals would have a typical AD
dementia syndrome (eTable 2, links.lww.com/WNL/B540);
this estimate is denoted by a black line in Figure 3A and
represents the expected age at symptom onset based on the
estimated age at SUVR 1.2 and estimated time from
SUVR 1.2.

Of the 180 individuals with an estimated age at SUVR 1.2
available, 22 were cognitively normal at their baseline clinical
assessment and had a typical AD syndrome at their last clinical
assessment; these individuals were defined as progressors to
symptomatic AD (Figure 3B and eTable 3, links.lww.com/
WNL/B541). The age at which the progressors first de-
veloped a typical AD dementia syndrome was predicted by
the estimated age at SUVR 1.2 (R* = 0.54, p < 0.0001, root
mean square error [RMSE] 4.5 years, Figure 3C). Three
progressors who were amyloid PET negative (SUVR <1.42)
at the onset of cognitive decline (CDR score >0) could have
experienced a typical AD dementia syndrome caused by a
non-AD etiology; omission of these individuals improved

Neurology.org/N

prediction of the age at symptom onset (R> = 0.84, RMSE 2.8
years, p < 0.0001, Figure 3D). Sex, years of education, APOE
€4 status, and race were not significant predictors when in-
cluded in the models. The model for age at symptom onset
derived in the progressors (n = 19, Figure 3D) was plotted
with a red line in Figure 3A. It was largely overlapping with the
model derived in the entire alignment cohort (n = 180) that
included individuals who were cognitively stable throughout
follow-up and individuals who with diagnosed with dementia
at study entry.

A cross-validation approach in which the amyloid time model
was generated without data from the progressors resulted in
nearly identical models and model fits for the estimated age at
symptom onset in progressors (R*=0.54, RMSE 4.5 years for
all progressors; and R* = 0.85, RMSE 2.7 years after 3 po-
tential misdiagnoses were omitted). A logistic regression of
the dementia syndrome category at the baseline amyloid PET
scan found that older individuals were more likely to have a
typical AD dementia syndrome at a given SUVR (eTable 4,
links.Iww.com/WNL/B542).

Discussion

Amyloid accumulated at a nonlinear but relatively consistent
rate across individuals from SUVR 1.2 until SUVR 3.0, an
approximatelyl7-year period that included much of the pre-
clinical phase of AD for most individuals. Amyloid time, the
estimated years from SUVR 1.2, was highly correlated with
actual time by dates (Pearson r = 0.83, p < 0.0001) and was
used to estimate the age when an individual reached SUVR
1.2. A variety of approaches have been used to calculate the
time course of amyloid accumulation,”*#?**° and lowest
level of amyloid burden that predicts cognitive decline has
been evaluated.”® In the work most conceptually similar to the
current study, a completely different mathematical approach
was used to align amyloid PET trajectories, which were re-
markably consistent across individuals, and to estimate the
age at amyloid positivity.”* A longer time of amyloid positivity
was associated with a higher risk of cognitive decline and
clinical progression.24 Compared to other studies, the major
innovation of the current study was the use of estimated age at
SUVR 1.2 to align longitudinal clinical diagnostic data col-
lected many years distant from the amyloid PET scan and to
predict the age at AD symptom onset. The agreement and
convergence of our findings with other studies suggest that
the amyloid time concept is robust across different cohorts
and mathematical approaches.

At low levels of amyloid burden (SUVR <1.2) analogous to
the lag phase of AP aggregation in vitro, the rate of amyloid
accumulation was correlated with amyloid burden in APOE ¢4
carriers but not noncarriers. Biochemical studies demonstrate
that adding preformed nuclei or seeds shortens or eliminates
the lag phase of AB aggregation in vitro.”® The abbreviated lag
phase in APOE &4 carriers, as demonstrated by the correlation
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Figure 2 Estimating the Age at Which an Individual Reached SUVR 1.2
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between the rate of amyloid accumulation and amyloid burden
at SUVR <1.2, may indicate that APOE &4 has a seeding effect
on brain amyloid aggregation. The earlier age at amyloid de-
position in APOE €4 carriers seen in this study and many
others>*”* also suggests that APOE &4 has a seeding effect on
amyloid aggregation in the human brain. Previous studies in
our cohort**** and other cohorts®****3*3¢ have reported in-
consistent results on how and whether APOE ¢4 affects the rate
of amyloid accumulation, likely because the studies were ex-
amining different phases of amyloid accumulation depending
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on their analytic approach. A study that stratified by amyloid
burden found results similar to this study: faster amyloid ac-
cumulation in APOE €4 carriers at lower levels of amyloid
burden but no difference in amyloid accumulation by APOE €4
status at higher levels of amyloid burden.*® The lack of effect of
APOE ¢4 status on amyloid accumulation between SUVR 1.2
and 3.0, which may be analogous to the growth phase of am-
yloid aggregation, suggests that APOE €4 modulates primarily
initiation of amyloid accumulation (seeding) and not the rate of
amyloid accumulation later in the disease course.
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Figure 3 Visualizing Dementia Syndromes Over Time and Estimating Age at Symptom Onset
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At each clinical assessment, clinicians who were blinded to biomarker status and the results of prior clinical assessments formulated the Clinical Dementia
Rating (CDR) score; individuals with a CDR of 0.5 were considered to have a dementia syndrome, and the probable etiology of the dementia syndrome was
diagnosed from clinical features. Diagnoses from 1,384 assessments on 180 individuals were plotted by the estimated years from standardized uptake value
ratio (SUVR) 1.2 (A). Each row of points corresponds to 1 individual. Each point represents 1 clinical assessment, and the color of the point denotes the
dementia syndrome category: green, cognitively normal; yellow, other dementia syndrome (uncertain, atypical, or suspected non-Alzheimer disease [AD]
dementia); and red, typical AD dementia syndrome. Black points represent the date of death if applicable. Individuals were arranged vertically in order of
estimated age at SUVR 1.2. Dotted vertical line represents SUVR 1.2; dashed vertical line represents SUVR 1.42, the established cutoff for amyloid PET
positivity. Solid black line represents the estimated time from SUVR 1.2 when 50% of individuals would have a typical AD dementia syndrome based on a
logistic regression of the dementia syndrome category at the baseline clinical assessment (eTable 2, links.lww.com/WNL/B540). Solid red line represents the
estimated time of symptom onset as predicted by the model in (D). Twenty-two individuals who were cognitively normal at their baseline clinical assessment
and had a typical AD dementia syndrome at their last clinical assessment were defined as progressors to symptomatic AD (B). Purple line represents the
predicted age at which the progressors were first diagnosed with typical AD dementia syndrome on the basis of the estimated age at which individuals
reached SUVR 1.2 (C). Omitting 3 individuals (purple arrowheads in B, purple points in C) who were amyloid PET negative at the onset of cognitive decline

improved prediction of the age at symptom onset (D).

The most important finding of this study was that the age at  individual age at onset with an R* = 0.38 to 0.56."*” In this
AD symptom onset for cognitively normal individuals with  study of sporadic AD, the model including all progressors
brain amyloidosis could be estimated with a single amyloid  predicted individual age at onset at a similar level (R* = 0.54,
PET scan. Previous studies have shown that parental age at  RMSE 4.5 years). Exclusion of 3 of the 22 progressors (14%)
symptom onset in autosomal dominant AD predicted  with cognitive decline (CDR score >0) before amyloid PET
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positivity (SUVR 1.42) improved the model fit (R* = 0.84,
RMSE 2.8 years). The 3 progressors who developed cognitive
decline before SUVR 1.42 may have had a non-AD cause of
their symptoms.'>** When the model for symptom onset that
was created in 19 progressors was applied to 180 individuals
across the cognitive spectrum, it was closely aligned to the
cross-sectional logistic regression estimate for when 50% of
the 180 individuals had a typical AD dementia syndrome. In
studies of autosomal dominant AD, approximately half of
individuals are expected to be cognitively impaired at the
estimated age at symptom onset."’

Our results suggest that older individuals develop symptom-
atic AD after a shorter period of amyloid accumulation, which
translates to a lower level of amyloid burden. According to our
model using the age at SUVR 1.2 to align cognitive trajecto-
ries, a 45-year-old who reached SUVR 1.2 would be expected
to develop symptoms 21 years later at SUVR >3.0, whereas an
85-year-old would develop symptoms in only 9 years at SUVR
=2.2. Furthermore, using a simple logistic regression, we
found that older individuals were more likely to manifest
symptoms of AD dementia at the same level of amyloid
burden (SUVR). The increased expression of AD symp-
toms in older individuals could be related to decreased cog-
nitive reserve from normal aging processes or comorbid
3949 Brain amyloid deposition is necessary but not
sufficient for symptomatic AD, and many other genetic, bi-
ological, and social factors are likely involved in expression of
symptoms.*"** Analyses of larger numbers of progressors will
likely improve modeling of factors that are known to modify
the risk of symptomatic AD associated with a particular level
of amyloid burden®"**** and may further improve esti-
mation of the age at symptom onset. In addition, analyses of
cohorts that include assessment of prodromal AD (e.g., sub-
jective cognitive decline) may enable study of the evolution of
AD symptom onset.

conditions.

Many additional studies, including with both late-onset AD
and autosomal dominant AD cohorts, are needed to refine
these approaches and to validate these findings, especially
before application to clinical settings. Innumerable ap-
proaches could be used to calculate amyloid time and to de-
termine the tipping point in amyloid accumulation.”*® We
chose a simple approach that could be easily applied to other
datasets, including datasets with relatively few scans from each
individual. The specific values used in the amyloid time model
(SUVR 1.2 and 3.0, which correspond to centiloid values of 7
and 88*) will vary depending on center-specific factors, in-
cluding the amyloid PET tracer, brain regions evaluated, and
PET processing. Improvements in MRI and PET scanners
and sequences may provide greater sensitivity to pathology,
and such differences should be systematically evaluated in
future studies. PiB is a highly sensitive tracer,”> and models
created with less sensitive tracers may not be as accurate. In
addition, differences in the assessment of dementia diagnosis
may affect models for prediction of symptom onset.

Neurology | Volume 97, Number 18 | November 2, 2021

Accurate estimation of the age at symptom onset would im-
prove our understanding of the AD time course and facilitate
identification of cognitively normal participants at high risk of
progression to symptomatic AD for prevention trials. As has
been shown in drug trials for autosomal dominant AD, ac-
curate prediction of symptom onset increases power and
decreases costs.*® Furthermore, if specific therapies are most
effective within a certain period of the disease course, precise
staging is critical. Therefore, accurate prediction of symptom
onset may accelerate efforts to develop effective preventative
treatments for AD.
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