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1 | INTRODUCTION

Abstract

Introduction: The value of quantitative longitudinal and regional amyloid beta (Ag)
measurements in predicting cognitive decline in initially cognitively unimpaired (CU)
individuals remains to be determined.

Methods: We selected 133 CU individuals with two or more [**C]Pittsburgh compound
B ([*'C]PiB) scans and neuropsychological data from Open Access Series of Imaging
Studies (OASIS-3). Baseline and annualized distribution volume ratios were computed
for a global composite and four regional clusters. The predictive value of A3 mea-
surements (baseline, slope, and interaction) on longitudinal cognitive performance was
examined.

Results: Global performance could only be predicted by AS burden in an early clus-
ter (precuneus, lateral orbitofrontal, and insula) and the precuneus region of interest
(ROI) by itself significantly improved the model. Precuneal AB burden was also predic-
tive of immediate and delayed episodic memory performance. In Ag subjects at base-
line (N = 93), lateral orbitofrontal A burden predicted working and semantic memory
performance.

Discussion: Quantifying longitudinal and regional changes in A8 can improve the pre-
diction of cognitive functioning in initially CU individuals.
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Alzheimer’s disease, amyloid beta, longitudinal, positron emission tomography, regional

and upcoming trials may focus on subjects with only moderate AS
burden or even move toward primary prevention strategies.* This

Accumulation of cerebral amyloid beta (Af) plaques starts decades
prior to Alzheimer’s disease (AD)-associated clinical symptom onset,
and it is considered a key early event in the cascade leading to AD
dementia.! Current secondary prevention trials are aimed at either
removing established plaque deposition or halting its accumulation,?3

shift toward early intervention warrants the need for detecting subtle
changes of both AB burden as well as cognitive functioning. Therefore,
understanding trajectories of Ag accumulation and its relationship with
cognitive decline in initially asymptomatic individuals may be relevant

inimproving clinical trial design.
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Generally, A3 burden levels already reach a plateau in preclinical
phases.”~8 As a consequence, most cognitively impaired patients dis-
play established AB pathology levels, and the cross-sectional relation-
ship between Ag and cognition may no longer be evident.>®? However,
this relationship might be detectable in preclinical stages, where AS
is still driving the cascade of disease progression. Indeed, a significant
association between AS burden and cognitive performance in asymp-
tomatic Ag-positive individuals has been shown,'0-12 but this associa-
tion was not apparent in the earliest preclinical stages where Ag plague
deposition is still low.1314 In initially Ag-negative (AB—) individuals,
AB accumulation rather than baseline Ag burden has been shown to

13-15 \which is considered one of the first

predict a decline in memory,
domains to deteriorate in AD.1® Thus in a preclinical population, A8
accumulation may be a more meaningful marker of disease stage than
the traditional baseline burden, as determined in most studies.

In addition, the value of regional assessments in detecting asso-
ciations between early AB and cognitive performance was recently
suggested.'317 More specifically, A8 accumulation in cortical parietal
regions better predicted memory decline compared to global measures
of amyloid burden in AB— individuals.!® This is supported by the finding
that the emergence of Aj plaques seems to follow a spatial-temporal
progression,® with a number of studies reporting the precuneal, insu-
lar, cingulate, and orbitofrontal cortices as so-called “early accumulat-
ing regions.”1319-21

The current study aimed to investigate the relationship between
amyloid burden and subsequent cognitive decline in an initially cog-
nitively unimpaired (CU) population. More specifically, we assessed
whether longitudinal and regional dynamic [11C]Pittsburgh compound
B ([11C]PiB) positron emission tomography (PET) improved the predic-
tion of cognitive change in the Open Access Series of Imaging Studies
(OASIS-3).

2 | MATERIALS AND METHODS

2.1 | OASIS-3 data set

Data were obtained from the OASIS-3 data set, a longitudinal neu-
roimaging, clinical, cognitive, and biomarker data set for normal aging
and AD (www.oasis-brains.org). OASIS-3 is a retrospective compilation
of data collected across several ongoing projects through the Washing-
ton University of Saint Louis Knight Alzheimer’s Disease Research Cen-

ter over the course of 30 years.??

2.2 | Participants

This study included 133 participants selected from the complete
OASIS-3 dataset (N = 1098). Participants were selected when they had
(1) two or more [11C]PiB scans at least 1 year apart, (2) at least two neu-
ropsychological assessments, and (3) a Clinical Dementia Rating (CDR)
score of 0. In addition, neuropsychological and PET data were aligned
at baseline, with a maximum of 1 year allowed between concomitant

assessments (Supplementary Figure 1).

RESEARCH IN CONTEXT

1. Systematic review: Literature was reviewed using tradi-
tional sources (eg, PubMed). Recent work has shown that
the extent of regional amyloid beta (AB) burden as mea-
sured with positron emission tomography (PET) imaging
is related to distinct risk of cognitive decline. However, it
remains to be determined if continuous quantitative and
longitudinal assessments of A burden have added value
in predicting cognitive functioning in a preclinical popula-
tion.

2. Interpretation: Our findings in an initially cognitively
unimpaired (CU) populationillustrate that longitudinal Ag
PET assessments improved the prediction of changes in
both global cognition and memory functioning. In addi-
tion, regional AB burden in the precuneus and lateral
orbitofrontal cortex better predicted cognitive function-
ing compared to global A measurements.

3. Future directions: These results may be of value to AD
prevention trials, where selecting preclinical subjects at
high risk of cognitive decline is of great interest. Replica-
tion of these results in an independent prospective data-

set is warranted.

All participants provided written informed consent and the original
study was approved by the Washington University School of Medicine
Institutional Review Board.

2.3 | ['1C]PiB PET imaging

All participants received an intravenous administration of 6-20 mCi
[11CIPiB and were subjected to 60 minutes of dynamic three-
dimensional (3D) PET imaging. Data were collected on either an
ECAT HR+ 962, Biograph 40 PET/CT, or BioGraph mMR PET-MR 3T
Siemens PET scanner. Concurring T1-weighted magnetic resonance
(MR) scans were obtained using a Siemens 1.5 or 3T MR scanner.??
PET images were processed in native space using a local FreeSurfer-
based processing pipeline (PUP; https://github.com/ysu001/PUP), as
described previously.2® Reference Logan graphical analysis (RLogan)%*
with t* = 30 minutes was used to establish distribution volume ratios
(DVRs), using the cerebellar gray matter as reference region.

Global amyloid burden (DVR) was determined based on a mean cor-
tical composite consisting of FreeSurfer-defined frontal, parietal, tem-
poral, and precuneal cortices.?® Gaussian mixture modeling (mixtools
and AdaptGauss packages from R statistical software program) was
used to identify two distributions of global cortical DVR values, and
a cut-off for AB-PET positivity (AB+) was determined based on the
mean plus 2 standard deviation (SD) from the left Gaussian (ie, “nor-

mal”) distribution (DVR >1.12). In addition, regional amyloid burden
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was assessed for four clusters of cortical regions, representing differ-
ent stages in the amyloid accumulation process as described previ-
ously by our group.? Specifically, the early accumulating clusters (ie,
1 and 2) consisted of the cingulate cortex, precuneus, insula, and lat-
eral orbitofrontal cortex (LOFC), whereas later accumulating regions
(ie, stage 3 and 4) include basal temporal, frontal, and more associative
cortices, ending with other temporal and occipital regions.

To account for differences in number of scans and interval between
visits, a linear mixed-effects model (LME) with random intercepts and
random slopes was used to determine annualized rates of AS accumu-

lation (slope).

24 | Cognitive assessment

From a larger cognitive battery, we focused on longitudinal measures
of global cognition (Minimal Mental State Examination [MMSE]?°) and
different aspects of memory, including immediate and delayed episodic
memory (Logical Memory IA and 1A% respectively), working memory
(Digit Span Backward?4), and semantic memory (animal and vegetable
Categorical Fluency?”). All memory tests were assessed at the same
time point, whereas global cognition was assessed on separate occa-
sions. The available scores were not adjusted for relevant demographic
factors. Therefore, all prediction models included age, sex, and level of

education as covariates.

2.5 | Statistical analysis

All statistical analyses were performed in R version 4.0.2.28 Signifi-
cance was set at P < .05, with Bonferroni correction set at P <.01 based
on the number of cognitive tests as dependent variable (ie, 0.05/5). Dif-
ferences in sample characteristics and annualized slope between Af—
and AB+ subjects were assessed by two-sample t-tests and chi-square
tests, as appropriate. Non-normality was assessed by a Shapiro-Wilk
test, in which case, a nonparametric Mann-Whitney U test was used.

Next, we investigated the relationship between baseline amyloid
burden and annualized slope for both the global region of interest (ROI)
as well as the amyloid stage clusters. Using the Wilcoxon test, differ-
ences in baseline burden and slope between the global ROl and amyloid
stages were assessed.

To determine whether longitudinal and regional amyloid burden
predicted cognitive decline, accounting for the number of available
assessments and follow-up time, we fitted different linear mixed mod-
els with subject-specific random intercept and slope. Covariates were
age at baseline, sex, years of education, and time between baseline
[11C]PiB and baseline neuropsychological assessments. Thus the fol-

lowing models were applied:

1. Cognition ~ AB*time + covariates

2. Cognition ~ AB*slopeAB*time + covariates

Where cognition is performance over time on each of the five prese-

lected cognitive tests (ie, MMSE, Logical Memory IA and IIA, Digit Span

Disease Monitoring

Backward, and Categorical Fluency), Ag is the continuous [11C]PiB
DVR (cross-sectional) and slopeAg is the annualized rates of [11C]PiB
DVR.

First, we followed a hierarchical approach to assess the relation-
ships between AB burden and accumulation and changes in global cog-
nition, using first the global ROI and the four-stage clusters, while
the associations at the regional level were only assessed for regions
belonging to clusters that were significant in the previous step. Next,
we tested the association between AS burden and specific memory
tests, using the global ROI, four clusters, and individual regions that
showed significant predictive value for global cognition. Finally, we
investigated the predictive value of regional A burden and memory
performance in the AB— group. Model preference was based on the
Akaike Information Criterion (AIC)2? and Bayesian Information Cri-
terion (BIC).39 Although both criteria apply a penalty for the num-
ber of parameters in the model, the penalty term is larger in BIC
than AIC. Delta AIC/BIC was calculated by subtracting the AIC/BIC
cross-sectional or global model value from the AIC/BIC longitudinal or
regional model value, respectively. As lower AIC/BIC values indicate a
better model fit, negative delta scores indicate a preference for the lon-

gitudinal/regional model.

3 | RESULTS

3.1 | Demographics of the cohort

Demographics can be found in Table 1. Subjects underwent 2-13
assessments of global cognition over a period of 7.9+2.5 years, and
2-5 neuropsychological assessments over a period of 4.0+1.9 years.
In addition, all subjects underwent 2-5 PET scans over a period of
4.4+1.9 years (Supplementary Figure 2). The mean age was 72.2+5.8
years at the time of the first neuropsychological assessment, on aver-
age 15.7+2.5 years of education were completed, the majority of sub-
jects were female (59.4%), and 32.3% of subjects were apolipoprotein
E gene (APOE) ¢4 carriers.

Regarding cognitive functioning, at baseline, subjects had a mean
MMSE score of 28.9+1.3 and cognitive performance did not differ
between AB~ and AB* individuals for all cognitive tests, except for the
immediate episodic memory task (Logical Memory IA; AB~: 14.4+3.8;
AB*:12.9+3.9, P =.045). During the study, seven individuals converted
to mild cognitive impairment (MCl) and five to dementia (Supplemen-
tary Table 1).

3.2 | Amyloid burden and accumulation

Based on global amyloid burden, 30.1% of subjects were A+ (ie,
DVR >1.12) at the time of the first PET scan. Mean baseline global amy-
loid burden was 1.14 DVR (SD = 0.21, range = 0.92-1.87), and mean
change in DVR (ie, slope or AAB) was 0.01 (SD = 0.01, range = —0.01
to 0.05). A nonlinear relationship was observed between baseline amy-

loid burden and slope, with the peak of accumulation around 1.31
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TABLE 1 Sample characteristics
Whole cohort AB negative ApB positive P
Demographics
Total, n (%) 133(100) 93(69.92) 40(30.08)
Age,y 72.25(5.81) 72.13(5.80) 72.54(5.91) 711
Follow-up time cognitive sessions (years) 4.02(1.88) 4.21(1.78) 3.59(2.04) 071
Follow-up time MMSE assessments (y) 7.89(2.49) 8.19(2.37) 7.17 (2.65) 067
Follow-up time PET scans (y) 4.40(1.92) 4.62(1.85) 3.88(2.01) .038*
Time between baseline cognitive 164 .35 (175.68) 173.15(187.06) 143.88 (145.94) 910
assessment and baseline PET scan (days)
Time between baseline MMSE assessment 146.71(111.46) 144.01(111.95) 153(111.46) 631
and baseline PET scan (days)
Education (y) 15.68(2.52) 15.58(2.47) 15.90(2.64) 446
Female, N (%) 79 (59.40) 54(58.06) 25(62.50) 776
APOE ¢4 carriers, N (%) 43(32.33) 18(19.35) 25(62.50) <.001*
Converted to MCI, N (%) 7 (5.26) 5(5.38) 2 (5.00) n/a
Converted to dementia, N (%) 5(3.76) 3(3.23) 2 (5.00) n/a
Cognition
Baseline MMSE 28.92(1.28) 28.95(1.15) 28.85(1.56) 769
Baseline Logical Memory IA 13.96 (3.88) 14.41(3.81) 12.93(3.87) .045*
Baseline Logical Memory II1A 13.16 (4.12) 13.58 (4.04) 12.18 (4.19) 077
Baseline Digit Span Backward 6.74(2.05) 6.73(2.10) 6.75(1.94) .698
Baseline Categorical Fluency 17.42 (4.13) 17.71(4.10) 16.76 (4.16) 231
PET
Global baseline DVR 1.14(0.21) 1.03(0.04) 1.39(0.22) <.001*
Global DVR change, annualized slope 0.01(0.01) 0.01(0.01) 0.02(0.01) <.001*

AB-PET positivity was defined as 2 SD above the mean of a normal population based on Gaussian Mixture Modeling (DVR >1.12). Continuous data are
described as mean (SD); categorical data are described as number (percent). Differences in baseline characteristics between the AB-negative and AB-positive
groups were assessed using two-sample t-tests (Baseline Logical Memory IA and IIA and Baseline Categorical Fluency) or non-parametric Mann-Whitney U
tests (all other variables) for continuous variables and chi-square tests for categorical variables. * Significant differences between the AB— and AB+ groups.

Abbreviations: AS, amyloid beta; DVR, distribution volume ratio; MCI, mild cognitive impairment; MMSE, Mini-Mental State Exam; PET, positron emission

tomography.

global DVR (Figure 1A). This nonlinear relationship was also apparent
in cluster 1, 2, and 3 ROls, but less so in cluster 4, as illustrated by
the explained variance associated with a quadratic fit to the data (Fig-
ure 1B-E). Compared to the global ROI (baseline: M = 1.14, SD = 0.21;
slope: M = 0.011, SD = 0.014), baseline amyloid burden and amy-
loid slope were significantly higher in cluster1 (baseline: M = 1.21,
SD = 0.22, P < .001; Slope: M = 0.012, SD = 0.015, P < .001) and
cluster 2 (baseline: M = 1.19, SD = 0.19, P = .002; slope: M = 0.011,
SD = 0.012, P = .034), but significantly lower in cluster 3 (baseline:
M=1.12,SD =0.01, P =.034; slope: M = 0.007, SD = 0.011, P <.001)
and cluster 4 (baseline: M = 1.06,SD = 0.14, P < .001; slope: M = 0.006,
SD =0.009, P=.003).

3.3 | Amyloid burden and change in global
cognition

Full results of the tested models can be found in Table 2. Mixed-
effects analyses showed that baseline global amyloid burden did not

predict changes in MMSE score. Including global amyloid slope in the
model resulted in a significant effect of baseline global amyloid bur-
den (8 =-0.32,t = —3.0, P = .003) and a marginal effect of the inter-
action with slope (ABgopal*AABgiobal: B = 10.91, t = 2.1, P = 0.040)
on MMSE. The global amyloid slope by itself was not associated with
changes in global cognition (8= —11.30, t = —1.8, P = 0.075), and this
more complex longitudinal model was not preferred according to AIC
or BIC.

At the cluster level, only amyloid burden and accumulation in the
cluster 2 ROI could significantly predict changes in MMSE over time,
with baseline amyloid being a significant predictor (8= —0.37,t=-3.0
P =.003), and its interaction with slope a marginally significant pre-
dictor (8 = 14.16,t = 2.1, P = .038). Cluster 2 slope by itself was not
associated with changes in global cognition (3 = —15.38, t = —1.8,
P = 0.07). This longitudinal model was not preferred compared to the
cross-sectional cluster 2 model (AAIC/BIC = 6.5/21.5) and only slightly
preferred compared to the global longitudinal model (AAIC/BIC =
—1.9/-1.9). Next, we investigated the predictive value of the cluster 2
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FIGURE 1 Quadraticrelationship between baseline DVR and annualized rates of change. Scatterplot of the quadratic relationship between
global baseline and annualized rates of change in distribution volume ratios (DVR). For the (A) AD template or global ROI; color-coded for negative
(dark green) and positive (dark red) baseline amyloid beta (AB) burden. The solid line represents the threshold at 1.12 DVR derived from Gaussian
Mixture Modelling and taking the mean plus two SD from the normal population. (B) Representation of the multi-tracer cortical amyloid staging
model as published Collij et al., 2020 in Neurology. (C-F) Scatterplots of the quadratic relationship between global baseline and annualized rates of
change in DVR for stage 1 (blue), 2 (green), 3 (orange), and 4 (red), respectively

regions on global cognition over time, that is, the precuneus, lateral
orbitofrontal (LOFC), and insula.

Precuneal baseline amyloid burden did not significantly pre-
dict global cognition over time (8 = —0.12, t = —-2.1, P = .040).
When including precuneal AB slope and the interaction term
(ABprecuneus AABprecuneus) in the model, the predictive power of
baseline amyloid burden in this ROl became highly significant (8 =
-0.29, t = =3.7, P < .001), and both precuneus slope (8 = —9.71,
t = —2.2, P = .030) and the interaction term (8 = 8.71, t = 2.6,
P = .011) were marginally predictive of changes in MMSE. In this
case, the more complex model including longitudinal PET data was
slightly preferred compared to baseline-only predictors based on
AIC (AAIC = —3.5) but not BIC (ABIC = 16.5). The longitudinal
precuneus ROl model was preferred compared to those using global
(AAIC = —12.4/ABIC = —6.9) or stage 2 amyloid PET measures
(AAIC = —10.5/ABIC = -5.5). Finally, amyloid burden measure-
ments in the LOFC and insula were not associated with changes in
MMSE.

Figure 2 illustrates the added value of including longitudinal PET

data in the predictive models, where a decline in global cognition is
apparent only in subjects with both high amyloid burden and low accu-

mulation rates, that is, those in which the A accumulation process has

already reached a plateau (red). In contrast, subjects with similarly high
baseline amyloid burden but who are still undergoing significant Ag
accumulation (purple) have cognitive decline profiles similar to those
who are still AG~.

3.4 | Amyloid burden and change in memory
performance

Baseline amyloid burden was not predictive of changes in either imme-
diate or delayed episodic memory, independent of the chosen PET ROI
(ie, global, cluster, or individual regions). At the regional level, includ-
ing AS slopes in the model was of added value only in the case of the
precuneus ROI. Precuneal slope and the interaction between base-
line amyloid and accumulation in this region were both marginally pre-
dictive of changes in immediate (Bsjope = —60.95, t = —2.0, P = .053;
Binteraction = 53.39, t = 2.1. P = .038, Figure 3A) and delayed episodic
memory (Bsjope = —65.45, t = =2.2, P = .030; Binteraction = 53.14, t = 2.2,
P = .031), whereas baseline amyloid burden in this ROl was still not
associated. These models were not preferred compared to the longi-
tudinal global ROI and cluster 2 ROl model. In the case of semantic

and working memory, amyloid burden measures were not predictive
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(A) Cross-sectional Precuneus (B) Longitudinal Precuneus
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FIGURE 2 Fl Relationship between AS pathology and decline in global cognition. Illustration of the association between continuous amyloid
burden (baseline and longitudinal [11C]PiB PET DVR) and global cognitive functioning (MMSE) over time. The figure reflects the results of the
linear mixed effect model including the precuneus ROI; baseline Ag burden, A slope, and interaction term (ABprecuneus “AABprecuneus)- For
illustrative purposes, these continuous measures were reduced to categorical groups, with baseline amyloid burden divided into three groups
based on k-mean clustering (low [green], gray-zone [not shown], high [red]) and accumulator was defined as percentage change above 0.85% based
on ([11C]PiB test-retest data (see Supplemental Figure 3 and Supplemental materials). Colored bands representing the 95% confidence interval
(CI). (A) Changes in MMSE score over time are provided for the subjects with a low AB burden (green) and high AB burden (red) at baseline.
Although the differences in cognitive trajectories between the two groups is apparent, (B) the largest change in MMSE score is observed in those
subjects with both high amyloid burden and low accumulation (red), illustrating the value of both cross-sectional and longitudinal amyloid
measures to identify subjects a high risk for decline

(A) Whole population (N=133) (B) AB-negative (N=93)
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FIGURE 3 F Relationship between Ag pathology and decline in specific memory tasks. Illustration of the association between continuous
amyloid burden (baseline and longitudinal [11C]PiB PET DVR) and (A) immediate episode memory (Logical Memory |A) performance for the whole
population and (B) working memory performance (DIGIB) in the at baseline AB— group. The figure reflects the results of the linear mixed-effects
model including the (A) precuneus ROl and (B) lateral orbitofrontal (LOFC) ROI; baseline A burden, AB slope, and interaction term
(ABro1*AABRO1). For illustrative purposes, the continuous measure slope was reduced to categorical groups, with accumulator defined as
percentage change above 0.85% based on [11C]PiB test-retest data (see Supplemental materials). Colored bands represent 95% ClI
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of changes in cognitive performance with any of the ROls (Supplemen-
tary Table 2).

3.5 | Change in cognitive performance restricted to
initially Ag-negative subjects

When restricting the analyses to subjects who were AS— at base-
line (N = 93), the previous associations between precuneal amy-
loid burden measurements and changes in either global cognition
or episodic memory were not found (Supplementary Table 3).
Instead, both LOFC slope and the interaction term marginally pre-
dicted changes in working (Bgope = —171.97. t = —2.13, P = .038;
Binteraction = —147.62, t = 2.02 P = .048) and significantly predicted
semantic memory performance (Bjope = —439,43, t = —=2.93 P = .004;
Binteraction = 393.13, t = 2.91, P = .005). In these models, baseline
amyloid burden by itself was not associated with changes in working
memory (P = .578) or semantic memory performance (P = .073).
Both models were preferred compared to the equivalent global ROI
model (AAIC/BIC yorking= —11.0/-11.1; AAIC/BICsemantic = —8.4/-
8.1) and stage (AAIC/BICyorking= —10.1/10.2;
AAIC/BICsmantic= —9.5/9.5), and slightly to the baseline-only
model based on AIC (AAIC,orking = —4.1; AAICemantic = —1.1) but not
BIC (ABIC\yorking = 9-5; BICsemantic = 12.7, Table 3).

Figure 3B illustrates that in this AB— group, accumulation of amyloid

2 model

pathology (red line) is not associated with a decline in cognitive func-
tioning, but rather a possible lack of learning effect, which is observed
for the stable subjects (green line).

4 | DISCUSSION

The current study aimed to investigate the relationship between amy-
loid burden and subsequent cognitive decline in an initially cognitively
unimpaired (CU) population. We have shown that changes in both
global cognition and memory functioning can be predicted by continu-
ous quantitative measures of amyloid burden. Although baseline amy-
loid burden could only predict changes in global cognition, including A3
slope improved the models and was necessary to predict changes in
performance of specific memory tasks. In addition, A3 burden in the
precuneus better predicted decline in global cognition and episodic
memory functioning compared to global A measurements, whereas
in initially Ag— subjects, the key predictive ROl was the LOFC, which
was associated with a reduced learning effect in semantic and working
memory tests.

In line with previous work,3! we observed a non-linear relationship
between baseline amyloid burden and rates of change. More specif-
ically, amyloid accumulation rates showed an initial increase in indi-
viduals with early amyloid pathology, followed by a maximum, and
finally a gradual slowing in individuals with established amyloid pathol-
ogy. Thus although baseline amyloid burden illustrates the extent of
amyloid pathology, rate of change reflects a subject’s position in the

amyloid accumulation process, enabling the stratification of individu-

Disease Monitoring

als according to their placement in the AD disease course and improv-
ing risk-profiling efforts.32 In individuals classified as A— at baseline,
only Ag slope and its interaction with baseline A burden could pre-
dict working and semantic memory performance. This illustrates that
longitudinal PET measures are able to identify subjects at the begin-
ning of the amyloid accumulation process, even when they are classi-
fied as AB— at their baseline visit. Moreover, in this group, the effect of
amyloid burden and accumulation on cognitive functioning seems to be
related to an absence of learning effect, rather than objective cognitive
decline (Figure 3B). These findings are in line with previous work 33 and
further suggest that differences in learning effect could be considered
as alternative cognitive end points, in particular, for early secondary or
primary prevention trials. It is important to note that our work suggests
that longitudinal amyloid PET measurements are also relevant for indi-
viduals with established amyloid pathology. As illustrated in Figure 2,
subjects with similarly high DVR have distinct risk of cognitive decline
depending on whether they are still accumulating amyloid, or whether
they have already reached a plateau. In the latter case, subjects are
at the end of their the amyloid accumulation process, at which time
other process such as tau accumulation may be playing arole and there-
fore a stronger relationship to cognitive functioning is observed.®* This
could also explain why the observed association between amyloid bur-
den and MMSE decline was stronger than previously observed in this
data set,2? where subjects were only staged according to their cross-
sectional regional amyloid burden and longitudinal information was
not accounted for (see Figure 5B in citationZ®). Thus information on
amyloid rates of change may enable the identification of subjects who
not only have amyloid pathology but are also expected to display a
significant decline in cognitive performance within the usual (short)
time span of a clinical trial. This is crucial information for secondary
prevention trials, since these rely on the inclusion of asymptomatic
AB+ subjects and have cognitive performance as the main outcome
measure.1>3>

The value of using regional amyloid burden to predict cognitive
decline is also apparent from our work. Previous studies have shown
that specific cortical regions display early amyloid pathology and might
be more suited to assess amyloid burden in the preclinical stages of
AD.19-21 |n this work, we investigated continuous amyloid burden and
amyloid accumulation in clusters of regions described in the multi-
tracer cortical amyloid staging work, representing different stages in
the amyloid accumulation process.2® We observed that only the stage
2 cluster and its individual cortical regions were predictive of cogni-
tive functioning over time in this early population. More specifically,
ABburden in the precuneus was a better predictor of cognitive decline
in the whole population, whereas the LOFC ROl was associated with a
lack in learning effect in the group that was AB— at baseline. This dif-
ferential association between specific ROls, distinct aspects of mem-
ory, and disease stage was unexpected, since both amyloid burden in
the precuneus and decline in episodic memory performance are con-
sistently implicated in the earliest phases of AD.2¢:18 Nonetheless, the
precuneus is suggested to be an important hub in the default mode net-
work (DMN), possibly explaining its particular relationship to episodic

memory performance,'?3¢ whereas the association between LOFC
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and working memory could also be explained from a functional per-
spective, as this region is considered to be essential in this particular
memory aspect.3” However, it is unclear why each of these ROls seem
to be relevant at different stages of the AS accumulation process, espe-
cially considering their similar temporal involvement according to amy-
loid staging work.20.21.38

In this work, both AIC and BIC consistently indicated a preference
for regional models compared to global or cluster ones. For the group
of subjects who were AB— at baseline, a consistent AIC/BIC prefer-
ence for longitudinal regional models was also apparent. However, it is
important to note that the longitudinal models were often only slightly
preferred compared to the simpler cross-sectional models according to
AIC, and not preferred according to BIC. This is probably due to the
increased complexity of the models (ie, number of predictors) and the
limited sample size of the current work. Thus, validation of the results
in alarger sample is of great interest.

Notably, the cingulate cortex (ie, stage 1 cluster) did not show sig-
nificant associations with cognitive functioning, whereas this region
is consistently implicated in early stages of the amyloid accumula-
tion process.1?-2138 Of note, different studies point to distinct sub-
regions of the cingulate (anterior, isthmus, posterior) and of those,
the posterior cingulate cortex has been most consistently implicated
in preclinical’® and clinical®? stages of AD. However, in this work,
these three cingulate sub-regions as defined by the Desikan-Killian
(DK) atlas*© were clustered for consistency with the multi-tracer stag-

120 and in order to reduce technical biases introduced by the

ing mode
quantification of regions with volume close to the PET spatial reso-
lution limit. Yet, our results showed that the cingulate indeed display
higher AB burden at baseline and amyloid slope compared to a global
ROI. However, this increased signal was accompanied by higher vari-
ability (Figure 1C), which might have hampered the power in detect-
ing a relationship with cognitive decline. The sources of this variability
could be several, such as spill-in from adjacent white matter“! or other
physiological changes that might not reflect AD processes. Alterna-
tively, the cingulate regions are less implicated in memory performance
and might therefore still harbor predictive power for other domains of
cognitive functioning.

Some methodological aspects should be considered when inter-
preting the results of this work. The current study focused only on
different aspects of memory, considering our limited sample size and
population of interest, for which changes in memory performance are
considered to most sensitive measure.® Nonetheless, recent work
has reported a decline in both attention and executive functioning,
even in CU individuals.*2~#* Future work should therefore also focus
on other cognitive domains associated with early AD. In addition, it
would be of interest to investigate the role of cognitive reserve (CR)
on the relationship between amyloid burden and cognitive decline. In
pre-dementia stages of AD, greater CR is associated with attenuated
cognitive decline, whereas after the onset of dementia, it seems to be
associated with accelerated cognitive decline.*> Although studies so
far suggest only an effect of CR in the more advanced staged of disease,

the role of CR in an early population is still unknown. Third, the cluster-
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ing of regions was based on previous work?® where the OASIS-3 data
set was also included. This clustering was data-driven and not based
on the relationship with cognitive functioning. Nonetheless, the iden-
tification of these regions-of-interest is not fully independent of the
currently investigated data set and some circular analysis cannot be
excluded. Of note, the selected regions are in line with previous litera-

18,19,21 and

ture in the field of early amyloid burden or amyloid staging,
in this work we have specifically focused on assessing the value of con-
tinuous and longitudinal quantitative amyloid measures to predict not
only changes in global cognition but also specific memory tests. There-
fore, replication of these results in an independent prospective data
set is important and already planned within the Amyloid Imaging to
Prevent Alzheimer’s Disease (AMYPAD) consortium.3? Fourth, due to
the focus on a CU population, the study sample had a relatively limited
representation of high Ag burden levels, and partial volume error (PVE)
correction was not performed because considerable atrophy was not
expected. In fact, previous work in this data set demonstrated a strong
correlation between PVE-corrected and PVE-uncorrected quanti-
tative values,2® suggesting that this methodological aspect would
likely have minimal effect on our results. In addition, even though
we were able to demonstrate subtle changes in the memory domain,
longer follow-up is required to confirm whether these accumulating
individuals will actually progress to clinical impairment over time. Fifth,
it should be noted that visual assessment was not available in this data
set and therefore our data-driven cut-off for AS positivity based on
global DVR values could have resulted in the inclusion of a limited num-
ber of subjects with emerging amyloid pathology in the A— subjects
sub-analyses. Finally, the RLogan model used to obtain quantitative
Ap measures has been known to underestimate true tracer binding.*¢
In addition, the time interval used in this data set (ie, 30-60 min post-
injection [p.i.]) might not be optimal for quantification, considering that
the equilibrium of the [11C]PiB radiotracers is around 60 minutes, p.i.
and the proposed interval goes until 90 minutes, p.i..*” This could have
impacted the strength of the observed relationships with cognitive

performance.

5 | CONCLUSION

The findings in the present study provide further support to the value
of both longitudinal and regional assessment of amyloid pathology
for the prediction of cognitive changes in initially CU individuals.
These results may be of value to AD prevention trials, where selecting
preclinical subjects at high risk of cognitive decline is of great interest.
Replication of these results in an independent prospective data set is
warranted and already planned within the AMYPAD Prognostic and
Natural History Study (PNHS).32
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