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Abstract
Objective

To examine the feasibility of using cross-sectional PET to identify cognitive decliners among
B-amyloid (Ap)-negative cognitively normal (CN) elderly adults.

Methods

We determined the highest Ap-affected region by ranking baseline and accumulation rates of
florbetapir-PET regions in 355 CN elderly adults using '*F-florbetapir-PET from the Alzheimer’s
Disease Neuroimaging Initiative (ADNI). The banks of the superior temporal sulcus
(BANKSSTS) were found as the highest AB-affected region, and A positivity in this region was
defined as above the lowest boundary of BANKSSTS standardized uptake value ratio of AB+
(ADNI-defined COMPOSITE region) CN individuals. The entire CN cohort was divided as
follows: stage 0, BANKSSTS-COMPOSITE—; stage 1, BANKSSTS+COMPOSITE—; and stage
2, BANKSSTS+COMPOSITE+. Linear mixed-effect (LME) models investigated subsequent
longitudinal cognitive change, and 18F-ﬂortaucipir (FTP)-PET was measured 4.8 + 1.6 years later
to track tau deposition.

Results

LME analysis revealed that individuals in stage 1 (n = 64) and stage 2 (n = 99) showed 2.5 (p < 0.05)
and 4.8 (p < 0.001) times faster memory decline, respectively, than those in stage 0 (n = 191) over >4
years of mean follow-up. Compared to stage 0, both stage 1 (p < 0.05) and stage 2 (p < 0.001)
predicted higher FTP in entorhinal cortex.

Conclusions

Nominally Ap— CN individuals with high AP in BANKSSTS are at increased risk of cognitive
decline, probably showing an earlier stage of Ap deposition. Our findings may help elucidate the
association between brain AP accumulation and cognition in AB— CN cohorts.

Classification of evidence
This study provides Class II evidence that in elderly CN individuals those with high PET-
identified superior temporal sulcus AP burden have an increased risk of cognitive decline.

Correspondence
Dr. Guo
tengfei.guo@berkeley.edu

RELATED ARTICLE

Editorial

Amyloid deposits in the
banks (of the superior
temporal sulcus) yield
a high return about
memory futures

Page 603

MORE ONLINE

> Class of Evidence
Criteria for rating
therapeutic and diagnostic
studies

NPub.org/coe

From the Helen Wills Neuroscience Institute (T.G., S.M.L., W.J.J.), University of California; and Molecular Biophysics and Integrated Bioimaging (T.G., S.M.L., W.JJ.), Lawrence Berkeley

National Laboratory, CA.

Go to Neurology.org/N for full disclosures. Funding information and disclosures deemed relevant by the authors, if any, are provided at the end of the article.

Data used in preparation of this article were obtained from the Alzheimer's Disease Neuroimaging Initiative (ADNI) database (adni.loni.usc.edu). As such, the investigators within the
ADNI contributed to the design and implementation of ADNI and/or provided data but did not participate in analysis or writing of this report. A complete listing of ADNI investigators can

be found in the coinvestigators list at links.lww.com/WNL/B81.

Copyright © 2020 American Academy of Neurology

Copyright © 2020 American Academy of Neurology. Unauthorized reproduction of this article is prohibited.


http://dx.doi.org/10.1212/WNL.0000000000009216
mailto:tengfei.guo@berkeley.edu
http://NPub.org/coe
https://n.neurology.org/lookup/doi/10.1212/WNL.0000000000009216
http://adni.loni.usc.edu
https://links.lww.com/WNL/B81

Glossary

Ap = p-amyloid; AD = Alzheimer disease; ADNI = Alzheimer’s Disease Neuroimaging Initiative; BANKSSTS = banks of the
superior temporal sulcus; CN = cognitively normal; FDG = '*F-fluorodeoxyglucose; FTP = '*F-flortaucipir; GLM = generalized
linear models; GMM = gaussian mixed-model; LME = linear mixed-effect; p-tau = phosphorylated tau; PCC = posterior
cingulate cortex; ROI = region of interest; SUVR = standardized uptake value ratio; t-tau = total tau.

The presence of widespread cortical p-amyloid (Ap) is regar-
ded as the initial event that leads to Alzheimer disease (AD)"
and occurs in =30% of cognitively normal (CN) elderly adults
>70 years of age.” Recent failures of clinical trials in patients
with AD*~® have moved therapeutic interventions to A+ CN
elderly adults. Two recent studies reported that memory de-
cline occurred even in AB— CN individuals who appear to be
accumulating A[3>.7’8 However, it is still unclear how to identify
those AP- individuals with cognitive decline using cross-
sectional PET.

1 10,13-15

Regional Ap deposition”'* and AR accumulation rate
vary across region. Thus, a standardized uptake value ratio
(SUVR) in a composite cortical area'® (referred to as the
COMPOSITE region) is often used to evaluate cerebral AB
deposition. The highest Af-affected region may accumulate
more AP than other regions over the same period,17 reflecting
either increased biological vulnerability or simply greater
measurement sensitivity for the detection of AP deposition,
which may be a good indicator of earlier AP accumulation
compared to the global COMPOSITE region.

In this study, we determined the highest Ap-affected region in
CN elderly adults using baseline and longitudinal 18F—ﬂorbetapir—
PET, and we used this region to differentiate individuals who may
have biologically significant AP accumulation from other Ap—
CN individuals. We investigated whether AB— CN individuals
with high AB burden in the highest AB-affected region have faster
rates of cognitive decline than those with low AP burden.

Methods

Participants

The data were obtained from the Alzheimer’s Disease Neuro-
imaging Initiative (ADNI) database (idaloniusc.edu). The
participants in this study were 355 ADNI participants who were
CN and had a florbetapir-PET scan structural MRI at baseline
and had >2 subsequent longitudinal cognitive testing sessions.

Standard protocol approvals, registrations,
and patient consents

The ADNI study was approved by institutional review boards of
all participating centers, and written informed consent was
obtained from all participants or their authorized representatives.

Florbetapir-PET image acquisition and analysis
Details on florbetapir image acquisition are given elsewhere
(adni-info.org). Baseline and follow-up florbetapir scans were
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coregistered to baseline structural MRI scans. Cortical re-
tention in 34 FreeSurfer-defined regions of interest (ROIs) and
a composite reference region (made up of brainstem, whole
cerebellum, and eroded white matter) was calculated with
FreeSurfer (version 5.3.0) as described previously.'® This ref-
erence region was chosen because it has shown stability in
longitudinal analyses, as we planned.'® SUVR was calculated as
a ratio of regional florbetapir to that in the reference region.
The SUVR from a COMPOSITE region was averaged to create
a cortical summary SUVR."® The A positivity of the COM-
POSITE region was defined as SUVR >0.82, which corre-
sponds to the previously validated whole cerebellum-based
florbetapir positivity threshold of 1.11'° and was derived with
the regression equation (y = 0.64 x x + 0.14) that resulted from
correlating whole cerebellum-normalized cortical summary
SUVR (x-axis) against the composite-reference-normalized
cortical summary SUVR (y-axis) for 1,216 ADNI individuals
with a baseline florbetapir-PET scan. Annual rates of SUVR
(SUVR unit per year) were calculated for each individual with
linear regression.

Top AB-affected cortical regions

The spatial and temporal patterns of Ap were studied in globally
AP— and AP+ CN elderly adults. Mean baseline SUVRs and
rates of SUVR change in 34 ROIs'” were calculated across
participants and compared with the COMPOSITE region. We
determined regions with significantly higher SUVRs and faster
rates of SUVR increase than the COMPOSITE region. The
highest SUVR also was compared with other ROIs. A false
discovery rate of 0.0 with the Benjamini-Hochberg approach™
was used for multiple-comparisons correction. To confirm the
presence of AP pathology, regions with the highest baseline
SUVRs in the AP+ participants were defined as the top Ap-
affected regions, indicating the most measurement sensitivity for
the detection of AP deposition. Random sampling test without
replacement was used to assess the generalizability of these
regions. We randomly selected 50% of AP+ participants with
baseline florbetapir-PET scans as sample A, while the remaining
50% of participants were used as sample B. The consistency of
top Ap-affected regions between sample A and sample B was
compared. We did these analyses for 5,000 iterations.

To confirm the consistency of top ApP-affected regions in Ap—
participants, we also examined top baseline SUVRs in Ap-
participants in the same manner as in AP+ participants. For each
iteration in the random sampling test of AB— participants, we
randomly selected 50% of APB- participants with baseline
florbetapir-PET scans as sample C, while the remaining 50% of
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AP- participants were used as sample D among 5,000 iterations.
In addition, we assessed the top rates of SUVR increase in both
AP- and AP+ participants to examine how fast they are accu-
mulating AP.

Staging amyloidosis

As defined, top Ap-affected regions should not be negative in
the AR+ CN population; thus, regional AB positivity thresholds
were defined as being above the lowest boundary (first per-
centile) of the corresponding SUVRs in the A+ CN group.
For comparison, we also used gaussian mixed-model (GMM)
analysis to estimate 2 gaussian distributions of low AB and high
AP for the highest Ap-affected region (Regionhighest) to define
an unsupervised threshold, which corresponds to a 90%

probability of belonging to the high-Ap distribution.

The highest Ap-affected region (Regionhighest) was used to
classify the entire group of CN participants into 3 different
amyloidosis stages according to the thresholds of Regiongheq
and COMPOSITE regions: stage 0, Regionyghes—/
COMPOSITE-; stage 1, Regionyghes+/ COMPOSITE—; and
stage 2, Regionygpest/COMPOSITE +.

To examine whether the COMPOSITE region alone could
yield information similar to the Regionpighes, We also used
GMM analysis to estimate 2 gaussian distributions of low Ap
and high AP for COMPOSITE SUVRs, and a low threshold
was defined as an SUVR corresponding to a 90% probability of
belonging to the low-Ap distribution.*" Individuals with SUVRs
of COMPOSITE below the low threshold, above or equal to
the low threshold but <0.82, and >0.82 were defined as stages 0,
1, and 2, respectively.

Cognitive tests

Previously validated longitudinal memory and executive func-
tion composite scores that were derived from the ADNI neu-
ropsychological battery were used in this study.”>** The
memory composite score was calculated by combining differ-
ent cognitive scores, including the Auditory Verbal Learning
Test, the word list learning and recognition components of
Alzheimer’s Disease Assessment Scale—Cognitive Subscale,
word recall items from the Mini-Mental State Examination, and
Logical Memory I from the Wechsler Memory Test-Revised.
The executive function composite score was calculated by
combining digit symbol substitution and digit span backward
tests, Trail Making Test Parts A and B, animal and vegetable
Category Fluency, Digit Cancellation, and the Clock Drawing
test. More details can be found on the ADNI website (ADNI_
Methods UWNPSYCHSUM_20160112.pdf). Annual rates of
memory and executive function decline were calculated for
each participant on the basis of longitudinal memory and ex-
ecutive scores using linear regression.

Comparisons of other biomarkers at different
amyloidosis stages

CSF biomarkers (AB;_4,, total tau [t-tau], and phosphory-
lated tau [p-tau]) (n = 279), structural MRI (n = 333), and
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18F-ﬂuorodeoxyglucose (FDG)-PET (n = 3S51) acquired
within 1 year of the baseline florbetapir scan were compared at
different stages. Because the baseline florbetapir scan had no
concurrent '*F-flortaucipir (FTP) data, we compared the
closest subsequent FTP-PET data (n = 149) at different
stages. The mean interval between baseline florbetapir scan
and the closest FTP scan was 4.83 * 1.55 years.

CSF AP;_4y, t-tau, and p-tau measurements were analyzed
by the ADNI Biomarker core laboratory via the Roche
Elecsys platform, as described on the ADNI website
(ADNI_UPENN_CSF_Biomarkers_Elecsys METHODS
20170411.pdf). FTP SUVRSs in entorhinal ROIs were calcu-
lated on the basis of mean uptake over 80 to 100 minutes after
injection normalized by a mean inferior cerebellar gray matter
uptake24 in native space after partial volume correction.
Hippocampal volume was obtained from the structural MRI
concurrent with the baseline florbetapir scan with FreeSurfer
and adjusted by intracranial volume with the regression ap-
proach.*® Mean '®F-FDG uptake within a set of predefined
and previously validated ROIs (metaROI) was calculated as
described elsewhere in detail.'® Generalized linear models
(GLMs) compared CSF biomarkers, FTP SUVR in ento-
rhinal and hippocampal volume, and FDG SUVR in different
amyloidosis stages, controlling for APOE ¢4 status, age, sex,
and education.

Association between rate of cognition and
regional SUVRs of top AB-affected regions in
AB— cohort

GLM:s were used to investigate the predictive effect of SUVRs
of the top Ap-affected regions at predicting annual rates of
memory and executive function decline across participant in
the Ap— CN cohort, controlling for APOE &4 status, age, sex,
and education. GLM models with different top AP-affected
regions were compared by use of the Akaike information
criterion.

Statistical analysis

Normality of distributions was tested with the Shapiro-Wilk
test and visual inspection of data histograms. Data are pre-
sented as mean * SD. Given a normal distribution of variables,
a 2-tailed t test at the significance level of p < 0.05 was applied if
not otherwise noted. Linear mixed-effects (LME) models were
used to investigate subsequent longitudinal change of memory
and executive function over time (Ime4 package) on the basis
of the following independent variables: time, stage, stage x
time, APOE &4 status, age, sex, and education, and including
a random slope and intercept for each participant. Participants
with faster rates of memory or executive function decline than
the median rate of the whole CN cohort were defined as
memory or executive function decliners. The percentages of
memory and executive function decliners were compared
among different amyloidosis stages with the Fisher exact test.
All the statistical analyses were conducted in the statistical
program R (version 3.6.1, R Foundation for Statistical Com-
puting, Vienna, Austria).
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Data availability

All data are available in the ADNI database (ida.loni.usc.edu).
Derived data are available from the corresponding author on
request by any qualified investigator.

Results

Demographics

At baseline, 355 CN (255 AB- and 100 Ap+ by the COM-
POSITE region) participants had at least 1 florbetapir-PET
scan and >2 longitudinal cognitive evaluations. In addition,
220 AB- and 83 AP+ CN participants had >2 florbetapir-PET
scans, and 150 Ap—and 50 AP+ had >3 florbetapir-PET scans.
At baseline, the AB+ group was older (p < 0.017) and had
significantly higher SUVRs and more APOE &4 carriers (p <
0.001) than the AB- group in both cross-sectional and lon-
gitudinal cohorts.

Top AB-affected cortical regions

As shown in figure 1A, 12 regions showed higher SUVR
(paired-sample t test, p < 0.03) than the COMPOSITE region
in AP+ participants. The highest SUVR region was the banks
of the superior temporal sulcus (BANKSSTS, figure 1C),
followed by posterior cingulate cortex (PCC) and precuneus.
BANKSSTS had a higher (p < 0.001) SUVR than the other 11
regions. In the random sampling test, BANKSSTS showed the
highest SUVR in both samples A and B (each made up of 50%
of AR+ participants) among all 5,000 iterations; PCC showed
the second highest SUVR in sample A in 99.4% (4,970 of
5,000) of the iterations and in sample B in 99.5% (4,977 of
5,000) of the iterations; and precuneus showed the third
highest SUVR in sample A in 98.2% (4,909 of 5,000) of the
iterations and in sample B in 98.0% (4,901 of 5,000) of
the iterations. BANKSSTS also showed the highest SUVR in
AR- participants in sample C in 99.7% (4,984 of 5,000) of the
iterations and in sample D in 99.7% (4,983 of 5,000) of the
iterations in the random sampling test.

Precuneus, inferior temporal, BANKSSTS, PCC, and middle
temporal regions had faster (p < 0.05) rates of SUVR increase
than the COMPOSITE region based on the 83 AP+ partic-
ipants with >2 florbetapir scans (figure 1B). In SO Af+ par-
ticipants with >3 florbetapir scans, BANKSSTS, precuneus, and
middle and inferior temporal regions had faster (p < 0.05) rates
of SUVR than the COMPOSITE region. In addition, PCC,
precuneus, isthmus cingulate, and BANKSSTS had faster (p <
0.05) rates of SUVR increase than the COMPOSITE region
among the 220 AB— participants with >2 florbetapir scans and
the 150 AP— participants with >3 florbetapir scans.

As described above, BANKSSTS, precuneus, and PCC
regions were the top Ap-affected regions; thus, we limited the
following analyses to these regions. The highest Ap-affected
region, BANKSSTS, was selected to stage amyloidosis in the
CN cohort. For comparison with BANKSSTS, the analyses
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using the second and third highest PCC and precuneus and
the COMPOSITE region with a lower AP+ threshold to stage
amyloidosis are also summarized.

Staging amyloidosis using the BANKSSTS

The AP positivity threshold for BANKSSTS was calculated as
an SUVR of 0.904, and participants were classified into stages
0 to 2 as described. Only 1 of the 35S total participants was
BANKSSTS-/COMPOSITE+; this individual was removed
from the analysis. Relationships between the classifications by
the 2 ROIs are shown in figure 1D.

Demographic characteristics at baseline are summarized in the
table for each group. Stage 2 participants had significantly
higher SUVRs, lower memory and executive function com-
posite scores, older ages, and higher percentage of APOE €4
carriers than the participants at the other 2 stages. Stages 2 and
1 had higher (p < 0.02) percentages of females than stage 0. In
addition, stage 1 had higher SUVRs (p < 0.001) than stage 0,
but no other difference was found between stage 0 and stage 1.

Comparison of cognitive decline at different
amyloidosis stages

LME models revealed that all 3 stages showed rates of memory
decline significantly different from zero over =4 years of mean
follow-up (figure 2A). Rates of memory decline at stages 1 and
2 were 2.5 (p = 0.028) and 4.8 (p < 0.001) times faster, re-
spectively, than at stage 0; the rate of memory decline at stage 2
was also faster (p = 0.004) than at stage 1. Stage 1 (p = 0.040)
and stage 2 (p < 0.001) showed rates of executive function
decline significantly different from zero, although stage 0 (p =
0.220) had no significant executive function decline (figure
2B). The rate of executive function decline at stage 2 was faster
(p =0.001) than at stage 0, while no significant difference (p =
0.094) was found between stages 1 and 2.

The percentages of memory decliners at stage 1 (58% [37 of
64], p = 0.009) and stage 2 (66% [66 of 99], p < 0.001) were
significantly higher than at stage 0 (39% [74 of 191]), whereas
the percentages of executive function decliners at stage 1 (50%
[32 of 64]) and stage 2 (57% [S6 of 99]) were not significantly
higher than at stage 0 (46% [88 of 191]).

Comparisons of other biomarkers at different
amyloidosis stages

Participants in stage 2 (n = 82) had lower CSF AB,_4, and
higher CSF t-tau and CSF p-tau than those in stage 1 (n =48, p
<0.001) and stage 0 (n = 149, p < 0.001); participants in stage
1 had lower (p < 0.05) CSF AB,_4, than those in stage 0, but no
differences were found in CSF t-tau or p-tau (figure 3, A-C). In
entorhinal cortex, stage 2 participants (n = 40) showed mar-
ginally higher (p < 0.1) FTP SUVR than stage 1 participants (n
= 33) and higher (p < 0.001) FTP SUVR than those in stage
0 (n=76), and those in stage 1 also had higher (p < 0.05) FTP
SUVR than participants in stage 0 (figure 3D). Those in stage 2
(n = 93) had marginally lower hippocampal volume than
participants in stage 1 (n = 59, p < 0.1) and lower hippocampal
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Figure 1 Top AB-affected regions and amyloidosis stages defined by the highest region and COMPOSITE region
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(A) Top regions with significantly higher standardized uptake value ratios (SUVRs) than the COMPOSITE region based on 100 B-amyloid (AB)-positive
cognitively normal (CN) participants. (B) Top regions with significantly faster rates of SUVR change than the COMPOSITE region based on 83 AR+ CN
participants with at least 2 florbetapir-PET scans. Black dashed line denotes the corresponding value of the COMPOSITE region. (C) Mean baseline SUVRs of 68
FreeSurfer-defined regions of interest in AR+ CN participants. (D) Amyloidosis stages defined by thresholds of the banks of the superior temporal sulcus
(BANKSSTS) and COMPOSITE. Blue and red dash lines denote the thresholds of SUVR in BANKSSTS and COMPOSITE, respectively. Green, blue, and red dots
denote stage 0 (BANKSSTS-/COMPOSITE-), stage 1 (BANKSSTS+/COMPOSITE-), and stage 2 (BANKSSTS+/COMPOSITE+), respectively.

volume than those in stage 0 (n = 181, p < 0.05), while no
differences were found between participants in stages 1 and
0 (figure 3E). Likewise, those in stage 2 (n = 99) had signifi-
cantly lower glucose metabolism than those in stage 0 (p < 0.05,
n = 189), while no differences were found in other comparisons

(figure 3F).

Transitioning of amyloidosis stages at follow-up
The longitudinal results were consistent with the definition of
the amyloidosis stages based on cross-sectional data, such that
BANKSSTS was consistently elevated relative to the COM-
POSITE region. Stage 0 participants were most likely to first
transition to stage 1 and then progress to stage 2 (figure 4A).
Individuals who did not follow this pattern and initially
transitioned from stage O to stage 2 had baseline SUVRs very
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close to the COMPOSITE threshold. Stage 1 participants
were more likely (32% [18 of 56] vs 9% [15 of 164], Fisher
exact test, p < 0.001) to transition to stage 2 over >4 years of
mean follow-up than stage 0 participants.

Of 164 stage 0 participants, 114 remained stage 0, 30 progressed
to stage 1, 9 progressed to stage 1 and then to stage 2, 6
progressed directly to stage 2, and S progressed to BANK-
SSTS—/COMPOSITE+ at follow-up (figure 4B). The proba-
bility of stage O participants first crossing the BANKSSTS
threshold (39 of 50) was higher (exact binominal test, p <
0.001) than the probability of stage O participants directly
crossing the COMPOSITE threshold (11 of 50). Of 56 par-
ticipants classified as stage 1 at baseline, 25 remained stage 1, 18
transitioned to stage 2, and 13 changed to stage 0 at follow-up
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Table Demographic characteristics at baseline of participants at different amyloidosis stages

Stage 0 (n =191) Stage 1 (n =64) Stage 2 (n =99)
SUVR (COMPOSITE) 0.74 £ 0.03 0.77 £ 0.03% 0.95 +0.08
SUVR (BANKSST) 0.85+0.03 0.93 £ 0.02 1.10 £0.11°
Memory composite score 1.12+0.59 1.19+0.63 0.93 +0.59°
Executive function score 0.93+0.84 0.97 +0.72 0.64 +0.67¢
Follow-up of cognition, y 4.12+1.70 4.54 +1.85 3.89 + 1.66
Age, y 74.16 + 6.79 73.53+6.08 76.56 + 6.10¢
Education, y 16.82 + 2.68 16.25+2.26 16.11+2.74
M/F, n 104/87 23/41¢ 39/60¢
APOE €4, % 17.28 26.56" 46.468

Abbreviations: BANKSSTS = banks of the superior temporal sulcus; SUVR = standardized uptake value ratio.

2 Significantly higher than stage 0, Mann-Whitney test, p < 0.001.
® Significantly higher than stage 1, Mann-Whitney test, p < 0.001.

<Significantly lower memory and executive function than stages 0 and 1, 2-sample t test, p < 0.01.

9 Significantly older than stages 0 and 1, 2-sample t test, p < 0.003.

¢ Significantly higher percentage of female than stage 0, Fisher exact test, p < 0.02.
fHigher percentage of APOE &4 carriers than stage 0, Fisher exact test, p = 0.14.
& Significantly higher percentage of APOE ¢4 carriers than stages 0 and 1, Fisher exact test, p < 0.014.

(figure 4C). Note that 10 of 13 stage 1 participants who
changed to stage 0 at follow-up also decreased in the COM-
POSITE SUVR. Of 82 stage 2 participants, 78 remained stage 2,
1 individual changed from stage 2 to stage 1 to 0, 2 individuals
changed from stage 2 to stage 1, and 1 individual changed
from stage 2 to BANKSSTS—/COMPOSITE+ at follow-up
(figure 4D).

Staging amyloidosis by using the BANKSSTS
with an alternative thresholding approach

An alternative AP positivity threshold of BANKSSTS (0.895)
was calculated from GMM analysis based on 355 CN individ-
uals as described (figure SA). Of 35S CN individuals, 174, 81,

and 100 were classified as stages 0, 1, and 2, respectively

(figure SB). LME models revealed that all 3 stages showed rates

Figure 2 Longitudinal changes of memory and executive function over time in different amyloidosis stages
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Figure 3 Comparisons of CSF biomarkers, tau PET, hippocampal volume, and FDG-PET in different amyloidosis stages
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0.10, range 0-0.96, unit year; stage 0, n = 149; stage 1, n = 48; stage 2, n = 82), and (D) standardized uptake value ratio (SUVR) of flortaucipir in entorhinal =4.83
years after baseline florbetapir-PET scan (interval from baseline florbetapir: mean 4.83 + 1.55, range 0-7.40, unit year; stage 0, n = 76; stage 1, n = 33; stage 2, n
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significance.

of memory decline significantly different from zero over =4
years of mean follow-up (figure SC). Rates of memory decline at
stages 1 and 2 were 2.4 (p = 0.036) and 4.9 (p < 0.001) times
faster, respectively, than at stage 0; the rate of memory decline at
stage 2 was also faster (p = 0.002) than at stage 1 (figure SC).
Stage 1 (p = 0.031) and stage 2 (p < 0.001) showed rates of
executive function decline that were significantly different from
zero, although stage 0 (p = 0.287) had no significant executive
function decline (figure SD). The rate of executive function
decline at stage 2 was faster (p = 0.001) than at stage 0, while no

Neurology | Volume 94, Number 14 | April 7, 2020

significant difference (p = 0.070) was found between stages 1
and 2 (figure SD). The comparisons of CSF AB;_y,, t-tau and
p-tau, FTP SUVR in entorhinal and hippocampal volume, and
hypometabolism at different stages defined by the lenient
threshold of 0.895 were similar to that using the threshold of
0.904. However, stage 1 did not show lower CSF ApB;_4, and
only marginally (p = 0.061) higher FTP SUVR in entorhinal 4.8
years after baseline florbetapir scan than stage 0, which may be
because 17 more AB— CN individuals were pooled to stage 1
according to the lenient threshold of BANKSSTS.
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Figure 4 Transition of amyloidosis stages from different initial stage

A. Whole cohort (n = 302)

1.5 | /V ,
% 1.0
| 7
& 131 |
i_.
% [
Q 0.9
pd
= 111
o
g SR
| _ader " 0000 0.8
> 091
071__° )

C.stage 1 (n=56)
1.2

SUVR (BANKSSTS)

075 080 085 0.90

SUVR (COMPOSITE)

B. stage 0(n=164)

~+> Stage 0
—=> Stage 1

—=> Stage 2

1.4 1

1.2 1

1.0 A

D. stage2 (n=82)

|
I
I
|
|
I

08 09 10 11 12
SUVR (COMPOSITE)

Transitioning of amyloidosis stage of (A) whole longitudinal cohort, (B) stage 0 participants at baseline, (C) stage 1 participants at baseline, and (D) stage 2
participants at baseline. Arrows reflect temporal sequence of PET scans. BANKSSTS = banks of the superior temporal sulcus; SUVR = standardized uptake

value ratio.

Staging amyloidosis using other regions
Corresponding thresholds of AP positivity in PCC and pre-
cuneus were calculated as SUVRs of 0.867 and 0.833, re-
spectively, with the same approach (SUVRs corresponding to the
first percentile in the AB+ CN group) as we did for BANKSSTS.
With the use of the PCC and COMPOSITE regions, 219, 36,
and 99 were classified as stages 0, 1, and 2, respectively. Likewise,
220, 35, and 99 were classified as stages 0, 1, and 2 when pre-
cuneus and COMPOSITE region were used. Using PCC and
precuneus to stage amyloidosis, we also observed marginal or
significant rates of memory and executive function decline at
stage 1, but the rates of memory and executive function decline at
stage 1 were not significantly faster than at stage 0.

GMM analysis defined a low threshold for COMPOSITE re-
gion as an SUVR 0.79, which corresponds to a 90% probability
of belonging to the low-Ap distribution (figure 6A). Staging
amyloidosis was also examined with the use of a low threshold
of SUVR 0.79 in the COMPOSITE region. Of 355 CN indi-
viduals, 220, 35, and 100 were classified as stages 0, 1, and 2
with the thresholds 0.79 and 0.82 of COMPOSITE region. All
the stages showed rates of memory decline significantly greater
than zero (figure 6B). Stages 0 and 2 showed rates of executive
function decline significantly greater than zero, but stage 1 had

Neurology.org/N

no significant negative rate of executive function decline (figure
6C). Stage 2 had a faster rate of decline in memory (figure 6B)
and executive function (figure 6C) than stages 0 and 1 over >4
years of mean follow-up. However, no significant difference was
found in the rate of either memory or executive function de-
cline between stages 0 and 1 (figure 6, B and C).

The comparisons of CSF A _4», t-tau and p-tau, FTP SUVR
in entorhinal and hippocampal volume, and hypometabolism
at different stages defined by PCC, precuneus, and COM-
POSITE with a low threshold were similar to that at different
stages defined by BANKSSTS except that no significant dif-
ference was found in FTP SUVR between stages 0 and 1.

Association between rate of cognition and
regional SUVRs of top AB-affected regions in
AB— cohort

Continuously, GLM models revealed that only BANKSSTS
SUVR showed a significant (p = 0.024) association with the
rate of memory decline in 255 AP- participants, and
BANKSSTS also had lower Akaike information criterion than
PCC and precuneus. None of them showed a significant as-
sociation between baseline SUVR and rate of executive
function decline.
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Figure 5 Analyses by using the threshold of BANKSSTS SUVR derived from an unsupervised method
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(A) Estimates of 2 gaussian distributions of low B-amyloid (AB) (blue curve) and high AB (red curve) for the banks of the superior temporal sulcus
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and COMPOSITE. Comparisons of longitudinal change in (C) memory and (D) executive function at different amyloidosis stages.

Discussion

Our results showed that BANKSSTS is the highest AB-affected
cortical region in both AB— and AP+ CN participants and
appears more sensitive to detect early AP deposition than the
COMPOSITE region. Nominally AB— CN participants with
high AP burden in BANKSSTS are probably at an intermediate
amyloidosis stage, with a greater risk of cognitive decline than
participants who did not show A burden in this region.

Neurology | Volume 94, Number 14 | April 7, 2020

Consistent with our findings, we identified other regions with
elevated Ap (BANKSSTS, PCC, and precuneus) that have also
been reported as early AB-accumulating regions in a previous
study,26 although BANKSSTS was not explicitly reported in
their table 2. One recent longitudinal study also found that
BANKSSTS, PCC, and precuneus showed the fastest rates of
AP accumulation at a very early stage in mutation carriers of
autosomal dominant AD,”” and BANKSSTS was also among
the earliest regions to show glucose hypometabolism and
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Figure 6 Analyses by using 1 lower threshold of the COMPOSITE region derived from an unsupervised method
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cortical atrophy. In addition, the superior temporal sulcus
shows very early neuropathologic involvement™® and discrim-
inates individuals with mild memory impairment who progress
to AD from those who do not.* In contrast, a recent cross-
sectional study estimated the frequency of regional AP posi-
tivity using the COMPOSITE for multiple brain regions and
found that early AP accumulation most frequently occurred in
inferior temporal, fusiform, anterior cingulate, and parietal
operculum.*® However, use of the same global threshold in
each brain region might not be the best way to capture the
regional A positivity because in our data regional thresholds
are not identical.

We observed that stage 2 had faster rates of memory decline
than stages 0 and 1 over =4 years of mean follow-up, which

Neurology.org/N

was consistent with previous studies.>’™*' Stage 1 had 2.5
times the rate of memory decline compared to stage 0. In
addition, we found significant executive function decline at
stages 1 and 2. Faster executive function decline is consistent
with previous studies.*’ >****

In contrast, stage 1 (PCC+/COMPOSITE- and precuneus+/
COMPOSITE-) defined by the second (PCC) and third
(precuneus) highest AB-affected regions did not show signifi-
cantly faster rates of cognitive decline than stage 0 (PCC-/
COMPOSITE- and precuneus—/COMPOSITE-). Conse-
quently, PCC, precuneus, or a composite region (BANKSSTS,
PCC and precuneus) may be less sensitive than BANKSSTS in
detecting early AP positivity. Using the COMPOSITE region
with a lower AP+ threshold to stage amyloidosis also did not
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predict cognitive decline as well as BANKSSTS (figure 6, B and
C), implying that regional Ap may be more sensitive to detect
Ap-related cognitive change than global AB in AB— CN cohorts.
In line with our findings, Farrell et al.® recently reported that
regional rather than global longitudinal SUVR increase pre-
dicted memory decline in AB— CN elderly adults, although
BANKSSTS was not evaluated.

Stage 2 had significantly higher CSF p-tau and CSF t-tau and
lower hippocampal volume and metabolism (figure 3) than
stages 1 and 0; however, no significant differences were found
between stages 0 and 1, suggesting that BANKSSTS+ partic-
ipants are less progressed than COMPOSITE+ participants
and not notably different than those at stage 0 in terms of
neurodegenerative and CSF tau biomarkers. High Ap burden at
stages 2 and 1 predicted significantly higher FTP SUVR in
entorhinal cortex than stage 0 =4.8 years later, which was
consistent with a previous study.** Our results support the
hypothetical temporal order of the AD pathologic cascade.'
More important, those findings also imply that amyloid-
lowering interventions may have more potential treatment ef-
fect on stage 1 CN participants than stage 2 CN participants or
patients with cognitive impairment,43 because stage 1 partic-
ipants showed significant AB-related cognitive decline but had
no evidence of neurodegeneration yet.

The large sample size of longitudinal PET data in our study
enables us to validate the proposed sequence of amyloidosis
stages that were defined using regional and composite cross-
sectional data. AB— CN individuals are most likely to progress
following stage 0 — stage 1 — stage 2 (figure 4). We found
that some stage 0 individuals whose SUVRs were very close to
the threshold of the COMPOSITE progressed to
BANKSSTS-COMPOSITE+ and then transitioned to stage
2 (figure 4B), but the percentage of those individuals was low
(6.7%). Most of the 114 stable stage 0 participants will likely
transition to stage 1 first. Thirteen stage 1 individuals changed
to stage 0 at follow-up (figures 4C), and 10 of them also
decreased in the SUVR of the COMPOSITE region, sug-
gesting that they were in an unstable amyloid state. Because 3
participants changed their amyloid status on the basis of the
BANKSSTS region and not the COMPOSITE region, it is
possible that BANKSSTS may have less stable measurement
properties, which seems likely because of its smaller size.

One recent study used the striatum and COMPOSITE region
to identify individuals at a late amyloidosis stage** and found
that COMPOSITE+/striatum+ (10% of CN cohort) partic-
ipants showed a faster rate of cognitive decline than
COMPOSITE+/striatum~— participants. Unlike that study, we
suggest using cross-sectional PET data to identify individuals
who have accumulated biologically significant Ap burden but
have not yet reached the threshold of COMPOSITE+, which is
relevant for the selection of target participants in early stages for
antiamyloid drug trials. Together, these results suggest that the
highest Ap-affected region may be more helpful for identifying
individuals with risk of AP-related cognitive decline than the
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COMPOSITE region in the early amyloidosis stage, while the
COMPOSITE region or striatum may perform better at
selecting individuals who are at a late amyloidosis stage on the
AD continuum. The selection of approaches for evaluating
brain AP deposition really depends on the aims of research or
clinical intervention in CN elderly adults.

Previous studies reported that CSF Ap L or a CSF ratio with
ABy_4," can predict early PET A accumulation in PET— CN
cohort, but in these studies, neither CSF AB;_4, nor a CSF ratio
with AB;_4, was associated with cognitive decline, perhaps be-
cause the progression of AD is preferentially associated with
amyloid PET.*~* According to our approach, 25% of the AB-
CN cohort was detected as stage 1 by amyloid PET, showing
significantly faster rate of memory decline than stage O partic-
ipants, although the magnitude of rate of cognitive decline at stage
1 was only =50% of stage 2, presumably because it was so early.

One limitation of this study is that the highest Ap-affected
regions and their corresponding thresholds of Af positivity
were defined on the basis of the ADNI database, which requires
validation with other databases. Second, although stage 1 par-
ticipants appear to be developing AP pathology according to >4
years of mean follow-up, even longer follow-up periods would
be useful to assess the continuity of amyloid accumulation in
these individuals. Third, it would be very helpful to validate the
superior predictive effect of BANKSSTS for subsequent
memory decline compared to other top regions in other sam-
ples. Finally, it is possible that a multivariate approach to define
early brain regions might be more sensitive than our method in
detecting a constellation of regions or voxels that best predict
cognitive or biomarker outcomes.

Nominally AB— CN individuals with high florbetapir uptake in
BANKSSTS are at increased risk of cognitive decline, prob-
ably showing an earlier stage of AP deposition. Our findings
may help elucidate the association between brain AP accu-
mulation and cognition in Ap— CN cohort and provide an
approach to identify suitable early-stage patients for amyloid-
lowering interventions.
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