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Abstract
Objective
To compare how structural MRI, fluorodeoxyglucose (FDG), and flortaucipir (FTP) PET
signals predict cognitive decline in high-amyloid vs low-amyloid participants with the goal of
determining which biomarker combination would result in the highest increase of statistical
power for prevention trials.

Methods
In this prospective cohort study, we analyzed data from clinically normal adults from the
Harvard Aging Brain Study with MRI, FDG, FTP, and Pittsburgh compound B (PiB)-PET
acquired within a year and prospective cognitive evaluations over a mean 3-year follow-up. We
focused analyses on predefined regions of interest: inferior temporal, isthmus cingulate, hip-
pocampus, and entorhinal cortex. Cognition was assessed with the Preclinical Alzheimer’s
Cognitive Composite. We evaluated the association between biomarkers and cognitive decline
using linear mixed-effect models with random intercepts and slopes, adjusting for de-
mographics. We generated power curves simulating prevention trials.

Results
Data from 131 participants (52 women, age 73.98 ± 8.29 years) were analyzed in the study. In
separate models, most biomarkers had a closer association with cognitive decline in the high-
PiB compared to the low-PiB participants. A backward stepwise regression including all bio-
markers demonstrated that only neocortical PiB, entorhinal FTP, and entorhinal FDG were
independent predictors of subsequent cognitive decline. Power analyses revealed that using
both high PiB and low entorhinal FDG as inclusion criteria reduced 3-fold the number of
participants needed in a hypothetical trial compared to using only high PiB.

Discussion
In preclinical Alzheimer disease, entorhinal hypometabolism is a strong and independent
predictor of subsequent cognitive decline, making FDG a potentially useful biomarker to
increase power in clinical trials.
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Classification of Evidence
This study provides Class II evidence that in people with preclinical Alzheimer disease, entorhinal hypometabolism identified by
FDG-PET is predictive of subsequent cognitive decline.

Alzheimer disease (AD) is a neurodegenerative disorder
characterized clinically by progressive cognitive decline and
pathologically by the deposition of brain β-amyloid (Aβ)
plaques and tau neurofibrillary tangles.1 Mounting evidence
suggests that AD pathology starts accumulating before cog-
nitive symptoms are evident, defining a preclinical stage.2,3

PET studies investigating Aβ have shown that clinically nor-
mal (CN) older individuals with elevated Aβ are more likely
to perform worse over time on cognitive tests than those with
lower Aβ.4-6 However, not all CN individuals with high Aβ
burden experience cognitive decline. Several surrogate
markers have been suggested to characterize preclinical AD-
related cognitive decline, including structural MRI,7 fluo-
rodeoxyglucose (FDG) PET,8 and more recently flortaucipir
(FTP) tau-PET imaging.9 These biomarkers have been
shown to predict cognitive decline in high-Aβ CN but also
appear to be highly colinear with each other.10 Besides, these
biomarkers may also reveal clues about non-AD pathologies
mimicking AD symptoms or suggest the presence of non-AD
copathologies that are currently difficult to measure in vivo
but may influence the suitability of certain individuals to
participate in specific anti-AD therapeutic trials. Expanding on
previous work,9,11 the purpose of this study was to compare
whether FTP, FDG, and structural MRI in previously iden-
tified preclinical AD regions provided independent contri-
butions to predicting cognitive decline in a sample of CN
adults characterized by their Aβ burden. We specifically aimed
to evaluate which biomarker combinations would be most
useful in deciding which participants to include in prevention
trials.

Methods
Participants
The Harvard Aging Brain Study (HABS) is a longitudinal
aging study that included 283 participants who were cogni-
tively normal at enrollment with a Global Clinical Dementia
Rating score of 0. Exclusion criteria included a history of drug
or alcohol abuse, head trauma, and serious medical or psy-
chiatric conditions (Geriatric Depression Scale score >10 of
30). We selected HABS participants from the entire cohort

who had baseline structural MRI (116.0 ± 96.5 days from FTP
PET), FDG (109.7 ± 88.2 days), FTP (aka AV1451 or T807),
and Pittsburgh compound B (PiB; 84.4 ± 83.1 days) -PET
collected within a year of one another, which were used to
evaluate regional thickness and volume, glucose metabolism,
tau, and Aβ pathology, respectively. In addition, the partici-
pants analyzed in this report underwent at least 2 annual
neuropsychological testing battery assessments that were
used to measure prospective cognitive performance over a
mean of 3.0 years (minimum 0.8 year, maximum 5.1 years).
Participants did not miss any annual assessments, although
follow-up length varied from one participant to another.

Standard Protocol Approvals, Registrations,
and Patient Consents
The use of human participants in HABS has been approved by
the Partners Human Research Committee, and all partici-
pants provided written informed consent.

Neuropsychological Evaluation
Prospective cognitive decline was determined by annual as-
sessments of the Preclinical Alzheimer’s Cognitive Composite
(PACC5). The PACC5 integrates 5 neuropsychological tests
that are known to be sensitive to cognitive decline in indi-
viduals with preclinical AD.12 The composite includes the z-
scored means of the Mini-Mental State Examination, Logical
Memory Delayed Recall, Digit-Symbol Coding Test, Free and
Cued Selective Reminding Test (included free and total re-
call), and category fluency, computed at study entry.

Brain Imaging
Three-dimensional structural T1-weighted MRI scans were
acquired with a Siemens 3T Tim Trio (Siemens, Erlangen,
Germany). T1 images were segmented and parcellated with
FreeSurfer software (version 6.0) to identify regions of in-
terest (ROIs). Cortical thickness measures were obtained for
the ROIs, as well as hippocampal volume (HV).8 In addition,
all participants underwent PET imaging with C11-PiB, F18-
FTP, and F18-FDG. All 3 radiotracers were synthesized at
Massachusetts General Hospital (Boston, MA) and admin-
istered onsite, with the images acquired with a Siemens HR+
scanner. All PET procedures were performed following

Glossary
Aβ = β-amyloid; AD = Alzheimer disease; CI = confidence interval; CN = clinically normal; EC = entorhinal cortex; FDG =
fluorodeoxyglucose; FTP = flortaucipir; HABS = Harvard Aging Brain Study; HV = hippocampal volume; IC = isthmus
cingulate; IT = inferior temporal;MTL = medial temporal lobe; PACC5 = Preclinical Alzheimer’s Cognitive Composite; PiB =
Pittsburgh compound B; ROI = region of interest; SUVr = standard uptake value ratio; TDP-43 = TAR DNA-binding protein
43.
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previously published protocols.13 PiB values were computed
as distribution volume ratios with the Logan graphical
method. Analyses used a FreeSurfer-defined neocortical ag-
gregate ROI comprising regions from the frontal, lateral
temporal, and retrosplenial cortices such as the superior
frontal, rostral middle frontal, rostral anterior cingulate, me-
dial orbitofrontal, inferior and middle temporal, inferior pa-
rietal, and precuneus. Gaussian mixture models performed in
previous studies4,11 were used to separate the sample into low-
PiB and high-PiB subgroups, with a threshold for PiB posi-
tivity at a distribution volume ratio value of 1.30. FDG and
FTP measures were calculated as standard uptake value ratios
(SUVr; scaled on cerebellar gray). Entorhinal cortex (EC),
isthmus cingulate (IC), inferior temporal (IT), and hippo-
campus FreeSurfer-defined ROIs were used for analyses.11

Hippocampus FTP values were also residualized for mean
choroid plexus signal because of previous reports of adjacent
off-target binding in the choroid plexus.14 Geometric transfer
matrix–based partial volume–corrected PET values were
used,15 but all analyses were replicated in noncorrected data
with similar findings.

Statistics
Means and SDs were computed for the entire sample and each
PiB subgroup to show descriptive statistics, and t tests com-
pared the low- and high-PiB groups. PACC5 scores were
predicted using linear mixed-models with random intercept
for each participant and a random slope for time in the entire
sample, as well as separately in the low- and high-PiB groups.
Cross-sectional PET and structural MRI measures were used
as predictors of PACC5 decline, covarying for age, sex, and
years of education. Each predictor and covariate were entered
both as a main effect and in interaction with time. For plotting
our results, we extracted the individual slopes of PACC5 by
summing the estimated fixed and random effects of time.
Further adjusting for APOE e4 carrier status did not affect
findings. We used backward stepwise regressions with all
predictors to evaluate the most significant predictors of cog-
nitive decline measured with PACC5 scores with a liberal
threshold (2-tailed p < 0.10) in all participants and in PiB
subgroups, generating estimates and 95% confidence intervals
(CIs). Furthermore, we assessed how well the addition of
FDG and FTP measures to inclusion criteria already high PiB
in frontal, lateral temporal, and retrosplenial cortices would
affect the number of participants a hypothetical AD-
preventive clinical trial would need to enroll to detect a
slowing of cognitive decline of 30% (2 arms over 4-year du-
ration with annual assessments; 90% power; α = 0.05). These
results were done using previously validated power analyses
for mixed models.4,16 A 5,000-trial bootstrapping procedure
provided 95% CIs around the number of participants. Sta-
tistics were computed with R (version 3.3.3, R Foundation for
Statistical Computing, Vienna, Austria). We reported 2-tailed
p values. This article reports analyses for 13 biomarkers, and
we provided all results both without correction and with a
Bonferroni correction of corrected p ≤ 0.004 (uncorrected p ≤
0.05). The analyses in this study provide Class II evidence.

Data Availability
Data for the present study were collected as part of National
Institute on Aging–NIH P01AG036694, Impact of Amyloid
and Tau on the Aging Brain: The Harvard Aging Brain Study
(HABS). At of the time of submission, the raw neuroimaging
data used were not available to nonstudy staff. At a future
point in time, all data used in this report will be made publicly
available to the research community (pending approval of a
data request and agreement to abide by the HABS data use
agreement). Additional information regarding data/code
sharing can be found at nmr.mgh.harvard.edu/lab/harvarda-
gingbrain/data and nmr.mgh.harvard.edu/research/software.
Any unanswered questions about the data can be emailed to
habsdata@mgh.harvard.edu.

Results
Characteristics of the Participants
One hundred thirty-one participants had all the biomarkers
needed for the study and 2 prospective neuropsychological
assessments. Descriptive statistics for these participants are
shown in table 1. Ninety participants demonstrated low levels
of PiB, while 41 (31.3%) demonstrated high levels of PiB.
Individuals with high PiB were older and had a higher per-
centage of APOE e4 carriers than those with low PiB. In
addition, high-PiB individuals exhibited lower PACC5 scores
at baseline (t = 2.93, p ≤ 0.004) and faster cognitive decline (t
= 4.14, p ≤ 0.001) compared to low-PiB individuals. With
regard to the PETmeasures, high-PiB participants had greater
EC, IT, IC, and hippocampus FTP levels (t = 2.49, p = 0.02 for
hippocampus, which is nonsignificant after Bonferroni cor-
rection; t ≥ 3.55, p < 0.001 for all other PET values), but their
FDG levels were not significantly different from those of the
low-PiB participants. IC was thinner in high-PiB individuals (t
= 2.69, p = 0.02, nonsignificant after Bonferroni correction),
but there were no other differences in MRI measures between
high-PiB and low-PiB participants.

PET Data Predict Prospective Cognitive Decline
In separate linear mixed-models, FTP, FDG, and MRI mea-
sures were not associated with change in cognitive decline in
the low-PiB sample. In high-PiB individuals, regional EC, IT,
and hippocampal FTP predicted cognitive decline (figure 1),
and in separate models, there was a significant interaction
between PiB group and EC, IT, and hippocampal FTP in
predicting cognitive decline. Of these analyses, only EC and
IT FTP predicting cognitive decline survived the Bonferroni-
corrected p value. Besides FTP biomarkers, EC FDG (figure
2) and HV (figure 3) were the only 2 biomarkers significantly
associated with cognitive decline in the high-PiB sample.
However, we observed significant interactions between PiB
group and EC and IC FDG in predicting cognitive decline
(figure 2). In terms of MRI measures (figure 3), EC and IT
thickness and HV each had significant interactions with PiB
group, demonstrating that these biomarkers had closer asso-
ciations with cognitive decline in the high-PiB compared to
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the low-PiB participants. Of these other measures, only EC
FDG significantly predicted cognitive decline when the
Bonferroni correction was applied, while the interaction be-
tween PiB group and both EC FDG and HV, in separate
models, also survived the correction. The results were similar
when APOE e4 carrier status was interacted with time and
added to the model similarly to other demographic variables.
Adjusting for baseline PACC5 performances while predicting
PACC5 decline from year 2 also provided similar results.

Using Multiple Predictors to Assess Which
Biomarkers Predict Cognitive Decline
To evaluate which biomarkers independently predicted cog-
nitive decline, we performed backward stepwise regressions in
which age, sex, education, neocortical PiB, and all FTP, FDG,

and MRI ROIs were evaluated, both for the entire sample and
for each PiB group separately (figure 4). For interpreting
these results, we also provided a correlation table, showing the
association between the different PET and MRI biomarkers
(table 2). In the entire sample, neocortical PiB (−0.047 ±
0.033, p = 0.005; standardized β ±standard error, p value), EC
FTP (−0.060 ± 0.035, p < 0.001), EC FDG (0.025 ± 0.029, p =
0.097, nonsignificant after Bonferroni correction), and age
(−0.059 ± 0.035, p = 0.001) were independently predictive of
subsequent cognitive decline. Age was the only significant
predictor in the low-PiB sample (−0.060 ± 0.031, p < 0.001).
In high-PiB individuals, HV (0.107 ± 0.060, p < 0.001), EC
FTP (−0.073 ± 0.047, p = 0.003), and EC FDG (0.091 ±
0.052, p < 0.001) independently predicted prospective cog-
nitive decline. The other predictors were excluded from the

Table 1 Participants’ Characteristics

All Low PiB High PiB

No. 131 90 41

Age, y 73.98 ± 8.29 (55.25 to 90.00) 72.54 ± 8.60 (55.25 to 90.00) 77.14 ± 6.65b (59.75 to 89.00)

E4+, n (%) 39 (29.77) 16 (17.78) 23 (56.10)c

Education, y 15.92 ± 2.97 (8.00 to 20.00) 15.98 ± 3.03 (8.00 to 20.00) 15.80 ± 2.86 (11.00 to 20.00)

Women, n (%) 52 (39.69) 35 (38.89) 17 (41.46)

Baseline PACC5 score 0.22 ± 0.69 (−1.37 to 2.35) 0.33 ± 0.67 (−1.37 to 2.35) −0.03 ± 0.65b (−1.36 to 1.3)

Prospective cognitive follow-up,
slope

−0.10 ± 0.12 (−0.65 to 0.10) −0.06 ± 0.08 (−0.26 to 0.10) −0.17 ± 0.16c (−0.65 to 0.10)

Prospective cognitive follow-up, y 3.03 ± 1.43 (0.77 to 5.06) 2.96 ± 1.47 (0.77 to 5.01) 3.17 ± 1.32 (0.78 to 5.06)

Neocortical PiB DVR 1.42 ± 0.47 (1.03 to 2.89) 1.16 ± 0.06 (1.03 to 1.30) 2.00 ± 0.45c (1.30 to 2.89)

Entorhinal FDG SUVr 0.82 ± 0.12 (0.49 to 1.19) 0.82 ± 0.12 (0.49 to 1.09) 0.81 ± 0.13 (0.58 to 1.19)

Entorhinal FTP SUVr 1.39 ± 0.32 (0.84 to 2.51) 1.29 ± 0.23 (0.84 to 1.96) 1.61 ± 0.40c (1.03 to 2.51)

Entorhinal thickness, mm 3.35 ± 0.34 (2.23 to 4.06) 3.38 ± 0.33 (2.23 to 4.06) 3.29 ± 0.37 (2.56 to 4.04)

Inferior temporal FDG SUVr 1.33 ± 0.12 (1.10 to 1.62) 1.34 ± 0.12 (1.11 to 1.62) 1.30 ± 0.13 (1.10 to 1.58)

Inferior temporal FTP SUVr 1.46 ± 0.19 (1.02 to 2.06) 1.42 ± 0.14 (1.02 to 1.76) 1.56 ± 0.24c (1.19 to 2.06)

Inferior temporal thickness, mm 2.72 ± 0.14 (2.06 to 3.01) 2.72 ± 0.14 (2.06 to 3.00) 2.72 ± 0.13 (2.33 to 3.01)

Isthmus cingulate FDG SUVr 1.67 ± 0.21 (0.77 to 2.24) 1.67 ± 0.23 (0.77 to 2.18) 1.67 ± 0.19 (1.31 to 2.24)

Isthmus cingulate FTP SUVr 1.25 ± 0.15 (0.79 to 1.62) 1.21 ± 0.13 (0.79 to 1.50) 1.33 ± 0.15c (1.12 to 1.62)

Isthmus cingulate thickness, mm 2.28 ± 0.17 (1.86 to 2.71) 2.31 ± 0.16 (1.93 to 2.71) 2.23 ± 0.17b (1.86 to 2.59)

Hippocampus FDG SUVr 0.90 ± 0.09 (0.73 to 1.43) 0.90 ± 0.10 (0.73 to 1.43) 0.90 ± 0.08 (0.76 to 1.12)

Hippocampus FTP SUVra 1.11 ± 0.17 (0.64 to 1.60) 1.08 ± 0.14 (0.83 to 1.60) 1.17 ± 0.21b (0.64 to 1.60)

Hippocampal volume, mm3 3,677.70 ± 459.82 (2,635.85 to
5,152.15)

3,719.32 ± 437.33 (2,744.30 to
5,152.15)

3,586.33 ± 499.16 (2,635.85 to
4,706.00)

Abbreviations: DVR = distribution volume ratio; FDG = fluorodeoxyglucose; FTP = flortaucipir; PACC5 = Preclinical Alzheimer’s Cognitive Composite; PiB =
Pittsburgh compound B; SUVr = standardized uptake value ratio.
Values are mean ± SD (minimum–maximum). We used t tests to compare low- and high-PiB individuals.
a Hippocampus FTP values were residualized for mean choroid plexus signal.
b p < 0.05.
c p < 0.001.
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final backward regressions because of lack of significance
(liberal threshold of p > 0.10), after adjustment for the
abovementioned predictors.

Utility in Preclinical AD Clinical Trials
Because EC FDG captured variance in cognitive decline that
was independent of PiB and FTP, we hypothesized that it may
help determine the risk of subsequent cognitive decline in
clinical trial participants, above and beyond what could be
achieved with PiB and FTP biomarkers. Indeed, cognitive
decline in CN is slow; therefore, determining which individ-
uals are most at risk of decline in the next few years is critically
important for the success of preventive trials. We thus used
our high-PiB sample (n = 41) to estimate the number of
participants needed for a clinical trial to detect a slowing of

cognitive decline of 30%. A median split classified high-PiB
individuals as high or low on the FTP and EC FDGmeasures.
Using high EC FTP (in addition to high-PiB) as inclusion
criterion (FTP-SUVr threshold 1.52) reduced the required
sample size 2-fold, while using low EC FDG (FDG-SUVr
threshold 0.81) reduced the required sample size 3-fold
(figure 5). To detect a 30% slope reduction in PACC5, a trial
would need 285 high-PiB (95% CI 118–1,195), 139 high-PiB
high-FTP (95% CI 48–434), or 94 high-PiB low-FDG (95%
CI 41–193) participants in each arm. Using either low EC
FDG or high EC FTP resulted in an equal number of
screening failures because a median split was used for both
measures. Similar results were observed when either EC or IT
FTP was used, but the FDG finding was observed in EC only.
As was expected from the stepwise regression in the entire

Figure 1 Regional FTP PET Measures Are Predictive of Cognitive Decline in High-PiB Individuals

Prospective cognitive decline (Preclinical Alzheimer’s Cognitive Composite performance expressed in SD per year) was predicted using flortaucipir (FTP) PET
biomarkers in linear mixed-effects models with a random intercept and slope per participant. Analyses were split between the low–Pittsburgh compound B
(PiB) group (blue) and high-PiB group (red). Biomarkers included FTP PET partial volume-corrected (PVC) standard uptake value ratio (SUVr) values in the (A)
entorhinal cortex, (B) inferior temporal, (C) isthmus cingulate, and (D) hippocampus. Interactions between PiB group and FTP PET biomarkers are included on
the top of each graph. Models were adjusted for age, sex, and education. A Bonferroni-corrected p value was applied (13 biomarkers, p < 0.0038), andmodel
outputs that survived the correction are in bold.
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sample, adding HV to this model did not further decrease the
number of participants needed compared with the model
including PiB, FTP, and FDG.

Discussion
We sought to evaluate the ability of regional FTP-PET, FDG-
PET, and structural MRI to predict subsequent cognitive
decline in a sample of CN older individuals with variable levels
of neocortical Aβ. Our findings suggest that EC tau, EC me-
tabolism, and HV are independently associated with pro-
spective cognitive decline in CN adults with high Aβ burden.
In contrast, IT and IC measures were not independently as-
sociated with cognitive decline. These results highlight the
added contributions of medial temporal lobe (MTL) tau

pathology and MTL structure and function to predict AD-
related cognitive decline and possibly to reduce the sample
size requirements for clinical trials.

PACC5 was designed to be a sensitive cognitive measure
linked to Aβ-related changes.12 As previously demonstrated in
HABS and other cohort studies,5-7,17 individuals with elevated
Aβ were at an increased risk for PACC5 decline compared to
those with lower levels of Aβ. In addition, the high-Aβ sample
had elevated tau, and tau measures were associated with faster
cognitive decline in these individuals.9 In contrast, the high-
Aβ sample did not have low metabolism on average, but low
FDG values were predictive of subsequent cognitive decline.
Our findings showing greater tau but similar metabolism in
the high-Aβ sample compared to the low-Aβ sample suggest

Figure 2 Regional FDG PET Measures Are Predictive of Cognitive Decline in High-PiB Individuals

Prospective cognitive decline (Preclinical Alzheimer’s Cognitive Composite performance expressed in SD per year) was predicted using fluorodeoxyglucose
(FDG) PET biomarkers in linear mixed-effects models with a random intercept and slope per participant. Analyses were split between the low–Pittsburgh
compound B (PiB) group (blue) and high-PiB group (red). Biomarkers included FDG PET partial volume–corrected (PVC) standard uptake value ratio (SUVr)
values in the (A) entorhinal cortex, (B) inferior temporal, (C) isthmus cingulate, and (D) hippocampus. Interactions between PiB group and FDGPETbiomarkers
are included on the top of each graph. Models were adjusted for age, sex, and education. A Bonferroni-corrected p value was applied (13 biomarkers, p <
0.0038), and model outputs that survived the correction are in bold.
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that initial Aβ pathology is followed by tau deposition and
then by a decrease in metabolism that occurs closer to cog-
nitive impairment.8 Longitudinal PET studies using PiB, FTP,
and FDG radiotracers are required to further disentangle the
temporal trajectories of these biomarkers,18 but our cross-
sectional observations suggest that tau precedes hypo-
metabolism in the EC.

Remarkably, the association of cognitive decline with cortical
thickness and metabolism in most brain regions disappeared
after adjustment for FTP measures, possibly suggesting that
cortical thinning and hypometabolism in these regions were
tau mediated.19,20 However, EC metabolism (and HV when
looking at high-Aβ individuals only) showed an FTP-
independent association with cognitive decline, making this

a biomarker of interest for identifying normal older adults at
risk of subsequent cognitive decline and enrolling them in
clinical trials. Although it is likely not as specific for AD pa-
thology, the EC FDG biomarker provided additional power
compared to FTP in a hypothetical clinical trial, reducing the
requested sample size 3-fold.

The unique association between EC metabolism and cogni-
tive decline, which was not explained by the PiB and FTP
measures, may reflect AD-related cognitive decline and orig-
inate in the close temporal proximity of hypometabolism and
cognitive impairment. It is also possible that EC metabolism
captures non–AD-related variance in cognitive decline. A
previous study reported MTL hypometabolism in patients
with an AD-type amnestic dementia phenotype but autopsy-

Figure 3 Regional MRI Measures Are Predictive of Cognitive Decline in High-PiB Individuals

Prospective cognitive decline (Preclinical Alzheimer’s Cognitive Composite performance expressed in SD per year) was predicted using various MRI bio-
markers in linearmixed-effectsmodels with a random intercept and slope per participant. Analyses were split between the low–Pittsburgh compound B (PiB)
group (blue) and high-PiB group (red). MRI biomarkers used to predict cognitive decline were thickness measures in millimeters in the (A) entorhinal cortex,
(B) inferior temporal, and (C) isthmus cingulate, as well as (D) hippocampal volume (cubic millimeters). Interactions between PiB group and MRI biomarkers
are included on the top of each graph. Models were adjusted for age, sex, and education. A Bonferroni-corrected p value was applied (13 biomarkers, p <
0.0038), and model outputs that survived the correction are in bolded.
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proven hippocampal sclerosis, a condition due to TAR DNA-
binding protein 43 (TDP-43) that is observed almost exclu-
sively in older individuals.21 Our results might indicate that
the hypometabolism seen in the EC, a region commonly as-
sociated with early tauopathy in preclinical AD, is not caused
solely by or associated with amyloid and tau pathology but
could also be due to other non-AD pathologies. This in-
terpretation of the results is of particular relevance for clinical
research in that anti-AD therapeutic trials should aim to in-
clude participants who will experience cognitive decline that is
related to AD pathology, not to other pathologies. To explore
the contribution of non-AD pathologies to low EC hypo-
metabolism, future analyses should focus on the association
between FDG signal and cognitive decline in large cohorts of
individuals with low levels of AD-related pathology. In indi-
viduals with high levels of Aβ, hypometabolism is more likely

due to AD pathology, although, because mixed pathologies
are frequent in older individuals,21 we cannot exclude that
non-AD pathologies also contributed to the association of EC
FDG and subsequent cognitive decline in our high-Aβ sample.
The presence of hypometabolism largely exceeding tau-PET
signal in high-Aβ individuals suggests the possibility of non-
AD copathology, which, depending on the trial design, may
justify excluding participants, although they are at risk of
subsequent cognitive decline. Although our results demon-
strated that a combination of Aβ-PET and FDG-PET per-
formed very well to predict subsequent cognitive decline, we
would not recommend using FDG instead of tau-PET be-
cause FDG-PET is not specific for any neuropathology.

Overall, our results indicate that FDG captures information
that is relevant to cognition and can reflect a measure of

Figure 4 Entorhinal FDG Predicts Subsequent Cognitive Decline Independently of PiB and FTP

Backward stepwise regressions identified the strongest
predictors of subsequent cognitive decline in the (A) entire
sample, (B) low–Pittsburgh compoundB (PiB) subgroup, and
(C) high-PiB subgroup. We used a liberal threshold in this
test (2-tailed p ≤ 0.10) and removed nonsignificant predic-
tors from the model. (A) PiB frontal, lateral temporal, and
retrosplenial cortices (FLR), entorhinal cortex (EC) flortauci-
pir (FTP), EC fluorodeoxyglucose (FDG), and age were in-
dependently predictive of cognitive decline in the entire
sample. (B) Agewas the only predictor of cognitive decline in
the low-PiB group. (C) EC FDG, EC FTP, and hippocampus
volume (HV) were independently predictive in the high-PiB
group. Although PiB and FTP estimates are negative, they
are presented in the positive range to facilitate the com-
parison with FDG and HV.
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downstream-related AD and non-AD processes that are not
currently measurable in vivo. In combination with Aβ and tau-
PET, FDG would allow enriched clinical trials in individuals
with AD pathology and high risk of fast cognitive decline and
minimize the possibility of coexisting pathologies.

This study has limitations. First, the HABS sample is highly
educated and particularly healthy, potentially limiting our ability
to observe a high rate of progression to cognitive impairment
and dementia.22 The respective associations of PiB, FTP, and
FDG with cognitive decline should be evaluated in additional
more representative samples, especially because the findings
could vary according to the sample. Replicating these results with
a greater sample size is also important because one of the limi-
tations of our study was the small number of individuals with
high-PiB (n = 41). With a larger sample size, we would also be
able to dichotomize participants by FTP and FDG signal using
other methods beyond a median split, further setting up these
analyses to be replicated in other samples. Second, while using 3
radiotracers to select individuals in clinical trials may allow the
inclusion of those most at risk of decline in the next few years,
this will be at the cost of a high rate of screen failures. The present
study suggests that FDG-PET may be as effective as FTP-PET
for this purpose, but cost-benefit studies for specific clinical trials
need to be conducted. Also depending on the trial design, some
may consider using FDG-PET to exclude individuals with brain
dysfunction and focus on preventing Aβ or tau pathology at a

very early stage. Overall, because this study was done to compare
the use of FDG to FTP-PET in hypothetical trial inclusion
criteria, these considerations and enrollment size will vary
depending on the drug being tested and the variability of re-
sponse to this drug. Third, while previous work had established
that the ROIs we selected were associated with cognitive decline,
we may have observed different results if we had included ad-
ditional ROIs. Future work will include voxel-wise analyses that
were not performed here, ideally in larger samples allowing
correction for multiple comparisons. Fourth, FTP is a first-
generation tau-PET tracer with known off-target bindings on
neuromelanin14 and possibly on TDP-43, whichmay complicate
the interpretation of the results, particularly in the MTL where
both tau and TDP-43 pathologies frequently co-occur. Finally,
while the lower predictive power of hippocampal FTP-PET is
likely due to the known off-target binding from choroid plexus,14

we do not have any explanation as towhy hippocampal FDGwas
not particularly associated with cognitive decline in this study.
We previously showed that hippocampal FDG was lower in
patients withmild cognitive impairment due to AD8 and in high-
Aβ older individuals with subjective memory complaints.23 It is
possible that EC hypometabolism precedes hippocampal
hypometabolism,24 but longitudinal studies of regional FDG-
PET in older adults are needed to address this issue.

Entorhinal hypometabolism is associated with subsequent
cognitive decline in preclinical AD, above and beyond the

Table 2 Pearson Correlation Coefficients Between Biomarkers

EC IT IC Hipp

FTP FDG THI FTP FDG THI FTP FDG THI FTP FDG HV

EC FTP 1 −0.17 −0.43b 0.64b −0.28a −0.04 0.45b −0.18a −0.08 0.63b −0.03 −0.39b

EC FDG −0.17 1 0.15 −0.22a 0.25a 0.15 −0.16 0.16 0.09 −0.26a 0.20a 0.15

EC THI −0.43b 0.15 1 −0.33b 0.25a 0.34b −0.23a 0.24a 0.15 −0.35b 0.08 0.35b

IT FTP 0.64b −0.22a −0.33b 1 −0.24a −0.27a 0.68b −0.13 −0.18a 0.59b 0.08 −0.35b

IT FDG −0.28a 0.25a 0.25a −0.24a 1 −0.10 −0.12 0.62b 0.18a −0.28a 0.23a 0.20a

IT THI −0.04 0.15 0.34b −0.27a −0.10 1 −0.22a 0.11 0.13 −0.13 −0.23a 0.26a

IC FTP 0.45b −0.16 −0.23a 0.68b −0.12 −0.22a 1 0.03 −0.26a 0.41b 0.03 −0.11

IC FDG −0.18a 0.16 0.24a −0.13 0.62b 0.11 0.03 1 −0.03 −0.15 0.07 0.34b

IC THI −0.08 0.09 0.15 −0.18a 0.18a 0.13 −0.26a −0.03 1 −0.16 −0.08 0.04

Hipp FTP 0.63b −0.26a −0.35b 0.59b −0.28a −0.13 0.41b −0.15 −0.16 1 0.14 −0.42b

Hipp FDG −0.03 0.20a 0.08 0.08 0.23a −0.23a 0.03 0.07 −0.08 0.14 1 −0.17

HV −0.39b 0.15 0.35b −0.35b 0.20a 0.26a −0.11 0.34b 0.04 −0.42b −0.17 1

PiB FLR 0.55b −0.10 −0.16b 0.50b −0.17 0.02 0.37b −0.02 −0.25a 0.31b −0.05 −0.21a

Abbreviations: EC = entorhinal cortex; FDG = fluorodeoxyglucose; FLR = frontal, lateral temporal, and retrosplenial cortices; FTP = flortaucipir; Hipp =
hippocampus; HV = hippocampus volume; IC = isthmus cingulate; IT = inferior temporal; PiB = Pittsburgh compound B; THI = Thickness.
Correlation matrix showing R values between biomarkers. Within regions, FTP and MRI had stronger correlations (R = −0.43b to −0.26a) than FDG with either
FTP (R = −0.24a to 0.14) or MRI (R = −0.17 to 0.15). Within the FDG modality, EC (R = 0.16–0.25a) and Hipp (R = 0.07–0.23a) had lower correlations than IT (R =
0.20a–0.62b) and IC (R = 0.07–0.62b).
a p < 0.05.
b p < 0.001.
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association with amyloid and tau pathology. Adding low
entorhinal FDG as an inclusion criterion in preclinical AD
trials would significantly increase the power of the trials.
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Figure 5Higher Statistical Power With Entorhinal FDG than
With FTP

The number of high–Pittsburgh compound B (PiB) clinically normal individ-
uals per arm (y-axis) that are needed for detecting a given slope reduction on
the Preclinical Alzheimer Cognitive Composite (PACC5; x-axis) with a 90%
power and α = 0.05 in a 4-year trial with annual assessments, using Pitts-
burgh compound B (PiB) alone (black dotted line), PiB and entorhinal cortex
(EC) flortaucipir (FTP) (black plain line), PiB and EC fluorodeoxyglucose (FDG)
(red dotted line), or PiB, EC FTP, and EC FDG (red plain line) as inclusion
criteria. For this analysis, FDG (standard uptake value ratio [SUVr] threshold
0.81) and FTP (SUVr threshold 1.52) signals were dichotomized using a me-
dian split in the high-PiB group.
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