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Abstract

INTRODUCTION: This study aimed to identify cognitive tests that optimally relate to
tau positron emission tomography (PET) signal in the inferior temporal cortex (ITC),
a neocortical region associated with early tau accumulation in Alzheimer’s disease
(AD).

METHODS: We analyzed cross-sectional data from the harvard aging brain study
(HABS) (n = 128) and the Anti-Amyloid Treatment in Asymptomatic Alzheimer’s (A4)
study (n = 393). We used elastic net regression to identify the most robust cogni-
tive correlates of tau PET signal in the ITC. Secondary analyses examined whether
the cognitive correlates remained significantly associated with tau after adjusting for
structural brain measures.

RESULTS: Episodic memory measures, including both total and “process” scores, were
the most robust correlates of ITC tau across both cohorts. These cognitive test scores
remained significant after accounting for structural brain measures.

DISCUSSION: These findings highlight the potential of specific episodic memory
test scores to detect and monitor neuropathological changes associated with early
AD.
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1 | BACKGROUND

Alzheimer’s disease (AD) is the most common cause of dementia,
accounting for up to 80% of all cases.! AD is characterized by two
hallmark pathologies: amyloid beta (Af) plaques and tau neurofibril-
lary tangles, which begin accumulating in the brain decades before
clinical symptoms appear.2® Clinical trials are increasingly recruit-
ing cognitively intact individuals who have AD pathology,* ¢ with the
aim of administering disease-modifying therapies before widespread
brain changes occur.® The success of these trials relies heavily on the
ability to detect subtle cognitive changes that may be indicative of
early AD pathology. Therefore, sensitive cognitive tests are crucial for
both identifying suitable participants and tracking the effectiveness of
disease-modifying therapies.

Advancements in AB and tau positron emission tomography (PET)
tracers now allow for the quantification of AD pathology in the living
brain. Cross-sectional studies show weak and inconsistent associa-
tions between AB burden and cognition in cognitively unimpaired
individuals.” In contrast, tau pathology has demonstrated more robust
associations with cognitive performance®? and is a strong predictor of
future AD progression.10-12

The U.S. food and drug administration (FDA) has emphasized the
importance of identifying appropriate cognitive endpoints for clinical
trials in preclinical AD.!2 There are two main approaches for selecting
these types of endpoints. One approach is theoretically driven, where
tests are selected a priori based on cognitive domains known to be
affected early in AD, such as episodic memory.'* Another approach is
data driven, whereby endpoints are selected based on their ability to
predict AD pathology or clinical progression in real-world data.’>-1”

The aim of the present study was to use a data-driven approach
to identify cognitive test scores that optimally relate to tau PET sig-
nal in the inferior temporal cortex (ITC). The ITC is one of the earliest
neocortical regions to exhibit tau pathology in AD and is a strong
predictor of disease progression.1%11:18 A secondary objective was
to investigate whether the identified cognitive tests maintained their
associations with ITC tau after accounting for structural magnetic res-
onance imaging (MRI) measures. This approach allowed us to identify
cognitive test scores that are sensitive to early tau accumulation and
provide unique information beyond what is captured by brain MRI

measures. We used data from two independent cohorts: the harvard

* Machine learning identified cognitive correlates of early Alzheimer’s disease tau

* Both traditional and process scores predicted early tau burden.
» Episodic memory scores were among the strongest correlates.

* Cognitive scores remained significant after accounting for structural brain

aging brain study (HABS)1? and the Anti-Amyloid Treatment in Asymp-
tomatic Alzheimer’s (A4) Study.2%2! Given the distinct characteristics
of each cohort—HABS representing a general aging cohort and A4
focusing on AB positive individuals at high risk for AD—identifying sim-
ilar cognitive test scores across both cohorts would provide greater
confidence in the result. We included both: (1) conventional cognitive
test scores, such as accuracy; and (2) “process” scores,?? which capture
behaviors and errors during test completion (i.e., perseverations, intru-
sions, and trial-by-trial learning), as these scores have been shown to
be sensitive to early AD progression.23-2>

2 | METHODS

2.1 | Participants

2.1.1 | HABS

HABS is an ongoing longitudinal study of aging and preclinical AD. The
study design has been described previously.'? Briefly, participants are
required to be cognitively unimpaired at baseline (Year 1) based on the
following criteria: Clinical dementia rating (CDR)2¢ global score = 0,
Mini-mental status examination (MMSE)?” > 27, and performance
above the education-adjusted cutoff score on Logical Memory delayed
recall?8 (>16 years of education, >9; 8-15 years, > 5; 0-7 years, >3).
The present study included data from the Year 4 follow-up visit, as this
was when most participants underwent their first tau PET scan. Only
participants who completed a tau PET scan, cognitive testing, and a

structural MRI scan at Year 4 were included.

2.1.2 | A4 Study

The A4 Study is a secondary prevention trial that enrolled cogni-
tively unimpaired participants 65-85 years of age with elevated AS
burden.?! To be considered cognitively unimpaired, participants had
to have a CDR?® global score = 0, MMSE?” score >25, and a Logical
Memory delayed recall?® score between 6 and 18. The present study
included participants with publicly available tau PET and neuropsycho-
logical test data. In secondary analyses, we restricted the sample to
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TABLE 1 Participant characteristics.
RESEARCH IN CONTEXT A4 Study A4 Study
. . . . (Full analytic (MRI
1. Systematic review: We conducted a literature review o HABS sample) subset)
using established databases, such as PubMed. Although N 128 393 341
studies demonstrate associations between tau pathology
- o Age, years 768(64) 715 (4.6) 71.8 (4.6)
and cognitive outcomes across the Alzheimer’s disease
(AD) spectrum, the optimal set of cognitive test scores Education, years 16.0(3.2) 16.3(2.8) 16.3(2.8)
linked to tau pathology in AD remains unclear. Identi- Females, N (%) 71(55%) 237 (60%) 206 (60%)
fying these tests is crucial for detecting and monitoring Race
treatment-related neuropathological changes in the early White 113(88%)  375(95%) 325 (95%)
stages of AD. Black 13(10%)  10(3%) 10 (3%)
2. Interpretation: We identified a set of episodic memory Other 2(2%) 8 (2%) 7 (2%)
test scores that were associated with tau pathology in Agpositive, N (%) 41(32%) 393 (100%) 341 (100%)
a neocortical region known to be affected early in AD.
Tau, SUVR 1.2(0.1) 1.5(0.3) 1.5(0.3)
These included both conventional cognitive test scores
APOE ¢4 carrier?, N (%) 40 (31%) 210(53%) 197 (58%)

(e.g., accuracy) and “process” measures (e.g., persevera-
tions, intrusions, and trial-by-trial learning).

3. Future directions: Future research is needed to validate
the clinical utility of the identified set of cognitive pre-
dictors in independent data sets, with an emphasis on
including more diverse populations and stratifying by sex.

participants who also had available structural MRI scans. Demographic

and clinical data for both cohorts are presented in Table 1.

2.2 | Tau PET scans

221 | HABS

The tau PET protocol in HABS has been described previously.® Tau bur-
den was measured with [18F]flortaucipir. Standardized uptake value
ratios (SUVRs) were computed in FreeSurfer-defined regions of inter-
est (ROIs) with bilateral cerebellar gray matter serving as the reference
region. PET data were not corrected for partial volume effects, as these
data were not publicly available. We focused our analysis on tau PET
signal in the ITC, averaged across the left and right hemispheres, as this
is one of the earliest neocortical regions to exhibit tau pathology in AD
and is a strong predictor of disease progression.10-11.18

2.2.2 | A4 Study

The tau PET protocol in the A4 Study has been described previously.2?
A subset of AB-positive participants in the A4 Study underwent tau
PET scanning at their baseline visit before treatment randomization.
As in HABS, tau burden was measured with [*8F]flortaucipir. SUVRs
were calculated for FreeSurfer-defined ROIls using bilateral cerebel-
lar gray matter as the reference region.2? PET data were corrected for

partial volume effects, as this significantly improves the measurement

Abbreviations: A4, Anti-Amyloid Treatment in Asymptomatic Alzheimer’s;
HABS, Harvard Aging Brain Study. SUVR, standardized uptake value ratio.
2At least one APOE 4 allele

of flortaucipir in cross-sectional studies among cognitively unimpaired
individuals.3° As mentioned in 2.2.1, we focused our analysis on tau
PET signal in bilateral ITC.

2.3 | Cognition

2.3.1 | HABS

We used all available Year 4 cognitive test scores in our analyses
(Table 2), with a few exceptions. We excluded omission errors from the
trail making test (TMT) Parts A and B due to extremely low error rates,
and item-level data from the MMSE due to low variability. To address
missing cognitive test scores (n = 22), we employed a single imputation
method,3! where the missing data points were filled by calculating the

average of each participant’s scores from Year 3 and Year 5.

232 | A4 Study

We used all available cognitive test scores in our analyses (Table 2).
However, we excluded item-level data from the MMSE due to low

variability.
24 | Neuroimaging
24.1 | HABS

We used available data from MRI scans collected at Year 4. The MRI

protocol has been described previously.!8 T1-weighted images were
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TABLE 2 Cognitive test scores included in each cohort.

HABS

Digit Symbol Substitution Test
Total score

Logical Memory Task
Immediate recall

Delayed recall

Percent retained

Free and cued selective
reminding test (FCSRT)

Free recall

Free recall trial 1

Free recall trial 2

Free recall trial 3

Total recall

Total recall trial 1

Total recall trial 2

Total recall trial 3

FCSRT 96 (free + total recall)

Mini-mental state examination
(MMSE)

Total score

Structured Telephone Interview
for Dementia Assessment,
Self-report

Total score

Boston naming test (BNT)

Total score

Category Fluency

Total score

Total intrusions

A4

Digit Symbol Substitution Test
Total score

Logical Memory Task
Immediate recall

Delayed recall

Percent retained

Free and cued selective
reminding test (FCSRT)

Free recall
Freerecall trial 1
Free recall trial 2
Free recall trial 3
Total recall
Total recall trial 1
Total recall trial 2
Total recall trial 3
FCSRT 96 (free + total recall)

Mini-mental state examination
(MMSE)

Total score

Memory complaint
questionnaire (MACQ)
Self-report

Total score

Cognitive function index (CFI)
Self-report

Total score

Behavioral pattern separation
object test (BPSO)

Total errors

Total correct

TABLE 2 (Continued)

HABS

Selective reminding test (SRT)
Delayed recall

Continuous long-term retrieval
Continuous retrieval

Long term retrieval

Long term storage

Recognition recall
Short term retrieval
Total recall

Trail making test (TMT)
Time to complete A
Commission errors on A
Sequencing errorson A
Time to complete B
Commission errors on B
Sequencing errors on B
Set-shifting errors on B

Visual form discrimination test
(VFDT)

Total score
Letter-Number Sequencing

Total score

A4

Accuracy

Identification test (IDN)
Total errors

Total correct

Accuracy

Face name associative memory
exam (FNAME)

First Letter Name Recall
Total errors
Total correct
Accuracy
Face Recognition
Total errors
Total correct
Accuracy
Face Name Matching
Total errors
Total correct

Accuracy

Abbreviations: A4, Anti-Amyloid Treatment in Asymptomatic Alzheimer's;

HABS, Harvard Aging Brain

recall/immediate learning.

Study; percent retained, delayed

processed with FreeSurfer version 6.0 to generate regional volume

estimates.3233

242 | A4 Study

Total perseverations Accuracy

Total score for animals Percentage correct

Total score for vegetables Bias
(Similar|Similar—Similar|New)

Total score for fruit Detection test (DET)

Digit Span Total errors

Total score forward Total correct
Total score backward Accuracy
Phonemic fluency (FAS) One card learning test (OCL)
Total score Total errors
Total intrusions Total correct
Total perseverations Accuracy
Total score for F One back test (ONB)
Total score for A Total errors

Total score for S Total correct

(Continues)

MRI scans were available for a subset of AS positive participants in A4.
T1-weighted images were processed using NeuroQuant (Cortechs.ai),
a fully automated segmentation pipeline that generates an age- and
sex-specific atlas for each participant. These atlases were then used to
generate regional volume estimates.

For the analyses, we used ROlIs from the frontal, temporal, and pari-
etal lobes that were available in both cohorts (Table 3). Regions were

averaged across the left and right hemispheres.

2.5 | Analyses
We used elastic net regression®* (glmnet®> package in R3¢) to iden-
tify cognitive test scores that were optimally related to tau PET signal

in the ITC. Elastic net regression is a machine-learning regularization



TERAOET AL.

Diagnosis, Assessment 50f9

TABLE 3 Structural neuroimaging variables included in both
cohorts.

ROIs
Amygdala
Entorhinal cortex
Parahippocampal gyrus
Hippocampus
Fusiform gyrus
Inferior temporal gyrus
Middle temporal gyrus
Superior temporal gyrus
Temporal pole
Inferior parietal lobule
Superior parietal lobule
Superior frontal gyrus
Globus pallidus

Note: All volumetric regions were entered as bilateral variables and cor-

rected for intracranial volume.
Abbreviation: ROls, regions of interest.

technique that combines ridge and least absolute shrinkage and selec-
tion operator (LASSO) regression to create a final sparse model.3* In
an elastic net regression, a controls the penalty, and can vary between
a = 1 (LASSO regression) and a = O (ridge regression), whereas 1
tunes the strength of the penalty applied to the predictor variables.
As in LASSO regression, coefficients for nonsignificant predictors are
reduced to zero. However, in contrast to LASSO regression, elastic
net regressions are better equipped to handle highly correlated pre-
dictor variables,3* which is often the case with cognitive test scores.
The penalty applied to the predictor variables is tuned to be suffi-
ciently stringent such that the resulting models are sparse with only
nonredundant predictors remaining as non-zero predictors. Within
this modeling approach, all non-zero predictors are interpreted as
significantly and uniquely contributing to the outcome.

In each cohort, separate elastic net models were used to identify the
cognitive test scores that optimally relate to tau PET signal in the ITC.
Hyperparameter tuning involved 10-fold cross-validation repeated 10
times to identify the optimal @ and A that minimized model mean square
error. Potential a values included 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8,
0.9, and 1. The elastic net model was then retrained on the entire data
set using these identified hyperparameters to estimate the final model.
All model predictors were included as linear predictors, as we found
no evidence that nonlinear predictor relationships requiring nonlin-
ear smoothers were present. We repeated this process for each model
presented.

The goal of this study was to identify cognitive test scores that
optimally correlate with ITC tau. Thus, in the first elastic net model,
cognitive test scores (Table 2) were entered as predictors and ITC tau
was entered as the outcome variable. Before entering these variables
into the models, we regressed out age, sex, and years of education. A

secondary goal was to investigate whether these cognitive test scores

Disease Monitoring

(Table 2) maintained their associations with ITC tau after including
regional MRI measures (Table 3) in the model. Age, sex, years of edu-
cation, and total intracranial volume were regressed out of the MRI
measures before entering them into the models. All variables were
standardized to enable direct comparison of model coefficients within
the study.3* The value of each model coefficient represents the rela-
tive weight of each predictor within the model, with the sign of the
coefficients indicating whether the relationship between the cognitive
predictor and ITC tau is positive or negative.

3 | RESULTS

3.1 | HABS

Demographic and clinical data for the HABS cohort are presented
in Table 1. As mentioned above, we included data from participants
at their Year 4 follow-up visit, as this was when most participants
underwent their first tau PET scan. A total of 261 participants had cog-
nitive data available in Year 4; however, only 135 participants had tau
PET imaging data available. Altogether, 131 participants had cognitive,
structural MRI, and tau PET data in Year 4. Participants were excluded
if they had missing cognitive tests scores at Years 3, 4, and 5 (n = 2),
or if their scores were extreme outliers on any cognitive tests (defined
as mean =+ 4 standard deviations [SD], n = 1 excluded for the TMT A).
The final HABS sample consisted of 128 participants (55% female, 88%
White) with a mean age of 76.9 years (SD = 6.5). Twelve participants
(9%) had a CDR global score of 0.5 at their Year 4 follow-up visit. All par-
ticipants with imputed cognitive test scores (n = 22) had a CDR global
score of O at Year 5. A sensitivity analysis excluding participants with a
CDR global score of 0.5 (n = 12) had no significant effect on the results,
and, therefore, the full sample is reported. Another sensitivity analysis,
which involved rerunning the analyses after excluding participants with
imputed cognitive test scores (n = 22), showed no significant impact on
the results.

In the elastic net model (Model 1), where only cognitive test
scores were entered as predictor variables, a 10-fold cross-validation
repeated 10 times resulted in the model hyperparameters of a« = 0.8
and 4 = 0.013. Statistically significant, nonredundant predictors of ITC
tau are summarized in Table 4. All nonsignificant variables had 8 coef-
ficients that were not significantly different from zero. The model fit
statistics were R2 =0.19 and root mean squared error (RMSE) = 0.08.

Next, we added structural MRI measures to the model (Model 2). A
10-fold cross-validation repeated 10 times resulted in the final model
hyperparameters of & = 0.4 and A = 0.026. As summarized in Table 4, all
cognitive test scores identified as significant in Model 1 retained sig-
nificance in Model 2, with the addition of worse performance on the
Free and Cued Selective Reminding Test (FCSRT) 96. Furthermore, we
observed significant associations between smaller entorhinal, inferior
temporal, and parahippocampal volumes with greater ITC tau burden.
All nonsignificant variables had f coefficients that were not signifi-
cantly different from zero. The model fit statistics were R? = 0.20 and
RMSE =0.05.
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TABLE 4 HABSModels 1and 2: Cognitive and MRI correlates of
tau.

Model 1: 8 Model 2: 8

Coefficients Coefficients
Variable (e-03) (e-03)
FCSRT Free Recall Trial 3 -7.28 -5.77
FCSRT Total Recall Trial 2 -6.76 -4.43
VFDT -4.43 -3.75
SRT Recognition Recall —-4.37 -4.40
TMT A Commission Errors 1.90 1.95
Category Fluency Perseverations 1.83 1.42
TMT A Sequencing 0.89 1.90
FAS Perseverations 0.84 0.83
FCSRT Total Recall -0.31 -1.19
FCSRT 96 (free+total recall) - -0.09
Entorhinal Volume - -0.01
Parahippocampal Volume - <-0.01
Inferior temporal Volume - <-0.01

Notes: For Model 1, variables are presented in order of their absolute
weights or importance in the model.

Abbreviations: FCSRT, Free And Cued Selective Reminding Test; HABS,
Harvard Aging Brain Study; SRT, Selective Reminding Test; TMT, Trail
Making Test; VFDT, Visual Form Discrimination Test.

311 | A4

Demographic and clinical data for the A4 cohort are presented in
Table 1. A total of 393 participants in the A4 sample had cognitive test
and tau PET data. Participants were excluded if they had missing cog-
nitive test scores (n = 3) or if their scores were extreme outliers on
any cognitive tests (mean + 4 SD, n = 1 excluded for the Identification
test or IDN). As summarized in Table 1, the final A4 sample consisted
of 393 participants (60% female, 95% White), with a mean age of 71.5
(SD =4.6) years. All participants included in the final sample had a CDR
global score of O.

For the secondary analyses, we included individuals who met the
above criteria and had available structural MRI data, resulting in a final
sample size of N = 341. The demographic characteristics for these
participants were very similar to those included in the main analytic
sample and are presented in Table 1.

In the primary elastic net model (Model 1), where only cognitive
test scores were entered as predictor variables, a 10-fold cross-
validation repeated 10 times resulted in hyperparameters of a« = 0.9
and 1 = 0.014. The significant cognitive test scores that optimally cor-
related with ITC tau are summarized in Table 5. The model fit statistics
were RZ =0.13 and RMSE = 0.24.

When structural MRI variables were added as predictor variables
(Model 2), a 10-fold cross-validation repeated 10 times resulted in
hyperparameters of a = 0.8 and 2 = 0.018. In this model, IDN accu-
racy was no longer significant. As summarized in Table 5, all other

cognitive test scores from the primary model remained significant. We

TABLE 5 A4 Models 1and 2: Cognitive and neuroimaging
predictors of tau.

Model 1: 8 Model 2: 8
Coefficients Coefficients

Variable (e-03) (e-03)
FCSRT 96 -17.35 -17.27
CFI 15.56 12.33
IDN Accuracy -8.36 -
Logical Memory Delayed Recall -7.98 -8.77
Face Name Matching Errors 5.59 2.80
FCSRT Cued Recall Trial 2 5.49° 3.05%
MMSE -4.95 -4.29
BPSO Errors 3.16 227
Face Recognition Accuracy -2.03 -23.24
OCL Total Correct -191 -0.96
Face Name Matching Total Correct -0.95 -1.65
BPSO Total Correct -0.53 -1.42
Amygdala Volume . -251.09
Inferior Parietal Volume = -8.95
Middle Temporal Volume - -7.90
Fusiform Volume = —7.46
Inferior Temporal Volume - -6.55
Superior Temporal Volume - -0.03

Notes: For Model 1, variables are presented in order of their absolute
weights or importance in the model.

Abbreviations: A4, Anti-Amyloid Treatment in Asymptomatic Alzheimer's;
BPSO, Behavioral Pattern Separation Object Test; CFI, Cognitive Function
Index; FCSRT, Free and Cued Selective Reminding Test; MMSE, Mini-Mental
State Examination; OCL, One Card Learning.

aThat lower performance on FCSRT Cued Recall Trial 2 correlated with
greater tau burden may seem counterintuitive; however, Cued Recall on
Trial 2 was inversely correlated with Free Recall on Trial 2. That is, as par-
ticipants remembered more words during free recall, they required fewer
cues to recall the words they missed.

also found that smaller amygdala, middle temporal, inferior parietal,
inferior temporal, fusiform, and superior temporal volumes were sig-
nificantly associated with greater ITC tau. The model fit was RZ = 0.20
and RMSE = 0.24.

4 | DISCUSSION

We applied a machine-learning regularization approach to two inde-
pendent cohorts to identify cognitive test scores that optimally relate
to tau burden in the ITC, a region associated with early AD. Across
both cohorts, episodic memory measures—including both conventional
and “process” scores—emerged as the strongest correlates of tau bur-
den. These cognitive test scores remained significant after adjusting
for structural MRI measures. Together, these findings underscore the

utility of conventional and “process” cognitive test scores, particularly
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those related to episodic memory, in detecting and monitoring early
AD-related changes.

Consistent with previous research in preclinical AD,”37 episodic
memory test scores were the strongest correlates of ITC tau bur-
den. In addition to conventional episodic memory scores, such as free
recall and recognition performance, episodic memory “process” scores
were also significant, including trial-by-trial learning and error scores.
These findings align with prior studies demonstrating that “process”
scores can aid in detecting cognitive inefficiencies early in the course
of AD.38:37

Unlike theory-driven approaches, our data-driven method provided
the opportunity to identify cognitive test scores that we might not have
expected to correlate with AD pathology., Nevertheless, this approach
still identified episodic memory scores to be significantly related to
ITC tau. This convergence demonstrates the robustness of episodic
memory test scores as a sensitive marker of early AD pathology.

Across both cohorts, test scores from the FCSRT were the strongest
correlates of ITC tau. Unlike other list-learning memory tests, the
FCSRT offers the unique advantage of using semantic categories to
facilitate effective encoding.*® At retrieval, the same category cues
are used for items not recalled freely. This controlled encoding and
retrieval paradigm helps ensure that any observed difficulties are due
to genuine memory difficulties rather than impairments in other cogni-
tive domains (e.g., attention or executive function) that may impact test
performance.*!

The cognitive function index (CFI1),%? a self-report measure of sub-
jective cognitive decline, emerged as one of the strongest correlates
of ITC tau burden in the A4 Study. This measure was not available
in Year 4 of HABS. Previous research has demonstrated associations
between subjective cognitive decline and AD biomarkers, including ele-
vated ABand tau burden.*344 In this study, the CFl outperformed many
objective cognitive scores, underscoring its potential to complement
objective cognitive tests in predicting tau burden. Importantly, the CFI
has demonstrated measurement invariance (i.e., equivalence) across
several ethnoracial groups,* unlike many standard tests.*®

Executive function “process” scores also emerged as significant cor-
relates of ITC tau burden in HABS. These included commission errors
on Trails A (i.e.,, deviating from the correct sequence) and repetition
errors on both category and phonemic fluency. These cognitive tests
were not administered in A4. These executive “process” scores may
reflect subtle difficulties with self-monitoring, which may not be cap-
tured by standard executive function test scores. providing a more
sensitive approach to detecting cognitive inefficiencies in the earliest
stage of the disease.

Several other non-episodic memory measures were significantly
associated with ITC tau. In HABS, a test of visuoperceptual discrimi-
nation (i.e., Visual Form Discrimination Test) was among the strongest
correlates of ITC tau. This association likely reflects the involvement
of the ITC in visual object recognition/discrimination.*’ Indeed, prior
work has shown that these processes are impaired early in the course
of AD.*84? A similar visuoperceptual measure was not available in A4.

Within A4, accuracy on a reaction time task (i.e., IDN) was significantly

Disease Monitoring

correlated with ITC tau but was no longer significant when structural
MRI measures were added to the model.

Across both HABS and A4, several cognitive test scores remained
significant even after adjusting for structural MRI measures, highlight-
ing their sensitivity to early neocortical tau. In HABS, cognitive test
scores showed stronger associations with ITC tau compared to struc-
tural MRI measures, emphasizing their relevance in detecting early
tau accumulation. In A4, smaller amygdala volume emerged as the
strongest correlate of ITC tau. This discrepancy may be due to differ-
ences in the cohorts: all participants in the A4 study were Ag positive,
whereas only a third of participants in HABS were AS positive. This
difference may contribute to greater variability in structural MRI mea-
sures within A4, potentially influencing the associations between the
cognitive test scores and ITC tau.

In both cohorts, reduced volumes in medial and lateral temporal
regions emerged as significant correlates of ITC burden. These asso-
ciations likely reflect the close correlation between tau burden and
regional atrophy,'® and align with Braak staging of tau pathology in
AD.% Medial temporal structures, including the entorhinal cortex and
parahippocampal gyrus, are among the earliest sites affected by tau.
In early AD, tau pathology later extends to lateral temporal regions,
including the ITC.>° Therefore, the significant volumetric correlates
are likely the result of reduced volume caused by tau spreading.

In HABS and A4, the elastic net models with cognitive predictors
alone explained 19% and 13% of the variance in ITC tau, respec-
tively. When structural MRI measures were incorporated into the
models, there was a modest improvement in model fit in both HABS
and A4, resulting in a 0.5% and 7.3% increase in explained vari-
ance, respectively. These findings underscore the potential for further
model refinement and suggest that more sensitive cognitive tests—
specifically those targeting functions supported by the ITC—could
capture additional variance in ITC tau.

Several important limitations should be considered when interpret-
ing the results of this study. First, cross-cohort validation was not
feasible due to limited overlapping cognitive test scores between the
two cohorts. Second, the relatively small sample sizes in both cohorts
precluded the possibility of a test-train split. As a result, the mod-
els presented here were trained and tested within the same data set,
emphasizing the need for validation in independent data sets. Third,
the small sample size of the cohorts also prevented us from exam-
ining whether the correlates of ITC tau differed by sex. Fourth, the
structural MRI measures in HABS and A4 were derived using differ-
ent pipelines, which could have contributed to different results across
the two cohorts. Finally, both HABS and A4 cohorts are predominately
White and highly educated, and therefore future work should aim to
replicate the study findings in more diverse samples.

In conclusion, our application of a machine-learning regularization
approach revealed that episodic memory measures, including both
total and “process” scores, are robust correlates of tau burden in the
ITC, aneocortical region associated with early AD. These cognitive test
scores remained strong correlates of tau, even when structural MRI

measures were accounted for. Together, these findings underscore the
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potential of specific episodic memory test scores to detect and monitor
early cognitive changes associated with AD.

ACKNOWLEDGMENTS

The A4 and longitudinal evaluation of amyloid risk and neurode-
generation (LEARN) Studies were supported by a public-private-
philanthropic partnership, which included funding from the National
Institute on Aging of the National Institutes of Health (RO1 AG063689,
U19AG010483, and U24AG057437), Eli Lilly (also the supplier of
active medication and placebo), the Alzheimer’s Association, the Accel-
erating Medicines Partnership through the Foundation for the National
Institutes of Health, the GHR Foundation, the Davis Alzheimer Pre-
vention Program, the Yugilbar Foundation, Gates Ventures, an anony-
mous foundation, and additional private donors to Brigham and
Women'’s Hospital, with in-kind support from Avid Radiopharmaceuti-
cals, Cogstate, Albert Einstein College of Medicine, and the Foundation

for Neurologic Diseases.

CONFLICTS OF INTEREST STATEMENT

S.E.B. has served as a paid consultant for Roche, Biogen, and
NovoNordisk. S.E.B. serves on the advisory board for the Confer-
ence Board of Canada, World Dementia Council, National Institute of
Neurological Disorders and Stroke, and the University of Rochester
Contribution to the Mission and Scientific Leadership of the Small
Vessel VCID Biomarker Validation Consortium. R.AS. has received
grants or contracts from the National Institute on Aging, Eli Lilly
(public-private partnership trial funding), Eisai (public-private part-
nership trial funding), Alzheimer’s Association, and GHR Foundation.
R.A.S. has received consulting fees from Abbvie, AC Immune, Acumen,
Alector, Biohaven, Bristol-Myers Squibb, lonis, Janssen, Oligomerix,
Prothena, Roche, Shionogi, and Vaxxinity. J.S.R. was supported by
the Temerty-Tanz-TDRA Seed Fund. KV.P. was supported by a grant
from the National Institutes of Health (R0O1AG084017-01A1). CMT,
MW.A, R.PC,, S.Z.B., and J.P. have no conflicts of interest or funding
sources to declare. Author disclosures are available in the Supporting

Information.

CONSENT STATEMENT

HABS protocols were approved by the Partners HealthCare Insti-
tutional Review Board, and all participants provided informed con-
sent. A4 protocols were approved by relevant research ethics com-
mittees at each institution and all participants provided informed

consent.

ORCID

Caitlin M. Terao "'’ https://orcid.org/0000-0002-5506-9625

REFERENCES

1. Wu YT, Beiser AS, Breteler MMB, et al. The changing prevalence and
incidence of dementia over time—current evidence. Nat Rev Neurol.
2017;13(6):327-339.d0i:10.1038/nrneurol.2017.63

2. Jack CR Jr, Bennett DA, Blennow K, et al. NIA-AA Research Frame-
work: toward a biological definition of Alzheimer’s disease. Alzheimers
Dement. 2018;14(4):535-562.d0i:10.1016/}.jalz.2018.02.018

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

. Jagust W. Imaging the evolution and pathophysiology of Alzheimer dis-

ease. Nat Rev Neurosci. 2018;19(11):687-700. doi:10.1038/s41583-
018-0067-3

. Sperling RA, Donohue MC, Raman R, et al. Trial of solanezumab in pre-

clinical Alzheimer’s disease. N Engl J Med. 2023;389(12):1096-1107.
doi:10.1056/NEJM0a2305032

. Boxer AL, Sperling R. Accelerating Alzheimer’s therapeutic develop-

ment: the past and future of clinical trials. Cell. 2023;186(22):4757-
4772.doi:10.1016/j.cell.2023.09.023

. Rafii MS, Aisen PS. Detection and treatment of Alzheimer’s disease

in its preclinical stage. Nat Aging. 2023;3(5):520-531. doi:10.1038/
s43587-023-00410-4

. Mormino EC. The relevance of beta-amyloid on markers of Alzheimer’s

disease in clinically normal individuals and factors that influence
these associations. Neuropsychol Rev. 2014;24(3):300-312. doi:10.
1007/511065-014-9267-4

. Johnson KA, Schultz A, Betensky RA, et al. Tau positron emission

tomographic imaging in aging and early Alzheimer disease. Ann Neurol.
2016;79(1):110-119. doi:10.1002/ana.24546

. Lowe VJ, Bruinsma TJ, Wiste HJ, et al. Cross-sectional associations of

tau-PET signal with cognition in cognitively unimpaired adults. Neurol-
0gy.2019;93(1):e29-e39. d0i:10.1212/WNL.0000000000007728
Dubbelman MA, Mimmack KJ, Sprague EH, et al. Regional cerebral
tau predicts decline in everyday functioning across the Alzheimer’s
disease spectrum. Alzheimers Res Ther. 2023;15(1):120. doi:10.1186/
$13195-023-01267-w

Hanseeuw BJ, Betensky RA, Jacobs HIL, et al. Association of amyloid
and tau with cognition in preclinical Alzheimer disease: a longitudi-
nal study. JAMA Neurol. 2019;76(8):915-924.doi:10.1001/jamaneurol.
2019.1424

Ossenkoppele R, Pichet Binette A, Groot C, et al. Amyloid and tau
PET-positive cognitively unimpaired individuals are at high risk for
future cognitive decline. Nat Med. 2022;28(11):2381-2387. doi:10.
1038/541591-022-02049-x

US Department of Health and Human Services, Food and Drug
Administration, Center for Drug Evaluation and Research, Center for
Biologics Evaluation and Research. Alzheimer’s Disease: Developing
Drugs for Treatment Guidance for Industry. US Department of Health
and Human Services; 2018.

Schneider LS, Goldberg TE. Composite cognitive and functional mea-
sures for early stage Alzheimer’s disease trials. Alzheimers Dement.
2020;12(1):€12017.d0i:10.1002/dad2.12017

Insel PS, Mattsson N, Mackin RS, et al. Biomarkers and cognitive end-
points to optimize trials in Alzheimer’s disease. Ann Clin Transl Neurol.
2015;2(5):534-547.d0i:10.1002/acn3.192

Mura T, Coley N, Amieva H, et al. Cognitive decline as an outcome
and marker of progression toward dementia, in early preventive trials.
Alzheimers Dement. 2022;18(4):676-687.doi:10.1002/alz.12431

Papp KV, Rentz DM, Orlovsky |, Sperling RA, Mormino EC. Optimizing
the preclinical Alzheimer’s cognitive composite with semantic pro-
cessing: the PACC5. A&D Transl Res & Clin Interv. 2017;3(4):668-677.
doi:10.1016/j.trci.2017.10.004

Scott MR, Hampton OL, Buckley RF, et al. Inferior temporal tau is
associated with accelerated prospective cortical thinning in clinically
normal older adults. Neuroimage. 2020;220:116991. doi:10.1016/j.
neuroimage.2020.116991

Dagley A, LaPoint M, Huijbers W, et al. Harvard Aging Brain Study:
dataset and accessibility. Neuroimage. 2017;144(Pt B):255-258. doi: 10.
1016/j.neuroimage.2015.03.069

Sperling RA, Rentz DM, Johnson KA, et al. The A4 study: stopping AD
before symptoms begin? Sci Transl Med. 2014;6(228):228fs13. doi:10.
1126/scitranslmed.3007941

Sperling RA, Donohue MC, Raman R, et al. Association of factors with
elevated amyloid burden in clinically normal older individuals. JAMA
Neurol. 2020;77(6):735-745. doi:10.1001/jamaneurol.2020.0387


https://orcid.org/0000-0002-5506-9625
https://orcid.org/0000-0002-5506-9625
https://doi.org/10.1038/nrneurol.2017.63
https://doi.org/10.1016/j.jalz.2018.02.018
https://doi.org/10.1038/s41583-018-0067-3
https://doi.org/10.1038/s41583-018-0067-3
https://doi.org/10.1056/NEJMoa2305032
https://doi.org/10.1016/j.cell.2023.09.023
https://doi.org/10.1038/s43587-023-00410-4
https://doi.org/10.1038/s43587-023-00410-4
https://doi.org/10.1007/s11065-014-9267-4
https://doi.org/10.1007/s11065-014-9267-4
https://doi.org/10.1002/ana.24546
https://doi.org/10.1212/WNL.0000000000007728
https://doi.org/10.1186/s13195-023-01267-w
https://doi.org/10.1186/s13195-023-01267-w
https://doi.org/10.1001/jamaneurol.2019.1424
https://doi.org/10.1001/jamaneurol.2019.1424
https://doi.org/10.1038/s41591-022-02049-x
https://doi.org/10.1038/s41591-022-02049-x
https://doi.org/10.1002/dad2.12017
https://doi.org/10.1002/acn3.192
https://doi.org/10.1002/alz.12431
https://doi.org/10.1016/j.trci.2017.10.004
https://doi.org/10.1016/j.neuroimage.2020.116991
https://doi.org/10.1016/j.neuroimage.2020.116991
https://doi.org/10.1016/j.neuroimage.2015.03.069
https://doi.org/10.1016/j.neuroimage.2015.03.069
https://doi.org/10.1126/scitranslmed.3007941
https://doi.org/10.1126/scitranslmed.3007941
https://doi.org/10.1001/jamaneurol.2020.0387

TERAOET AL. Dlla)gi?:asslz, ?As(s)isistlcl)qreiﬁtg 90of 9

22. Kaplan E. The process approach to neuropsychological scores to identify subtle cognitive decline and predict progression
assessment.  Aphasiology.  1988;2(3-4):309-311.  doi:10.1080/ to mild cognitive impairment. J Alzheimers Dis. 2018;64(1):195-204.
02687038808248930 doi:10.3233/JAD-180229

23. Libon DJ, Bondi MW, Price CC, et al. Verbal serial list learning in mild 40. Buschke H. Cued recall in amnesia. J Clinl Neuropsychol. 1984;6(4):433-
cognitive impairment: a profile analysis of interference, forgetting, 440. doi:10.1080/01688638408401233
and errors. J Int Neuropsychol Soc. 2011;17(05):905-914. doi:10.1017/ 41. Grober E, Sanders AE, Hall C, Lipton RB. Free and cued
S1355617711000944 selective reminding identifies very mild dementia in pri-

24. Loewenstein DA, Acevedo A, Luis C, Crum T, Barker WW, Duara R. mary care. Alzheimer Dis Assoc Disord. 2010;24(3):284-290.
Semantic interference deficits and the detection of mild Alzheimer’s doi:10.1097/WAD.0b013e3181cfc78b
disease and mild cognitive impairment without dementia. J Inter Neu- 42. Amariglio RE, Donohue MC, Marshall GA, et al. Tracking early decline
ropsych Soc. 2004;10(01):91-100. doi:10.1017/51355617704101112 in cognitive function in older individuals at risk for Alzheimer dis-

25. Woodard JL, Dunlosky JA, Salthouse TA. Task Decomposition analysis ease dementia: the Alzheimer’s disease cooperative study cogni-
of intertrial free recall performance on the rey auditory verbal learning tive function instrument. JAMA Neurol. 2015;72(5):608. doi:10.1001/
test in normal aging and Alzheimer’s disease. J Clin Exp Neuropsychol. jamaneurol.2014.3375
1999;21(5):666-676.d0i:10.1076/jcen.21.5.666.872 43. Buckley RF, Hanseeuw B, Schultz AP, et al. Region-specific association

26. Morris JC. The Clinical Dementia Rating (CDR): current version and of subjective cognitive decline with tauopathy independent of global 3-
scoring rules. Neurology. 1993;43(11):2412-2414. doi:10.1212/WNL. amyloid burden. JAMA Neurol. 2017;74(12):1455-1463. doi:10.1001/
43.11.2412-a jamaneurol.2017.2216

27. Folstein MF, Folstein SE, McHugh PR. “Mini-mental state”. A prac- 44, Wen C, Bi YL, Hu H, et al. Association of subjective cognitive decline
tical method for grading the cognitive state of patients for the with cerebrospinal fluid biomarkers of Alzheimer’s disease pathology
clinician. J Psychiatr Res. 1975;12(3):189-198. doi:10.1016/0022- in cognitively intact older adults: the cable study. J Alzheimers Dis.
3956(75)90026-6 2022;85(3):1143-1151.d0i:10.3233/JAD-215178

28. Wechsler D. WMS-R: Wechsler Memory Scale-Revised. Psychological 45. Ruthirakuhan M, Wood Alexander M, Cogo-Moreira H, et al. Inves-
Corporation; 1987. tigating the factor structure of the preclinical Alzheimer cognitive

29. Young CB, Winer JR, Younes K, et al. Divergent cortical tau composite and cognitive function index across racial/ethnic, sex, and
positron emission tomography patterns among patients with pre- A status groups in the A4 study. J Prev Alz Dis. 2024;11:48-55. doi: 10.
clinical Alzheimer disease. JAMA Neurol. 2022;79(6):592-603. doi:10. 14283/jpad.2023.98
1001/jamaneurol.2022.0676 46. Manly JJ. Critical issues in cultural neuropsychology: profit from diver-

30. Lépez-Gonzalez FJ, Costoya-Sanchez A, Paredes-Pacheco J, et al. sity. Neuropsychol Rev. 2008;18(3):179-183. doi:10.1007/s11065-
Impact of spill-in counts from off-target regions on [*®F]Flortaucipir 008-9068-8
PET quantification. Neurolmage. 2022;259:119396. doi:10.1016/j. 47. Gross CG. Representation of visual stimuli in inferior temporal cortex.
neuroimage.2022.119396 Philos Trans R Soc Lond B Biol Sci. 1992;335(1273):3-10. doi:10.1098/

31. Jadhav A, Pramod D, Ramanathan K. Comparison of performance rstb.1992.0001
of data imputation methods for numeric dataset. Appl Artif Intell. 48. Gaynor LS, Curiel Cid RE, Penate A, et al. Visual object discrimina-
2019;33(10):913-933.d0i:10.1080/08839514.2019.1637138 tion impairment as an early predictor of mild cognitive impairment

32. Fischl B. FreeSurfer. Neuroimage. 2012;62(2):774-781. doi:10.1016/j. and Alzheimer’s disease. J Int Neuropsychol Soc. 2019;25(7):688-698.
neuroimage.2012.01.021 doi:10.1017/51355617719000316

33. Desikan RS, Ségonne F, Fischl B, et al. An automated labeling system 49. Kaskie B, Storandt M. Visuospatial deficit in dementia of the
for subdividing the human cerebral cortex on MRI scans into gyral Alzheimer type. Archives of Neurology. 1995;52(4):422-425. doi:10.
based regions of interest. Neuroimage. 2006;31(3):968-980. doi:10. 1001/archneur.1995.00540280120025
1016/j.neuroimage.2006.01.021 50. Braak H, Braak E. Neuropathological stageing of Alzheimer-

34.

35.

36.

37.

38.

39.

Zou H, Hastie T. Regularization and variable selection via the elastic
net. J Royal Statistical Soc Series B: Statistical Methodol. 2005;67(2):301-
320.d0i:10.1111/j.1467-9868.2005.00503.x

Friedman J, Hastie T, Tibshirani R. Regularization paths for general-
ized linear models via coordinate descent. J Stat Soft. 2010;33(1):1-22.
doi:10.18637/jss.v033.i01

R Core Team. R. A language and environment for statistical computing.
R Foundation for Statistical Computing; 2021. https://www.R-project.
org/

Sperling RA, Mormino EC, Schultz AP, et al. The impact of amyloid-
beta and tau on prospective cognitive decline in older individuals. Ann
Neurol. 2019;85(2):181-193.doi:10.1002/ana.25395

Loewenstein DA, Curiel RE, Duara R, Buschke H. Novel cognitive
paradigms for the detection of memory impairment in preclinical
Alzheimer’s disease. Assessment. 2018;25(3):348-359. doi:10.1177/
1073191117691608

Thomas KR, Edmonds EC, Eppig J, Salmon DP, Bondi MW; Alzheimer’s
Disease Neuroimaging Initiative. Using neuropsychological process

related changes. Acta  Neuropathol. 1991;82(4):239-259.

doi:10.1007/BF00308809

SUPPORTING INFORMATION

Additional supporting information can be found online in the Support-

ing Information section at the end of this article.

How to cite this article: Terao CM, Alexander MW, Chalmers
RP, et al. Identifying cognitive test scores associated with early
tau burden in Alzheimer’s disease. Alzheimer’s Dement.
2025;17:€70052. https://doi.org/10.1002/dad2.70052


https://doi.org/10.1080/02687038808248930
https://doi.org/10.1080/02687038808248930
https://doi.org/10.1017/S1355617711000944
https://doi.org/10.1017/S1355617711000944
https://doi.org/10.1017/S1355617704101112
https://doi.org/10.1076/jcen.21.5.666.872
https://doi.org/10.1212/WNL.43.11.2412-a
https://doi.org/10.1212/WNL.43.11.2412-a
https://doi.org/10.1016/0022-3956(75)90026-6
https://doi.org/10.1016/0022-3956(75)90026-6
https://doi.org/10.1001/jamaneurol.2022.0676
https://doi.org/10.1001/jamaneurol.2022.0676
https://doi.org/10.1016/j.neuroimage.2022.119396
https://doi.org/10.1016/j.neuroimage.2022.119396
https://doi.org/10.1080/08839514.2019.1637138
https://doi.org/10.1016/j.neuroimage.2012.01.021
https://doi.org/10.1016/j.neuroimage.2012.01.021
https://doi.org/10.1016/j.neuroimage.2006.01.021
https://doi.org/10.1016/j.neuroimage.2006.01.021
https://doi.org/10.1111/j.1467-9868.2005.00503.x
https://doi.org/10.18637/jss.v033.i01
https://www.R-project.org/
https://www.R-project.org/
https://doi.org/10.1002/ana.25395
https://doi.org/10.1177/1073191117691608
https://doi.org/10.1177/1073191117691608
https://doi.org/10.3233/JAD-180229
https://doi.org/10.1080/01688638408401233
https://doi.org/10.1097/WAD.0b013e3181cfc78b
https://doi.org/10.1001/jamaneurol.2014.3375
https://doi.org/10.1001/jamaneurol.2014.3375
https://doi.org/10.1001/jamaneurol.2017.2216
https://doi.org/10.1001/jamaneurol.2017.2216
https://doi.org/10.3233/JAD-215178
https://doi.org/10.14283/jpad.2023.98
https://doi.org/10.14283/jpad.2023.98
https://doi.org/10.1007/s11065-008-9068-8
https://doi.org/10.1007/s11065-008-9068-8
https://doi.org/10.1098/rstb.1992.0001
https://doi.org/10.1098/rstb.1992.0001
https://doi.org/10.1017/S1355617719000316
https://doi.org/10.1001/archneur.1995.00540280120025
https://doi.org/10.1001/archneur.1995.00540280120025
https://doi.org/10.1007/BF00308809
https://doi.org/10.1002/dad2.70052

	Identifying cognitive test scores associated with early tau burden in Alzheimer’s disease
	Abstract
	1 | BACKGROUND
	2 | METHODS
	2.1 | Participants
	2.1.1 | HABS
	2.1.2 | A4 Study

	2.2 | Tau PET scans
	2.2.1 | HABS
	2.2.2 | A4 Study

	2.3 | Cognition
	2.3.1 | HABS
	2.3.2 | A4 Study

	2.4 | Neuroimaging
	2.4.1 | HABS
	2.4.2 | A4 Study

	2.5 | Analyses

	3 | RESULTS
	3.1 | HABS
	3.1.1 | A4


	4 | DISCUSSION
	ACKNOWLEDGMENTS
	CONFLICTS OF INTEREST STATEMENT
	CONSENT STATEMENT
	ORCID
	REFERENCES
	SUPPORTING INFORMATION


