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Abstract

Scalable cognitive paradigms that providemetrics such as theComputerizedCognitive

Composite (C3) may be sensitive enough to relate to Alzheimer’s disease biomark-

ers in the preclinical clinically unimpaired (CU) stage. We examined CU older adults

(n= 3287) who completed alternate versions of the C3 approximately 51 days apart. A

subset ofCUwith abnormal amyloid also completed tau positron emission tomography

(PET) imaging. C3 initial performance and practice effectswere examined in relation to

amyloid status and continuous regional tau burden. Initial C3 performance was asso-

ciated with amyloid status across all participants, and with tau burden in the medial

temporal lobe andearly cortical regions inCUwith abnormal amyloid. Short-termprac-

tice effects were associated with reduced tau in these regions in CU with abnormal

amyloid, but were not associated with amyloid status. Thus, computerized cognitive

testing repeated over a short follow-up period provides additional insights into early

Alzheimer’s disease processes.
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1 BACKGROUND

A major barrier for Alzheimer’s disease (AD) prevention strategies

is the identification of sensitive cognitive tests that change during

the course of preclinical AD and can be administered in a large-scale

multi-site setting. Computerized assessments,1 providingmetrics such

as the Computerized Cognitive Composite (C3),2–4 are one promising

approach as they require relatively low burden and cost, and are

correlated with gold-standard paper-and-pencil measures of early
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cognitive decline such as the Preclinical Alzheimer’s Cognitive Com-

posite (PACC).4 Practice effects, or expected improved performance

on repeated testing reflecting learning,5,6 can easily be quantified

from repeat testing over short intervals on computerized assessments.

Diminished practice effects have been associatedwith future cognitive

decline,7–9 amyloid status,10,11 and neurodegeneration biomark-

ers including CSF amyloid and tau12 across the AD spectrum.13

Importantly, practice effects can be due to conceptual- and form-

related familiarity as individuals gain experience with both general
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task procedures and specific test stimuli if the same test versions are

used, or conceptual-related familiarity alone if alternate stimuli are

used. How performance on computerized metrics like the C3, both

from single and repeat assessments, relate to both early amyloid and

tau burden in a large multi-site cohort of preclinical AD individuals has

not yet been examined.

The C3 consists of three memory-based measures targeting dis-

crimination, associative memory, and visual memory that are sensitive

to early decline in AD and change over time.2–4 Cross-sectional C3

performance distinguishes between impaired and clinically unimpaired

(CU) individuals,2,3,14 as well as between CU individuals with abnor-

mal (A+) and normal (A−) amyloid.4,15 A+CU show significantly worse

cross-sectional C3 performance than A−, but practice effects are com-

parable between A- and A+CU.4 Only one study to date has examined

initial C3 performance and practice effects in relation to tau. This study

of 81 A− and 33 A+ CU found no association between C3 initial per-

formance and tau. However, lower C3 practice effects over 3 months

derived from a mixture of same (capturing both conceptual- and

form-related familiarity) and alternate (capturing conceptual-related

familiarity alone) test versions were associated with higher amyloid

burden and tau deposition in entorhinal cortex and inferior temporal

(IT) lobe.16

While the literature on how C3 performance, specifically, is

impacted by AD biomarkers is small, reduced practice effects on

other neuropsychological tests have been shown to reflect underlying

AD neuropathology (for review, see13). For example, domain-specific

practice effects on the Repeatable Battery for the Assessment of Neu-

ropsychological Status memory subscales only were identified in CU

older adults and were reduced in the A+ group.10 Reduced prac-

tice effects have even been identified in A− CU older adults who are

APOE e4 carriers, highlighting the utility of practice effects for early

detection.17

The goal of the present study was to extend our understanding

of cross-sectional performance and practice effects on the C3 in a

large-scale multi-site study of preclinical AD. We leveraged a sample

of 4141 CU individuals with amyloid positron emission tomography

(PET) and two C3s derived from alternate test versions completed

approximately 51 days apart, including a subset of 343 A+CUwith tau

PET imaging.18,19 We hypothesized that initial C3 performance would

relate to global amyloid status, and that practice effects would provide

anadditional unique signal of tau in themedial temporal lobe (MTL) and

select early cortical regions.

2 METHODS

2.1 Participants

The Anti-Amyloid Treatment in Asymptomatic Alzheimer’s Disease

(A4) study (https://a4study.org) is a secondary prevention trial in pre-

clinical AD that screened participants 65–85 years old who were CU

(MiniMental State Examination score of 25–30, global ClinicalDemen-

tia Rating score of 0, Logical Memory Delayed Recall IIa score of

RESEARCH INCONTEXT

1. Systemic Review: The authors reviewed the literature on

practice effects and computerized cognitive assessments

with particular attention to the Computerized Cognitive

Composite (C3), a metric derived from three computer-

izedmemory-focused tests. Crucially, no previous studies

have examined how performance on computerized met-

rics like the C3, both from single and repeat assessments,

relate to both early amyloid and tau burden in a large

multi-site cohort of preclinical Alzheimer’s disease.

2. Interpretation: In clinically unimpaired older adults, ini-

tial C3 performance was significantly associated with

both amyloid and tau, whereas short-term practice

effects demonstrated aunique additional signal reflecting

tau burden in the medial temporal lobe and early cortical

regions in amyloid positive individuals.

3. Future Directions: Future work is needed to determine

if practice effects on computerized assessments pre-

dict future cognitive decline and how practice effects

obtained from same versus alternate test versions affect

this predictive power.

6–18).18 All participants provided written informed consent prior to

participation and Institutional Review Board approval was obtained

at each study site. Participants completed the C3 at initial Visit 1

and repeat Visit 3 (median = 51, interquartile range = 38–70 days

apart). Eligibility based on unimpaired cognitive status and lack of

significant co-morbid medical conditions was assessed during Visit

1. Those meeting Visit 1 eligibility underwent an amyloid PET scan

with18-F-florbetapir todetermineAβ status atVisit 2.Of the4486par-

ticipants who completed amyloid PET, 99 participants with Japanese

as their primary language did not complete the C3 due to concerns

about test validity, leaving4387 remainingparticipants.After exclusion

related to missingness and score validity (Figure 1A), 4287 partici-

pants were included in analyses focused on initial C3 performance and

4141 participants were included in analyses focused on demographics,

practice effects, and amyloid status. A smaller subset of 446 partic-

ipants completed tau PET imaging with18-F-flortaucipir. We focused

our analyses examining C3 relationships with regional tau on A+ indi-

viduals given that most participants with tau PET data were A+ (only

55/446 scannedwith tau PETwereA−20). Based on the intersection of

available tau PET data with valid C3 data, 354 A+ participants were

included in analyses examining initial C3 performance and 343 A+

participants were included in practice effect analyses in relation to tau.

2.2 Amyloid status and tau PET imaging

Amyloid status was determined using a hybrid quantitative/qualitative

method used by A4.2 Flortaucipir data (5-min frames) and

https://a4study.org
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F IGURE 1 C3 practice effects. (A) C3 score
changes from initial to repeat assessments.
Colored lines depict scores for an individual
subject. Black lines indicate themean score
change for those who declined from initial to
repeat assessments (n= 1341) and for those
who improved from initial to repeat assessments
(n= 2800). (B) Relation between initial
performance and practice effects after
controlling for age, sex, education, race, and
ethnicity. (C) Association between tau and C3
practice effects. Participants were first stratified
into 5 quartiles based on initial C3 performance.
By examining stratified groups (i.e., restricting
the range of baseline values), we removed the
negative association between initial
performance and practice effects. Associations
between tau and C3 practice effects for each
stratified group after adjusting for demographic
variables were examined (left column). Despite
the reduced power in the stratified groups, the
beta weights are similar to those calculated from
all participants after adjusting for demographics
and initial performance (right column). A−,
normal amyloid; A+, abnormal amyloid; BPSO,
behavioral pattern separation task-object; C3,
computerized cognitive composite; FNAME,
Face Name AssociativeMemory Examination;
OCL, One Card Learning.
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T1-weighted MRI were downloaded from LONI and processed as

recently described.20 Tau SUVRs in bilateral MTL (average of bilateral

entorhinal cortex and amygdala regions), IT, inferior parietal (IP), and

precentral regions were calculated using cerebellar cortex as the

reference region.

2.3 Computerized cognitive testing

The C3 combines three memory-based scores: (1) Behavioral Pat-

tern Separation Task-Object (BPSO) lure discrimination index, (2) Face

Name AssociativeMemory Exam (FNAME) accuracy on the face-name

matching task, and (3) One Card Learning (OCL) accuracy from the

CogState Brief Battery (Table S1). A composite score was created in

part to maximize signal to noise ratio in a population with expected

subtle cognitive deficits.4

In BPSO, participants are shown the same image interspersed with

novel and similar images, and participants must categorize each image

as old, similar, or new.21 A higher lure discrimination index (a d’prime

metric computed using “similar” responses / similar items—“similar”

responses / new items) indicates an improved ability to correctly iden-

tify lures, which has been linked to pattern separation mechanisms in

the hippocampus.22 In FNAME, participants are shown 12 face-name

pairs and after a delay, participants complete a first letter name recall

task, a face-name matching task, and a face recognition task. Accu-

racy from the face-name matching task has previously been linked to

amyloid burden in normal aging cohorts.23 In OCL, participants learn a

series of playing cards by indicating “yes” or “no” as towhether the card

was previously presented.24 Poorer performance on this task has been

related to higher levels of CSF phosphorylated-tau-181/AB-42 in late

middle-aged participants.25 Alternate versions of C3memory subtests

were used at the initial and repeat assessments.

2.4 Statistical analyses

Because wewere interested in change in scores over time, z-scores for

the BPSO, FNAME, andOCL tasks at the initial visit and at Visit 3 were

internally normed using the means and standard deviations from all

valid data at the initial assessment (n=4387). TheC3was created from

mean z-scores if at least two of the three C3 tasks were completed.

Practice effects were defined as change (i.e., subtraction) in z-scores

from initial to repeat assessments. All analyses were repeated with

practice effects defined as reliable change indices using the Jacobson

and Traux (1991)26 formula and all results remained consistent.

A series of linear regressions were used to examine the impact of

demographic factors on initial C3 performance andC3 practice effects.

Given the short time between the initial and repeat administration of

the C3, and to understand potential regression to the mean effects,

we additionally assessed the relationship between initial performance

and practice effects.We then examined biomarker (i.e., amyloid status,

MTL tau burden) relationships with initial C3 performance, C3 prac-

tice effects, and C3 practice effects accounting for initial performance;

separate models were used for amyloid status andMTL tau. Follow-up

analyses using the individual BPSO, FNAME, andOCL scoreswere also

conducted to determine if any one subtestwas driving effects.MTL tau

models were repeated using IT, IP, and precentral regions to explore

C3 relationships with tau outside of the MTL. Additional details are

provided inMethods S1.

3 RESULTS

3.1 Demographics

Participant demographics are listed in Table 1 and the CONSORT

diagram is shown in Figure S1. Initial C3 performance and practice

effects were associated with several demographic variables. Specif-

ically, worse initial C3 performance was associated with older age

and lower education, and worse performance was observed in males,

non-White, and Hispanic/Latino participants (Table 2A). Diminished

C3 practice effects were also associated with older age, younger

education, and non-White and Hispanic/Latino status, but only after

adjusting for initial performance (Tables 2B,C). Similar patterns were

observed for individual BPSO, FNAME, andOCL tests.

3.2 Regression to the mean and practice effects

Theoverallmagnitudeofpracticeeffects at thegroup levelwaspositive

and significantly different than zero (indicated by the model intercept

terms in Table 2B,C), showing that on average, participants improved

on the C3 from their initial to repeat assessments. Direct exami-

nation of C3 scores indicated a significant positive practice effect,

t(4140) = −29.036, p < 0.001, from the initial (mean C3 = −0.002)

to repeat (mean C3 = 0.277) assessment with 2800/4141 (68%)

of participants showing improved performance (Figure 1A). C3 ini-

tial performance was also negatively associated with practice effects

(Figure 1B) suggesting regression to themean; initial performancewas

not at ceiling for any C3 component. Both practice effects and regres-

sion to the mean effects were present for the C3 and the individual

components (Table 2C).

3.3 Initial C3 performance and biomarkers

Worse initial C3 performance was associated with amyloid positiv-

ity and greater tau burden in the MTL, IT, and IP (Table 3). Amyloid

explained 0.2% of the variance in C3 performance across the full sam-

ple of A− and A+, whereasMTL, IT, and IP tau explained 1%–3% of the

variance within the A+ group (Figure 2). For individual components,

BPSO performance was significantly related to both amyloid positivity

and greater MTL tau (marginally associated with IT tau), FNAME was

associated with MTL tau, and OCL was associated with amyloid posi-

tivity and IP tau. Associations with precentral tau were not significant

with the exception of an association with FNAME.
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TABLE 1 Demographic and clinical information for participants included in initial performance analyses as well as analyses focused on practice
effects.

Initial performance

subset (n= 4287)

Practice effect subset

(n= 4141)

A+ initial performance

subset with tau data

(n= 354)

A+ practice effect

subset with tau data

(n= 343)

Age, mean (SD) 71.25 (4.648) 71.23 (4.643) 71.93 (4.706) 71.95 (4.721)

Sex, n (%)

Male 1715 (40%) 1663 (40%) 142 (40%) 137 (40%)

Female 2572 (60%) 2478 (60%) 212 (60%) 206 (60%)

Education, mean (SD) 16.61 (2.844) 16.61 (2.853) 16.23 (2.841) 16.23 (2.841)

Race, n (%)

White 4003 (93%) 3869 (94%) 338 (95%) 327 (95%)

Asian 68 (2%) 65 (2%) 2 (1%) 2 (1%)

Black 155 (4%) 148 (4%) 9 (3%) 9 (3%)

Other 61 (1%) 59 (1%) 5 (1%) 5 (1%)

Ethnicity, n (%)

Hispanic or Latino 136 (3%) 132 (3%) 9 (3%) 8 (2%)

Not Hispanic or Latino 4117 (96%) 3976 (96%) 338 (95%) 329 (96%)

Unknown or Not Reported 34 (1%) 33 (1%) 7 (2%) 6 (2%)

APOE, n (%)

E2/E2 25 (1%) 24 (1%) 1 (0%) 1 (0%)

E2/E3 427 (10%) 414 (10%) 15 (4%) 15 (4%)

E2/E4 110 (3%) 105 (3%) 13 (4%) 12 (3%)

E3/E3 2296 (54%) 2223 (54%) 129 (36%) 126 (37%)

E3/E4 1252 (29%) 1209 (29%) 168 (47%) 163 (48%)

E4/E4 137 (3%) 134 (3%) 24 (7%) 24 (7%)

Unknown 40 (0.9%) 32 (0.8%) 4 (1.1%) 2 (0.6%)

Amyloid Status, n (%)

A− 3017 (70%) 2906 (70%) 0 (0%) 0 (0%)

A+ 1270 (30%) 1235 (30%) 354 (100%) 343 (100%)

PACC, mean (SD) 0.008 (2.530) −0.003 (2.530) −0.591 (2.785) −0.576 (2.771)

GDS, mean (SD) 1.005 (1.445) 0.998 (1.429) 0.983 (1.275) 0.980 (1.271)

STAI, mean (SD) 9.917 (3.123) 9.887 (3.101) 10.150 (3.056) 10.130 (3.062)

Abbreviations: A−, normal amyloid; A+, abnormal amyloid; C3, computerized cognitive composite; GDS, Geriatric Depression Scale; PACC, Preclinical

Alzheimer’s Cognitive Composite; STAI, State-Trait Anxiety Inventory.

3.4 C3 practice effects and biomarkers

ReducedMTL, IT, and IP tauwere significantly associatedwith stronger

practice effects using the C3 and individual components of BPSO and

FNAME when controlling for initial performance (Table 3; Figure 3).

However, C3 practice effects were not associated with either amyloid

or tau when initial performance was not considered (Table 3; Figure

S2). This pattern demonstrates that for a given initial C3 performance

level, the variance in practice effects is associated with regional tau,

an effect that would be undetected without controlling for initial per-

formance (presumably because of the strong regression to the mean

effect, Figure 1B). To further confirm this finding, we divided partici-

pants into five equally sized quantiles based on initial C3 performance

to reduce the range of initial C3 performance values (Methods S2).

Doing so removed any significant association between initial perfor-

mance and practice effects, and confirmed that variance in practice

effects continued to be related to regional tau (Figure 1C). This anal-

ysis provides further evidence that variability in task performance is

associatedwith elevated tau for a given level of initial C3 performance.

Practice effects on the C3 or individual components were not related

to amyloid status, with and without controlling for initial performance

(Table 3).
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TABLE 3 Beta weights (Standard Errors) and p-values for amyloid status and tau predicting initial computerized cognitive composite
performance, computerized cognitive composite practice effects, and computerized cognitive composite practice effects controlling for initial
performance. All models additionally control for age, sex, education, race, and ethnicity.

C3 BPSO FNAME OCL

Initial performance

Amyloid status (A+ vs. A−) n=4287 −0.075 (0.021); p< 0.001 −0.081 (0.033); p= 0.015 −0.027 (0.033); p= 0.405 −0.113 (0.033); p< 0.001

MTL tau in A+ only n= 354 −0.728 (0.220); p= 0.001 −0.725 (0.337); p= 0.032 −0.791 (0.346); p= 0.023 −0.587 (0.346); p= 0.090

IT tau in A+ only n= 354 −0.782 (0.264); p= 0.003 −0.742 (0.399); p= 0.064 −0.652 (0.415); p= 0.117 −0.862 (0.038); p= 0.038

IP tau in A+ only n= 354 −0.721 (0.281); p= 0.011 −0.592 (0.423); p= 0.163 −0.744 (0.444); p= 0.095 −0.747 (0.440); p= 0.091

Precentral tau in A+ only n= 354 0.835 (0.510); p= 0.102 0.407 (0.766); p= 0.596 1.623 (0.795); p= 0.042 0.630 (0.797); p= 0.430

Practice effects

Amyloid status (A+ vs. A−) n=4141 0.009 (0.021); p= 0.687 0.007 (0.035); p= 0.839 −0.007 (0.041); p= 0.856 0.017 (0.032); p= 0.597

MTL tau in A+ only n= 343 −0.228 (0.212); p= 0.283 −0.433 (0.375); p= 0.249 −0.551 (0.441); p= 0.212 0.288 (0.321); p= 0.370

IT tau in A+ only n= 343 −0.378 (0.252); p= 0.135 −0.603 (0.444); p= 0.175 −0.761 (0.526); p= 0.149 0.217 (0.384); p= 0.572

IP tau in A+ only n= 343 −0.347 (0.268); p= 0.198 −0.436 (0.470); p= 0.355 −0.761 (0.564); p= 0.235 −0.010 (0.408); p= 0.981

Precentral tau in A+ only n= 343 −0.716 (0.484); p= 0.140 0.803 (0.849); p= 0.345 −2.760 (1.002); p= 0.006 −0.123 (0.737); p= 0.867

Practice effects controlling for initial performance

Amyloid status (A+ vs. A−) n=4141 −0.018 (0.020); p= 0.348 −0.033 (0.030); p= 0.282 −0.019 (0.036); p= 0.599 −0.038 (0.028); p= 0.174

MTL tau in A+ only n= 343 −0.471 (0.202); p= 0.020 −0.811 (0.335); p= 0.016 −1.074 (0.381); p= 0.005 0.021 (0.281); p= 0.941

IT tau in A+ only n= 343 −0.640 (0.240); p= 0.008 −0.988 (0.395); p= 0.013 −1.187 (0.454); p= 0.009 −0.178 (0.337); p= 0.598

IP tau in A+ only n= 343 −0.584 (0.255); p= 0.023 −0.739 (0.419); p= 0.079 −1.155 (0.487); p= 0.018 −0.353 (0.357); p= 0.324

Precentral tau in A+ only n= 343 −0.458 (0.460); p= 0.320 −1.009 (0.757); p= 0.183 −1.745 (0.877); p= 0.047 0.164 (0.643); p= 0.799

Note: Amyloid status and tauwere examined using separate linear models.

Abbreviations: A−, normal amyloid; A+, abnormal amyloid; BPSO, behavioral pattern separation task-object; C3, computerized cognitive composite; FNAME,

Face NameAssociativeMemory Examination; IP, inferior parietal; IT, inferior temporal; MTL, medial temporal lobe; OCL, One Card Learning.

4 DISCUSSION

In a large sample of CU participants screened for a preclinical AD pre-

vention trial, computerized cognitive testing performance using theC3

was related to amyloid, MTL tau, and early cortical tau burden. Ini-

tial C3 performance was significantly associated with both amyloid

and tau, whereas short-term practice effects demonstrated a unique

additional signal reflecting tau burden in the MTL and early cortical

regions. The consistent relationships betweenC3performance andAD

biomarkers suggest that computerized assessments repeated over a

short timescale could potentially be a cost-effective and sensitivemea-

sure that reflects biomarker evidence of AD, though effect sizes and

demographic biases must be considered.

Our study demonstrates that initial and repeated C3 assessments

are associated with amyloid and tau biomarkers in preclinical AD. In

a previously published study examining the feasibility and validity of

C3 in A4, initial performance on the C3 as well as BPSO and OCL

tests significantly differed between A+ and A−CU groups, and partici-

pants showedsignificant practice effects (using alternate versions) that

did not differ in strength between amyloid groups.4 We replicate and

extend these findings to show that amyloid explains 0.2% of the initial

performance variance across A− and A+, whereas MTL, IT, and IP tau

explains 1%–3% of the initial variance in C3 performance within A+.

Although 1%–3% explained variance is relatively low, effects in pre-

clinical AD are typically small and even genetic risk factors including

APOE only explain 8%–10% of the variation in cognitive decline in this

early AD stage.27 Interestingly, we also show a C3 practice effect of

approximately ¼ of a standard deviation, a magnitude that is consis-

tent with other cognitive tests, patient samples, retest intervals, and

demographic variables.5,6,28

The lack of amyloid association with practice effects contributes

to the larger mixed literature that has shown both diminished prac-

tice effects (predominantly examined using the same test versions)

associated with higher levels of amyloid10,29–31 as well as no signifi-

cant relationship.4,31–33 Importantly, with our additional assessment of

tau, we show that although practice effects are not related to amyloid

status, diminished practice effects are significantly related to tau bur-

den in the MTL, IT, and IP among A+ CUs when initial performance

is considered. This is consistent with a previous study showing that

diminished practice effects on FNAME is associated with increased

tau in entorhinal cortex and amygdala in 33 A+ CU, and partially

consistent with examinations of 81 A– and 33 A+ CU showing that

C3 practice effects were associated with both global amyloid and

tau in the entorhinal cortex and IT.16 Critically, the use of alternate

versions in A4 may have weakened the strength of practice effects,

which could in turn be diminishing relations with biomarkers. Indeed,

reduced practice effects have been associated with greater amyloid

and tau burden on the FNAME when the same test stimuli was used,
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(A)

(B)

F IGURE 2 Initial C3 score performance and its association with amyloid and tau. (A) Initial C3 performance was higher in amyloid negative
(A−, pink) than amyloid positive (A+, green) individuals. (B) Greater tau burdenwas associated with worse initial C3 performance in A+
individuals. C3 scores shown here were adjusted for age, sex, education, race, and ethnicity for visualization purposes. BPSO, behavioral pattern
separation task-object; C3, computerized cognitive composite; FNAME, Face Name AssociativeMemory Examination; OCL, One Card Learning.

but these biomarker relationships were not present when alternate

test versions were used.34 Thus, our findings may be underestimat-

ing practice effect associations with biomarkers. Nevertheless, our

study demonstrates that in a large cohort of preclinical AD individ-

uals, repeated computerized assessment over a short timescale of

approximately2months yields additional unique informationabout tau

burden.

Initial C3 performancewas strongly related to all demographic vari-

ables. Older, lower educated, male, non-White, and Hispanic/Latino

participants performed worse on the C3 as well as its subcomponents.
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F IGURE 3 Relation between tau and C3 practice effects within A+ individuals after adjusting for demographics and initial performance.
Practice effects and tau SUVRs shown here were adjusted for age, sex, education, race, ethnicity, and initial C3 performance for visualization
purposes. BPSO, behavioral pattern separation task-object; C3, computerized cognitive composite; FNAME, Face Name AssociativeMemory
Examination; OCL, One Card Learning.

Black participants performed almost half a point worse than White

participants on the C3, Asian and Other races performed around 0.2

pointsworse thanWhite participants, andHispanic/Latinoparticipants

performed around 0.3 points worse than non-Hispanic/Latino partici-

pants; these race and ethnicity effects were generally present on the

individual BPSO, FNAME, and OCL tests. Notably, these race and eth-

nicity effects were present despite efforts to design and use more

culturally neutral tests. Given that it is well known that recognition of

own-race faces is better than other-race faces35 and the majority of

the participants were White, 30% of faces presented in the FNAME

task were non-White. Additionally, the use of cards in the OCL task

minimizes reliance on language.24,36 Further research is needed to

understand the cause of lower scores in underrepresented popula-

tions so that appropriate test adjustments can be made. Refinement

of tasks to minimize the effects of culture, race, and ethnicity; adjust-

ment for demographic variables; and calculation of demographically

adjusted norms will be critical for widespread valid implementation of

new computerized assessments.

There has been suggestion that practice effects may be a unique

cognitive variable that is less influenced by demographic variables

since an individual’s performance is compared with their own prior

performance.37 In linewith this suggestion, our results show that prac-

tice effects are not consistently related to any demographic variables

when initial performance is not considered. However, our results also

demonstrate that when initial performances are factored into practice

effects, there are consistent relationships with demographic variables,
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similar to those seenwith initial performance. This discrepancy is likely

due to the strong relationship between initial performance and prac-

tice effects reflecting a regression to the mean effect. With additional

assessments, such as what is done in burst designs for digital cog-

nitive assessments that involve high frequency testing over a short

time span,38 scores are expected to eventually converge at the mean,

presumably reflecting a more accurate and robust quantification of

an individual’s ability. Taken together, our results suggest that regres-

sion to the mean effects can obscure other important relationships,

highlighting the need to factor in initial performance.

Our results also show that practice effects provide a reliable and

unique signal of tau that is not captured by initial cognitive perfor-

mance. We demonstrated that diminished C3 practice effects were

consistently related to increased tau in the MTL, IT, and IP within A+

individuals; there was no association with amyloid status. Significant

tau accumulation within and beyond the MTL is common in the pre-

clinical AD stage.20 The MTL is crucial for encoding new information

into long-term memory,39 a necessary process for improved perfor-

mance on repeated task exposure, and tau deposition in this region

is associated with poorer memory performance even among CU.40,41

In addition to the initial manifestation of tau in the MTL, IT and IP

also showearly tau accumulation42 and are regionswith relatively high

rates of annual tau accumulation among A+ CU and A+mild cognitive

impairment.43 The association between practice effects and tau bur-

den was also observed when examining practice effects on individual

tests of BPSO and FNAME, but not OCL. While both BPSO44–46 and

FNAME47–50 were developed on the basis of fMRI paradigms shown

to robustly activate the MTL and cortical regions important for mem-

ory,OCL is amore continuousworkingmemory-typemeasure thatwas

not specifically designed to be sensitive in AD. Thus, OCL may be less

reliant on theMTL in comparison toBPSOandFNAME.Notably, across

the C3 and its individual tests, practice effects were not significantly

related to amyloid status or tau when initial effects were not con-

sidered. Thus, consideration of the regression to the mean effect has

important implications for uncovering relationships between practice

effects and tau burden.

Several limitations are important to consider. First, our study

consisted of predominantly White, highly educated individuals who

self-selected into the study. The generalizability of findings is to

be determined and this will be especially important to examine in

the context of digital literacy, especially as technology familiarity

was not assessed. Second, the current C3 subcomponents focus on

recognition instead of recall, and retrieval-based measures may yield

even stronger relationships with AD biomarkers. Third, we are unable

to comment on all types of practice effects because alternate test

versions were used. Although present, the practice effects detected

here with alternate test versions may be weaker than what has been

shown in other studies that used the same test stimuli.Weaker practice

effects may have allowed for an especially strong regression to the

mean effect and may partially explain the lack of association between

practice effects and tau burden when baseline performance was not

included. Thus, same versus alternate test versions have important

implications for detecting biomarker presence34 and use of the same

test stimuli could more strongly capture biomarker associations in

preclinical AD. Fourth, whether baseline performance should be

included when assessing change is a topic of statistical debate.51,52

Finally, other factors such as medication changes can affect neuropsy-

chological performance but were outside the scope of the current

study.

The present study has important implications for clinical trials. Our

results show that a single administration of the C3 relates to both amy-

loid status and tau burden, and that repeated administration over a

short timescale provides an additional independent association with

tau burden within preclinical AD individuals. Thus, frequently adminis-

tered computerized cognitive assessments yield unique variables, such

as practice effects, that are sensitive enough to relate to AD biomark-

ers. Although the effect sizes were relatively small and demographic

biases must be considered, computerized assessments and quantifica-

tion of practice effects for clinical trials have the potential to reduce

site burden and cost8 aswell as increase accessibility given its potential

for remote assessment. Additionally, our findings highlight that prac-

tice effects on cognitive tests are present even when alternate test

versions are used. Togetherwith other studies that have demonstrated

similar effects,11 our results challenge the notion that alternate test

forms eliminate practice effects.
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