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Abstract

BACKGROUND: Alzheimer’s disease-related biomarkers detect pathology years

before symptoms emerge, when disease-modifying therapies might be most benefi-

cial. Remote cognitive testing provides a means of assessing early cognitive changes.

We explored the relationship between neurodegenerative biomarkers and cognition

in cognitively normal individuals.

METHODS: We remotely deployed 13 computerized Cognitron tasks in 255 Insight

46 participants. We generated amyloid load and positivity, white matter hyperinten-

sity volume (WMHV), whole brain and hippocampal volumes at age 73, plus rates of

change over 2 years. We examined the relationship between Cognitron, biomarkers,

and standard neuropsychological tests.

RESULTS: Slower response time on a delayed recognition task predicted amyloid

positivity (odds ratio [OR] = 1.79, confidence interval [CI]: 1.15, 2.95), and WMHV

(1.23, CI: 1.00, 1.56). Brain and hippocampal atrophy rates correlated with poorer
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visuospatial performance (b = -0.42, CI: -0.80, -0.05) and accuracy on immediate

recognition (b = -0.01, CI: -0.012, -0.001), respectively. Standard tests correlated with

Cognitron composites (rho= 0.50, p< 0.001).

DISCUSSION: Remote computerized testing correlates with standard supervised

assessments and holds potential for studying early cognitive changes associated with

neurodegeneration.

KEYWORDS

Alzheimer’s disease, amyloid, biomarkers, computerized cognitive testing, dementia, Insight 46,
memory, neurodegeneration

Highlights

∙ 70% of theOnline 46 cohort performed a set of remote online cognitive tasks.

∙ Response time and accuracy on a memory task predicted amyloid status and load

(SUVR).

∙ Accuracy on memory and spatial span tasks correlated with longitudinal atrophy

rate.

∙ The Cognitron tasks correlated with standard supervised cognitive tests.

∙ Online cognitive testing can help identify early AD-relatedmemory deficits.

1 BACKGROUND

The pathological changes of Alzheimer’s disease (AD) begin years

before symptoms emerge.1–3 Recent trials of anti-amyloid thera-

pies showed beneficial effects in individuals with earlier symptomatic

disease,4,5 and these medications are now being trialed in asymp-

tomatic individuals with AD pathology.6 However, these therapies

come with significant risks,4,5 and not all individuals with AD pathol-

ogy will develop cognitive decline.7 Therefore, there is a pressing

need to identify early cognitive signs associated with AD pathol-

ogy, which could aid in targeting interventions to those most likely

to benefit. Additionally, tools sensitive to subtle changes in memory

decline are needed as outcome measures for presymptomatic clinical

trials.

Among the available biomarkers included in the National Institute

onAging andAlzheimer’s Association criteria,8 cerebral β-amyloid (Aβ)
deposition, detectable in vivo through Aβ-positron emission tomog-

raphy (PET) imaging, is considered core to identify AD at both its

asymptomatic and symptomatic phase.9 Magnetic resonance imaging

(MRI) provides additional information about the stage and magnitude

of the disease. At the early stages of the disease, where the degree of

atrophy measured cross-sectionally may not be sufficient to indicate

abnormality, techniques that measure the atrophy rate on serial MRI

(e.g., the boundary shift integral) can provide amore sensitivemeasure

of neurodegeneration.10,11Vascular burden quantified onMRI aswhite

matter hyperintensity volume (WMHV) can be used as a marker of

co-pathology. Increased WMHV is predictive of the downstream neu-

rodegeneration in the early symptomatic stage of AD and shorter time

to AD development.12,13

It is challenging to distinguish the earliest cognitive impairments

emerging fromADpathology from those associatedwith normal aging.

These impairments may be too subtle, domain-specific, or influenced

by demographic factors to be easily detected using standard on-paper

assessments.14,15 Computerized cognitive assessment offers advan-

tages, providing simultaneous measurement of multiple behavioral

measures and reaction time, and greater precision. Computerized

testing can be scaled for difficulty and complexity to target cogni-

tive impairments in the clinical population of interest. This enhances

sensitivity and has the potential to reduce the sample size required

for appropriate statistical power in clinical trials involving individu-

als at the early stage of AD.16,17 Computerized testing can also be

deployed longitudinally with higher stimuli variability and reduced

learning effects. To maximize feasibility and sensitivity, tasks should

be brief, easy to perform, targeted to cognitive domains thought to be

affected in AD, and validated against gold-standard assessments.

We remotely deployed 13 computerized cognitive tasks in the

Online 46 study, the remote cognitive sub-study of the Medical

Research Council (MRC) National Survey of Health and Development

(NSHD) study, a population-based cohort of individuals born in Eng-

land, Scotland, and Wales in 1946.18,19 The aims of this study were

to (a) identify tasks that were sensitive to markers of AD pathology

and neurodegeneration in individuals without dementia; and (b) to

determine their degree of correlation with standard supervised neu-

ropsychological assessments. The NSHD cohort is particularly suited

for the scope of this study. At their current age, the studymembers are

generally at risk of accumulation of ADpathology, prior to the develop-

ment of dementia, enabling cognitive measures to be benchmarked in

relation to these pre-clinical biological changes.20,21
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Our primary hypothesis was that memory performance would

demonstrate significant sensitivity to ADpathology asmemory impair-

ment is widely recognized as one of the cognitive hallmarks of AD,

emerges early in the disease process, and has previously been shown

to be related to amyloid deposition in this cohort.14,22,23 However,

memory impairments may occur in non-AD dementias,24 and amyloid

deposition has been reported to impact other domains, such as lan-

guage, attention, visuospatial abilities, and working memory.24,25 We

therefore took an additional exploratory approach, administering a

broad set of cognitive tasks to investigate the relationship of AD and

vascular pathology with other cognitive sub-domains.

2 METHODS

2.1 Participants and recruitment

The NSHD cohort includes extensive clinical, physical, and cognitive

characterization of a group of 2360 active study members born in in

England, Scotland, and Wales within the same week of March 1946

(https://nshd.mrc.ac.uk/). Online 46 is a remote cognitive sub-study of

the NSHD designed to assess the feasibility and utility of remote com-

puterized ‘Cognitron’ cognitive testing in 1776 eligible individuals of

this cohort. Online 46 took place between June and September 2023

and resulted in a final sample of 813 participants who undertook a bat-

tery of 13 cognitive tasks within 4 weeks of invitation. Participants

were invited via email and asked to complete the tasks under unsu-

pervised conditions using any electronic device (e.g., tablets, phones,

computers) and web browser. Written instructions were provided at

the beginning of each task, followed by a set of practice trials to

confirm that the participants properly understood how to complete

the tasks.

The present study focuses on 274 participants who undertook the

Online 46 remote cognitive battery andwere also part of the Insight 46

neuroimaging sub-study. Insight 46 is a prospective longitudinal obser-

vational neuroimaging sub-study of the NSHD. It involves detailed

clinical, neuropsychological testing, andneuroimagingdata,whichhave

been used for the present study. The recruitment procedure is sum-

marized in Figure 1, and the data collection methods for Insight 46

have been described previously.18,19,26 As our focus was on presymp-

tomatic cognitively normal individuals, 19 of the 274 participantswere

excluded as they had evidence of major brain disorders, which resulted

in the final study sample of 255 individuals. The presence of a brain dis-

order was determined using phase 1 and phase 2 data of the Insight 46

neuroimaging sub-study. Decisions were made by a panel of neurolo-

gists and study clinicians based on their clinical judgment, participants’

radiological findings, and self-reported diagnoses. A brain disorderwas

defined as any clinically diagnosed neurodegenerative disorder, any

psychiatric disorder requiring an antipsychotic treatment, depression

necessitating electroconvulsive shock therapy, evidence of traumatic

brain injury or significant neurosurgery, multiple sclerosis, evidence of

an ischemic or hemorrhagic cortical stroke, radiological evidence of a

brain malignancy, andmild cognitive impairment (MCI).

RESEARCH INCONTEXT

1. Systematic review: A PubMed search revealed growth in

research on remote computerized cognitive testing for

dementia detection. While many tools have been devel-

oped, most lack validation in unsupervised conditions or

testing across multiple devices.

2. Interpretation: Remote computerized cognitive testing

for dementia risk is feasible and correlates with stan-

dard assessments. Response time (RT) and accuracy on a

delayed memory recognition task was positively associ-

ated with amyloid positivity and load, indicating acceler-

ated forgetting. Cognitive impairments in β-amyloid (Aβ)-
positive individuals were more associated with RT than

accuracy. Slower RT significantly predicted poorer accu-

racy in amyloid-positive individuals, potentially reflecting

longer recognition time which limits performance and

masks memory deficits through compensatory mecha-

nisms. Memory and attentional tasks were linked to

MRI measures of disease progression (i.e., longitudinal

atrophy change and vascular load).

3. Future directions: Future studies should focus on the lon-

gitudinal administration of remote cognitive testing to

map impairment trajectories and their association with

AD pathology accumulation.

As a separate group, the demographics of 122 participants from

the Insight 46 neuroimaging sub-study who declined the Online 46

cognitive testing are reported in this paper for means of comparison.

2.2 Cognitive testing

A library of computerized tasks developed in HTML5 with JavaScript

is available on the Cognitron platform (https://www.cognitron.co.

uk).27–32 A battery of 13 of these tasks was deployed remotely to

813 participants of the Online 46 study group at age 77. Compli-

ance, adherence, and usability of the tasks have been studied and

reported elsewhere.33 The tasks were selected to cover multiple cog-

nitive domains and target cognitive abilities thought to be impaired

early in AD, while being brief and understandable by the study par-

ticipants. Task descriptions are in Figure 2 and Table 1. Participants

received written instructions and completed a brief sequence of prac-

tice trials before starting each task to ensure they understood how to

complete them. Average completion time for the whole battery was

39 min (mean time per task = 4.55 min, min = 1.73, max = 5.01). All

tasks yielded a summary score that was accuracy-based (total cor-

rect answers) and a secondary score that was the median response

time (RT), except formotor control whichwasmeasured primarily with

an RT score (Table 1). As the testing sessions were conducted under

https://nshd.mrc.ac.uk/
https://www.cognitron.co.uk
https://www.cognitron.co.uk
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F IGURE 1 Recruitment flowchart.

unsupervised conditions, we defined signs of non-compliance for each

Cognitron task to exclude participants who did not properly engage.

Specifically, one participant was excluded from 2D Manipulations for

repetitively clicking in the same locationof the screen. Twoparticipants

were excluded from Digit Span—one for clicking on another browser

page while performing the task and the other for achieving an accu-

racy score below the established threshold for engagement (located

on the left tail of the distribution of accuracy scores across the entire

cohort). Three participants were also excluded from Spotter as they

showed an accuracy score below the expected threshold for engage-

ment. In a separate analysis examining data from the whole Online 46

group (N = 813) and reported elsewhere,33 9% of individuals showed

indicators of lack of compliance with the choice reaction time (CRT)

task. The task was therefore considered unreliable and excluded from

further analysis.

Participants had already completed a comprehensive Insight 46bat-

tery of standard supervised neuropsychological assessments at age

73.18 A subset of these standard measures mapping the cognitive

domains measured by the Cognitron tasks was selected to study their

associationwith the tasks (Table S1). Thesewere theMini-Mental State

Examination (MMSE),34 the Digit Symbol Substitution Test (DSST) of

the Wechsler Adult Intelligence Scale-Revised (WAIS-R),35 the Logi-

cal Memory test of the Wechsler Memory Scale-Revised (WMS-R),36

the 12-item Face-Name Associative Memory Exam (FNAME-12),37

the Preclinical Alzheimer cognitive composite (PACC) generated from

the measures listed above,38 and a Trail Making B test,37 the Matrix

Reasoning task of the Wechsler Abbreviated Scale of Intelligence

(WASI),39 the Adult Memory and Information Processing Battery’s

Complex Figure Drawing task,40 a 15-item word learning task,41 the

GradedNaming task,42 and a CRT task.43

Additional clinical anddemographicmeasureswereused in the anal-

yses. Participants’ childhood cognitive abilities were measured at age

8, 11, and 15 using four tests of verbal and nonverbal ability devised

by the National Foundation for Education Research.44 We utilized the

scores obtained at age 8. In cases where data were not available at this

age, we utilized the scores derived at ages 11 or 15. Adult socioeco-

nomic position was defined based on the occupation held at age 53

according to the UK Registrar General’s classification of occupation.26

Apolipoprotein E (ApoE) status was determined from a blood sample

collected at age 53 and dichotomized into ε4 carrier or non-carrier.

2.3 Neuroimaging biomarkers

Participants underwent a 60-min scan at age ∼69–71 and ∼71–73

on a single Biograph mMR 3T PET/MRI scanner (Siemens Healthcare,

Erlangen), with intravenous injection of 370 MBq of 18F-Florbetapir

(Amyvid). A𝛽 burden was assessed during a 10-min period ∼50 min

correction.45 A global standard uptake value ratio (SUVR) was calcu-

lated from a cortical graymatter composite with an eroded subcortical

white matter reference region. Positive or negative A𝛽 status was

determined by applying a Gaussian mixture model applied to SUVR

values, with the 99th percentile of the A𝛽-negative Gaussian as the

cut-point (0.6104).14 In cases where data were not available at age

73 (n = 28), amyloid status and the extent of amyloid deposition

were assessed based on the scans obtained at age 71. To evaluate the
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F IGURE 2 Top: Illustrations of the Cognitron tasks. Bottom: Network plot showing clustering of the primary task scores, and the cognitive
domains measured. The colors of the connecting lines indicate the 5 components derived from the PCA. A smaller distance and higher opacity of
the connecting line indicate a stronger correlation. PCA, principal component analysis.
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reliability of our imputation methodology, we performed a linear

regression with SUVR at age 71 as the predictor and SUVR at age

73 as the dependent variable. To further assess the robustness of

our findings, we conducted a sensitivity analysis by excluding the 28

participantswithmissing SUVRdata at age 73. In this subset, we exam-

ined the relationship between cognitive performance on theCognitron

tasks and SUVR.

Whole brain, hippocampal, and ventricular volume at age 73 were

calculated as previously reported.18 The rates of change in volumes

between age 71 and 73 were calculated using the boundary shift inte-

gral (BSI).10 Hippocampal volumes and BSI were derived as the sum

of left and right structures. We prioritized rates of atrophy accumula-

tion over longitudinal measures of SUVR, as they are well-established

indicators of disease progression and show a strong correlation with

cognitive impairments.11,57Additionally, white matter hyperintensity

volumes were obtained from theMRI scans performed at age 73 using

an unsupervised automated algorithm, Bayesian Model Selection to

T1 and FLAIR images, generating a global WMHV, which included

subcortical gray matter but not infratentorial regions. Finally, total

intracranial volume (TiV) was calculated from T1 images using the

tissues utility in Statistical ParametricMapping (SPM) version 12.46

2.4 Statistical analysis

To account for variations in participant numbers across tasks, power

calculations were performed to assess the statistical power achieved

in analyzing the effect of the Cognitron task with the smallest dataset

(i.e., Spotter) on amyloid status and neurodegeneration. Neurodegen-

eration was measured using whole-brain BSI, which has been shown

to offer greater sensitivity than cross-sectional atrophy measures for

discriminating individuals with preclinical AD.47

Demographic differences between Aβ-positive and Aβ-negative
individuals were assessed using chi-squared tests for gender, hand-

edness, and education level, and two sample t-test for childhood

cognitive abilities. Differences in cognitive performance on the stan-

dard neuropsychological assessments andneuroimaging featureswere

investigated using two-sample t-tests for the PACC and whole brain

volume, and Wilcoxon rank-sum tests for the remaining non-normally

distributed variables.

We used linear regression to adjust the standard supervised assess-

ments and the Cognitron accuracy and RT scores for demographic

characteristics which may influence cognitive performance. Specifi-

cally, we included sex, handedness, education level, and the device used

to perform the tasks as predictors, and the cognitive scores as depen-

dent variables. Residuals were calculated as the difference between

the observed score and the predicted score. Thesewould represent the

portion of cognitive performance not explained by the demographic

factors. This effectively removes the influence of these variables. The

residuals were then scaled by subtracting themean and dividing by the

standard deviation.

We examined the inter-correlations between the Cognitron tasks

to confirm that they encompassed distinct cognitive domains. A prin-

cipal component analysis (PCA) with orthogonal varimax rotation was

conducted using the Kaiser convention (eigenvalue > 1). Components

were interpreted based on the tasks that had the highest and discrete

loadings on them.

We then investigated the relationship between the scaled Cog-

nitron scores and biomarkers of neurodegeneration. Multivariable

logistic regression was utilized with accuracy and RTmeasures of Cog-

nitron as predictors and amyloid positivity as dependent variable. A

secondary linear regression analysis tested the relationship between

the Cognitron task that significantly predicted amyloid status and the

extent of amyloid deposition (SUVR). We also ran a linear regression

analysis to explore whether the relationship between RT and accu-

racy on this task differed by amyloid status. We included RT as the

independent variable and accuracy as the dependent variable, with

amyloid status as an interaction term. We then ran separate linear

regression models for each amyloid status group, using RT as the

independent variable and accuracy as the dependent variable in each

model.

To examine the relationships between the online cognitive scores

andMRI variables, linear regression models were conducted inputting

the Cognitron accuracy and RT scores as predictors and the vol-

ume and BSI for the whole brain, hippocampi, and ventricles, as well

as the WMHV as dependent variables. To handle the skewed dis-

tribution of WMHV, generalized linear models with a gamma log

link function were employed. All models were conducted both with

and without adjustment for childhood cognitive abilities. The models

including SUVR, whole brain, hippocampal, ventricular, and WMHV as

dependent variables were corrected for TiV.

Additionally, we looked at the correlation between the Cognitron

battery and the battery of standard supervised cognitive assessments.

We extracted a composite score from the Cognitron tasks which had

shown significant associations with biomarkers of neurodegeneration,

and a total composite score from all the Insight 46 standard supervised

assessments. This was done using PCA, where the first principal com-

ponent was taken as a global composite score. Spearman correlation

was used to compare the derived Cognitron and standard assessments

total composite scores. The Cognitron composite scorewas also corre-

latedwith the PACC to assess its utility asmeasure of early AD-related

cognitive changes. Finally, we examined the correlation between a

memory composite score derived from the Cognitron memory tasks

(i.e., Objects Memory Immediate and Delayed Recognition accuracy

and RT) and a composite score generated from a subset of Insight 46

standard assessments targeting memory abilities (i.e., Logical Memory,

FNAME-12, and AMIPB—Complex Figure Drawing). These composite

scores were calculated using PCA, with the first unrotated component

serving as the composite memory score. The aim of these analyses

was to confirm the diagnostic value of this subset of tasks, compar-

ing their effectiveness to gold-standard assessments, and to inform

the development of a more concise Cognitron battery for future

studies.

Finally, to determine the generalizability of our results, we ana-

lyzed the demographics of participants of the Insight 46 neuroimaging

sub-study who attempted the battery of Cognitron tasks compared to
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those who did not (N = 122). Chi-squared tests were used to exam-

ine differences in gender, education, handedness, adult socioeconomic

status, amyloid levels, and ApoE status. Two sample t-tests were con-

ducted to assess differences in childhood cognitive abilities and PACC

scores. To evaluate differences inMMSE scores, we used theWilcoxon

rank-sum test, as the data was not normally distributed. We also com-

pared cognitive performance of our study group to that of participants

of the Online 46 study who were not part of the Insight 46 neuroimag-

ing sub-study (N = 526). We used Wilcoxon rank-sum test to look

at performance differences on the Cognitron tasks and the Adden-

brooke’s Cognitive Examination III (ACE-III), which was the standard

cognitive assessment available in both cohorts.

3 RESULTS

A total of 255 individuals were included in the final analysis (51.76%

males). Table S2 illustrates the number of participants included in

the analysis for each task. A minimal statistical power of 80% was

achieved when analyzing the effect of the Cognitron task with the

smallest number of data points (i.e., Spotter) on amyloid status (alfa

power = 81%) and whole brain BSI (alfa power = 94%) (Figure S1).

The factor analysis indicated that the Cognitron tasks clustered in

five interpretable cognitive domains, explaining 61.34% of variance

(Figure 2 and 3).

3.1 Demographic and cognitive characteristics

Participants had a mean MMSE score of 29.22 (std = 0.91), a mean

ACE-III score of 94.46 (std = 3.63), and a mean PACC score of

0.14 (std = 0.62), which do not reach thresholds associated with the

presence of MCI or dementia.48–50 Amyloid status was missing for

14 individuals at an SUVR cutoff of 0.61,14 and 66 (27.39%) were

Aβ-positive. No significant demographic or neuroimaging differences

were observed between Aβ-positive and Aβ-negative participants. Full
details of participants’ demographics, neuroimaging characteristics,

and cognitive performance on the standard assessments are shown in

Table 2.

Regarding the 122 Online 46 participants who were also part of

the Insight 46 neuroimaging sub-study but did not attempt the Cog-

nitron battery, 36 (30.5%) were Aβ-positive. Demographic differences

between individualswhodid anddidnot attempt theCognitronbattery

are reported in Table S3. In brief, the latter group showed significantly

lower childhood cognitive abilities (t(665.44) = -6.69, CI: -0.38 to -0.21),

and lower performance on the MMSE (W = 13229, p < 0.001) and

PACC (t(205.76) = -3.85, CI:-0.44 to -0.14). We also examined cognitive

differences between our study group and members of the Online 46

study cohort who did not participate in the Insight 46 neuroimaging

sub-study (N = 526) (Table S4). There was no significant difference

in ACE-III scores between the two groups. However, participants

in the Insight 46 neuroimaging sub-study scored lower on the Ver-

bal Reasoning (W = 67009, p = 0.02) and Digit Span (W = 69210,

p = 0.02) tasks, and had slower RT on the Stroop task (W = 55937,

p= 0.03).

3.2 Associations with neurodegenerative
biomarkers

We found that a one-unit increase in RT on the Objects delayed recog-

nition task at age 77 corresponded to a 1.79-fold increase in the odds

of being Aβ-positive at age 73 (CI: 1.15, 2.95). Conversely, a one-unit

increase in accuracy on the same task was associated with a 0.54-fold

reduction in the odds of having positive amyloid status (CI: 0.32, 0.92).

When examining these associations using amyloid as a continuous

measure,weconfirmed that higher SUVRat age73wasassociatedwith

slower RT (0.05, CI: 0.01, 0.10) and reduced accuracy (-0.04, CI:-0.07,

-0.003) onObjects delayed recognition performed at age 77 (Figure 4).

We observed a strong correlation between SUVR at age 71 and 73

(R2 = 0.92, β = -1.20, CI: 1.15, 1.24), suggesting the reliability of using

SUVR at age 71 when missing at age 73 for 28 participants (Figure

S2). Accordingly, when removing these 28 participants from the study

group, the results remained unchanged. A one-unit increase in RT on

Objects delayed recognition was associated with a 1.74-fold increase

in the odds of being amyloid positive (CI: 1.11, 2.79) and a 0.05 increase

in SUVR (CI: 0.01, 0.10). In contrast, a one-unit increase in accuracy on

theObjects delayed recognition taskwas linked to a0.51-fold decrease

in theodds of having a positive amyloid status (CI: 0.29, 0.87) and a0.04

decrease in SUVR (CI: -0.07, -0.004).

Using linear regression, we also investigated whether the effect

of RT on the accuracy of the Objects delayed recognition task dif-

fered in the Aβ-positive and negative groups. We found a significant

interaction between RT and amyloid status affecting task accuracy

(-0.32, CI: -0.63, -0.01). Further analysis revealed that slower perfor-

mance was significantly associated with lower accuracy in the Aβ-
positive (-0.49, CI: -0.73, -0.25) but not negative (-0.17, CI: -0.38, 0.05)

group.

The results of the regression models examining the association

between theCognitron tasks andMRI-basedbiomarkers arepresented

in Figure 5. A one-unit decrease in accuracy on the Objects immedi-

ate recognition task at age 77 was associated with a 0.01 mL/year

higher hippocampal atrophy rate between ages 71 and 73 (CI: 0.001,

0.012). Additionally, for each unit increase inRTon theObjects delayed

recognition task performed at age 77, the WMHV quantified at age

73 showed a relative increase of 1.23 (CI: 1.00, 1.56). We also found

that a one-unit decrease in accuracy on the Spatial span task cor-

responded to a 0.42 mL/year increase in whole brain atrophy rate

(CI: 0.05, 0.80) and a 0.84 relative increase in cross-sectional WMHV

(CI: 0.72, 0.98). Finally, we observed that every unit reduction on the

Word Definition task at age 77 was associated with an increase of

2.30 mL in ventricular volume at age 73 (CI: 0.31, 4.30). When remov-

ing childhood cognitive abilities from this model, there was a reduction

in effect size so that the association became non-significant (-1.17,

CI:-3.01, 0.66). No significant associations were observed between

the cognitive tasks and cross-sectional measures of whole brain and
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F IGURE 3 PCA applied to the Cognitron summary scores. Top: Scree plot showing eigenvalues (components extracted based on
eigenvalues> 1). Bottom: Loadings of the Cognitron summary scores onto the derived cognitive components. PCA, principal component analysis.

hippocampal volume. A full summary of the models’ results is reported

in Table S5.

3.3 Validation against standard supervised
neuropsychological assessments

The Cognitron composite score derived from the Cognitron task

scores which predicted the biomarkers (Objects delayed and immedi-

ate recognition, Spatial span, and Word definitions) explained 30.04%

of the variance and showed a positive correlation with the total com-

posite score of the standard assessments (rho= 0.50, p< 0.001), which

explained 26.60%of the variance, and the PACC (rho= 0.32 p< 0.001).

The Cognitron memory composite score, accounting for 54.63% of

the variance, significantly correlated with the standard assessments’

memory composite score, which explained 43.10% of the variance

(rho= 0.43, p< 0.001) (Figure 6).

4 DISCUSSION

In this study, we remotely deployed a battery of computerized tasks to

the Online 46 cohort, a population-based cohort of individuals born in

England, Scotland, andWaleswithin the sameweekofMarch1946.We

identified the tasks that were associated with biomarkers of AD and

neurodegeneration and verified that these correlated with standard

supervised cognitive assessments.

The key finding of this study is that 4 years after receiving an

amyloid PET scan, Aβ-positive participants were significantly slower

than Aβ-negative participants on theObjects delayed recognition task.

Lower accuracy on the same task was also associated with amy-

loid positivity, although with a weaker effect. These findings were

further supported when examining the relationship between cogni-

tive performance and amyloid deposition measured as a continuous

variable (i.e., SUVR). Notably, we found that impairments in the

Aβ-positive group affected delayed rather than immediate memory
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TABLE 2 Demographic characteristics of the study group and differences between Aβ-positive and Aβ-negative individuals.

Parameter Total

Aβ-positive
participants

Aβ-negative
participants Group differences

N 255a 66 175

Sex,N (%)Male 132 (51.76%) 33 (50.00%) 92 (52.57%) Χ2
(1) = 0.04, p= 0.83

Education (N) Χ2
(2) = 5.17, p= 0.08

<16 years 43 (16.86%) 10 (15.15%) 30 (17.14%)

High School 155 (60.78%) 47 (71.21%) 99 (56.57%)

Higher-level degree 57 (22.35%) 9 (13.63%) 46 (26.29%)

Handedness N (%)

right-handed

234 (91.76%) 57 (86.36%) 164 (93.71%) X2
(1)= 1.52, p= 0.22

Childhood cognitive ability

mean (sd)

0.46 (0.72) 0.44 (0.70) 0.48 (0.72) t (119.21)= 0.78, p= 0.74,

CI :[-0.24, 0.16]

MMSE

mean (sd)

29.22 (0.91) 29.16 (0.96) 29.22 (0.92) W= 5559, p= 0.58

PACC

mean (sd)

0.14 (0.62) 0.09 (0.68) 0.15 (0.61) t (105.68)= 0.78, p= 0.44,

CI :[-0.74, 0.05]

Logical memory (WMS-R)

Mean (sd)

12.49 (3.38) 12.62 (3.55) 12.40 (3.36) W= 5578, p= 0.68

DSST (WAIS-R)

Mean (sd)

48.20 (10.28) 47.53 (10.41) 48.51 (10.47) W= 6153.5, p= 0.43

FNAME-12

Mean (sd)

69.66 (17.51) 67.55 (17.45) 70.50 (17.60) W= 6323.5, p= 0.26

ACE-III

Mean (sd)

94.46 (3.63) 94.98 (2.92) 94.29 (3.90) W= 3483, p= 0.44

Matrix reasoning (WASI)

Mean (sd)

25.07 (3.86) 24.88 (4.23) 25.13 (3.85) W= 5798.5, p= 0.91

CRTmean RT in

milliseconds (sd)

811.93 (103.00) 812.27 (95.71) 810.81 (104.87) W= 5052, p= 0.61

Graded naming test

Mean (sd)

23.25 (3.38) 23.44 (3.26) 23.23 (3.33) W= 5665, p= 0.93

AMIPB—Complex figure

drawing (7-day recall)

Mean (sd)

49.80 (14.20) 48.26 (14.00) 50.80 (14.31) W= 6406, p= 0.13

Whole brain volume 1099.32 (95.06) 1093.65 (91.30) 1101.63 (97.76) t(117.45)= 0.57, p= 0.57,

[CI: -19.96, 35.92]

Whole brain BSI 5.75 (2.89) 5.84 (2.90) 5.72 (2.89) W= 4288, p= 0.76

Hippocampal volume 3.07 (0.34) 3.01 (0.27) 3.10 (0.36) W= 4973.5, p= 0.32

Hippocampal BSI 0.037 (0.039) 0.037 (0.038) 0.038 (0.040) W= 4468, p= 0.88

Ventricles volume 32.60 (15.62) 32.43 (14.26) 32.66 (16.18) W= 4449, p= 0.76

Ventricles BSI 1.21 (0.81) 1.31 (0.89) 1.16 (0.78) W= 3956, p= 0.25

WMHV 5652.06 (6216.30) 5960.57 (5397.22) 5526.23 (6533.46) W= 4161, p= 0.18

Abbreviations:ACE-3,Addenbrooke’sCognitiveExamination III; BSI, boundary shift integral; CRT,Choice reaction time;DSST,Digit Symbol SubstitutionTest;

FNAME-12, Face-Name Associative Memory Exam; MMSE, Mini-Mental State Examination; PACC, Preclinical Alzheimer cognitive composite; SUVR, stan-

dard uptake volume ratio; WAIS-R, Wechsler Adult Intelligence Scale-Revised; WASI, Wechsler Abbreviated Scale of Intelligence; WMHV, white matter

hyperintensity volume;WMS-R,WechslerMemory Scale-Revised.
aMissing amyloid status for 14 participants.

recognition, likely reflecting a process of accelerated forgetting. Pre-

vious studies measured this after 30 min and 7 days, showing effects

in individuals with preclinical AD only after 7 days.23,51 However, we

detected this deficit at a single timepoint, which is advantageous since

testing over multiple days is more challenging and often leads to lower

compliance.

Previous studies have found slower RT and RT inter-individual

variability in individuals with MCI and AD, as well as slower RT in
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F IGURE 4 Top: Density plots showing performance differences on theObjects delayed recognition task (accuracy and RT scores) between the
amyloid positive and negative groups. Bottom: Association between SUVR and theObjects delayed recognition task (accuracy and RT scores). RT,
reaction time; SUVR, standard uptake value ratio.

attentional tasks for ADpatients.52,53 Additionally, lower performance

on simple and choice reaction time tasks has been found to pre-

dict memory deficits in AD patients.52 In line with these findings, we

demonstrated that cognitive impairment in Aβ-positive individuals is

more evident when examining the RT required to perform a memory

task rather than accuracy alone. Notably, slower RT was significantly

associated with poorer accuracy only in the Aβ-positive group, which

accordswithmemory access beingmoreeffortful and therefore requir-

ing more processing time.23 This may reflect the early stages of an

amnestic syndrome, where overt memory deficits are obscured by

compensatory mechanisms, such as taking more time to complete a

task. Therefore, RT as a measure of processing speed and as potential

evidence of compensation for memory problems appears to be a good

indicator of early AD-related cognitive changes. Studies should further

investigate the relationship betweenRTand accuracy onmemory tasks

in individuals with or at risk of developing dementia.

Higher rates of whole brain and hippocampal atrophy between ages

71 and 73 were associated with poorer performance on the Spatial

span and Objects immediate recognition tasks at age 77. The annual

atrophy rate in these regions accelerates in individuals with MCI com-

pared tohealthy controls and is evenhigher in progressive compared to

stableMCI.54,55 Atrophy rate has been shown to be a good indicator of

disease progression, correlating with cognitive decline and predicting

conversion fromMCI to AD.56,57 Our findings support that these tasks

hold value in the remote assessment of disease risk and progression.

Future studies should focus on the longitudinal administration of the

tasks tomap cognitive impairment trajectories and examine their asso-

ciation with the accumulation of AD pathology. Conversely, in line with

previous findings, we did not find any significant association between

cognitive performance and cross-sectional brain volumes, indicating

that longitudinal measurements of atrophy change may be a more

sensitive measure of preclinical AD.47

We also found that performance on the Word Definitions task at

age 77, the main Cognitron measure of crystallized cognitive abilities,

was associated with increased ventricular volume measured at age

73. Ventricular enlargement occurs naturally with age, but it can also

predict conversion from MCI to AD and correlates with the degree

of cognitive impairments in individuals with AD.57,59 Late-life cogni-

tive ageing typically affects fluid intelligence while sparing crystallized

cognitive abilities, which are usually considered a better indicator for

detecting early cognitive signs of AD.60 Therefore, the association

between Word definitions and ventricular volume may reflect cog-

nitive changes that deviate from the normal ageing trajectory. It is

important to note that removing childhood cognitive abilities from the

model resulted in a reduction in the estimated effect size and caused

the relationship to lose statistical significance; this may reflect early

life cognitive reserve having a protective effect on later-life cognitive

deterioration.
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F IGURE 5 Scatter plots showing the associations between the Cognitron tasks and the biomarkers of AD, white matter pathology and
neurodegeneration. The values represent the predicted outcomes from the regressionmodels, adjusted for the included covariates (i.e., childhood
cognitive abilities and total intracranial volume). AD, Alzheimer’s disease.

F IGURE 6 Plots showing the association between: (A) the Cognitron composite score generated from the tasks which predicted the imaging
biomarkers and the Insight 46 total composite score, (B) the Cognitron composite score generated from the tasks which predicted the imaging
biomarkers and the PACC, and (C) the Cognitronmemory composite score and the Insight 46 standardmemory composite score. One participant
had notably lowCognitron and Insight 46memory composite scores, but excluding them from the analysis did not affect the statistical results.
PACC, Preclinical Alzheimer cognitive composite.

By highlighting associations between increased WMHV at age 73,

slower RT on Objects delayed recognition, and reduced accuracy on

the Spatial span tasks at age 77, we provide evidence that brain vas-

cular damage plays a significant role in specific cognitive impairments.

Accordingly, previous research suggests thatWMHVmay define a dis-

tinct subtype of AD, particularly linked to deficits in logical memory.61

WMHV not only interacts with amyloid deposition to drive neurode-

generation, but also appears to be a more sensitive predictor of

cortical thinning than amyloid deposition alone in cognitively nor-

mal individuals.62,63 Furthermore, white matter lesions as measured

through visual ratings of routinely performed CT scans, can predict

dementia conversion in individuals with memory complaints.64 Thus,
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identifying early cognitive deficits associated with WMHV may serve

as a crucial marker for detecting and characterizing the preclinical

stages of AD

In addition to the findings discussed above, the distinct group of

122 Insight 46 participants who declined the Online 46 study invita-

tion and did not attempt the Cognitron tasks indicates a return rate

of 70% within the Insight 46 neuroimaging sub-study. This comple-

tion rate compares favorably with other studies utilizing remote digital

assessments in adult populations, suggesting that remote computer-

ized cognitive testing is feasible and generally well-tolerated among

older individuals at risk for dementia.65–68 Notably, task completion

rates were unaffected by Aβ-positivity or ApoE status, supporting

the potential of these cognitive assessments for evaluating cognitive

abilities in preclinical AD.

There are, however, several limitations to this study. First, there is a

difference in time between the data collection of the biomarkers and

the standard cognitive tests and of the Cognitron tasks. Therefore,

cognitive performance measured by Cognitron reflects the degree of

amyloid pathology accumulated during the four years preceding its

assessment. Second, recruitment and participation to the Insight 46

study have been shown to be biased toward people with better health,

higher education level and socioeconomic status, which may limit the

generalizability of our sample, although this is a common risk across

any study cohort or epidemiological studies.26,69,70 Additionally, there

was variability in the number of participants who completed each task.

Despite this, each task remained adequately powered, with aminimum

of 239 subjects. Missing data might not be at random, as participants

could not skip tasks, potentially excluding those with greater impair-

ments. Nevertheless, the inability to proceed with the assessment can

itself serve as an indicator of cognitive status. Moreover, it is challeng-

ing to control the conditions under which the tests were completed

remotely, a common issue for all remote computerized assessments.

We attempted to control for this variability by including the device

used to complete the assessment in the regression models, providing

participantswith instructions on the testing environment to adopt, and

selecting tasks whose paradigm and design have relatively lower sensi-

tivity to device differences. Finally, the usability of the Cognitron tasks

is restricted to individuals with access to Internet or a computerized

device and a basic level of computer literacy. However, this limitation

is becoming progressively less significant across generations. Further-

more, the tests can also be administered in-person for such individuals,

with reduced need of resources compared to on-paper assessments

and an automated scoring system. Finally, our study did not use any

blood-based biomarkers. However, amyloid PET is regarded as the gold

standard for assessing AD pathology and shows a strong correlation

with bloodbiomarkers.71 While blood-basedmeasures ofAβ42/40 and
p-tau181 have previously been utilized, these have now been super-

seded by plasma p-tau217, which was not available in an optimized

form at the relevant time point for this study.72 Future research within

the NSHD cohort should aim to investigate the relationship between

cognitive performance and these refined biomarkers.

Research investigating the use of computerized cognitive testing in

the context of dementia diagnosis is growing significantly.73 Among the

toolswhichhavebeen studied in relation toADbiomarkers, theC3PAD

was able to discriminate Aβ-positive from Aβ-negative individuals who
underwent Aβ-PET scans,74 while a digital version of the FNAME test

has shown significant correlations with cerebrospinal fluid (CSF) levels

of plasma pTau181 and Aβ42/40 ratio.75 The CANTAB demonstrated

to be able to identify individuals with AD and MCI, to detect cognitive

changes of individuals with MCI longitudinally and to predict hip-

pocampal volumeandCSFbiomarkers of T-tau, pTau181, and tau/Aβ42
ratio in individuals with MCI.76–78 Cogstate, instead, showed sensi-

tivity to longitudinal cognitive decline in Aβ-positive individuals, and

a significant association with tau-PET and hippocampal atrophy.79,80

However, these studies were conducted in supervised settings and

have yet to explore the remote applicability of the tests. Other studies

have shown promise in testing older cognitively unimpaired individu-

als in unsupervised conditions and examined their cognitive abilities

in relation to neurodegenerative biomarkers.81,82 However, they have

not investigated the administration of the tasks across multiple types

of electronic devices or selected the most appropriate tasks from a

broader set measuring different cognitive domains. In our study, we

evaluated a comprehensive battery of tasks administered remotely

in unsupervised conditions and run on a broad range of electronic

devices. We identified a sub-set that can specifically target cognitive

impairments associated with amyloid status and biomarkers indicative

of AD severity and progression, while correlating with standard face-

to-face assessments. Being easy to deploy and score while requiring

minimal amount of time to complete, the Cognitron tasks represent

a cost-efficient tool for large-scale screening of individuals at risk of

AD, and potentially for monitoring patients who require longitudinal

follow-ups, such as those with atypical presentation or who received

a diagnosis at early stages of the disease.83 This is particularly advan-

tageous in clinical settings and for large cohorts, where the required

resources for repeat assessments of patients are limited.
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27. Del Giovane M, Trender WR, Bălăeţ M, et al. Computerized cognitive

assessment in patients with traumatic brain injury: an observational

studyof feasibility and sensitivity relative to established clinical scales.

EClinicalMedicine. 2023;59:101980.
28. Hampshire A, Chatfield DA, MPhil AM, et al. Multivariate profile and

acute-phase correlates of cognitive deficits in a COVID-19 hospi-

talised cohort. EClinicalMedicine. 2022;47:101417.
29. Hampshire A, Azor A, Atchison C, et al. Cognition and Mem-

ory after Covid-19 in a Large Community Sample. N Engl J Med.
2024;390(9):806-818.
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SUPPORTING INFORMATION

Additional supporting information can be found online in the Support-

ing Information section at the end of this article.
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