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Abstract

INTRODUCTION: Remote unsupervised cognitive assessments have the potential to

complement and facilitate cognitive assessment in clinical and research settings.

METHODS: Here, we evaluate the usability, validity, and reliability of unsupervised

remote memory assessments via mobile devices in individuals without dementia from

the Swedish BioFINDER-2 study and explore their prognostic utility regarding future

cognitive decline.

RESULTS: Usability was rated positively; remote memory assessments showed good

construct validity with traditional neuropsychological assessments and were signifi-

cantly associated with tau-positron emission tomography and downstream magnetic

resonance imaging measures. Memory performance at baseline was associated with

future cognitive decline and prediction of future cognitive decline was further

improved by combining remote digital memory assessments with plasma p-tau217.

Finally, retest reliability was moderate for a single assessment and good for an

aggregate of two sessions.

DISCUSSION: Our results demonstrate that unsupervised digital memory assess-

ments might be used for diagnosis and prognosis in Alzheimer’s disease, potentially in

combination with plasma biomarkers.
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Highlights

∙ Remote and unsupervised digital memory assessments are feasible in older adults

and individuals in early stages of Alzheimer’s disease.

∙ Digital memory assessments are associated with neuropsychological in-clinic

assessments, tau-positron emission tomography and magnetic resonance imaging

measures.

∙ Combination of digital memory assessments with plasma p-tau217 holds promise

for prognosis of future cognitive decline.

∙ Future validation in further independent, larger, andmore diverse cohorts is needed

to inform clinical implementation.

1 BACKGROUND

While there has been significant progress in fluid and neuroimag-

ing biomarkers to detect pathological changes in Alzheimer’s disease

(AD), most cognitive measures that are used in health care and clini-

cal trials were initially designed to detect overt cognitive impairment

and novel developments still lag behind.1,2 This is in stark contrast

to recent discoveries on the functional architecture of episodic mem-

ory and its relationship to the spatial progression patterns of AD

pathology.3,4 Recent work on the functional neuroanatomy of episodic

memory has highlighted memory networks in the medial temporal

lobe (MTL) and the neocortex that are involved in specific memory

functions and are affected in different stages of AD.4–7 Episodic mem-

ory requires pattern separation and completion processes that are

primarily mediated by MTL subregions. While the dentate gyrus is

involved in pattern separation8,9 and reduces memory interference

between similar events, the hippocampal Cornu Ammonis 3 mediates

pattern completion processes in interplay with neocortical regions.10

Within the hippocampal entorhinal circuitry there exist partly segre-

gated pathways where object information is primarily provided from

the perirhinal cortex via the anterior-lateral entorhinal cortex. Spatial

information via the parahippocampal cortex is transferred addition-

ally through the posterior parts of the entorhinal cortex.3,11–15 Taken

together, there is converging evidence that short-term mnemonic

discrimination of object and scene representations, in addition to

long-termmemory, is impaired in the predementia stages of AD.16

Traditional neuropsychological assessment suffers from signifi-

cant limitations such as high participant burden and impracticality

of implementing test formats such as frequent test repetitions or

long-term delay formats. Thus, traditional neuropsychological assess-

ments become increasingly difficult for clinical trials in preclinical and

early-stage symptomatic AD populations which are gradually imple-

menting decentralized clinical trial structures for case-finding and

monitoring,17 for example, in TRAILBLAZER-ALZ 3 (ClinicalTrials.gov

Identifier: NCT05026866). In this context, unsupervised and remote

digital cognitive assessments via smartphones and tablets offer a

promising avenue to improve case-finding, monitoring, and progno-

sis in both clinical trial and health-care settings.18 Approaches from

several groups, including our own, have recently demonstrated that

remote and unsupervised assessments are feasible in healthy older

adult populations and those at risk of AD.19–24 Furthermore, this work

showed that remote and unsupervised assessments can support the

identification of mild cognitive impairment (MCI) patients in amemory

clinic setting25 and potentially even β-amyloid (Aβ) positive but cog-

nitively unimpaired (CU) participants.19,26,27 The aim of the present

study was to evaluate the feasibility and usability of unsupervised

and remote digital memory assessments, their construct validity in

reference to traditional neuropsychological assessments, their retest

reliability, and their relationship with fluid and imaging biomarkers of

AD. To that end, we implemented two non-verbal visual memory tasks

based on recent insights into the functional anatomy of episodic mem-

ory, available on the neotiv digital platform (https://www.neotiv.com/

en),21,24 in a subset of the Swedish BioFINDER-2 study.

2 METHODS

2.1 Recruitment into smartphone-based add-on
study

A total of 187 individuals gave written informed consent to partici-

pate in the 7 Tesla magnetic resonance imaging (MRI) study arm of the

SwedishBioFINDER2 study andwere offered participation in biweekly

smartphone-based remote cognitive assessments across a 12-month

period. Of those offered participation, 160 individuals agreed to

complete the smartphone-based assessments. A brief pen-and-paper

questionnaire about experience with smartphones and mobile apps

was completed and most participants downloaded and installed the

neotiv app directly after the MRI session on their own mobile device

and completed the first phase of the first digital memory assessment

session on site. A comprehensive user manual was distributed which

included download and installation instructions, and those individuals

who did not download and install the app on-site successfully com-

pleted itwithout supervision from their home. The studywas approved
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by the Regional Ethics Committee in Lund and the Swedish Ethical

Review Authority.

Following completionof the initial app-hosted cognitive assessment,

participantswere notified to completememory assessments every two

weeks for 12 months but could also be postponed. Each of the assess-

ments consisted of a two-phase session. The two phases were either

two halves of a mnemonic discrimination task (MDT-OS) or encod-

ing and retrieval phases of an object-in-room recall (ORR) task (see

details of the tasks below). Each phase took less than 10 minutes.

Thus, overall participants could complete up to 12 sessions for each

memory task within a period of approximately 12 months. To mini-

mize potential practice effects from repeated testing, 12 independent

difficulty-matched parallel test versions for each memory task were

used.24 After each task completion, participants indicated their subjec-

tive task performance and their concentration level on a 5-point scale

(1 = very bad, 2 = bad, 3 =moderate, 4 = good and 5 = very good), and

whether they had been distracted during the task (yes/no). In the cur-

rent cross-sectional analyses, the first valid session of each participant

was used.

Push notifications were used to notify individuals about available

tasks and to remind them daily for five consecutive days if a task had

not been initiated. At the beginning of each test session, participants

were asked to go to a quiet environment, wear their glasses if needed

min. 14 days 12 months

practice

phase 1
phase 2

questionnaire

delay

…

9-11 min 4-10 min

start

initial session
In-person installation, consent and 
phone-usage questionnaire

phase 1

ORR MDT :
encoding    1-back task

phase 2

ORR MDT :

retrieval    2-back task

min. 14 days

…

continuous design

1 year

F IGURE 1 Timeline of the study protocol. Participants enlisted for
a 12-month study of biweekly remote and unsupervisedmemory
assessments of theMDT-OS andORR. In the initial in-clinic session,
they gave consent, got a brief introduction, answered a short
questionnaire on their phone usage, and completed the first task.
Every 2ndweek, they received a short training session, followed by
phase 1 of their respective task: encoding for ORR, and 1-back task for
MDT-OS. After finishing phase 1, they were notified when the next
phase was available, and could perform it straightaway or postpone if
inconvenient; that is, there was aminimum delay of 24 h for the
MDT-OS and aminimum delay of 60minutes for theORR, but it was
often extended by the participants. Phase 2 consisted of retrieval for
ORR, and 2-back task forMDT-OS. It was followed by ratings
regarding concentration, distraction throughout and subjective
difficulty of the task. MDT-OS;Mnemonic Discrimination Task for
Objects and Scenes; ORR, objects-in-room-recall task.

RESEARCH INCONTEXT

1. Systematic review: We reviewed the literature on

remote digital cognitive assessments in Alzheimer’s

disease (AD) using traditional sources (e.g., PubMed)

and focused on comparable remote digital cognitive

assessments to our own.We includedwork on brief, while

not remote and unsupervised, assessments that have

been used in combination with novel plasma markers for

prognosis of disease progression.

2. Interpretation: Our findings show that unsupervised

remote digital memory assessments are feasible in older

adults and early AD populations, that they are associ-

ated with traditional in-clinic cognitive assessments and

imaging biomarkers and that they havemoderate to good

retest reliability. In addition, our findings demonstrate

that a combination of plasma and digital cognitive mark-

ers can significantly contribute to the prediction of future

cognitive decline.

3. Future directions: Replication of our results in further

independent, larger, and more diverse cohorts will be

necessary in future studies.

and to adjust their screen’s brightness to see the pictures clearly. They

also received a short practice session for the initial test session as well

as for all future sessions.

At the end of the study, 38 participants completed telephone inter-

views to provide feedback on usability and user experience throughout

the study. The full study timeline can be seen in Figure 1.

2.2 Smartphone-based memory assessments

2.2.1 Mnemonic discrimination of objects and
scenes

In this continuous recognition task, individuals were presented with

computer-generated images of various indoor objects and empty

rooms, which were either exactly repeated, or slightly altered (see

Figure 2A). Participants had to indicate whether an image was an iden-

tical repetition of a previous image (tap on a button), or had been

modified (tap on the location of change). One session consisted of 64

image pairs (32 object pairs, 32 scene pairs), half of which were mod-

ified, and half of which were repeated. To optimize engagement while

minimizing the subjective burden of participating, each session was

split into two phases and automatically scheduled on two consecutive

days with a 24-h delay between phases. The first phase was presented

as a one-back taskwhile the secondphasewas presented as a two-back

task. The Mnemonic Discrimination of Objects and Scenes (MDT-OS)

has been designed to tax hippocampal pattern separation; a memory
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4778 BERRON ET AL.

F IGURE 2 Smartphone-basedmemory tasks. (A)MDT-OS and (B) ORR test. MDT-OS;Mnemonic Discrimination Test for Objects and Scenes;
ORR, Objects-In-RoomRecall.

mechanism needed to discriminate between similar memories. Earlier

studies using functional MRI have shown that especially subregions in

the human MTL are involved in this task.3,11,13 The test provides a hit

rate, a false alarm rate and a corrected hit rate (hit rate minus false

alarm rate) for both the object and scene condition. The averaged cor-

rected hit rate across the scene and the object condition was used as

the main outcome measure in the following analyses and object, and

scene-specific corrected hit rates were additionally investigated.

2.2.2 Objects-In-Room Recall

In this task, participants had to memorize a spatial arrangement of 2

objects within a room. Following the encoding phase, a blue circle high-

lighted the previous position of one of the objects in the same but now

empty room and the participant had to identify the correct object from

a selection of three in an immediate retrieval phase (see Figure 2B).

Among the 3 possible objects, 1 was the correct one that was
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BERRON ET AL. 4779

previously shown in the now highlighted position (target), another

belonged to the same room but had previously been shown at a differ-

ent position (correct source distractor), and the third had previously

been shown in a different room (incorrect source distractor). They

learned 25 such object-scene associations. After 60 minutes, the par-

ticipant was notified via push notification to complete an identical but

delayed retrieval phase with a randomized stimulus order. The ORR

has been designed to tax hippocampal pattern completion, a memory

mechanism needed to restore full memories from partial cues.10,28 In

the test, the assessment of recall is graded and allows to separate cor-

rect episodic recall from incorrect source memory. Thus, correct recall

excludes the choice of an object that was present in the same room but

at a different location (wrong sourcememory for specific location), and

an object that was not present in the roombut nevertheless associated

with another room during encoding (wrong source memory for overall

location). The test provides an immediate recall (ORR-IR; 0–25) and a

(ORR-DR [delayed recall]; 0–25) score. Here, we use theORR-DR.

2.2.3 Quality control procedures

In the current analyses, we analyzed data collected up until the data

release in July 2023. Recruitment of participants from the Swedish

BioFINDER-2 study was done between February 2019 and February

2022. Only participants who had completed at least 1 full session,

that is, both phases of a task, were included. Regarding the very first

assessment of MDT-OS and ORR-DR, 6% of test sessions exceeded

the threshold for missing responses (maximum of 25% of missing

responses per session), and 17% of test sessions exceeded the maxi-

mum length of the delay period (> 240minutes) before filtering. These

sessions were excluded during quality assessment. Excluded test ses-

sions were replaced by valid subsequent sessions where possible. As

a result, 81% of test sessions we report here were from the first

2 MDT-OS and ORR-DR sessions respectively while 19% were from

subsequent test sessions (mean test session= 2.1, range= 1–11).

2.3 Cerebrospinal fluid and plasma analysis

Cerebrospinal fluid (CSF) Aβ42 and Aβ40 concentrations were mea-

sured using the Elecsys assays (Roche Diagnostics). Participants were

stratified for Aβ status using the CSF Aβ42/40 ratio with a predefined

cut-off of 0.08.29 Plasma levels of p-tau217 were quantified with the

MesoScaleDiscovery-based immunoassay developed by Lilly Research

Laboratories as previously described.30

2.4 Imaging acquisition

2.4.1 MRI

T1-weighted images were acquired on a 3T Siemens Prisma scanner

(Siemens Medical Solutions, Erlangen, Germany) with a 64-channel

head coil using an MPRAGE sequence (in-plane resolution = 1 ×
1 mm2, slice thickness = 1 mm, TR = 1900 ms, echo time = 2.54 ms,

flip-angle = 9◦). The 7T data acquired in the project were not analyzed

for this manuscript.

2.4.2 Tau and Aβ-PET

All study participants underwent positron emission tomography (PET)

scans on a digital GE Discovery MI scanner (General Electric Medical

Systems). Approval for PET imaging was obtained from the Swedish

Medical Products Agency. For tau-PET imaging, the participants were

injected with 365 ± 20 MBq of [18F]RO948, and LIST mode emis-

sion data was acquired for each scan 70–90 minutes ([18F]RO948)

post injection. Aβ-PET imaging was performed on the same platform

90–110minutes after the injection of∼185MBq [18F]flutemetamol.31

2.5 Imaging analysis

2.5.1 ROI segmentation and estimates of volume
and thickness

Individual volume of the anterior and posterior hippocampus and

median thickness of area 35 were defined on T1-weighted images

(1 × 1 × 1 mm3 resolution) using Automatic Segmentation of Hip-

pocampal Subfields-T1 (Xie et al., 2019) and amulti-template thickness

analysis pipeline.32 All subregional masks were visually assessed.

2.5.2 Standardized uptake value ratio measures

[18F]RO948: Standardized uptake value ratio (SUVr) images were cal-

culated for area 35 using an inferior cerebellar reference region.33

Partial volume correction was performed using the geometric transfer

matrix method34 extended to voxel-level using region-based voxel-

wise correction.35 To reduce the influence of off-target binding,

choroid plexus tau-PET signal was regressed from hippocampal mea-

sures. [18F]Flutemetamol: A cortical composite SUVr as well as a

measure of early amyloid deposition in the precuneus was calculated

using the whole cerebellum as reference region.36

2.5.3 Traditional cognitive measures

As a measure representing episodic memory, we used the delayed

10-word list recall test from the Alzheimer’s Disease Assessment

Scale—Cognitive Subscale (Rosen et al., 1984). The learning trial

of the 10 words was repeated 3 times. After a distraction task

(Boston Naming—15 items short version37), the participant was asked

to freely recall the 10 words (“delayed recall”). Delayed recall was

scored as number of errors (i.e., 10 minus correct recalled words), so

that a higher score entailed worse memory performance. For global
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TABLE 1 Participant demographics of the entire sample.

Parameter

CUAβ−
(N= 49)

CUAβ+
(N= 28)

MCI Aβ−
(N= 9)

MCI Aβ+
(N= 14)

Total

(N= 100)

Age (years) 60.6 (10.9) 69.8 (8.4) 64 (11.9) 67.8 (4.3) 64.5 (10.4)

Education (years) 13.5 (3.3) 12.9 (3.3) 12.7 (2.7) 12.5 (3.8) 13.1 (3.3)

Sex (% female) 53.1% 57.1% 55.6% 35.7% 52%

MMSE 29 (1.2) 28.6 (1.6) 27 (2.1) 27.7 (1.5) 28.5 (1.6)

Note: Displayed aremean values (standard deviations) unless otherwise stated.

Abbreviations: CU, cognitively unimpaired;MCI, mild cognitive impairment;MMSE,Mini-Mental State Examination;N, number of participants.

cognition, we used theMini-Mental State Examination (MMSE38; scale

from0–30). For attentional andexecutive function,weused theSymbol

Digit Modalities Test (SDMT,39 1 point for every correct answer within

the response time of 90 seconds) and verbal fluency (Animal fluency;

number of correct animals within the response time of 60 seconds). In

addition, we used the corrected hit rates for object and scene memory

derived from an on-site version of the test that was completed dur-

ing a functional MRI scan. In the end, we calculated a composite score

similar to the Preclinical Alzheimer Cognitive Composite 5 (PACC540),

the modified PACC (mPACC), using the average of the z-standardized

scores of Alzheimer’s Disease Assessment Scale (ADAS) delayed recall

(counted twice), SDMT, MMSE, and verbal fluency. The average time

between themPACCand the remote digital assessmentswas 182days.

2.5.4 Statistical analysis

Multiple regression analyses were carried out between PET mea-

sures, MTL subregional atrophy and unsupervised digital remote

memory tests in R (version 4.1.2; www.r-project.org; R Core Team,

2022). All models were adjusted for age, sex, and intracranial volume

(for models including volumes). Results were corrected for multiple

comparisons using false discovery rate correction (p < 0.05) where

appropriate. Robust regression models were estimated using itera-

tively re-weighted least squares (ILRS) using the MASS package (rlm

function).

We extracted participant-specific mPACC slopes from linearmixed-

effects models with random intercepts and slopes (using the lme4

package for R) and mPACC score as the outcome and time (visit num-

ber) as the predictor (on average3.4mPACC timepoints per participant

across up to 5 years). These participant-specific slopes were used as

outcomes in a second set of linear regression models with plasma p-

tau217 and remotememorymeasures as predictorswhile adjusting for

age, sex, and years of education. For comparison, we also fit basic mod-

els using only the covariates, without cognitivemarkers or biomarkers.

Models were evaluated using the Akaike information criterion (AIC),

where a difference of 2 or greater is considered significant.41 Retest

reliability was assessed for 2 individual sessions (first and second ses-

sionof the respective test; onaverageafter7weeks) and for2averaged

sessions (mean of first and second session of the respective test vs.

meanof third and fourth sessionof the respective test; on average after

13 weeks). Intraclass correlation coefficients (ICCs) and their 95%

confident intervals were calculated based on single rater, absolute-

agreement, 2-way random-effects model. We consider ICC values less

than 0.5 indicative of poor reliability, values between 0.5 and 0.75

indicative for moderate reliability, values between 0.75 and 0.9 indica-

tive for good reliability, and values greater than 0.90 indicative for

excellent reliability.42

3 RESULTS

3.1 Participant sample

Here, we considered the 160 study participants who opted to partici-

pate in the add-on smartphone-based study. Of those 160, 38 did not

enroll within the mobile app, another 19 enrolled but did not complete

a full test session, and 3 were excluded due to no valid test sessions

following quality assurance as described above. As a result, 100 indi-

viduals who contributed at least 1 valid test session of the MDT-OS

(see Table 1 and flow chart in Figure S1) and 66 participants who con-

tributed at least 1 valid test session of the MDT-OS and the ORR task

(see Table S1) were included. Following initial filtering, we thus ana-

lyzed data from49CUAβ−, 28CUAβ+, 9MCIAβ−, and 14MCIAβ+ in

the MDT-OS and from 31 CU Aβ−, 19 CU Aβ+, 7 MCI Aβ−, and 9 MCI

Aβ+ in theORR-DR.

3.2 Older participants show high acceptability of
smartphone-based assessments

First, we were interested in the acceptability of the remote

smartphone-based assessments. A total of 120 participants com-

pleted a questionnaire about their phone usage. Out of those, 88%

owned a smartphone, 64% reported they would download apps by

themselves, and 21% with assistance. Participants reported that they

had been using a smartphone for 8.2 years on average (SD: 4.5 years,

range: 1–25 years), and spend 1.7 h per day using it (SD: 1.6 h, range:

1–10 h).

As reported above, 160 individuals were recruited into the add-

on smartphone study. The most frequent reason not to participate in

the smartphone-based study was lack of time (too many assessments;

13%), followed by unfamiliarity with smartphone use and insecurity

about their capabilities (7%), as well as not owning a smartphone
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5%

8%

15%

10%

80%

82%
The amount of time I was asked to complete the

tests on each day was

The number of times I was asked to complete the
tests was

100 50 0 50 100

Percentage

too short/few

just right

too long/often

2%

0%

5%

3%

10%

20%

75%

95%

95%

92%

91%

75%

55%

20%

2%

5%

2%

6%

15%

25%

5%

It was easy to use the app

I enjoyed completing the tests in the app

I understood the instructions

I would prefer to do these mobile tests rather
than standard paper and pencil tests

My screen was too small

The instruction in the user manual was clear and
easy to follow

The instruction in the app was clear and easy to
follow

100 50 0 50 100

Percentage

strongly agree

agree

neutral

disagree

strongly disagree

F IGURE 3 Acceptability and user experience. Results from telephone-based interviews with 38 participants focusing on their overall
experience with the remote and unsupervised study.

with Internet connection (7%). Seventy-three percent did not further

specify any reasons.

Across both cognitive tests, participants reported high average

concentration levels (MDT-OS = 3.9; ORR = 3.9; scale 1–5, which

translates to good concentration) during the task as well as medium

subjectively rated task difficulty (MDT = 3.1; ORR = 3.4; scale 1–5,

which translates to moderate subjectively rated performance). Both

estimates were very similar across diagnostic groups (group average

range in concentration from 3.7 to 4.1 and in subjective task difficulty

from 2.9 to 3.5). However, as expected, the second phase of the task

(i.e., 2-back or delayed retrieval compared to 1-back or immediate

retrieval) was perceived as considerably more difficult (phase 1:

3.7; phase 2: 2.7). Across both tasks, 88% of participants reported

no distractions during the task and distraction rates were higher in

cognitively unimpaired individuals (on average 14% across both tasks)

compared toMCI patients (on average 6% across both tasks).

Following filtering, the time between encoding and retrieval in the

ORR test was on average 96 minutes (SD = 44). Mobile devices had a

screen diagonal between 10.2 and 24.6 cm (mean 13.2 cm, SD = 3.4).

While 91% of participants completed the test sessions on a smart-

phone, 9% used a tablet. Regarding operating systems, 59% used iOS

devices, 35% used Android devices, and for 6% the operating system

was unknown.

We approached 38 participants for a telephone-based interview to

learn about their experience with the study (see Figure 3). Over 90%

of them found the tasks and instructions easy to understand, and the

app easy to use. Seventy-six percent said they would prefer the mobile

tests over in-person paper-and-pencil tests. Seventy-nine percent did

not experience their device’s screen as too small to see all the details

in the tasks. Eighty-four percent found the number of tests and their

duration just right, and 86% rated their experience using the app 7 or

higher on a 10-point scale. Out of the 38 participants who completed

the phone interview, 36 had finished the study and only 2 participants

had dropped out of the study before the end. While those 2 similarly

thought that the app was easy to use and the instructions were clear, 1

thought that the screen was too small and both did not enjoy complet-

ing the tests in the app (disagree and neutral). One of them found the

amount and number of times was just right, while the other rated them

as too long and too often (see Figure S2).

Finally, we compared individuals that were not interested in partici-

pating, those that agreed toparticipatebutnever enrolled in themobile

app, those that enrolled but never completed a valid test session and

those that contributed valid test sessions regarding key characteristics

to further understand the participating sample. We found that those

participants who provided valid test sessionswere on average younger

than those fromall other groups (F=8.6,p<0.001;MNotInterested =72.5

years (SD 6.38), MNotEnrolled = 72 years (SD = 7.36), MNoTests = 69.2

years (SD = 8.4), MValidTests = 64.5 (SD = 10.4)). Further, 67% of those

that were not interested in participating wereMCI patients, while only

26% of individuals across all other groups had anMCI diagnosis. There

was no difference in CSF Aβ42/40 levels across groups.
We found no differences between the groups regarding their daily

use of smartphones (F = 1.43, p = 0.239) and the years they have been

using smartphones (F= 0.44, p = 0.724). However, 62.5% of those that

were not interested in participating or never enrolled in the app had

either never installed an app before or had done so only with help. In

contrast, 69% of those who enrolled in the app and/or provided valid

data had already installed apps on their own.
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4782 BERRON ET AL.

3.3 Unsupervised memory assessments via
mobile devices reflect in-clinic cognitive scores

Next, we were interested whether the performance in the unsuper-

vised and remotememory assessmentswas associatedwith traditional

in-clinic cognitive measures. To understand the relationship with

demographics and potential confounds, we first calculated multiple

regressionmodelswith age, sex, years of education, device type (smart-

phone or tablet), and operating system to identify the associationswith

both memory paradigms. In addition, we included time-to-retrieval,

that is, the timebetweenmemory encoding and retrieval, as a covariate

for the ORR-DR. For MDT-OS, age and sex were significant predictors

for the object, and age and device type were a significant predictor

for the scene condition where higher age, female sex, and tablet usage

were associated with worse task performance (MDT-O: βage =−0.008,
p < 0.001; βsex = −0.08, p = 0.045; βeducation = 0.006, p = 0.287;

βdevice type = −0.13, p = 0.0524; βOS = −0.05, p = 0.209; MDT-S:

βage = −0.009, p < 0.001; βsex = −0.08, p = 0.062; βeducation = 0.008,

p=0.230;βdevice type =−0.18,p=0.015;βOS=−0.05,p=0.240). For the

ORR-DR, only agewas associatedwith task performance (βage =−0.22,
p < 0.001; βsex = −0.24, p = 0.814; βeducation = 0.08, p = 0.617;

βdelay = −0.63, p = 0.358; βdevice type = −1.59, p = 0.427; βOS = −1.88,
p= 0.065).

Next, we assessed the construct validity of the outcomes of the

unsupervised memory assessments by analyzing the relationship with

several in-clinic and supervised cognitive assessments (see Figure 4).

This included an in-scanner version of the MDT-OS which was com-

pleted by the same participants during an Functional Magnetic Res-

onance Imaging scan. While this was a similar task (MDT-OS), task

administration (controller button presses instead of a touch screen)

andenvironment (lying in anMRI scanner vs. completing tasks at home)

differed compared to the remote unsupervised setting using a smart-

phone. Pearson correlation coefficients revealed a strong relationship

between theMDT-OS corrected hit rate across both settings (r= 0.66,

p < 0.001; MDT-O: r = 0.52, p < 0.001; MDT-S: r = 0.48, p < 0.001).

Next, we were interested whether MDT-OS and ORR-DR were asso-

ciated with an in-clinic measure of memory (ADAS delayed recall) and

a composite score that has been shown to be sensitive to early AD

(mPACC) as well as the SDMT, verbal fluency and the MMSE. Due to

ceiling effects of ADAS delayed recall and the MMSE in early AD, we

assessed Spearman rank correlation rho. All measures were signifi-

cantly associated with the MDT-OS corrected hit rates (ADASdelayed:

ρ = 0.53, p < 0.001; MDT-O: ρ = 0.54, p < 0.001; MDT-S: ρ = 0.44,

p < 0.001; MMSE: ρ = 0.39, p < 0.001; MDT-O: ρ = 0.37, p < 0.001;

MDT-S: r = 0.33, p < 0.001; VerbalFluency: r = 0.59, p < 0.001; MDT-

O: r = 0.55, p < 0.001; MDT-S: r = 0.52, p < 0.001; SDMT: r = 0.58,

p < 0.001; MDT-O: r = 0.54, p < 0.001; MDT-S: r = 0.50, p < 0.001).

Similarly, ORR-DR performance was strongly associated with ADAS

delayed recall and also associated with all other outcomes (ADASde-

layed: ρ = 0.63, p < 0.001; MMSE: ρ = 0.36, p < 0.001; VerbalFluency:

r= 0.66, p< 0.001; SDMT: r= 0.63, p< 0.001).

The mPACC score was associated with MDT-OS (mPACC: r = 0.62,

p< 0.001; MDT-O: r= 0.58, p< 0.001; MDT-S: r= 0.54, p< 0.001) and

ORR delayed retrieval performance (r = 0.7, p < 0.001). All relation-

ships above survived corrections for multiple comparisons using False

Discovery Rate (FDR) correction.

3.4 Digital memory scores are associated with
measures of AD pathology and MTL atrophy

Next, we were interested whether memory scores from remote and

unsupervised assessments were associated with measures of AD

pathology, namely, Aβ and tau pathology, as well as measures of

atrophy (see Figure 5). Both memory tasks have been designed to tax

MTL-dependent memory processes.3,11,13 Thus, we were interested

in the relationship with measures of tau pathology representing

early disease stages. Following recent findings on the relationship

of memory performance with measures of MTL tau pathology and

atrophy,4,43,44 we selected tau-PET SUVr in area 35 and the anterior

and posterior hippocampus as well as median thickness of area 35

and the volume of the anterior and posterior hippocampus. Regard-

ing Aβ, we selected SUVr in the precuneus representing early Aβ
deposition.45

Regarding tau-PET, MDT-O, but not MDT-S, was significantly asso-

ciated with area 35 tau-PET SUVr (MDT-O: β = −0.09, SE = 0.03,

p= 0.007;MDT-S: β=−0.04, SE= 0.04, p= 0.229), anterior hippocam-

pal tau-PET SUVr (MDT-O: β = −0.24, SE = 0.07, p < 0.001; MDT-S:

β = −0.019, SE = 0.08, p = 0.813), and posterior hippocampal tau-PET

SUVr when accounting for participant age and sex (MDT-O: β = −0.17,
SE = 0.08, p = 0.03; MDT-S: β = −0.001, SE = 0.09, p = 0.989). Like-

wise, ORR-DR performance was significantly associated with area 35

tau-PET SUVr (β = −2.3, SE = 0.7, p = 0.002) and anterior (β = −4.44,
SE = 1.53, p = 0.005) but not posterior hippocampal tau-PET SUVr

(β = −2.99, SE = 1.86, p = 0.113) when accounting for participant

age, sex and time between encoding and retrieval. These relationships

survived corrections for multiple comparisons using FDR correction.

However, when additionally accounting for Aβ-PET SUVr in precuneus,
only the relationship between the MDT-O and the anterior hippocam-

pus remained statistically significant (MDT-O: β = −0.22, SE = 0.09,

p = 0.013) while the relationship of the MDT-O with area 35 and pos-

terior hippocampal tau-PET weakened (area 35: β = −0.07, SE = 0.04,

p=0.113; posterior hippocampus: β=−0.11, SE=0.1, p=0.242) as did

the relationship of the ORR-DR and area 35 and anterior hippocam-

pal tau-PET SUVr (area 35: β = −1.54, SE = 0.97, p = 0.117; anterior

hippocampus: β=−2.37, SE= 2.02, p= 0.245)

Similarly, regarding Aβ-PET,MDT-O, andORR-DR performance, but

not MDT-S, were significantly associated with Aβ-PET SUVr in pre-

cuneus (MDT-O: β = −0.18, SE = 0.08, p = 0.026; MDT-S: β = −0.08,
SE= 0.09, p= 0.343; ORR: β=−5.66, SE= 01.85, p= 0.003). However,

the Aβ-PET SUVr relationships did not hold when accounting for area

35 tau-PET SUVR (all p-values> 0.26).
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BERRON ET AL. 4783

F IGURE 4 Construct validity of theMDT-OS and theORR. Scatter plots showing relationships of theMDT-OS Corrected hit rate with the
(A) modified Preclinical Alzheimer’s Cognitive Composite, (B) errors in the delayed 10-word list recall test fromADAS-cog, (C) Symbol Digit
Modalities Test, (D) animal fluency, (E)Mini-Mental State Examination as well as the (F)Mnemonic Discrimination Task for Objects and Scenes
Corrected Hit Rate from an on-site based task version that was performed during anMRI scan. Furthermore, scatter plots show relationships of
theORR-DRwith the (G) modified Preclinical Alzheimer’s Cognitive Composite, (H) errors in the delayed 10-word list recall test fromADAS-cog,
(I) Symbol DigitModalities Test, (J) animal fluency, and the (K)Mini-Mental State Examination. ADAS, Alzheimer’s Disease Assessment Scale;
ADAS-cog, Alzheimer’s Disease Assessment Scale—Cognitive Subscale; MDT-OS; mnemonic discrimination test for objects and scenes; ORR,
Objects-In-RoomRecall; ORR-DR, ORR delayed recall score.
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4784 BERRON ET AL.

F IGURE 5 Criterion validity of theMDT-OS and theORR-DR. Scatter plots showing relationships between theMDT-O and tau-PET uptake in
(A) area 35, (B) the anterior and (C) posterior hippocampus, as well as cortical thickness in area 35 (D) and anterior (E) and posterior hippocampal
volume (F). Panel G shows the relationship of theMDT-S with anterior hippocampal volume. Finally, panel (H), (I), and (J) illustrate relationships of
theORR-DR and tau-PET uptake in area 35 and the anterior hippocampus as well as the volume of the posterior hippocampus. A35, area 35; aHC,
anterior hippocampus; pHC, posterior hippocampus;MDT-OS;Mnemonic Discrimination Task for Objects and Scenes; ORR-DR, Object-In-Room
Recall–delayed recall; PET, positron emission tomography.

With respect toMTLmeasures of atrophy, MDT-Owas significantly

associated with area 35 thickness as well as anterior and posterior

hippocampal volume (area 35: β = 0.22, SE = 0.11, p = 0.044 [robust

regression: F = 5.34, p = 0.022]; anterior hippocampus: β = 301.3,

SE = 150.8, p = 0.049; posterior hippocampus: β = 218, SE = 108,

p = 0.046), while MDT-S was only associated with anterior hippocam-

pal volume (anterior hippocampus: β = 420.4, SE = 134.4, p = 0.002,

A35: β = 0.17, SE = 0.1, p = 0.081, posterior hippocampus: β = 190.7,

SE = 99.2, p = 0.058) when accounting for age, sex, and intracranial

volume. ORR-DR performance was significantly associated with

posterior hippocampal volume (β = 15, SE = 6, p = 0.015) but neither

anterior hippocampal volume (β = 15.6, SE = 8.03, p = 0.057) nor

area 35 thickness (β = 0.001, SE = 0.006, p = 0.076) when accounting

for age, sex, intracranial volume and time between encoding and

retrieval. The relationships of the MDT-O and MTL atrophy measures

did not survive corrections for multiple comparisons using FDR

correction. Taken together, both memory tasks showed sensitivity to

measures of AD pathology as well as MTL atrophy as a measure of

neurodegeneration.

3.5 Combination of blood-based biomarker and
digital cognitive marker predicts future cognitive
decline

Next, we examined whether baseline scores from unsupervised mem-

ory assessments were associated with future cognitive decline rates in

the mPACC and whether a combination of a blood-based biomarker

and digital cognitive markers would outperform individual measures

in predicting cognitive decline. Recent work has shown that plasma

p-tau217 was associated with cognitive decline as well as disease

progression.46,47 To that end, we derived participant-specific mPACC
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BERRON ET AL. 4785

slopes from linear mixed-effects model with random intercepts and

slopes and ran hierarchical linear regression models with plasma p-

tau217 and remote memory measures as predictors to test which

model best predictedmPACC decline across 5 years.

Adjusting for covariates, cognitive outcomes for MDT-S and ORR-

DR as well as p-tau217 but not MDT-O were significantly associated

with mPACC slopes (see Tables 2 and 3, see also Table S2 for individual

longitudinal linear mixed-effects models for eachmarker).

We next aimed to define an optimal combination to predict mPACC

slopes. The best combination model for prediction of mPACC slopes

(i.e., the model with the lowest AIC) included plasma p-tau217

(β [SE] = −0.024 [0.005]; p < 0.001), MDT-S (β [SE] = 0.174 [0.032];

p < 0.001), age (with higher age associated with worse mPACC

slopes; β [SE] = −0.003 [0.001]; p = < 0.001), sex (withmale sex asso-

ciated with worse mPACC slopes; β [SE] = 0.044 [0.013]; p < 0.001),

and education (β [SE] = −0.004 [0.002]; p = 0.069; AIC for the over-

all model: −474; R2 = 0.31, see Table 2 “Digital Cognitive Marker +
BBM”). This model was also better than both the Digital Cognitive

Marker and the BBMmodel as indicated by a lower AIC.

Similarly, in a smaller sample of individuals that completed both

the MDT-OS and the ORR-DR (see Table S1 for sample character-

istics), the best combination model for prediction of mPACC slopes

included plasma p-tau217 (β [SE] = −0.03 [0.006]; p < 0.001), ORR-

DR (β [SE] = 0.012 [0.003]; p < 0.001),MDT-S (β [SE] = 0.167 [0.041];

p < 0.001), age (β [SE] = 0.000 [0.001]; p = 0.858), sex (with male

sex associated with worse mPACC slopes; β [SE] = 0.048 [0.016];

p = 0.004), and education (with higher education associated with

worsemPACC slopes; (β [SE] = −0.009 [0.003]; p < 0.001; AIC for the

overall model: −298; R2 = 0.42, see Table 3 “Digital Cognitive Marker

+ BBM”). This model was also better than both the Digital Cognitive

Marker and the BBMmodel with respect to lower AIC.

3.6 Remote and unsupervised short assessments
show moderate-to-good retest reliability

Finally, we were interested in retest reliability of remote and unsu-

pervised assessments given that unsupervised and remote memory

assessments arewell suited to assess longitudinalmemory trajectories.

To that end,we limited the dataset to individualswhohad at least 4 ses-

sions completed (n = 73 and n = 37 completed repeated assessments

across 4 sessions of theMDT-OS andORR respectively) and calculated

2-way random ICC for 2 scenarios. Regarding a scenario where single

test sessions would be used, we calculated the ICC between the first

and second session of a respective test and regarding a scenario where

the average between 2 sessions would be used, we calculated the ICC

between the average of the first and second session of a respective

test and the average the third and fourth session of a respective test.

A single session of MDT-OS (ICC of 0.65, 95% CI [0.5, 0.77]; MDT-O:

0.58 [CI 0.4, 0.71];MDT-S: 0.52 [CI 0.33, 0.67]; n= 73) and a single ses-

sion of ORR (ICC of 0.67 [CI 0.41, 0.8]; n = 37) both showed moderate

retest reliability. In the second scenario, the average of 2 test sessions

of MDT-OS (ICC of 0.83 [CI 0.7, 0.89]; MDT-O: 0.65 [CI 0.49, 0.76];

MDT-S: 0.68 [CI 0.53, 0.78]), as well as the average of two test sessions

of ORR (ICC of 0.79 [CI 0.63, 0.89]) showed good retest reliability.

4 DISCUSSION

We found good construct validity of remote and unsupervised digital

memory assessments when comparing them with in-clinic traditional

neuropsychological assessments, and that baseline performance in

the remote memory assessments was associated with decline in the

mPACC score. The model that best predicted cognitive decline in

the mPACC included a combination of plasma p-tau217 and MDT-S.

In a sub-sample of individuals where both digital cognitive mark-

ers were completed, the model that best predicted future cognitive

decline in the mPACC also included the ORR-DR. Retest reliability

was moderate-to-good when repeating the tests utilizing parallel test

versions. In addition, digital memory assessments were significantly

associated with tau-PET as well as downstreamMRI measures of MTL

atrophy. Finally, the onboarding into the study as well as the unsu-

pervised completion of memory tasks itself was rated positively by

participants.

4.1 Older adults and patients were able to
complete unsupervised digital assessments

There exist stereotypes regarding older adults’ andpatients’ familiarity

with smartphones and tablet computers and their willingness to par-

ticipate in unsupervised studies using digital devices. However, recent

work has shown that, while older adults were indeed less familiar with

technology, many older participants decided to participate in remote

studies and showed exceptional adherencewhen studieswere planned

thoughtful and included user-centered design.48 In line with this, we

found that a largemajority of older participants owned amobile device

and downloaded apps by themselves or with help. However, we found

that MCI and older age were more common in individuals who were

not interested in participating or did not contribute complete datasets.

Many of those who did not participate indicated that they had either

never installed an app before or only with help, while the majority of

participants who contributed complete datasets had already installed

apps on their own. While only 10% were not interested in partici-

pating in the remote assessments, more than 20% of individuals who

initially agreed to participate did never enroll within the app. There-

fore, there seems to be a large potential to encourage participation

by offering support to those with MCI, that are older and those with

less experience with smartphones as has been demonstrated in earlier

work.48

Participants rated both remote memory paradigms as challenging

but not too difficult. A large majority found the instructions clear and

the application easy to use, and the app was overall rated at least 7

out of 10 by more than 85% of participants. This indicates that the

app was easy to work with for most participants. Importantly, how-

ever, these interviewsalmost exclusively includedparticipantswhohad
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finished the study after 1 year which might have led to biased results.

Future studies thus need to incorporate usability interviews earlier in

the study schedule.

4.2 Remote and unsupervised assessments reflect
traditional neuropsychological assessments

When introducing a novel cognitive measure, construct validity needs

to be assessed by comparing it against established neuropsychological

measures of constructs it is intended to measure. This is particularly

true for unsupervised and remote digital assessments that are com-

pleted in unstandardized environments of the participant’s choice.

Recent work using smartphone-based assessments in samples of

older participants could demonstrate high construct validity across

various cognitive domains.20–22,49,50 Both the ORR and the MDT-OS

measure visual memory, which makes it difficult to cheat, as would

be possible in verbal memory tasks, where participants could, for

example, take notes. While the ORR specifically aims to measure

delayed memory, the MDT-OS measures precision memory in an

n-back task design known to also rely on attentional and executive

processes.51 We found that the ORR-DR and MDT-OS were strongly

associated with ADAS delayed recall, SDMT, and verbal fluency and

less so with the MMSE. The strongest relationship for both measures

was found with the mPACC. These findings support earlier work using

the neotiv memory tasks in samples with CU and MCI patients.21,28

Furthermore, baseline performance in the MDT-S and the ORR-DR

was associated with future decline in the mPACC in this study, demon-

strating first evidence of its prognostic validity regarding cognitive

decline.

While high construct validity indicates that the tasks were success-

fully designed tomeasurememory function, it also indicates that study

participants were successful in completing the tests in an appropri-

ate environment. While we do not know details about the individual

test environment, our findings indicate that it was generally an undis-

turbed environment, as 88% of all sessions were reported without

any distractions. Interestingly, our findings show that CU individuals

reported more distractions compared to MCI patients, in line with

earlier research.52

4.3 Remote and unsupervised assessments are
sensitive to measures of AD pathology

Both the MDT-OS and the ORR are considered MTL-dependent

tasks3,11,13,15,16 and earlierwork has already linked performance in the

MDT-OS with fluid and imaging measures of AD pathology.3,13 While

the MDT-O is associated with an object pathway including the perirhi-

nal cortex (including area 35) and the anterior-lateral entorhinal cor-

tex, theMDT-S targets a scene pathway including the parahippocampal

cortex and the posterior-medial entorhinal cortex.3,11,13 Elevated tau-

PET signal in early disease stages can be found in perirhinal cortex

and the anterior-lateral entorhinal cortex before it progresses toward

the hippocampus.4 Thus, we would expect relationships and effects of

tau pathology specifically on object memory as we have seen in earlier

work.3,13 In line with these earlier findings, we found that MDT-O and

ORR-DR were both significantly associated with tau-PET measures

from the hippocampus and area 35, and there was no such relation-

ship for the MDT-S.13 However, these effects weakened, and several

became non-significant when we added a measure of amyloid burden

to the models. While this is in part expected given the high correlation

between tau and amyloid burden, future analyses with bigger sam-

ple sizes need to confirm these relationships. Finally, we found that

remote digital assessments were associated with MTL atrophy, which

is considered a downstream effect of AD pathology. Area 35 and the

hippocampus are among the earliest sites of atrophy inAD.4,53,54 While

theMDT-OSwas associatedwith atrophy of the hippocampus and area

35, ORR-DR was only associated with posterior hippocampal atrophy.

Taken together, this shows that both tasks depend on the functional

integrity of the MTL, and that task performance is affected by early

accumulation of AD pathology.

4.4 Potential of remote assessments for case
finding, monitoring, and prognosis of cognitive
impairment in AD

Remote unsupervised digital cognitive assessments hold promise for

case finding in healthcare and clinical trials, but also for longitudinal

cognitive monitoring and even prognosis of cognitive decline and dis-

ease progression. Recent work showed that outcomes from remote

assessments can help to identify MCI patients28 and potentially even

Aβ-positive CU participants.19,26 Regarding prognosis, recent work

has shown that plasma biomarkers for tau pathology are associated

with future cognitive decline,46 and in combination with brief in-

clinic pen-and-paper cognitive tests, can identify MCI patients who

are likely to progress toward dementia.47 Similarly, Tsoy and col-

leagues recently showed that a combination of plasma biomarkers

and brief in-clinic digital cognitive assessments could predict Aβ-
positivity andwere associatedwith concurrent disease severity aswell

as future functional decline.55 High construct validity and first evi-

dence of prognostic validity regarding cognitive decline in the mPACC

suggest that remotememory assessmentsmay also have potential util-

ity in prognosis. Indeed, our analysis comparing models with plasma

p-tau217 against amodel combining plasma p-tau217 and remote digi-

tal memory assessments suggests that incorporating remote memory

assessments can significantly contribute to the prediction of future

decline. Moreover, the moderate-to-good retest reliability of both

memory assessments, coupled with the minimal practice effects due

to the utilization of parallel test sets24 hints that these tests might

prove beneficial inmonitoring cognitive change over time.While retest

reliability was moderate when using one single assessment, it was

good when averaging across only two sessions. Future studies need

to investigate whether longitudinal trajectories derived from remote

and unsupervised cognitive assessments can capture subtle cognitive

decline.
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We need to carefully consider some limitations to this study. First,

the modest sample size, particularly for participants who completed

both memory paradigms. Second, our implementation of the ORR did

not strictly enforce adherence to the planned retrieval delay intervals,

which led some individuals to perform recall assessments after pro-

longed delays. Given the impact of delay length on task performance,

we excluded sessions with significantly extended delay periods (more

than 240 minutes) resulting in substantial reduction of test sessions

in this study. Thus, future implementations of this task, and remote

and unsupervised assessments of long-termmemory in general, should

make it easier for participants and patients to integrate remote and

repeated tests into their everyday life, while still enforcing minimized

delay periods.

5 CONCLUSION

Our results demonstrate that unsupervised and remotedigitalmemory

assessments could effectively become a valuable tool in the diag-

nosis and prognosis of AD, conceivably in combination with plasma

biomarkers.
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