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SUMMARY

Traditional neuropsychological tests accurately describe the current cognitive
state but fall short to characterize cognitive change over multiple short time pe-
riods. We present an innovative approach to remote monitoring of executive
functions on a monthly basis, which leverages the performance indicators from
self-administered computerized cognitive training games (NUP-EXE). We evalu-
ated themeasurement properties of NUP-EXE in N = 56 individuals (59%women,
60–80 years) at increased risk of Alzheimer’s disease (APOE-e4 carriers with sub-
jective cognitive decline) who completed a 12-month multimodal intervention for
preventing cognitive decline. NUP-EXE presented good psychometric properties
and greater sensitivity to change than traditional tests. Improvements in NUP-
EXE correlated with improvements in functionality and were affected by partici-
pants’ age and gender. This novel data collection methodology is expected to
allow a more accurate characterization of an individual’s response to a cognitive
decline preventive intervention and to informdevelopment of outcomemeasures
for a new generation of intervention trials.

INTRODUCTION

Traditional neuropsychological assessment methods have high specificity and sensitivity for assessing the

current cognitive state1–3 but suffer from several limitations due to (i) the time and expenses associated with

testing4; (ii) the fact that testing sessions can be perceived as intrusive and unnatural and thus trigger stress

and hinder attention and motivation5; and (iii) the difficulty to reliably administer repeated assessments

due to ubiquitous practice effects.6,7 As a result, cognition is usually evaluated in few occasions over the

course of longitudinal studies or clinical trials, typically at baseline, mid-term, and at the end of the study.

Obtained results are aggregated statistical data assuming that (i) all participants respond in the same di-

rection (i.e., all are responders or non-responders) and (ii) changes over time follow the same pattern (i.e.,

thus missing if peak changes happened at a time different from predefined assessments and there is no

further improvement despite a continued intervention). An innovative approach to overcome the limita-

tions of traditional assessments would be the incorporation of computer-based algorithms to adjust diffi-

culty to capacity and thus prevent practice effects,8 which would enable a more frequent sampling of the

cognitive performance.

Dementia is the fourth leading cause of death among 70-year-old people,9,10 being Alzheimer’s disease

(AD) the most common cause (60–70% of cases).10 AD has a broad spectrum of clinical manifestations

that span from clinically asymptomatic to severely impaired.11 Therefore, like other neurodegenerative

and neurodevelopmental disorders,12 AD should not only be viewed with discrete and defined clinical

stages but also as a multifaceted process moving along a seamless continuum.13 Prevention of AD has

emerged as the best therapeutic opportunity given the long preclinical phase and the known modifiable

risk factors that can be addressed in preventive interventions, including diet, physical activity, and cognitive

training.14 Individuals with cognitive performance within normal values experiencing subjective cognitive

decline (SCD) are at increased risk of AD15,16 and are considered the ideal target population where to
iScience 26, 106886, June 16, 2023 ª 2023 The Author(s).
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perform preventive interventions.17 However, the sensitivity of cognitive tests to detect subtle cognitive

decrements underlying neuropathological burden in early preclinical stages of AD is questionable.18,19

Moreover, the heterogeneity of AD from a genetic, pathophysiological, and clinical viewpoint suggests

that preventive interventions are unlikely to succeed using a ‘‘one size fits all’’ approach.20–23 To fully

release the potential of these preventive interventions, we need to understand the inter-individual vari-

ability in treatment response (e.g., how and when cognitive and related functional changes occur) and

then tailor interventions to individual needs.

New digital cognitive assessment tools are being developed for detecting early cognitive impairment in

preclinical stages of AD.24,25 These tools use computers, tablets, smartphones, and novel approaches

(e.g., speech analysis, eye tracking, and virtual reality), and some of them are remotely administered

without supervision.24 However, they are mainly focused on detecting subtle cognitive changes to distin-

guish between cognitively normal subjects and those presenting biomarker-confirmed preclinical AD.24,25

Therefore, in the context of multimodal interventions in lifestyle factors of SCD subjects, there is a lack of

tools for longitudinally monitoring cognitive changes during the course of a preventive intervention.

An innovative approach for remote and repeatable cognitive testing would be the extraction of data perfor-

mance on some cognitive tasks from web-based cognitive training games. Cognitive training refers to the

repeated practice on standardized cognitive tasks designed to train specific cognitive abilities. It has been

used with success in the improvement of cognitive functioning in old adults.26–30 Cognitive training games

have some characteristics that make them good candidates for the continuous evaluation of cognition.

Because they are computerized, they allow an easy administration and data collection, with better standard-

ization and increased accuracy of timing presentation of stimuli and response latencies. Cognitive training

games can also introduce novel elements and alternate sequences to minimize learning effects, and they

can adapt the testing difficulty to the baseline performance of each individual. Their remote and unsupervised

administration increases trial efficiency and reduces the intrusiveness of testing sessions since they are per-

formed in participant’s familiar environment. In addition, cognitive training games can simulate real-world sit-

uations, increasing the ecological validity of assessment. Training sessions are typically of short duration (20–

30 min), and the explored cognitive functions can alternate with sessions, which reduce participant’s fatigue

usually observed after long testing sessions. Finally, perhaps the most relevant advantage is the intensive lon-

gitudinal data collection (e.g., weekly or monthly), which gives the possibility of defining accurate cognitive

trajectories to identify which individuals respond and not respond to interventions, as well as, to understand

when cognitive changes occur within the time course of the study. However, this approach also faces chal-

lenges such as the adequate validity of the cognitive measures, the maintenance of participant engagement

in the long run, or the lack of access or technical skills for using digital devices.24

This study aims to evaluate the acceptability, reliability, validity, and sensitivity to change of an innovative

approach to the assessment of executive functions that leverages the performance indicators from

self-administered computerized cognitive training games in individuals APOE-ε4 carriers meeting criteria

of SCD following a preventive intervention for cognitive decline. We hypothesized that improvements in

executive functions derived from performance in cognitive training games will be influenced by the age,

gender,31,32 years of education, and cognitive reserve33,34 of participants and will correlate with improve-

ments in daily living activities and quality of life.35,36 We also postulated that, if the performance in cog-

nitive training tasks is an accurate measure of cognitive performance, their metrics should enable the

evaluation of the inter-individual variability in treatment response after preventive interventions for AD.
RESULTS

A total of 8 NeuronUP (NUP) games that targeted executive functions were analyzed (Table 1).
Sample characteristics

The ratio of women/men was 33/23, the mean G SD age was 67.0 G 4.7 years, and most participants

(64.3%) had university or higher educational level (Table S1). Regarding SCD characteristics, 71.1% had

an informant who corroborated the perception of cognitive decline, 50.0% had consulted a physician for

the SCD, and almost all had memory complaints (98.2%), followed by impairment of language (71.4% in to-

tal, 84.8% in women and 52.2% inmen) and concentration (62.5%). Moreover, over 80% presented 5 or more

SCD-plus criteria, including (i) memory complaints rather than other domains of cognition, (ii) onset of
2 iScience 26, 106886, June 16, 2023



Table 1. Description of NUP cognitive training games of executive functions used in the cognitive training intervention and scoring system created for the evaluation of executive functions

Game

Pre-specified

cognitive

domainsa Description

Game specifications when

increasing phase numberb
Min-Max

phasec Scoringd

Sorting Bugs Planning

Hemineglect

Processing Speed

Selective Attention

Sustained Attention

Consists of reorganizing the moving

elements (bugs) by placing each

type on the side where they belong

There are more bugs, they move

faster, and the tool for

reorganizing bugs is smaller

[1–9] Score = mode ðphase nºÞ + A � B

A = ð0:2 3 nº of passed exercisesÞ
B = ð0:005 3 mean ðsecondsÞÞ

Balance

the Bags

Working Memory

Flexibility

Planning

Reasoning

Based on the weight of different

products; the user has to put them

into bags distributing their weight

equally. There are two types of errors:

when the user balances the bags wrongly

and when bags are broken (if a bag is

broken three times, the exercise is failed).

The performance in each screen is qualified

under 5 categories: perfect, regular, bad,

very bad, and null.

There are more products and bags.

Weights are also more complicated

numbers

[1–9] Score = mode ðphase nºÞ + A � B

A = ð0:2 3 nº of passed exercisesÞ
B = ð0:030 3 nº exercises qualified ase regularÞ

+
�
0:063 3

nº exercises qualified as bad
�
+

�
0:094 3 nº exercises qualified as very bad

�
+
�
0:125 3 nº exercises qualified as null

�

Home Delivery Working Memory

Episodic Memory

Consists of remembering the

order in which the buildings light

up to later reproduce

it in reverse order

The number of illuminated buildings

increases (the sequence is longer)

[1–9] Score = mode ðphase nºÞ + A � B

A = ð0:2 3 nº of passed exercisesÞ
B = ð0:005 3 mean ðsecondsÞÞ

Card Pyramid Flexibility

Alternating Attention

Hemineglect

Planning

Selective Attention

Consists of arranging the cards

that appear in either increasing

or decreasing numerical order

The number of cards increases,

so there are more valid options

and the complexity to organize

cards increases

[1–6] Score = mode ðphase nºÞ + A � B

A = ð0:2 3 nº of passed exercisesÞ
B = ð0:005 3 mean ðsecondsÞÞ

Knitting a Scarf Planning

Processing Speed

Spatial Relation

Sustained Attention

Consists of catching all the balls of

yards that appear without

hitting anything.

The scarf moves faster and

faster, and its length increases

[1–12] Score = mode ðphase nºÞ + A

A = ð0:2 3 nº of passed exercisesÞ

(Continued on next page)
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Table 1. Continued

Game

Pre-specified

cognitive

domainsa Description

Game specifications when

increasing phase numberb
Min-Max

phasec Scoringd

Jigsaw Puzzle Visuoconstructive

Praxis

Planning

Spatial relation

Consists of connecting the pieces

until they make a picture

The number of puzzle pieces

increases, the number of clues

decreases, and pieces can

appear rotated

[1–9] Score = mode ðphase nºÞ + A � B

A = ð0:2 3 nº of passed exercisesÞ
B = ð0:005 3 mean ðsecondsÞÞ

Déjà vu Working Memory

Sustained Attention

Consists of looking closely at

all the elements and finding

those appearing more than once

The complexity and the number

of elements to memorize increase.

Elements can be in motion

[1–12] Score = mode ðphase nºÞ + A � B

A = ð0:2 3 nº of passed exercisesÞ
B = ð0:1 3 nº of errorsÞ

Stop the Ball Spatial Relation

Inhibition

Planning

Processing Speed

Consists of calculating the

exact moment

when the element should pass

through a specific place

The ball moves faster and faster [1–12] Score = mode ðphase nºÞ + A � B

A = ð0:2 3 nº of passed exercisesÞ
B = ð0:005 3 sum ðsecondsÞÞ

aThe first cognitive domain is the main one (in bold) and on the basis of which the game is leveled. The rest of cognitive domains are listed in alphabetical order.
bSee details in Supplementary Methods Tables S1–S8.
cThe phase of a game indicates the difficulty level. Higher phase number indicates increased difficulty level. All games were programmed to start at phase 3 except Balance the Bags and Card Pyramid that

started at phase 2.
dMode = most frequently played difficulty level each month. Phase nº = difficulty level of the game. A = maximum +1 point. B = maximum �0.5 points. Baseline scores are located at month 3.
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0.69*** 0.43** 0.65*** 0.67*** 0.48*** 0.60***

1.00

0.55***
0.76***

0.59***
0.58***

0.72*** 0.63***

NUP−EXE

Bugs Bags Pyramid Puzzle DeliveryScarf

Figure 1. Factorial validity of the measurement model of NUP-Executive functions (NUP-EXE) in the calibration sample (N = 56)

Model fit statistics were c2(9) = 10, p = 0.383; CFI = 0.99; RMSEA = 0.035; and SRMR = 0.059. Values represent standardized estimates. All values are

statistically significant (*p < 0.05, **p < 0.01, ***p < 0.001).
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symptoms within the last 5 years, (iii) concern about symptoms, (iv) perception of lower performance

compared to same age group, and/or (v) confirmation of symptoms by an informant.
Adherence to NUP

The mean adherence to the cognitive training intervention was 73.8% (95% confidence interval [CI] 71.5,

76.0). Moreover, almost all participants (94.6%) completed at least half of the training. The first month of

intervention presented the lowest adherence (44.2%, 95% CI 35.7, 52.7), though in the second month it

increased to 73.2% (95% CI 66.1, 80.3) and then reached the maximum of 82.0% (95% CI 75.7, 88.3) in month

5, which means that, on average, participants performed 10 of the 12 sessions that were scheduled (Table

S2). Finally, the adherence to NUP remained between 74.0 and 82.0% until month 11, though it slightly

decreased to 68.0% in month 12 (Figure S1).
Participants’ feedback

Most participants (N = 48, 85.7%) completed an online survey about the acceptability of the cognitive

training intervention (Table S3). Almost all reported they had enough resources or knowledge for using

NUP, and over 80% stated that the digital platform was easy to use and had learned easily how to use it.

However, for 39.6% of participants, game instructions were not clear or understandable enough. In addi-

tion, more than 70% reported their motivation to use NUP remained high during the study and that the

intervention had an adequate periodicity and duration.
Factorial validity and reliability of NUP

After exploring the univariate pattern of correlations among NUP games of executive functions in the cali-

bration and validation samples, the game ‘Stop the ball’ was excluded as it did not correlate with the re-

maining scores. Then, the latent structure of executive functions derived from NUP scores (NUP-EXE) was

examined and confirmed by confirmatory factor analysis (CFA). Accordingly, the game ‘Déjà vu’ was

removed as it was not significantly associated with NUP-EXE. Therefore, NUP-EXE was composed by the

scores derived from the following six games: ‘Sorting bugs’, ‘Balance the bags’, ‘Home delivery’, ‘Card pyr-

amid’, ‘Knitting a scarf’, and ‘Jigsaw puzzle’.

In the calibration sample, the hypothesized model provided good fit to the data (c2(9) = 10, p = 0.383;

comparative fit index [CFI] = 0.99; robust mean square error of approximation [RMSEA] = 0.035; and stan-

dardized root-mean-square residual [SRMR] = 0.059), and the factor loadings of each game were significant

and above 0.5 (Figure 1). The average variance extracted (AVE) was moderate (AVE = 0.41). Construct reli-

ability and replicability were high when measured with the H index (H = 0.82) and the Cronbach’s a (a =

0.81, 95% CI 0.68, 0.87) (Table S4).
iScience 26, 106886, June 16, 2023 5



A B

Figure 2. Pearson’s correlation between NUP-EXE scores and (A) a composite score from traditional tests of

executive functions (NPS-EXE) or (B) a composite score from traditional tests of memory (NPS-MEM) at 6 months

(N=56)

Each panel includes the correlation in the center and the distribution of each variable in the top and left sides. NPS-EXE

refers to a composite score created by averaging the standardized scores from the Five Digits Test (FDT) flexibility score,

the Stroop Word-Color score, the Digit Span backwards score, the WAIS-Digit Symbol substitution test direct score, and

the Visual Puzzle test direct score. NPS-MEM refers to a composite score created by averaging the standardized scores

from the Free and Cued Selective Reminding Test (FCSRT) immediate free recall and delayed free recall and the WMS

Logical Memory immediate recall and recognition. The gradient of colors from yellow to purple is based on the gradient

of scores (from lower to higher) in traditional neuropsychological tests.
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Subsequently, the factorial validity and reliability of NUP-EXE were tested and confirmed in the validation

samples that included 6-month and 12-month data (Figure S2). Moreover, reliability values slightly

improved after 6 months (AVE = 0.58; H = 0.90; and a = 0.88, 95% CI 0.82, 0.93) and after 12 months

(AVE = 0.50; H = 0.86; and a = 0.86, 95% CI 0.77, 0.90).

Longitudinal measurement invariance

The proposed NUP-EXE model was configural and metric invariant, demonstrating the same factor structure

and equality of the factor loading matrix in the calibration and validation samples (Table S5). Individual tra-

jectories of NUP-EXE over 10 measurement occasions (month 3 to month 12) are represented in Figure S3.

Convergent and discriminant validity

First, the factorial validity, reliability, and measurement invariance of the traditional composites of execu-

tive functions (NPS-EXE) and memory (NPS-MEM) were tested. Using baseline data, the correlated 2-factor

model of memory and executive functions provided good fit to the data (c2(24) = 29, p = 0.210; CFI = 0.965;

RMSEA = 0.063; SRMR = 0.078) (Figure S4). NPS-MEM and NPS-EXE were moderately correlated (bSTD =

0.66, p < 0.001). Reliability values were H = 0.80 for NPS-EXE and H = 0.77 for NPS-MEM. The AVE was

0.38 for NPS-EXE and 0.43 for NPS-MEM and was equivalent to the squaredmultiple correlation coefficient

(SMC= 0.43), showing that each factor explained the same variance in its respective indicators than with the

other factor of the model. Moreover, configural and metric invariance models for NPS-EXE and NPS-MEM

over three measurement occasions (baseline, 6 months, and 12 months) provided reasonable fit to the data

(Table S6).

Then, convergent and discriminant validity of NUP-EXE was examined by analyzing the univariate pattern

of correlations with similar measures (e.g., NPS-EXE) and less-related measures (e.g., NPS-MEM) (Figure 2).

As shown in Table 2, the correlation between NUP-EXE andNPS-EXE was stronger than that between NUP-

EXE and NPS-MEM, particularly after 6 months (r = 0.66 vs. r = 0.45) and 12 months (r = 0.57 vs. r = 0.37).

NUP-EXE correlated strongly with measures of global cognition, including the Alzheimer Disease Cooper-

ative Study Preclinical Alzheimer Cognitive Composite (ADCS-PACC) (r = 0.65), the ADCS-PACC-plus-exe

(r = 0.63), and the MoCA (r = 0.47), and moderately with the mini-mental state examination (MMSE) (r =

0.42). Finally, NUP-EXE negatively correlated with the age of participants (r =�0.55), and weak correlations

were also observed betweenNUP-EXE andWorld HealthOrganization quality of life (WHOQOL)measures,

including overall health (r = 0.37), overall quality of life (r = 0.34), and the physical domain (r = 0.34)

(Table S7).
6 iScience 26, 106886, June 16, 2023



Table 2. Cross-sectional correlations (Pearson r) of NUP-EXE score with traditional neuropsychological measures

at baseline and after 6 and 12 months

Traditional measures

Novel measure of executive functions:

NUP-EXE

Baseline 6 months 12 months

Domain Score r (P value) r (P value) r (P value)

Executive functions Executive functions

composite (NPS-EXE)a
0.40 (0.002) 0.66 (<0.001) 0.57 (<0.001)

FDT Flexibility 0.10 (0.467) 0.40 (0.002) 0.41 (0.002)

Stroop WC 0.31 (0.019) 0.34 (0.010) 0.37 (0.005)

Digit span backwards 0.34 (0.010) 0.46 (<0.001) 0.35 (0.008)

Digit symbol 0.38 (0.004) 0.51 (<0.001) 0.53 (<0.001)

Visual puzzle 0.30 (0.026) 0.59 (<0.001) 0.44 (<0.001)

FDT Inhibition 0.10 (0.478) 0.52 (<0.001) 0.35 (0.009)

Stroop Interference 0.24 (0.071) 0.05 (0.715) 0.03 (0.822)

Memory Memory composite (NPS-MEM)b 0.44 (<0.001) 0.45 (<0.001) 0.37 (0.005)

FCSRT IFR 0.34 (0.009) 0.40 (0.002) 0.15 (0.256)

FCSRT DFR 0.42 (0.001) 0.27 (0.042) 0.22 (0.104)

FCSRT Total Recall 0.39 (0.003) 0.17 (0.220) �0.05 (0.723)

LM IR 0.28 (0.036) 0.47 (<0.001) 0.42 (0.001)

LM DR 0.18 (0.194) 0.46 (<0.001) 0.34 (0.010)

LM recognition 0.27 (0.045) 0.20 (0.130) 0.35 (0.008)

Global cognition ADCS-PACCc 0.51 (<0.001) 0.65 (<0.001) 0.46 (<0.001)

ADCS-PACC-plus-exed 0.47 (<0.001) 0.63 (<0.001) 0.46 (<0.001)

MMSE total score 0.29 (0.033) 0.42 (0.001) 0.18 (0.194)

MMSE orientation �0.04 (0.797) 0.19 (0.171) 0.07 (0.600)

MMSE attention 0.30 (0.023) 0.34 (0.010) 0.15 (0.284)

MMSE memory 0.06 (0.662) 0.31 (0.019) �0.03 (0.808)

MMSE language 0.24 (0.079) 0.17 (0.21) 0.21 (0.117)

MoCA total score 0.27 (0.042) 0.47 (<0.001) 0.14 (0.298)

MoCA visuospatial/executive 0.23 (0.087) 0.40 (0.002) 0.32 (0.018)

MoCA delayed memory 0.23 (0.085) 0.3 (0.022) 0.07 (0.633)

MoCA attention 0.32 (0.015) 0.25 (0.065) 0.02 (0.875)

MoCA language 0.09 (0.510) 0.12 (0.368) 0.07 (0.603)

Other cognitive

measures

Boston Naming Test 0.33 (0.013) 0.30 (0.027) 0.10 (0.454)

Animal fluency test 0.30 (0.026) 0.36 (0.007) 0.18 (0.189)

Bold values denote statistical significance at p < 0.010.
aThe executive functions composite from the traditional tests refers to a composite score created by averaging the standard-

ized scores from the Five Digits Test (FDT) flexibility score, the StroopWord-Color score, the Digit Span backwards score, the

WAIS-Digit Symbol substitution test direct score, and the Visual Puzzle test direct score.
bThe memory composite from the traditional tests refers to a composite score created by averaging the standardized scores

from the Free andCued Selective Reminding Test (FCSRT) immediate free recall and delayed free recall and theWMS Logical

Memory immediate recall and recognition.
cThe ADCS-PACC was composed by the FCSRT total immediate recall, the WMS logical memory total delayed recall, WAIS-

Digit Symbol Substitution Test direct score, and the MMSE total score.
dThe ADCS-PACC-plus-exe score added the Stroop Interference and the FDT flexibility score to the original ADCS-PACC

composite. MoCA = Montreal Cognitive Assessment. MMSE = Mini-Mental State Examination.
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Sensitivity to change of NUP

NUP-EXE was sensitive to change across intervals of two months, presenting moderate-to-large effect

size differences from baseline to 12 months (Table S8). However, change in NUP-EXE after 6 or 12 months
iScience 26, 106886, June 16, 2023 7



Table 3. Correlation (Pearson r) between change in NUP-EXE after 6 and 12 months, baseline sociodemographic

characteristics, and the respective change in quality of life and functionality measures

Change in traditional measures Change in NUP-EXE

6-month change 12-month change

Domain Score r (P value) r (P value)

Baseline sociodemographic

characteristics

Age (years) �0.39 (0.003) �0.18 (0.178)

Cognitive Reserve score 0.14 (0.460) 0.19 (0.380)

Education (years) 0.11 (0.435) 0.12 (0.364)

Change in quality of life WHOQOL Environmental 0.29 (0.029) 0.01 (0.922)

WHOQOL Physical 0.20 (0.137) 0.02 (0.906)

WHOQOL Psychological 0.34 (0.010) 0.19 (0.184)

WHOQOL Social 0.23 (0.090) 0.07 (0.610)

WHOQOL Overall quality of life 0.12 (0.398) 0.13 (0.345)

WHOQOL Overall health 0.20 (0.194) 0.07 (0.653)

Change in functionality ABAS-II General Adaptive

Composite

0.32 (0.036) 0.09 (0.652)

ABAS-II Conceptual Index 0.06 (0.709) �0.19 (0.323)

ABAS-II Communication �0.04 (0.819) �0.20 (0.281)

ABAS-II Functional academics 0.07 (0.639) �0.15 (0.423)

ABAS-II Self-direction 0.26 (0.093) 0.15 (0.423)

ABAS-II Social Index 0.30 (0.047) 0.40 (0.029)

ABAS-II Leisure 0.22 (0.161) 0.28 (0.129)

ABAS-II Social 0.27 (0.081) 0.18 (0.346)

ABAS-II Practical Index 0.35 (0.021) 0.19 (0.312)

ABAS-II Community use 0.16 (0.299) �0.07 (0.708)

ABAS-II Home Living 0.12 (0.441) 0.24 (0.193)

ABAS-II Health and safety 0.40 (0.007) 0.11 (0.573)

ABAS-II Health care 0.26 (0.092) 0.08 (0.684)

WHOQOL = World Health Organization Quality of Life brief generic questionnaire. ABAS = Adaptive Behavior Assessment

System. Bold values denote statistical significance at p < 0.05.
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did not significantly correlate with the respective change in most traditional neuropsychological mea-

sures, except for the Visual Puzzle Test (r = 0.28) and the Logical Memory (LM) immediate recall (IR), de-

layed recall (DR), and recognition scores (r = 0.30) after 6 months (Table S9). On the other hand, as shown

in Table 3, changes from baseline to 6 months in NUP-EXE negatively correlated with the age of partic-

ipants (r = �0.39) and positively correlated with 6-month changes in functionality and quality of life,

including the Adaptive Behavior Assessment System (ABAS) general adaptive composite (r = 0.32), the

ABAS social index (r = 0.30), the ABAS practical index (r = 0.35), the ABAS health and safety domain

(r = 0.40), the WHOQOL psychological domain (r = 0.34), and the WHOQOL environmental domain

(r = 0.29).

Comparison of the sensitivity to change between NUP and traditional neuropsychological

tests

NUP-EXE increased linearly from month 3 to month 11, from 30.7% to 50.0%, and then remained at 48.8%

points after 12 months (Table S10). The effect size of NUP-EXE changes (Cohen’s d = 0.65 after 6 months

and d = 1.22 after 12 months) was larger than the effect size of cognitive changes measured with traditional

neuropsychological tests (Figure 3). Accordingly, the NPS-EXE increased after 6 months (+0.37 Z score

units, d = 0.49) and then slightly decreased after 12 months (+0.27 Z score units compared to baseline,

d = 0.36). On the other hand, the ADCS-PACC only increased after 12 months (+0.34 Z score units, d =

0.60), whereas the ADCS-PACC-plus-exe showed improvements after 6 months (+0.17 Z score units, d =

0.30) and after 12 months (+0.30 Z score units, d = 0.56). Finally, the MMSE remained stable at 29 points
8 iScience 26, 106886, June 16, 2023
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In panel C, bars represent Cohen’s d effect size estimates. The ADCS-PACC included the FCSRT total immediate recall, the WMS Logical Memory total

delayed recall, WAIS-Digit Symbol Substitution Test direct score, and theMMSE total score. The ADCS-PACC-plus-exe score added the Stroop Interference
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represent 95% confidence intervals (95% CI).
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during all the intervention, and the MoCA increased 1 point after 6 months (d = 0.51) and 0.79 points after

12 months (d = 0.34).

Latent class trajectories of NUP-EXE

We classified participants into three different subgroups based on NUP-EXE trajectory (Figure 4A). A

linear random effects model with a quadratic term and 3 latent classes was selected because it pre-

sented the best information criterion indices (Table S11). The discrimination index of the selected

model was high (entropy of 0.87), and the mean likelihood of class membership was 96% for class 1,

94% for class 2, and 97% for class 3. Most participants belonged to class 2 (64.3%) and presented a

mean increase in NUP-EXE of 21%, increasing linearly from baseline (27.3%; 95% CI 24.7, 30.0%) to

12 months (48.6%; 95% CI 43.9, 53.4%). Class 3 subjects represented the 28.6% of participants and
iScience 26, 106886, June 16, 2023 9
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were characterized by higher NUP-EXE scores during all the follow-ups and a quadratic trajectory. Spe-

cifically, their baseline NUP-EXE score was 40.0% (95% CI 35.9, 44.2%), which increased to 60% (95% CI

53, 66%) after 7 months and then remained rather stable until the end of follow-up. Finally, a minor

group of participants (N = 4, 7%) belonged to class 1 and presented a stable and lower NUP-EXE tra-

jectory during the 12 months. The three latent subgroups also differed in the NPS-EXE and ADCS-

PACC scores (Figures 4B and 4C).
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Moreover, the three subgroups differed in their monthly adherence to the cognitive training intervention

(p < 0.001), which was 35% in class 1 (meaning �1 session/week instead of 3 sessions/week as scheduled)

and 81.9% and 75.7% in class 2 and 3, respectively (Table S12). Moreover, there was a greater proportion of

males in class 3 (62.5%) than in class 1 (30.6%) or 2 (50.0%). Class 3 subjects were the youngest ones (meanG

SD age of 64.6G 4.1 years), followed by class 2 subjects (mean of 67.4 G 4.6) and class 1 subjects (mean of

72.5 G 3.11 years). A gradient from class 3 to 1 was also observed in global cognition evaluated with the

MMSE (from 29.8 G 0.5 points to 28.8 G 1.4 and. 28.5 G 0.6, p = 0.022) and the MoCA (from 27.3 G 2.4

points to 26.8 G 2.5 and 23.8 G 1 points, p = 0.034). Class 1 subjects, compared to class 2 and 3 subjects,

also presented lower functionality evaluated with the ABAS general adaptive composite score (84.4 vs.

104.0 vs. 95.9 points, respectively; p = 0.027) and the ABAS conceptual and social indexes (p = 0.029), as

well as in the specific domains of communication, self-direction, and social life.

Gender-specific trajectories of NUP-EXE

Although no gender differences in NUP-EXE scores were detected at baseline, males presented greater

improvements in executive functions than females (Figure 4D). Accordingly, after 7 months, the average

NUP-EXE improvement in males was 14.8% whereas in females it was 8.6% (Cohen’s d = �0.52, p =

0.062). The effect size of gender differences at each time point was moderate during all the follow-up

(Cohen’s d between �0.40 and �0.50) (Table S13).

DISCUSSION

We provide evidence of acceptability, reliability, validity, and sensitivity to change of the executive func-

tions measure NUP-EXE extracted from the performance in six cognitive training games delivered via

the digital platform NeuronUPª. Our findings support the feasibility of remote and unsupervised moni-

toring of executive functions on a monthly basis, enabling digital assessments of cognitive change and

contributing to parsing heterogeneity in treatment effectiveness.24,37,38 The study population consisted

of older adults at risk of AD (APOE-ε4 carriers meeting SCD-plus criteria) who were participating in a life-

style-based multimodal intervention for preventing cognitive decline (PENSA Study, Prevention of

cognitive decline in subjective cognitive decline APOE-ε4 carriers after epigallocatechin gallate and a

multimodal intervention).39 Given the similar prodromal cognitive stages that characterize other neurode-

generative disorders and the burgeoning interest on the efficacy of lifestyle-based prevention interven-

tions to counter cognitive decline, our findings have potential to generalize to other disorders and inform

development of outcome measures for a new generation of intervention trials. Results show that NUP-EXE

is a reliable and valid measure of executive functions and it is adequate to intensively assessing changes in

this cognitive domain since learning effects wereminimized by automatically adjusting difficulty to capacity

and by obtaining reliable measures of the optimal performance of each subject after repeated testing. We

also show that NUP-EXE was able to capture cognitive changes with greater sensitivity than ‘traditional’

tests. Moreover, improvements in NUP-EXE correlated with improvements in functionality and quality of

life and were influenced by the age and gender of participants. In addition, the adherence to the cognitive

training intervention was high, and participants positively valued the utility of the digital platform. Finally,

we demonstrate the potential of this novel approach to enable previously elusive characterization of cogni-

tive trajectories over time.

One critical drawback of traditional cognitive assessments is learning effects after repeated administra-

tions.6,7 In the present study, the difficulty of the cognitive training task increased, decreased, or remained

stable according to the performance of each participant. Moreover, games were conceived using princi-

ples from the cognitive science literature that may reduce practice and ceiling effects, such as reduction

of memorization of responses, alternative forms, or distractors. All these technical characteristics of the

NUP platform were leveraged for addressing practice effects. Accordingly, a massed practice strategy

was applied7 so that the initial months of games’ exposure were used to personalize baseline performance

and calibrate difficulty. Moreover, the performance in NUP was evaluated using a conservative scoring sys-

tem as monthly scores were mainly based on the most repeated difficulty level achieved for each individual

in each game. Therefore, a significant improvement can only be detected when the individual spends most

of the session at a higher difficulty level than in the previous month.

NUP-EXE presented good psychometric properties evaluated with CFA. The one-domain structure

showed good fit with the data and high factor loadings in the calibration and validation samples. Moreover,

NUP-EXE presented measurement invariance over time, suggesting psychometric stability of executive
iScience 26, 106886, June 16, 2023 11
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functions, as well as replicability of findings. Although games were very heterogeneous in the form of pre-

sentation and most combined the simultaneous training of several specific domains, internal consistency

was remarkable. These results were comparable to the reliability coefficients derived from traditional neu-

ropsychological tests in our sample and are similar to the ones observed with classic neuropsychological

batteries.40–43 Given that the standardized factor loadings were very close for the NUP-EXE factor, for

the sake of simplicity the NUP-EXE composite score was created by summing scores instead of computing

factor scores.44

Convergent and discriminant validity was demonstrated by showing that NUP-EXE had higher correlations

with the traditional executive functions composite (NPS-EXE) than with the traditional memory composite

(NPS-MEM). NUP-EXE also exhibited moderately high associations with the gold-standard cognitive mea-

sure for preclinical AD, the ADCS-PACC.1 These results are comparable or even superior to the observed in

other studies using digital assessments.25,45,46 Moreover, as hypothesized, there was a gradient in NUP-

EXE scores according to the age of participants. However, correlations between NUP-EXE and the cogni-

tive reserve of participants were weak.

NUP-EXE presented noteworthy internal change sensitivity as it was able to detect the rising trajectory of

cognitive changes until the ninth measurement occasion at 11 months. The magnitude of changes de-

tected with NUP was significantly larger than that detected via traditional tests. This improved sensitivity

of NUP-EXE is important given the consistently reported low sensitivity to change of cognitive measures

in preclinical stages of AD, particularly when administered at short time intervals.47,48 However, NUP pre-

sented poor external change sensitivity as change after 6 or 12 months did not correlate with the respective

change in most of the traditional measures of executive functions. Cognitive training games are usually

‘task specific’ so that the training of a specific domain may improve the performance in that domain, but

the transfer capacity to other domains may be limited.49,50 In this study, the NPS-EXE composite included

measures of inhibition, resistance to interference and processing speed that were not specifically trained

by any NUP game. By contrast, 6-month change in NUP-EXE correlated with change in the visual puzzle

test, which was trained with the NUP ‘Jigsaw puzzle’ game. On the other hand, change in NUP-EXE posi-

tively correlated with change in functionality and quality of life and was influenced by the age and gender of

participants, which is consistent with results from other studies32,35,36 andmay support the potential of NUP

to evaluate the clinical relevance of preventive interventions for cognitive decline.51

Finally, thanks to the resolution of longitudinal data of cognitive performance with NUP, we could examine

inter-individual differences in cognitive change over time. Three different trajectories defining linear,

quadratic, and stagnating cognitive changes were described by analyzing NUP-EXE, emphasizing the het-

erogeneity in response to the intervention. Most participants followed the class 2 linear trajectory or the

class 3 quadratic trajectory, both characterized by an improvement in executive functions at 12 months

but worse and better performance levels over time, respectively. However, a minority of participants fol-

lowed the class 1 trajectory that was characterized by remaining stable over time. Class 1 participants pre-

sented substantially lower adherence to the intervention and were on average older than the participants

of other two classes, which could justify the lower cognitive scores in NUP-EXE and in the traditional tests.

Conversely, class 2 and 3 had both higher basal cognitive performance and adherence to the cognitive

intervention but differed in the male gender distribution, which was higher in class 3. Although more

research is needed to consolidate these findings, they already illustrate the potential of this approach

for identifying people who have less probability of responding to a preventive intervention for cognitive

decline and offer to them a more personalized and intensive intervention. Moreover, the integration of

NUP data with ecological momentary assessments (e.g., diet compliance, mental health)39,52 and activity

tracker data may help advance understanding of the dynamics among cognition, lifestyle, and mental

health over time, as well as assess the impact of the COVID-19 pandemic on study outcomes.53
Limitations of the study

This study must be interpreted in light of some limitations. First, it is a secondary analysis of a clinical trial

that was not specifically designed to evaluate NUP. An optimum design should have included a well-

matched control group performing cognitive training only and an active control group including healthy

older adults without SCD or individuals with mild cognitive impairment. This would have allowed the com-

parison of NUP outcomes between a multimodal intervention that would theoretically produce greater

cognitive improvement and a single-domain intervention that would produce lower cognitive
12 iScience 26, 106886, June 16, 2023
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improvements.54 Moreover, data from a separate study population could have been useful for gaining

more insights about the specificity of findings. Actually, the personalized design of the PENSA Study

and the intensity of the follow-up of participants, as well as the inclusion of well-educated individuals

that were aware of their increased risk of AD, may partly explain the high adherence to the cognitive

training intervention compared to other studies, though can affect the generalizability of findings. Second,

the observed correlations between NUP-EXE and traditional measures were larger in the validation sam-

ples than in the calibration sample. This may be probably due to the most contiguous assessments in

the validation samples (measures obtained at the same time) compared with the calibration sample. Spe-

cifically, in the calibration sample traditional tests were obtained about 1–3 months prior to starting the

intervention, whereas baseline NUP scores were obtained in the third month of intervention, so there

was a difference of at least 4 months between measurement occasions. Third, the lack of consistent

external change sensitivity of NUP-EXE represents a limitation of this measure and could be due to the

lack of generalizability of the acquired skills across other cognitive domains, differences in test-retest reli-

ability between measures, the small range for improvement in traditional tests by individuals with cognitive

performance within the normal range, and the higher number of cognitive assessments by NUP that lead to

different smooth curves of change. Fourth, the scoring system to evaluate participants’ performance in

NUP games assumed that the difficulty of each activity increased linearly with increasing phase number,

but a non-linear gradient in difficulty could exist. Finally, the sample size was limited to N = 56 individuals,

but they were completely followed during 12months of multimodal intervention and were extensively char-

acterized in terms of cognition and functionality.

Conclusions

In summary, findings from this study suggest that NUP is, in principle, well positioned to address some of

the recently highlighted limitations of traditional neuropsychological assessment methods in SCD sub-

jects,1 allowing a more frequent sampling of the cognitive performance on a monthly basis with high sensi-

tivity to detect subtle cognitive changes. The combination of this novel data collectionmethodology based

on the performance in cognitive training games, together with gold-standard lab-based neuropsycholog-

ical assessments, is expected to allow a more accurate characterization of an individual’s response to a

cognitive decline preventive intervention.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Study design and population

Prospective cohort study design including a subset of N=56 participants (23 male and 33 female between

60-80 years old) from the PENSA Study39 who simultaneously engaged in amultimodal intervention on diet,

physical activity and cognitive training. The PENSA Study is a clinical trial included in the World Wide

FINGERs network55 that aims to assess the efficacy of a personalized multimodal intervention in slowing

down cognitive decline and improving brain connectivity.39 The PENSA Study will finish on 2023. At the

time of the present study (August 2022), N=56 participants had already finished the 12 months of multi-

modal intervention. The ‘calibration sample’ was composed by the baseline data and the ‘validation sam-

ples’ were composed by the six-months and twelve-months data.

All PENSA Study participants have unimpaired cognition at baseline according to a standardized neuro-

psychological evaluation1 and have increased risk of AD. Accordingly, they are APOE-ε4 carriers56,57 and

they meet subjective cognitive decline (SCD) criteria (based on a positive answer to the question ‘Have

you experienced a decrease in your cognitive ability compared to a few years ago?’),16 and fulfil at least

two additional SCD ‘‘plus’’ criteria.17
Ethics statement

All participants gave written informed consent. The study protocol (2018/8179) was approved by the local

institutional review board (Parc de Salut Mar Clinical Research Ethics Committee CEIm-PSMAR) and ad-

heres to standards of the WAMA Declaration of Helsinki (Brazil, October 2013). The PENSA Study is regis-

tered in ClinicalTrials.gov (NCT03978052).
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PENSA study multimodal intervention

The multimodal intervention of the PENSA Study lasts 12 months and includes dietary counselling, physical

activity and cognitive training and stimulation, and can be supplemented with epigallocatechin gallate

(EGCG, 400 to 600mg/day prior tomeals) or placebo.39 EGCG is a green tea flavanol with antioxidant prop-

erties that has shown to be safe in the doses proposed58 and, combined with cognitive training, has shown

to improve the executive functioning performance and the adaptive functionality.59 The allocation to the

‘multimodal intervention + EGCG’ or the ‘multimodal intervention + placebo’ groups is randomized

(balanced by sex) and it is double-blinded until the end of the study.
Recruitment strategy

N=34 participants (60.7%) learned about the study through the mass media. Accordingly, a press confer-

ence of the PENSA Study took place on December 2019 and a press release was covered by a number

of newspapers, radios and TV channels. The launchment of the PENSA Study was also announced in the

Barcelonabeta Brain Research Center (BBRC) and the Hospital del Mar information channels (e.g. web,

Twitter, Instagram). Advertisements were also placed on the underground (public transport), Twitter and

Facebook, and infographic materials of the study (roll-up and information brochures) were also distributed

to associations of older adults, cultural institutions and pharmacies. A call centre provided information of

the PENSA Study during all the recruitment period. On the other hand, N=2 participants (3.6%) were

derived from the Neurology Service of Hospital del Mar (Barcelona, Spain). Finally, N= 20 participants

(35.7%) were already included in registers of participants from the BBRC and were invited to participate

in the PENSA Study by a phone call from the BBRC. Therefore, there is a risk of self-selection bias because

these participants had prior research experience.

All individuals interested in participating in the PENSA Study were invited to fulfil the online form of the web

https://pensaalzheimer.org/. Registered individuals were filtered according to their age and subjective

cognitive decline (SCD) status. A priori eligible participants were invited to perform a short face-to-face

pre-screening visit for the collection of buccal swab for APOE genotyping. APOE-ε4 carriers underwent

to a second screening visit that included neuroimaging tests, neurological examination and neuropsycho-

logical assessment.1,60 Only participants with cognitive performance within normal values and no abnor-

malities in the neuroimaging tests were eligible.39
Inclusion and exclusion criteria

Inclusion criteria included male or female subjects aged 60 to 80 years with SCD (based on a positive

answer to the question Have you experienced a decrease in your cognitive ability [e.g., memory, concen-

tration, planning, orientation, or language) compared to a few years ago]?) and APOE-ε4 carriers (either

hetero or homozygotes), fulfilling at least two additional SCD ‘‘plus’’ criteria (memory complaints rather

than other domains of cognition, onset of symptoms within the last 5 years, concern about symptoms,

perception of lower performance compared to same age group and/or confirmation of symptoms by an

informant).16,17 Exclusion criteria included (i) history of neurological or psychiatric conditions according

to Diagnostic and Statistical Manual of Mental Disorders (DSM-5) criteria, (ii) clinically significant abnormal-

ities in laboratory test, (iii) any contraindication for brain MRI, (iv) presence of mild to moderate leukoaraio-

sis (scoring <3 on Fazekas scale (Fazekas, 1987), and/or less than three lacunar infarcts not localized on stra-

tegic territory [e.g., bilateral thalamic]), (v) primary or recurrent malignant disease treated within the last 2

years, (vi) evidence of medical conditions/medications that may interfere with study assessments, (vii) body

mass index < 18.5 or R35 kg/m2, or (viii) current intake of vitamins or products containing EGCG supple-

ments for at least 3 months previous to the screening visit.
Timing

The 56 participants entered the study progressively. After randomization, individuals were pooled in

groups of 9 to 14 people allocated to the multimodal intervention group. The group size was based on

optimal ratios for behaviour-change group interventions, which allows optimal interactions between par-

ticipants as well as promotes social change processes. Group 1 (N=11) started the multimodal intervention

on 06/07/2020, group 2 (N=9) on 23/11/2020, group 3 (N=13) on 03/05/2021, group 4 (N=13) on 31/05/2021

and group 5 (N=14) on 12/07/2021. The usability survey about NUP was answered between the 10/11/2021 -

23/11/2021. The NeuronUP cognitive training database was downloaded on 28/06/2022 and the electronic

case report form (eCRF) database was downloaded on 19/08/2022.
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Data exclusions

N=4 participants from group 1 to group 5 had withdrawn from the study and were not included in the pre-

sent report.

Non-participation

N=1 from group 4 at month 7 due to prohibited medication use (donazepile). N=1 from group 2 at month 7

for personal reasons. N=2 for medical reasons: 1 participant from group 4 at month 7 and 1 participant from

group 5 at month 5, both due to breast cancer diagnosis (exclusion criteria).

METHOD DETAILS

Cognitive training

The cognitive training program is delivered through a digital platform, NeuronUPª (NUP) that offers neu-

rorehabilitation materials for cognitive stimulation to professionals. The training plan for the PENSA study

is designed by experienced neuropsychologists and includes 36 different NUP activities that cover different

cognitive domains relevant to the AD’ related cognitive impairment profile. Specifically, the program con-

tains 8 activities of executive functions, 6 of memory, 6 of language, 6 of attention, 7 of visuospatial abilities

and 3 of orientation. These 36 activities are monthly distributed in 12 sessions (2-3 sessions/week) of about

30 minutes each. Therefore, each cognitive training session includes 3 activities of about 10 minutes each

that exercise different domains, and each activity is performed once/month.

Participants complete the sessions remotely using their own computer or tablet. Before starting the inter-

vention, they receive a face-to-face training session to learn how the NUP platform works and they also

perform two short test sessions to familiarise with the functioning of the tasks. Most activities have 9 or

12 different difficulty levels and are called ‘games’. However, some activities do not automatically change

the difficulty level and are called ‘worksheets’ or ‘generators’ (10 out of 36). In the case of games, the start-

ing level is predefined by the investigators at level 2-3 (low-medium difficulty) and, depending on the

participant performance, the difficulty of the game increases, decreases or does not change. Accordingly,

to move up a phase (increase game’s difficulty) it is necessary to correctly complete 5 exercises, whereas to

move down a phase (decrease game’s difficulty) it is necessary to fail 3 exercises. Therefore, eachmonth the

same pattern of games is administered but the difficulty can vary, as each game starts at the maximum dif-

ficulty level achieved in the previous month, which reduces practice effects.

Measures

NUP measures of executive functions

Researchers can request a database with raw NUP data, which includes the following variables: participant

identifier, date, name of the activity, phase number (difficulty level), duration, and number of correct an-

swers, errors and attempts. Depending on the activity, additional variables are included (e.g. reaction

time). A total of 8 NUP games that targeted executive functions were analysed (Table 1 and Video S1).

Déjà vu: Several scenarios appear in which various elements are presented. The activity consists of identi-

fying which elements have appearedmore than once (Table S13). Sorting Bugs: The screen is divided in two

by a bar with a hole and there are elements of two different types that move around the screen. The activity

consists of getting all the elements of one type on one side of the screen and all the elements of the other

type on the other side of the screen (Table S14). Balance the Bags: A person appears at the supermarket

checkout andmust put all the products in bags. The activity consists of calculating the weight of each prod-

uct so that each arm carries the same weight (Table S15). Home Delivery: Several buildings appear and are

illuminated in turn. The activity consists of remembering the order in which they have been illuminated and

reproducing it in reverse order (Table S16). Stop the Ball: A circle appears on the screen which is traversed

by a ball at a constant speed. The activity consists of clicking when the ball passes a specific point on the

circle (Table S17). Card Pyramid: Several cards appear on the screen forming a figure. The cards at the ends

are faced up, the rest are faced down. In addition, there are one or two decks with one card faced up. The

activity consists of placing the cards available in the figure on top of the deck in ascending and descending

order. As they are placed, the cards that were faced down next to the one that has just been placed will be

turned over, thus becoming available (Table S18). Knitting a Scarf: A piece of cloth with knitting needles

appears on the screen and, in another place, a ball of wool. The activity consists of reaching for the ball

of wool that appears to make the loop longer. Each time you catch one, another one will appear. It is essen-

tial not to bump against the edges or against the scarf itself, which will be longer and longer (Table S19).
20 iScience 26, 106886, June 16, 2023
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Jigsaw puzzle: Several loose pieces appear on the screen. The activity consists of putting them together to

form a complete image (Table S20).

In order to control for practice effects, the first twomonths served to familiarise participants with the games

instructions and function and were not considered for the analysis. Performance during the third month was

used to estimate the baseline capacity of each participant, since it was assumed that after 3 months par-

ticipants had had sufficient time to reach their optimal performance level in each game. Therefore, baseline

data is located at month 3 instead ofmonth 1. In turn, performance duringmonths 4-12 was used tomonitor

cognitive change over time. Accordingly, we designed a scoring system to evaluate the monthly perfor-

mance of each individual on each game. Basically, each NUP score was constituted by an integer (the phase

number representing the most frequently played difficulty-level for each subject in each game), and a dec-

imal that, depending on the game specifications, was based on the number correct exercises, the number

of failed exercises or the time spent. The use of the most frequently played difficulty-level for each subject

on each game was expected to be a conservative criterion for assessing cognitive change. Moreover, the

inclusion of a decimal increases the variability of scores within the same difficulty level. The suitability of

each score was evaluated by a panel of researchers integrated by 4 neuropsychologists. Scores were finally

standardized using the proportion of maximum scaling method61 (POMS = ðobserved�minimumÞ
ðmaximum�minimumÞ

�
and values

are reported as percentages.

The rationale behind the selection of executive functions games was based on the available panel of tradi-

tional neuropsychological measures of executive functions that were also administered in the PENSA

Study, so we these two measures of executive functions can be compared. On the contrary, NUP memory

games were not analysed because they are focused on visual memory, whereas the available traditional

tests of memory in the PENSA Study measure verbal episodic memory, so they are not comparable mea-

sures of memory. Verbal episodic memory games are currently more difficult to design since they need to

incorporate speech technologies to count units of information recalled, starting by the administration of

the task, the transcription of voice to text, and the automating rating of the transcript to simulate expert

human ratings.62

NUP adherence and acceptability

Monthly adherence to the cognitive training intervention was calculated for each participant by dividing

the number of sessions of cognitive training performed each month by the number of sessions pro-

grammed each month (a total of 12 sessions). A modified version of the Unified Theory of Acceptance of

Use of Technology (UTAUT) questionnaire63 was administered to participants, who answered to the survey

on a voluntary basis.

Traditional neuropsychological tests

Executive functions were assessed with the WAIS Digit Symbol Substitution Test total score,64 the WAIS

Visual Puzzle Test total score,65 theWAIS Digit Span Test backwards score,65 the Five Digits Test (FDT) flex-

ibility score,66 and the word-colour score from the Stroop Colour and Word Test.67 Memory was assessed

with the Free and Cued Selective Reminding Tests (FCSRT) immediate free recall (IFR) and delayed free

recall (DFR) scores68 and the WMS Logical Memory (LM) sub-test immediate recall (IR), delayed recall

(DR) and recognition scores.69 Global cognition was assessed with the Alzheimer Disease Cooperative

Study Preclinical Alzheimer Cognitive Composite (ADCS-PACC),1 which is the primary outcome of the

PENSA Study. Moreover, a modified version of this composite including the Interference score from the

Stroop Colour and Word Test and the Flexibility score from the FDT, resulting in the ADCS-PACC-plus-

exe, is also considered as a primary outcome of the PENSA Study. Additional cognitive measures included

theMini-Mental State Exam (MMSE) total score2 and theMontreal Cognitive Assessment Test (MoCA) total

score,3 that were also used to evaluate global cognition, and the Semantic Verbal Fluency Test of Animals

(‘Animals Fluency test’) and the BostonNaming Test. Scores were standardized (z-scores) on baselinemean

and standard deviation. Composite scores of memory (abbreviated as ‘NPS-MEM’) and executive functions

(abbreviated as ‘NPS-EXE’) were created by averaging the Z scores of tests.

The FCSRT68 is a widely usedmeasurement of verbal episodic memory, designed to dissociate the different

processes involved in the formation of new memories. It consists of a list of 16 written words that the exam-

inee should memorise. Each word belongs to a different semantic category. The examiner provides cate-

gory cues to promote deep, controlled information processing. The task includes 6 different phases. (1)
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Reading and identification of words. (2) Interference task to prevent subvocal repetition, by performing a

serial subtraction task for 20 seconds. (3) Free recall, where the examinee is asked to say as many words as

he or she can remember, in any order, with a time limit of 90 seconds. (4) Cued recall, immediately after

each free recall trial, where the examinee completes a cued recall task for the items that is unable to recall

spontaneously, as the examiner provides a category cue for each word. (5) Selective recall of non-recalled

words, only completed in the first two trials, where the examiner provides the items that were not recalled

with cues. (6) Delayed free and cued recall, approximately 30 minutes (G5) later, where the examinee com-

pletes another free and cued recall trial. After completing the first three learning trials, the examinee is

informed that he or she will be asked to recall the words at a later time. Phases 2–5 are repeated three times

during the learning process.

The LM69 is considered a useful and effective measure of episodic memory, as it addresses three processes

involved in memory: encoding, storage and recall. It is sensitive for detecting cognitive decline in early de-

mentia, since prose recall depends upon a range of high-level cognitive functions such as episodic mem-

ory, conceptual organization, and schema formation.70 It consists of three parts: LM I (immediate recall), LM

II (delayed recall), and LM Recognition (delayed recognition). In the LM I, subjects are required to imme-

diately recall details of two short passages. In the LM II, subjects are asked to recall the passages after a

20 to 30-minute delay. In the LM Recognition, subjects are asked to answer yes/no questions regarding

the passages learned earlier.

The Digit Symbol Substitution Test from the Wechsler Adult Intelligence Scale–Revised64 is sensitive to

both the presence of cognitive dysfunction and change in cognitive function, across a wide range of clinical

populations. It consists of a paper-and-pencil cognitive test presented on a single sheet of paper where the

examinee is asked to fill in the correct symbols into the spaces below the numbers, by matching them ac-

cording to a key located on the top of the page. The number of correct symbols within 120 seconds con-

stitutes the total score.

The Mini Mental State Examination (MMSE)2 is a widely used screening test for cognitive impairment in

older adults. It takes between 7 and 10 minutes to complete and contains items that assess orientation,

registration, attention and calculation, recall, language, repetition, reading, writing, comprehension of

commands, and drawing. Scores range between 0 and 30 points. The Stroop Colour and Word Test67:

This test consists of three printed sheets with 100 words in each, distributed in 5 columns. Participants

are allowed to read each sheet for 45 seconds and the total number of words read is recorded. Errors

are discounted for the total of words in each part. Four scores are obtained: W (number of words correctly

read in the first sheet), C (number of colours correctly named in the second sheet), WC (number of items

correctly named in the third sheet), and interference index (calculated with the following formula:

Interference = WC � W3C
W +C).

The Five Digit Test (FDT)66 is a multilingual, non-reading test that minimizes the effects of education and

social class, and allows the testing of some severe clinical cases, who may not be able to read words or

name colours. The FDT quickly measures mental processing speed and the ability to direct and switch

the attentional control. It is composed of four subtests. In part 1 (Reading) participants are asked to

read the digits presented in a series of text boxes, each containing as many repetitions of the digit as it

indicates itself. In part 2 (Counting), the boxes contain asterisks and participants are asked to state the num-

ber of asterisks in each box. In part 3 (Focusing), the boxes are similar to those in part 1, except that the

number identity does not correspond to the amount of digits in the box. Participants are then asked to state

the number of digits by ignoring their identity. In part 4 (Switching), an extra clue indicates whether the

participant must state the number of digits or their identity (reading or counting). In each section of the

test, performance is measured in terms of the time required to complete the task. Inhibition (Focusing

minus Reading) and Flexibility (Switching minus Reading) scores are calculated to measure working mem-

ory components related to the executive system.

The Semantic Verbal Fluency ‘Animals’ test71 entails the generation of words from a given category (ani-

mals) within a pre-set time of 60 seconds. The Boston Naming Test72 (BNT): It is the most widely used

test of visual confrontation naming. The reduced 15-item version of the BNT is the one that we used.

The subject is asked to name each object correctly within a maximum of 20s. Semantic or phonemic

cues are provided when necessary. According to the standard test criteria, the score is calculated from
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those items that are correctly named spontaneously plus additional items correctly named after semantic

cues. Its administration takes between 3 and 5 minutes.

The Digit span sub-test from Wechsler Adult Intelligence Scale IV65 requires subjects to repeat series of

digits of increasing length. It includes three tasks: Digit Span Forward (DSF), Digit Span Backward (DSB),

and the newDigit Span Sequencing (DSS). DSF is a goodmeasure of simple attention and short-termmem-

ory. DSB and DSS represent a qualitatively different type of task that relies more upon working memory

skills. Its administration takes between 5 and 8 minutes.

The Visual Puzzle Test from Wechsler Adult Intelligence Scale IV65 is designed to measure nonverbal

reasoning and the ability to analyse and synthesise abstract visual stimuli. The test consists of 26 puzzles

that are presented complete to the examinee. The examinee is asked to select three pieces to build the

presented puzzle. The estimated application time is between 5 and 10 minutes.

TheMontreal Cognitive assessment (MoCA)3 is a screening assessment for detecting cognitive impairment

with a high charge of executive function task, found to be useful in the detection of patients with cognitive

impairment at higher risk for incident dementia.73

The Alzheimer Disease Cooperative Study Preclinical Alzheimer Cognitive Composite (ADCS-PACC)1 is

designed to serve as the primary outcome measure for trials conducted at the asymptomatic phase of Alz-

heimer’s disease, as such it has demonstrated its feasibility for measuring cognition in normal elderly par-

ticipants with evidence of Alzheimer’s disease pathology. The ADCS-PACC is composed by the total im-

mediate recall from the FCSRT,68 the total delayed recall from the WMS Logical Memory II sub-test,69

the WAIS Digit Symbol Substitution Test64 and the MMSE total score.2 The ADCS-PACC-plus-exe is a

modified version of the ADCS-PACC composite including the Interference score from the Stroop Colour

and Word Test67 and the Flexibility score from the FDT.66

Functionality and quality of life

Functionality was assessed with The Adaptive Behaviour Assessment System – Second Edition (ABAS-II).74

The ABAS-II for adults (ages 16 to 89) includes 239 items that assess the individual’s competence (in terms

of behaviour frequency) in 10 different skill areas: (i) communication abilities (i.e. to talk, listen, engage in

conversation and provide a response), (ii) community use (i.e. use of community resources such as shopping

or getting around the neighbourhood), (iii) functional academics (i.e. skills related to reading, writing,

mathematics and other areas necessary for independent daily functioning), (iv) home living (i.e. home

care skills such as tidying, cleaning, repairing, and caring for objects), (v) health and safety (i.e. skills related

to maintaining an adequate state of health, such as respecting safety rules, using medicines and showing

caution), (vi) leisure (i.e. participation in recreational activities, compliance with the rules of the games, and

leisure planning), (vii) self-care (i.e. activities related to food, clothing and hygiene), (viii) self-direction (i.e.

performing tasks, complying with deadlines and time constraints, following instructions and other activities

involving responsibility and self-monitoring), (ix) social interaction (i.e. interacting socially, getting along

with others, making friends and maintaining friendships, showing good manners and communicating

one’s emotions) and (x) working/labour skills (functional skills to perform successfully on the job, including

performing assigned tasks and complying with schedules and instructions). Scalar scores for each domain

were computed with a mean of 10 and a standard deviation of 3. These scores were used to obtain 3 sub-

scales: Conceptual (including communication abilities, functional academics and self-direction domains),

Social (including leisure and social domains) and Practical (including all the other domains), as well as a

General Adaptive Composite. These indices have a mean of 100 and a SD of 15. All answers to this ques-

tionnaire are reported by an informant. Those items rated as ‘guessed’ by the informant were scored as

zero, in order to avoid subjective judgments concerning functional changes. Higher scores indicate higher

adaptive skills and independency in everyday living. Given that most individuals in our sample were already

retired, scores in the work skill area were not included in the analyses and were not considered for calcu-

lating the General Adaptive Composite.

Quality of life was evaluated with the World Health Organization Quality of Life brief generic questionnaire

(WHOQOL-BREF).75 The WHOQOL-BREF is a cross-culturally sensitive self-reported measure of quality of

life in the previous two weeks. It includes 26 items that are grouped in four domains: physical (pain, energy,

sleep, mobility, activities, medication and work), psychological (positive feelings, cognitions, self-esteem,
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body image, negative feelings and spirituality), social relationships (personal relations, social support and

sex life) and environment (safety and security, home environment, finance, health/social care, information,

leisure, physical environment and transport). It also contains quality of life and general health items. Each

item is scored from 1 to 5. Higher scores indicate higher quality of life.

Sociodemographic characteristics

The following baseline factors were included: gender, age, years of education and cognitive reserve, eval-

uated with the cognitive reserve questionnaire (CRQ),34 that comprises eight questions about education,

employment, languages, musical education, reading habits and use of intellectual games (e.g. chess, puz-

zles) whose total score serves as a proxy for cognitive reserve.
QUANTIFICATION AND STATISTICAL ANALYSIS

General overview

First, we assessed the acceptability of NUP according to participants’ adherence to the intervention and

their responses to a usability survey. Second, for the assessment of the psychometric properties (reliability

and validity), we treated NUP scores as items of a scale measuring executive functions (NUP-EXE). Accord-

ingly, we first performed a univariate description of individual scores (Figure S5) and we examined the ma-

trix of correlation between scores in order to identify those items that did not correlate with the other items.

We then tested the factor structure of NUP-EXE, analysed its reliability andmetric invariance over time, and

examined the convergent/discriminant validity and the sensitivity to change. We also evaluated the psy-

chometric properties of traditional measures of executive functions and memory before using them to

test the convergent and discriminant validity of NUP-EXE. Moreover, we tested the hypothesised relation-

ships between NUP-EXE and sociodemographic, quality of life and functional factors. Most of these ana-

lyses were initially performed in the calibration sample and then attempted to be replicated in the valida-

tion samples. This approach was applied to avoid splitting the population into two random sub-samples.

Finally, to explore the potential of NUP in the study of the inter-individual variability in treatment response

after preventive interventions for AD, we compared the sensitivity to change of NUP measures and tradi-

tional cognitive measures and we applied latent class growth modelling techniques to identify subgroups

of subjects with different NUP-EXE trajectories. Ultimately, we tested gender differences in NUP-EXE

trajectories.
Factorial validity, reliability and measurement invariance

The factorial structure and reliability of NUP-EXE were evaluated with gold-standard structural equation

modelling (SEM) techniques.76 In SEM, all variables were centred (deviations from the mean) in order to

focus on covariance structures and do not deal with mean structures. The factorial validity of NUP-EXE

was tested using confirmatory factor analysis (CFA). Then, construct reliability was examined by calculating

the ratio of explained to unexplained variance across indicators of each construct with the index H

 
H =

1 =

"
1 + 1Pk

i = 1

li2

1 � li2

#!
; where l is the fully standardized factor loading. H varies from 0 to 1, with higher

values indicating that the latent variable is empirically well defined and will be reproducible across studies.

The degree of interrelatedness among items of NUP-EXE was also assessed using the Cronbach’s alpha (a)

coefficient. General reliability estimates thresholds of >0.90 (excellent) and 0.70-0.90 (good/substantial)

were used.77 The accuracy of NUP-EXE was evaluated with the standard error of the measurement (SEm),

which is the variation around a true score for an individual when repeated measures are taken. It is calcu-

lated with the following formula: SEm = SD3 Oð1 � rÞ; where SD is standard deviation and r is the Cron-

bach’s a coefficient. The smaller the SEm, the more accurate are the assessments. Finally, the longitudinal

measurement invariance of NUP-EXE was also tested using SEM techniques. Measurement invariance is

achieved in a study when participants across all time periods interpret the individual questions and the un-

derlying latent factor in the same way.78 Specifically, measurement invariance was tested over three mea-

surement occasions: baseline, 6 months and 12 months. The least stringent level of invariance called ‘con-

figural invariance’, which establishes the same factor structure over time, was compared to ‘metric or weak

invariance’, which constraints factor loadings across time, so items do not become more or less represen-

tative of the latent construct at different time points.
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SEM models were estimated using maximum likelihood estimation with robust (Huber-White) standard er-

rors and a scaled test statistic that is (asymptotically) equal to the Yuan-Bentler test statistic. Overall model

fit was evaluated with ‘global’ and ‘approximate’ fit indexes, including the chi-squared (c2) test statistic, the

comparative fit index (CFI), the robust mean square error of approximation (RMSEA) and the standardized

root mean square residual (SRMR). Higher probability values of c2 (>0.05 cut-off) indicate greater likelihood

of the null hypothesis of perfect fit of the model. Moreover, higher values of CFI (>0.90) and lower values of

SRMR (<0.08) and RMSEA (<0.05) are indicative of good or better model fit. Nested models were also

compared with Bayesian information criterion (BIC), with lower BIC indicating better fit.

Convergent and discriminant validity

Convergent validity occurs when measures of the same trait evaluated with different methods are corre-

lated, whereas discriminant validity occurs when measures of different traits evaluated with different

methods are not correlated. Accordingly, we expected NUP-EXE to be more strongly correlated with tradi-

tional measures of executive functions (i.e. the executive functions composite abbreviated as ‘NPS-EXE’)

than with traditional measures of memory (i.e. the memory composite abbreviated as ‘NPS-MEM’). We

also expected correlations between NUP-EXE and traditional measures of global cognition (e.g. the

ADCS-PACC, the MMSE or the MoCA). The factorial structure, reliability and measurement invariance of

the traditional composites NPS-EXE and NPS-MEM was first tested using the SEM techniques described

above. Discriminant validity of NPS-MEM and NPS-EXE was tested by showing that the average variance

extracted (AVE =

Pn

i = 1
l2

n ) exceeded the amount of variance shared with other factors quantified by the

squared factor intercorrelation coefficient (that is, the squared of the fully standardised factor correlation

coefficient). Ultimately, Pearson’s correlations were used to examine NUP-EXE convergence/discriminant

validity in relation to traditional cognitive tests, as well as to test the hypothesised correlations between

NUP-EXE and sociodemographic factors, functionality and quality of life.

Sensitivity to change

The responsiveness or sensitivity to change is the degree of an instrument to detect change over time in the

construct to be measured.79 Internal change sensitivity is the ability of a measure to change over a partic-

ular prespecified time frame, whereas external change sensitivity is the extent to which changes in a mea-

sure over a specified time relate to corresponding changes in a reference measure.80 On the one hand, in-

ternal change sensitivity of NUP-EXE was evaluated in intervals of two months (baseline vs. 5 months, 5 vs.

7 months, 7 vs. 9 months and 9 vs. 11 months) using paired t-test and Cohen’s d effect size statistics, with

cut-off values of 0.2 (small effect), 0.5 (moderate effect), 0.8 (large effect) and 1.2 (very large).81,82 On the

other hand, external change sensitivity was evaluated by testing the correlation between change in NUP

scores after 6 and 12 months and the respective change in traditional cognitive tests, as well as in measures

of functionality and quality of life. Reliable change indexes from standardized regression-based formulas

(RCISRB) were used to estimate change in traditional cognitive tests.83,84 First, ‘T scores’ were estimated

separately using linear regression models with baseline scores (T0) as predictors, using the formula

T1’=bT0+c, with T1’ indicating the predicted T1 score, b representing the regression slope and c the regres-

sion intercept. Then, RCISRB were calculated as RCISRB= (T1- T1’)/SEE, where SEE is the standard error of the

estimate of the regression equation. Compared to simple discrepancy scores (T1- T0), RCISRB consider the

distribution of baseline scores and provide a more precise estimate of relative change by correcting for

practice effects, test-retest reliability and variability in T1 scores.83 Finally, the sensitivity to change of

NUP measures and traditional cognitive measures at 6- and 12-months was compared using Cohen’s d ef-

fect size statistics and unadjusted linear mixed effects models.

NUP-EXE trajectories

To describe how change in NUP-EXE proceeded during the course of the PENSA Study multimodal inter-

vention, growth mixture models (GMMs) were used to test whether there was evidence that between-per-

son differences in NUP-EXE were better represented by considering more than one typology or trajectory.

GMMs search for classes or groups of individuals, such that individuals thought to be in the same class have

similar growth trajectories, whereas individuals thought to be in different classes have sufficiently different

growth trajectories.85 Six different models with different distributions of intercepts and slopes over classes

were tested, and each of these six models was assumed to have 1 to 3 latent classes, so a total of 18 models

were compared. The optimal starting values for GMMs were estimated from a grid of random initial values

from the 1-class model with 10 iterations from 100 random departures.86 Once model parameters were
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estimated, the posterior estimate of the likelihood that each individual belongs to each class was calcu-

lated. The model that better represented the observed data was selected according to lower Bayesian In-

formation Criterion (BIC), higher entropy (uncertainty in class assignment, with higher values indicating

clearer delineation of classes) and higher posterior probability values of each class. Between-group differ-

ences in intervention adherence and baseline characteristics were tested with one-way analysis of variance

(ANOVA).

Finally, gender differences in NUP-EXE at each time point and in change over time were tested. Linear

models were used to test cross-sectional differences in NUP-EXE between males and females, and linear

mixed effects models were used to test gender differences in the rate of change over time. These models

were adjusted by age and years of education.
Missing data

Rates of missing data in NUP scores at each time point are reported. Missing data in NUP scores were

imputed by applying a linear interpolation. A visualization of missing value replacements is included in Fig-

ure S6. There is no missing data in traditional neuropsychological tests or in measures of quality of life.

However, given that the ABAS-II was completed by an informant on a voluntary basis and takes about

20-30 minutes to answer its 239 items, the rates of missing data in this questionnaire were N=6 (10.7%)

at baseline, N=12 (21.4%) after 6 months and N=25 (44.6%) after 12 months. Missing data in the ABAS-II

was assumed to be completely at random so each specific analysis was performed on individuals with com-

plete information on the variables involved.
Software and packages

All the analyses were performed using R software version 4.2.1. SEM was conducted using the R package

‘lavaan’.87 Mixed effects models were computed with the R package ‘nlme’.88 Latent class growth models

were computed with the R package ‘lcmm’. Finally, the univariate imputation of missing values was per-

formed with the R package ‘imputeTS’.89
ADDITIONAL RESOURCES

The PENSA Study is registered in ClinicalTrials.gov (NCT03978052). The protocol of the PENSA Study has

been published elsewhere.39

Interested researchers can gain access to the cognitive training platform by directly contacting the com-

pany NeuronUPª on https://www.neuronup.com/.
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