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Background: Digital biomarkers offer promising avenues for enhancing the identification, prognosis, and phe-
notyping of Alzheimer’s Disease (AD). This study evaluates the feasibility and utility of the MIND GamePack®, a
digital game platform designed to measure leisure cognitive activity over time.

Methods: Gameplay data were collected from 60 participants across two cohorts over 3-6 months: Cohort I (no
cognitive complaints) and Cohort II (subjective complaints, mild cognitive impairment, mild dementia). Analyses
focused on compliance, correlation with validated neuropsychological instruments (Montreal Cognitive Assess-
ment [MoCA], Repeatable Battery for the Assessment of Neuropsychological Status [RBANS], and Trail Making
Test [TMT]), test-retest reliability, and known groups comparison.

Results: The MIND GamePack© displayed high compliance and excellent test-retest reliability within 1 week
(ICC=0.81-0.95) for most selected features. Several game features displayed moderate to strong correlations
with standardized neuropsychological test performance. Features related to memory tasks across select games
(Normalized Accuracy and Normalized Redundant Move Variability of Memory Match and Word Repetition Rate
of Word Scramble) exhibited significant associations with RBANS Sum of Index Score, TMT Part A, and MoCA,
respectively. Participants without cognitive impairment exhibited improvement in features over 3 months
compared to those with cognitive impairment. Baseline game features differentiated cognitively normal [CN]
from cognitively impaired [CI] participants across nearly all domains after controlling for age, sex, and education
(p<.01).

Conclusions: The MIND GamePack®© offers a sensitive, engaging approach to cognitive monitoring and screening,
with potential use for dense tracking in longitudinal research and interventional clinical trials.

1. Introduction

Neurocognitive disorders of aging, including Alzheimer’s disease
(AD) and related disorders (ADRD) emerge and progress along varied
biological and clinical trajectories [1-5]. Advances in imaging and
biofluid biomarkers have yielded sensitive and disease-specific mea-
sures to detect brain disease pathology and track disease progression.
Digital health technologies (DHTs) that detect and monitor cognitive
symptom progression in ADRD have also rapidly advanced. These
include devices, programs, and applications, as well as networks and

online spaces, that have been developed to measure movement (e.g.,
steps, haptics), sound (e.g., voice), and physiology (e.g., pulse) [6,7]
These have been applied to detect and monitor cognition, behavior, and
even emotion in AD/ADRDs and other brain disorders.

Standardized neuropsychological testing, whether paper & pencil or
computerized, remains the gold standard for evaluation of cognitive
impairment and dementia due to AD/ADRDs [4]. These are traditionally
administered in a controlled exam room or office setting once or peri-
odically and may take an hour or more to complete. Remote web-based
administrations, and even smart-phone applications have demonstrated
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good validity and have made neuropsychological testing more widely
accessible and economically viable [8-12]. However, even these are
burdensome and they are often experienced as challenging if not frus-
trating and unpleasant, leading to suboptimal compliance, effort, and
reliability [13].

In longitudinal studies, high frequency and dense sampling of out-
comes offers many advantages over occasional assessment for accurate
and precise estimation of cognitive abilities and has been shown to be as
reproducible and replicable as traditional neuropsychological test out-
comes [14]. Thus, the development of more validated DHTs which
capture high frequency data in a user-friendly and engaging format re-
mains an active area of research. We previously introduced the Mass-
General Institute for Neurodegenerative Disease (MIND) GamePack©
iPadOS platform (Figure S1) and demonstrated its feasibility as an
engaging platform in 26 generally healthy older adults with no cognitive
complaints (NCC), supported by high compliance rates [91% + 11%]
and high weekly average playtimes [210 + 132 min] [15].

The aims of the current study were to (1) further investigate
compliance in people with a range of cognitive impairments (2) present
neuropsychological assessment correlation results (3) assess test-retest
reliability, and (4) perform known groups comparison of the MIND
GamePack© platform in identifying cognitive impairment. Here, we
present the diagnostic and psychometric properties for the MIND
GamePack from this Cohort 1 study that was limited to participants with
normal cognition, along with new data from a Cohort II study consisting
of 34 participants with subjective cognitive decline (SCD), mild cogni-
tive impairment (MCI), or mild dementia (MD).

2. Methods
2.1. Description of study population

Sixty-eight participants from Cohorts I-II were screened to determine
ehglblhty (nCOHORT 1= 29, NCOHORT II = 39). A CONSORT diagram is
presented in Figure S2A. Participants were recruited from the metro-
Boston area through community outreach efforts, clinician referrals,
and social media. Key eligibility criteria (Table S1A, Table S1B)
included: (1) age 55-90, (2) high school education or greater, (3) En-
glish proficiency, and (4) a Montreal Cognitive Assessment (MoCA)
score > 26 in Cohort I or > 16 in Cohort II. Seven participants did not
meet the eligibility criteria due to ineligible MoCA scores. One partici-
pant withdrew, citing financial concerns. The remaining 60 participants
completed all study procedures. Individuals in the SCD group had a
Cognitive Function Instrument (CFI) [16] score >2 and a Telephone
Interview of Cognitive Status (TICS) [17] score >31. MCI and MD status
was designated based on clinical diagnosis derived from medical record
review by a board-certified neurologist specializing in neurodegenera-
tive dementia. NCC and SCD participants were categorized as cogni-
tively normal (CN), and MCI and MD were categorized as cognitively
impaired (CI) based on performance on standardized cognitive testing at
baseline and verified by both a neurologist and licensed neuropsychol-
ogist to establish consensus.

2.2. Procedure

Participants from both Cohort I and Cohort II were given an Apple
iPad 8th/9th Generation at their Screening Visit (initiated between Day
—21 and Day —14, concluding on Day —1). All 29 participants in Cohort
I received Apple iPad 8th Generation devices, while 25/34 (73.5%) of
Cohort II participants received Apple iPad 8th Generation devices and
the remaining nine (26.5%) received Apple iPad 9th Generation devices.
In benchmark comparability analyses, we noted no differences in dis-
tributions of response rates or data in gameplay. During the Screening
Visit period, participants received standardized training on (1) basic
hardware features of the study device (2) basic software features of the
device operating system (i.e., iPadOS), and (3) the MIND GamePack©
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application. Participants were instructed to play a minimum of “5 min
per game, per day, for 5 days a week” (100 min/week) to maximize all
game play within session and minimize daily participant burden.
Beyond the minimum, they were allowed to play ad lib. Both cohorts
received compensation based on meeting weekly compliance re-
quirements. Compliance for each cohort began at Baseline (Day 0) to
allow for the capture of procedural learning effects and device trou-
bleshooting as needed during the screening period. Cohort I participants
(NCC) enrolled in a minimum 3-month (12-week) pilot feasibility study,
with a telephone check-in at week 6. Cohort II participants (SCD, MCI,
MD) enrolled in a 6-month (24-week) study, with telephone check-ins at
weeks 3, 6, 12, and 18 to better assess learning plateaus and build upon
the promising results of Cohort I.

2.3. MIND GamePack©

The MIND GamePack® is a digital platform with four familiar games:
Memory Match (inspired by Concentration/Memory®), FreeCell (Soli-
taire), Word Scramble (Boggle™), and Block Drop (inspired by Tetris®).
Memory Match is a digitization of a simple picture card memory game,
where players utilize short-term recall to match cards in an untimed
format. The user may select difficulty levels 1-26, respectively, ranging
from 2 x 2 to 8 x 8 matrices of cards. FreeCell is an untimed Solitaire
variant played with a standard deck of 52 playing cards, where players
aim to arrange a pre-configured deal into “foundation” piles, organizing
by suit in ascending order. Unlike Solitaire, players may utilize four free
cells for temporary storage. Word Scramble is a 5-minute timed word
puzzle like Boggle™ where players are tasked with spelling as many
words as possible within a 5 x 5 randomized matrix of letters/phonemes
(e.g. ‘k’, ‘qu’, ‘e’). Block Drop is a 5-minute dynamic block puzzle like
Tetris™ which tests both players’ perceptual-motor abilities and vi-
suospatial attention/awareness [18]. Each game captures raw data and
calculates summary feature metrics on participants’ individual game
sessions. Data is transmitted to a secure internal (i.e. Massachusetts
General Brigham [MGB]) Google Cloud Computing Platform (GCP)
instance for query, analysis, and storage automatically upon completion
of a game session.

2.4. Game features

Across all four games of the MIND GamePack®, 10 visit-level
representative features were identified as analysis candidates
(Table 1). For games with multiple difficulty levels (i.e. Memory Match
(levels 1-26), Block Drop (levels 1-5), and FreeCell (levels 1-3), raw
game features were normalized by computing the z-scores relative to
normative data: first the mean and standard deviation for NCC partici-
pants at a specific difficulty level was calculated, then raw game features
were standardized by subtracting and dividing the difficulty level-
specific mean and standard deviation. At baseline visit (Day 0), game
features were calculated by aggregating data within a 2-week window
post-baseline. For Month 3 and Month 6 assessments, game feature ag-
gregation occurred using a 30-day window post-timepoint to enhance
data inclusion across subjects (i.e., Day 60-90 and Day 150-180,
respectively). A minimum of five gameplay sessions per game within
each aggregation window was required to maintain data quality. Game-
specific quality filters were further applied to session-level data: Mem-
ory Match included levels above seven, as levels 1-7 were considered
too easy (participants achieved a ceiling 100% accuracy in a short time);
FreeCell session data required a winning outcome; Word Scramble
required timer completion, no pauses, and at least one successful word;
and Block Drop required completion of in-game timer or a “block out”
event. Sample sizes following quality filtering are visualized in S2A and
tabulated in S2B.



J.A. Galler et al.

Table 1
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Descriptions of game features and ICC (95% C.1.) of select features aggregated by different periods of data used.

Duration of Aggregation

Game Feature Game-level Description 1 Day 3 Days 1 Week 2 Weeks
Memory 1 Difficulty Level Level selected by player [Range: 1-26] Size of session ~ 0.78 0.76 0.82 0.88
Match matrix [Range: 2 x 2 -8 x 8] (0.76,0.8) (0.73,0.79) (0.78,0.85) (0.85,0.91)
2 Normalized Redundant Total number of same-pair redundant (i.e. non-match) 0.41 (0.37, 0.6 0.83 0.8(0.75,0.85)
Move Variability cards selected 0.45) (0.55,0.64) (0.8,0.86)
3 Normalized Accuracy’ Percentage of pair selections within a session which 0.72 (0.69, 0.84 0.90 0.95
lead to a match 0.74) (0.81,0.86) (0.88,0.92) (0.94,0.97)
Word 4 Word Repetition Rate Number of repeated words divided by total word 0.61 0.73 0.81 0.90
Scramble 5 Word Repetition Rate attempts per game (0.58,0.64) (0.7,0.77) (0.77,0.84) (0.86,0.92)
Variability
6 Total Score' Total score obtained by the player during a game 0.70 0.80 0.88 0.93(0.9,0.95)
session (0.67,0.72) (0.77,0.82) (0.86,0.9)
FreeCell 7 Normalized Total Move Total number of moves made by a player 0.29 0.1 0.25 0.1
Variability (0.24,0.34) (0.03,0.17) (0.15,0.35) (—0.05,0.25)
8 Normalized Valid Move Rate of game-progressing moves out of total moves 0.52 0.66 0.82 0.85 (0.8,0.89)
Rate' (0.49,0.56) (0.61,0.7) (0.78,0.85)
Block Drop 9 Hard Drop Count' Number of times the ‘Hard Drop’ button (i.e. to 0.87 0.92 0.94 0.91
immediately place a falling piece) was pressed (0.85,0.88) (0.91,0.93) (0.92,0.95) (0.86,0.93)
10  Rotation Count Number of times a player rotationally manipulated a 0.81 0.88 0.91 0.93(0.9,0.95)
falling piece (0.79,0.83) (0.86,0.89) (0.89,0.93)

T Higher value indicates better performance.

2.5. Neuropsychological assessments

Participants were administered standardized neuropsychological test
batteries at baseline and end of study (Cohort I = Month 3, Cohort II =
Month 6). Table S2 provides detailed descriptions of all assessments.
Here we describe the following assessments in detail due to high cor-
relation with game features: Repeatable Battery for the Assessment of
Neuropsychological Status (RBANS) [19], Trail Making Test (TMT) [20]
Parts A (TMT-A) and B (TMT-B), and the Montreal Cognitive Assessment
(MoCA, Range: 0-30) [21]. Index scores of the RBANS including Sum of
Index Score (SID) Immediate Memory Index (IMI), Delayed Memory
Index (DMI)), Attention Index (AI), Language Index (LI), Visuospa-
tial/Constructional Index (VI)], completion times of both TMT-A and
TMT-B and MoCA score totals were compared with 10 visit-level fea-
tures across Memory Match [Normalized Accuracy, Normalized Redun-
dant Move Variability, Difficulty Level], Word Scramble [Word Repetition
Rate, Word Repetition Rate Variability, Total Score], FreeCell [Normalized
Valid Move Rate, Normalized Total Move Variability], and Block Drop
[Hard Drop Count, Rotation Count]. While there was substantial overlap
of tests for both cohorts, the specific batteries intentionally differed to
optimize sensitivity of measurement for those without cognitive com-
plaints (NCC) in Cohort I versus those with cognitive impairments (SCD,
MCIL, MD) and to reduce burden for those with cognitive complaints
and/or impairments in Cohort II.

2.6. Statistical analysis

To assess compliance, each participant's average weekly gameplay
time was calculated over 3 months for Cohort I participants and over 6
months for Cohort II participants. The median, first quartile (Q1), third
quartile (Q3), and the mean of these subject-level weekly gameplay
times were then summarized by diagnostic cohort, or by study cohort.

Pearson correlation coefficient was used to evaluate the association
between game features and established neuropsychological test scores
and demographic variables. For sex, the point-biserial correlation was
computed. To examine group differences across game features, the
Wilcoxon rank sum test was conducted. To assess whether group dif-
ferences remained significant after controlling for demographic vari-
ables, analysis of covariance (ANCOVA) was performed with age, sex,
and education as covariates.

Test-retest reliability of game features was evaluated using intra-
class correlation coefficients (ICCs), calculated with a two-way
random effects model with absolute agreement per subject. Data were

aggregated across four different time intervals: (1) every day (2) every
three days (3) every week and (4) every two weeks. Each test-retest was
then completed, comparing each time interval across the time frame of
the study (e.g., (1) every day - Day 1v2, Day 2v3... Day 89v90).

Known sensitivity to change of game features was assessed utilizing
mixed models for repeated measures (MMRMs) to analyze changes in
game features from baseline to Month 3 and Month 6. The statistical
model included age, sex, diagnosis group, visit, game feature values at
baseline, and diagnosis group-by-visit interaction as fixed effects and
visit as a repeated effect within each individual. All analyses were
conducted using R (Version 4.3.2). Statistical significance was set at p <
.05, without adjustment for multiple comparisons.

3. Results
3.1. Demographics

A total of sixty participants were included in Cohorts I and II: age
mean = 71.57, SD = 8.04; sex 38 females (63.3%), 22 males (36.7%);
years of education mean = 17.12, SD = 2.68; race White 57/60 (95%)
and ethnicity non-Hispanic/Latino 53/60 (88.3%). Cohort I was ethni-
cally homogenous with no participants identifying as Hispanic/Latino.
Cohort II participants exhibited higher total years of education (mean =
17.51, SD = 3.24) compared to Cohort I (mean = 16.59, SD = 1.61). As
expected for the MoCA, the CN group (n = 37) scored higher (mean =
28.16, SD = 1.59; median = 28, IQR = 27-29) than the CI group (n = 23)
(mean = 22.39, SD = 3.03, median = 22, IQR = 21-24.5), a difference
that was statistically significant by both Wilcoxon and t-test (p < .001).
Detailed cohort statistics are summarized in Table 2.

3.2. Compliance

NCC participants (Cohort I) achieved a median compliance of 165
min per week [Q1l, Q3 = 140, 252] (Table S3). Participants who
completed Cohort II achieved a median compliance of 210 min per week
[Q1, Q3 =171, 387]. MCI participants achieved the highest compliance,
with a median of 308 min/week [Q1, Q3 = 193, 524], followed by mild
dementia participants playing 264 min/week [Q1, Q3 = 194, 553], and
then SCD participants with 181n min/week [Q1, Q3 = 133, 210].
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Table 2
Demographic data for Cohort I and II.
Cohort I (n = CohortII (n = Total (n =
26) 34) 60)
General
Age in years [mean (SD)] 71.87 (8.63) 71.32(7.70) 71.57
(8.04)
Female [n (%)] 19 (73.08) 19 (55.88) 38 (63.33)
Gender identity as female 20 (76.92) 19 (55.88) 39 (65)
[n (%)]
Years of education [mean 16.59 (1.61) 17.51 (3.24) 17.12
(SD)] (2.68)
Race [n (%)]
White-Caucasian/ 24 (92.31) 31 (91.18) 55 (91.67)
European
White-Arabic/North 1 (3.85) 1 (2.94) 2 (3.33)
African
East Asian - 1(2.94) 1(1.67)
African American 1 (3.85) 1 (2.94) 2 (3.33)
Ethnicity [n (%)]
Hispanic/Latino 0(0) 2 (5.88) 2 (3.33)
Non-Hispanic/Latino 26 (100) 27 (79.41) 53 (88.33)
Unknown - 5 (14.71) 5 (8.33)
Diagnostic Groups [n
(%)]
CN NCC 26 (100) - 26 (43.33)
SCD - 11 (32.36) 11 (18.33)
CI MCI - 15 (44.11) 15 (25)
MD - 8 (23.53) 8(13.33)

3.3. Correlation with standardized neuropsychological assessments and
demographics at baseline

The main correlation results are summarized in Table 3. Memory
Match (N = 34) ‘Normalized Accuracy’ feature showed the highest cor-
relations with RBANS SID [r = 0.76, p <.001], RBANS DMI [r = 0.75, p
<.001], and MoCA [r = 0.69, p <.001]. The ‘Normalized Redundant Move
Variability’ feature showed high-to-moderate positive correlations with
TMT-B [r = 0.73, p <.001], TMT-A [r = 0.67, p <.001] and negative
correlation with RBANS DMI [r = —0.58, p <.001], RBANS SID [r =

Table 3
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—0.56, p <.001], and MoCA [r = —0.51, p <.01]. ‘Difficulty Level’ of
Memory Match showed moderate to low positive/negative correlations
with RBANS SID [r = 0.36, p <.05] and RBANS DMI [r = 0.40, p <.05].

Word Scramble (N = 34) ‘Word Repetition Rate’ feature showed high
correlations to RBANS DMI [r = —0.73, p <.001], SID [r = —0.59, p
<.001], and MoCA [r = —0.73, p <.001]. ‘Word Repetition Rate Vari-
ability’ showed a moderate correlation to both TMT-B [r = 0.55, p
<.001] and MoCA [r = —0.53, p <.001]. ‘Total Score’ displayed signif-
icantly high/moderate correlations with RBANS SID [r = 0.65, p <.001],
DMI [r = 0.54, p < 0.001], IMI [r = 0.54, p < 0.001], LI [r = 0.50, p <
0.01], TMT-B [r = —0.60, p <.001], and MoCA [r = 0.61, p <.001].

Block Drop ‘Hard Drop Count’ displayed high to moderate negative
correlation with TMT-A [r = —0.71, p <.001] and TMT-B [r = —0.61, p
<.001]. Similarly, ‘Rotation Count’ displayed high to moderate correla-
tions with TMT-B [r = —0.65, p <.001] and TMT-A [r = —0.49, p <.01].

FreeCell features displayed low correlation to most neuropsycho-
logical metrics, but RBANS DMI was moderately correlated with both
‘Normalized Valid Move Rate’ [r = 0.57, p <.01] and ‘Normalized Total
Move Variability’ [r = —0.46, p <.05].

We also examined correlations between game features and de-
mographic variables (Table 3). Age was negatively correlated with Block
Drop ‘Rotation Count’ (r = —0.65, p < .001) and Memory Match
‘Normalized Accuracy’ (r = —0.41, p < .05), indicating that older par-
ticipants showed slower processing speed and lower memory accuracy.
Education was positively correlated with Word Scramble ‘Total Score’ (r
= 0.36, p < .05) and negatively with ‘Word Repetition Rate Variability’ (r
= —0.43, p < .05). Sex showed no significant correlations with any game
features.

All other results of correlation testing for Memory Match
(Figure S3A), Word Scramble (Figure S3B), FreeCell (Figure S3C) and
Block Drop (Figure S3D) were assessed and presented as heat maps.

3.4. Test-Retest reliability

ICCs for game features derived from daily median values over
various durations were evaluated to assess feature consistency. The

Baseline correlation between select game features and standard clinical test scores and demographics. Comparisons for Cohort II only.

Memory Match (N = 34)

Word Scramble (N = 34)

FreeCell (N = 30) Block Drop (N = 27)

Clinical Scores Normalized Normalized  Difficulty Word Word Total Normalized Normalized Hard Drop  Rotation
Accuracy Redundant Level Repetition Repetition Score Valid Move Total Move Count Count
Move Rate Rate Rate Variability
Variability Variability
RBANS - Sum of 0.76%** —0.56%** 0.3 —0.59%** —0.48%* 0.65%** 0.44* —0.41* 0.44* 0.44*
Index Scores
RBANS - 0.60%** —0.43* 0.36* —0.44** —0.42* 0.54%** 0.26 —0.24 0.29 0.38*
Immediate
Memory Index
RBANS - Delayed 0.75%** —0.58*%* 0.40* —0.73%** -0.32 0.54%** 0.57** —0.46* 0.39* 0.3
Memory Index
RBANS - Attention ~ 0.51** —0.32 -0.03 -0.26 —0.41* 0.46* 0.23 -0.33 0.15 0.32
Index
RBANS - Language  0.38* —0.39* 0.27 -0.22 -0.22 0.50%* 0.11 -0.13 0.31 0.17
Index
RBANS - 0.44%* -0.29 0.04 —0.38* —0.38* 0.33 0.25 -0.17 0.49%* 0.41*
Visuospatial/
Constructional
Index
Trail. Making.A —0.58%*** 0.67%** 0.01 0.06 0.44%* —0.37* —0.18 0.33 —0.61%** —0.49%*
Trail.Making.B —0.65%* 0.73%** —0.06  0.36* 0.55%** —0.60%*** —0.40* 0.50%* —0.71%** —0.65%**
MoCA 0.69%** —0.51%** 0.28 —0.73%** —0.53%** 0.61%** 0.46* -0.29 0.41* 0.39
Demographics
Age —0.41* 0.32 -0.06 0.31 0.16 —0.16 —0.15 0.25 —0.36 —0.65%**
Years of Education 0.2 -0.07 0.04 —-0.22 —0.43* 0.36* 0.15 -0.22 0.2 0.27
Sex —-0.03 0.1 -0.21 —0.04 —-0.31 0 -0.31 —0.03 0.18 0.31
*** p < 0.001, ** p < 0.01, * p < 0.05.
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findings indicate good to excellent reliability (ICCs = 0.85-0.95) across
all four games when using two weeks of data per participant (Table 1).
‘Normalized Total Move Variability’ of FreeCell showed greater variability
in ICC testing and was less consistent than other game features.

3.5. Known groups comparison

All game features at baseline (after acclimatization gameplay during
screening) significantly differentiated the CN group from the CI group [p
<.012], except for the ‘Difficulty Level’ within Memory Match [p = .114]
(Fig. 1, Table S4). These group differences remained significant after
adjusting for age, sex, and education using ANCOVA (all p < .01 except
‘Difficulty Level’), indicating that the discriminative ability of game
features is independent of demographic differences between groups
(Table S4). CI participants had worse median game performance such as
lower ‘Normalized Accuracy’ for Memory Match [CI = -1.25
(—1.83,-0.48), CN = —0.17 (-0.52,0.16); p <.001] higher median
‘Word Repetition Rate’ for Word Scramble [CI = 0.17 (0.1,0.23), CN =
0.09 (0.07,0.11); p = .002], lower median ‘Normalized Valid Move Rate’
for FreeCell [CI = —1.06 (—1.42,—-0.57), CN = —0.01 (—0.64,0.45); p
<.001] and lower median ‘Hard Drop Count’ for Block Drop [CI = 27
(10.25,37), CN = 37 (—29,46); p = .012] compared to CN participants.

When examining subgroups, we observed that the Memory Match
feature Normalized Accuracy improved in the NCC group at Month 3, but
not in the SCD, MCI, or MD groups. Additionally, a significant difference
was detected between the NCC and MCI groups in change from baseline
(T-ratio = 3.07, P = .003, Fig. 2A). For ‘Normalized Redundant Move
Variability’, there was a statistically significant difference between the
NCC and MD groups in change from baseline to 3 months (T-ratio =
—2.07, P = .043, Fig. 2B). Regarding the self-selected ‘Difficulty Level’
from Memory Match, NCC participants tended to choose increased dif-
ficulty levels at Month 3. There was a significant difference in change
from baseline to 3 months between the NCC and MD groups (T-ratio =
2.57, P = .013, Fig. 2Q).

For Word Scramble’s ‘Word Repetition Rate’, there was no difference
in changes from baseline between the NCC and other groups. However,
there was a significant within-group decrease in ‘Word Repetition Rate’ at
month 3 for the NCC and SCD groups (NCC LSmean = —0.012, SCD
LSmean = —0.018, Fig. 2D). An opposite trend was observed for the MCI
and MD groups at Month 3 and Month 6. The variation in ‘Word Repe-
tition Rate’ measured by ‘Word Repetition Rate Variability’ also signifi-
cantly decreased at Month 3 for the NCC and SCD groups (NCC LSmean
= —0.013, SCD LSmean = —0.013, Fig. 2E). The difference in changes
from baseline for this feature between the NCC and MCI/MD groups was
statistically significant (NCC vs. MCI, T-ratio = —2.75, P = .008; NCC vs.
MD, T-ratio = —4.35, P < .001, Fig. 2E).

We did not observe a significant difference in changes from baseline
for the feature ‘Total Score’ between the NCC and other groups, although
all groups showed a significant within-group increase in this feature at
Month 3 (Fig. 2F).

4. Discussion

The current study investigated the psychometric properties of MIND
GamePack®©, a platform that offers semi-structured gameplay to provide
higher frequency, more sensitive data of cognitive and psychomotor
functioning over time. Participants in all groups demonstrated high
compliance with the MIND GamePack© in Cohort I and II studies, well
beyond what was required (165% for Cohort I; 210% for Cohort II),
suggesting maintained interest, motivation, and enjoyment. These re-
sults are highly reassuring as general compliance rates for other remote
unsupervised technologies often yield significantly lower compliance
rates (63 to 94%), depending on timescale length [22,23]. In a trial of
similar length to Cohort II implementing scheduled self-assessments (six
months), participants did adhere to thrice-weekly self-administration
but were more likely to do so when compliance requirements were less
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stringent, strengthening the case for unsupervised use [24]. Although
adherence to DHTs remains a significant challenge, gamification of
DHTs has demonstrated utility in sustaining engagement and making
e-Health activities both entertaining and engaging [25,26].

The MIND GamePack© demonstrated good to excellent test-retest
reliability for all game features selected [ICC = 0.85 — 0.95] with two
weeks interval, but lower when using less than a week interval [ICC =
0.52 — 0.87]. The lower ICCs at the one-day interval likely reflect both
measurement noise and real day-to-day changes in the feature scores.
Some variability is expected due to random fluctuations, but our pre-
vious work showed that self-reported cognitive ability is associated with
daily gameplay behaviors suggesting that these short-term changes can
reflect meaningful psychological differences [15]. In contrast, higher
ICCs at longer intervals, such as two weeks, suggest greater stability over
time as the short-term fluctuations average out. This highlights the
importance of data granularity, as daily versus aggregated measures
may be more suitable depending on whether the goal is diagnosing or
continuous monitoring. We also observed that some features reached
higher ICCs after one week, while others required two weeks of data to
achieve similar levels of reliability. These differences reflect distinct
characteristics of each gameplay task and highlight the importance of
considering such variability when selecting features for use in digital
assessments.

Longitudinal change of game features as measured between Baseline
(Day 0) and Month 6 displayed unique trajectories between NCC, SCD,
MCI, and MD groups. Notably, game features associated with memory
showed significantly greater improvements in NCC participants
compared to MCI and MD groups, consistent with expected learning/
practice effects, while CI groups were flatter. Likewise, ‘Normalized
Redundant Move Variability’ [Memory Match], ‘Word Repetition Rate’,
‘Word Repetition Rate Variability’, and Total Score [Word Scramble] dis-
played similar differential trajectories between NCC and MD groups.

All features examined within the research displayed good to excel-
lent differentiation between CN and CI metagroups. Importantly, these
group differences were robust to demographic adjustment, suggesting
that game performance reflects cognitive status rather than confounding
factors such as age or education level. We further found ‘Word Repetition
Rate’, and ‘Word Repetition Rate Variability’ features displayed the
strongest differential trajectories. Intriguingly, ‘Difficulty Level’ was
sensitive at differentiating NCC from SCD, MCI, and MD participants.
NCC participants may select more difficult boards of Memory Match,
while those with cognitive deficiency (SCD, MCI, MD) tended to choose
easier levels — potentially due to an awareness of their cognitive limi-
tations or a desire to avoid potential frustration with more difficult
boards.

Correlation of game features with traditional neuropsychological
tests yielded significant results within the memory and learning domain
(s); indices of the RBANS and total scores of the TMT showed the highest
correlation with selected game features from Memory Match. Similar
research investigating construct validity of a structured remote web-
assessment (BRANCH) compared to gold-standard neuropsychological
tests such as the MMSE (Mini Mental State Examination) and QDRS
(Quick Dementia Rating System) yielded moderate Pearson coefficients
[r = 0.53 (p <.001) and r = —0.40 (p<.001)] respectively while other
mobile assessments (MyCog Mobile) displayed battery-wide construct
validity [27,28]. Overall, DHTs are improving in their ability to validate
against traditional pen-and-paper tests and future research may explore
these correlations within different populations and employ expanded
neuropsychological batteries.

Several limitations should be acknowledged for both the MIND
GamePack®© platform and the study herein. Small sample (N = 60) and
subgroup sizes may minimize correlation with neuropsychological tests.
Both Cohort I and Cohort II predominantly included educated, white,
non-Hispanic participants. Therefore, caution must be exercised when
generalizing these findings to more diverse populations. Additionally,
the differing study designs of Cohort I and Cohort II present challenges
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Fig. 1. Box plots for game features collected at baseline from four games by cognitive groups (NCC + SCD vs MCI + MD).
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Fig. 2.

Change from baseline in digital features estimated by MMRM. Modeled change from baseline means (+ SE) at Month 3 and Month 6 were shown in plots for

game features from Memory Match and Word Scramble games. Model outputs for Month 3 for LS means and mean difference from the NCC group were summarized

in the table below each diagram.

for data harmonization, such as varying study timelines and distinct
neuropsychological assessments. These differences hinder direct com-
parisons between the cohorts.

5. Conclusions

Future research should expand sample size, diversity, and diagnostic
status and may also evaluate the performance of MIND GamePack©
amongst individuals with various neurocognitive disorders beyond
neurodegenerative dementias. In particular, the implementation of
DHTs presents unique challenges for important non-English speaking
populations, including accurate translation, cultural familiarity with
stimuli and differences in digital accessibility [29]. Although assets of
Memory Match, Block Drop, and FreeCell were selected to be culturally
neutral, Word Scramble remains nativized for English-speaking users.
Future work plans to expand the MIND GamePack®© for deployment in
other cultures; with initial plans to translate and validate first in Spanish
speaking populations. The MIND GamePack®© could provide researchers
with high-density data on other neurological (e.g. static vascular, epi-
lepsy, post-traumatic or other brain injuries) and psychiatric (e.g. mood,
anxiety, psychotic, neurodevelopmental) disorders. The MIND Game-
Pack© may be useful for researchers conducting drug or other inter-
ventional trials. The frequent and detailed gameplay measurements
taken over time, both before and after drug initiation, may enable re-
searchers to better understand cognitive changes within short or
extended periods. In such trials, the MIND GamePack© could provide
supplemental or complementary high-resolution data alongside more
conventional outcome measures, while providing a longitudinal trial
experience which encourages high rates of compliance. Lastly, current
features and future updates to the MIND GamePack®© platform may also
show usefulness for clinical monitoring, both as a screening tool for
change and as an ancillary tool clinicians can gather personal supple-
mental cognitive data from. The ease of deployment, low-cost of

scalability, and high compliance by users across groups of varying levels
of cognitive decline make the MIND GamePack© an encouraging plat-
form for a versatile array of research applications.
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