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Abstract

Background: Mild cognitive impairment (MCI), the intermediate cognitive status between normal cognitive decline and
pathological decline, is an important clinical construct for signaling possible prodromes of dementia. However, this condition is
underdiagnosed. To assist monitoring and screening, digital biomarkers derived from commercial off-the-shelf video games may
be of interest. These games maintain player engagement over a longer period of time and support longitudinal measurements of
cognitive performance.

Objective: This paper aims to explore how the player actions of Klondike Solitaire relate to cognitive functions and to what
extent the digital biomarkers derived from these player actions are indicative of MCI.

Methods: First, 11 experts in the domain of cognitive impairments were asked to correlate 21 player actions to 11 cognitive
functions. Expert agreement was verified through intraclass correlation, based on a 2-way, fully crossed design with type
consistency. On the basis of these player actions, 23 potential digital biomarkers of performance for Klondike Solitaire were
defined. Next, 23 healthy participants and 23 participants living with MCI were asked to play 3 rounds of Klondike Solitaire,
which took 17 minutes on average to complete. A generalized linear mixed model analysis was conducted to explore the differences
in digital biomarkers between the healthy participants and those living with MCI, while controlling for age, tablet experience,
and Klondike Solitaire experience.

Results: All intraclass correlations for player actions and cognitive functions scored higher than 0.75, indicating good to excellent
reliability. Furthermore, all player actions had, according to the experts, at least one cognitive function that was on average
moderately to strongly correlated to a cognitive function. Of the 23 potential digital biomarkers, 12 (52%) were revealed by the
generalized linear mixed model analysis to have sizeable effects and significance levels. The analysis indicates sensitivity of the
derived digital biomarkers to MCI.
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Conclusions: Commercial off-the-shelf games such as digital card games show potential as a complementary tool for screening
and monitoring cognition.

Trial Registration: ClinicalTrials.gov NCT02971124; https://clinicaltrials.gov/ct2/show/NCT02971124

(JMIR Serious Games 2021;9(4):e18359) doi: 10.2196/18359
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Introduction

Assessing Cognitive Performance
Mild cognitive impairment (MCI) is a clinical entity defined as
a transitional state between normal and pathological aging,
where one or more cognitive domains are significantly impaired,
yet activities of daily living are still preserved [1]. Early
detection of MCI is important for signaling possible prodromes
of dementia, monitoring the progression of possible decline,
taking supportive measures, and detecting any possible
underlying causes. However, cognitive impairment is still
underdiagnosed [2-4]. In response, governmental bodies have
called for novel, scalable, and longitudinal tools to assist in the
early screening and monitoring of dementia [5-7]. To answer
this call, researchers have explored the use of digital games as
a suitable medium for assessing cognitive impairment [8-11].
Games are autotelic in nature, tapping into the intrinsic
motivation to play [12,13], hence captivating a player’s
attention. Furthermore, digital games are a natural source of
information on player behavior, cognitive performance, motor
skills, social conduct, and affective experiences [14].

As such, digital games may help by providing digital biomarkers
of cognitive performance. Biomarkers, defined as “objectively
measured and evaluated indicators of normal biological
processes, pathogenic processes, or pharmacologic responses
to a therapeutic intervention [15]” have a longstanding tradition
in dementia research [16,17]. Complementary to their biological
counterparts, digital biomarkers are “user-generated
physiological and behavioral measures collected through
connected digital devices to explain, influence and/or predict
health-related outcomes [18].” User interaction with digital
games produces dense and detailed behavioral traces that may
inform on the users’ social health, praxis, and cognition.

Today, the focal point of research assessing cognitive
performance is serious games, that is, games intentionally
designed and built for a serious purpose and not solely to
entertain [19]. Although serious gaming interventions show
potential, they are typified by less funding, shorter development
cycles, and missing know-how compared with traditional video
games, which affect the in-game hallmarks of quality, such as
graphics, music, and storytelling [20,21]. This may lead to
frustrating player experiences, a lack of engagement, and less
attention being paid during gameplay, which may lower the
reliability and validity of any findings and possibly cause
attrition in longitudinal studies [22-24]. Therefore, most
recently, the study by Mandryk and Birk [14] argued in favor
of turning to commercial off-the-shelf (COTS) video games

instead [14]. Instead of spending limited resources on building
a serious game, researchers can devote themselves to
investigating existing games already enjoyed by the target
population. Although not designed to measure cognition, COTS
games are woven into the fabric of everyday life and may be
able to provide digital biomarkers of cognitive performance
that are reflective of cognitive status [14,25].

This study aims to explore the possibility of using COTS card
games to screen cognition among patients living with MCI. This
study involved 11 experts in the domain of MCI coming together
to craft 23 candidate digital biomarkers from the digital card
game Klondike Solitaire. Subsequently, a data acquisition
campaign was set up involving 46 participants: 23 (50%) healthy
older adults and 23 (50%) older adults with MCI. The
participants were asked to play 3 games on a tablet. We
examined the game data for differences at a group level for the
candidate digital biomarkers using a generalized linear mixed
model (GLMM) analysis. The results show that of the 23
candidate digital biomarkers, 12 (52%) differed significantly
between both groups, taking age, tablet experience, and
Klondike Solitaire experience into account. By providing a
methodological approach and an exploratory study for crafting
digital biomarkers, as well as articulating the rationale and the
different steps taken, we hope to inform future researchers who
aim to leverage the use of COTS video games to yield digital
biomarkers.

MCI Classification
Persons diagnosed with MCI show a deficit in cognition in at
least one cognitive domain that cannot be attributed to age or
any other disease; yet, they do not fulfill the diagnosis of
dementia [26]. Persons with MCI, however, have a higher risk
of progressing to a form of dementia such as Lewy body
dementia [27], vascular dementia [28], or the most common
form of dementia, Alzheimer disease [29]. Depending on the
early symptoms, persons with MCI can be classified into 2
groups: amnestic MCI (aMCI) and nonamnestic MCI (naMCI).
Persons in the aMCI group show a significant memory deficit,
whereas in persons with naMCI, mainly a nonmemory
impairment (eg, language) is present [30]. For both aMCI and
naMCI, a further distinction can be made between persons with
1 cognitive domain impaired (single domain MCI) and those
with multiple cognitive domains impaired (multiple-domain
MCI). Although no treatments exist with the current state of
modern medicine to cure the neuronal damage of these
progressive forms of dementia [31,32], early diagnosis matters
[33] because there are several measures that can be taken to
slow down disease progression [34], including starting
nonpharmacological treatment for delaying symptoms
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[31,32,34], or support patients and families with the appropriate
counseling [35].

Detecting MCI
Typically, the process leading to a diagnosis of MCI is set into
motion by a cognitive complaint from the older adult, relative,
or (informal) caregiver, followed by a presumptive identification
through a screening test. The cognitive screening tests used
most often to detect MCI are the Montreal Cognitive Assessment
(MoCA) [36] and the Mini-Mental State Examination (MMSE)
[37]. These cognitive screening tests primarily focus on
evaluating language, visual skills, memory, orientation,
attention, and executive functions [38]. Despite their widespread
use, the psychometric properties of the screening tests by
themselves are insufficient to draw firm conclusions regarding
an MCI diagnosis [39].

Therefore, this presumptive identification is in turn followed
by an elaborate neuropsychological assessment (ie, a cognitive
test battery) and possibly a biomarker scan or a neuroimaging
scan [26,30]. This neuropsychological assessment assesses
cognitive skills and level of impairment more thoroughly. In
addition, the assessment may include a semiguided interview
with a relative or caregiver to evaluate the change in symptoms
over time, such as in the Clinical Dementia Rating (CDR) Scale
[40]. However, this neuropsychological assessment is laborious
and time-intensive, requiring skilled test administrators, who,
despite their training, are still subject to interassessor variability
[41]. In addition, from a patient perspective, the process has
been described as bewildering, highly stressful, and even
humiliating [42,43], contributing to malperformance. This in
turn can make patients self-aware of impairment, leading to
feelings of distress or helplessness, possibly spiraling into even
worse performance [44,45]. Although biological and imaging
biomarkers are becoming more common to support diagnosis,
they remain expensive and invasive, making them equally unfit
for high-frequency measurements [41]. As a result, health
professionals and policy makers welcome additional tools that
support the monitoring of cognition [1,46-49] while reducing
patient-level barriers and are more considerate of patients’
experiences [44].

Serious Games for the Assessment of Cognitive
Functions
Serious (digital) games are “games that do not have
entertainment, enjoyment, or fun as their primary purpose [19].”
An early and longstanding tradition [50] is the use of serious
games for cognitive evaluation [51]. Space Fortress [19,50] is
perhaps the first research game to measure and train cognitive
control and related cognitive functions. Ever since, the
popularity of creating serious games and game-based
interventions to measure, detect, and train cognition has only
increased, as indicated by systematic reviews on this topic by
Ferreira-Brito et al [52], Lumsden et al [53], and
Valladares-Rodriguez et al [51].

Serious games may provide certain advantages for the
assessment of cognitive performance compared with standard
cognitive assessment tests. First, by offering an interactive and
immersive audiovisual experience, serious games can be

considered to be more engaging than classical tests [23,51,53].
As ensuring the full attention of the participant is paramount in
neuropsychological testing, such increased engagement may
also result in more reliable research results; previous research
has linked effort to cognitive test performance in healthy
undergraduate students [54]. Second, games allow for
embedding of cognitive tasks in a virtual, audiovisual world,
which more closely mimics the actual lived-in world, allowing
for better transfer of task results and providing higher ecological
validity [55]. However, it has to be noted that the skills learned
through serious games might still be difficult to generalize to
the skills needed in a real-life context [55]. Third, serious games
can be designed in such a manner that they minimize the need
for the presence of a trained administrator. Setting a pace,
reading out loud, or cueing can be integrated into the game
itself. In this manner, test administration bias is reduced, and
white-coat effects can be minimized [56,57]. If assessments are
possible with less supervision and manual effort, they also
become more scalable because testing becomes less resource
intensive [55]. However, this lack of supervision while
performing measurements has an important caveat. When
measurements are performed in a personal environment, it
becomes more difficult to prevent distractions that influence
gameplay behavior.

Although serious games show promising results and have merit
for both patient and physician, serious games are at risk of being
dismissed as “chocolate-covered broccoli”: neuropsychological
tests embellished with a thin layer of gameplay [58-60]. This
can lead to games that are suboptimal in terms of esthetic quality
and game mechanics [20], negatively affecting gameplay [58].
A meta-analysis of serious games [22] shows that although they
can be more effective and improve retention compared with
conventional methods, they are not found to be more motivating.
Similar signs of lack of motivation have been noted in
game-based interventions designed to train cognitive functions
[23,24].

This lack of sustained engagement contrasts with surveys on
gameplay among older adults. A large-scale (N=3737) survey
of older adults’attitude toward video games, conducted in 2019
by the American Association of Retired Persons [61], highlights
that older adults enjoy playing digital games. Of the nine reasons
to play, to have fun was indicated to be the top reason (78%) to
play video games, with to help stay mentally sharp coming in
second (69%). In the 70-years-or-older age category, this
difference became marginal, with 73% indicating to have fun
and 72% indicating to stay mentally sharp as the reasons to
play. Therefore, to increase engagement and to tap into intrinsic
motivation, popular COTS video games may present an
interesting alternative. These games are already woven into the
daily life of the older adult, providing meaningful play [62,63].

COTS Video Games for Mental Health
COTS games may have the ability to retain players over a longer
period and to support continuous measurements of cognitive
performance. As frequent measurements are more sensitive to
detecting small deviations in the cognitive performance of older
adults [64], this could lead to a better interpretation of the
patient’s cognitive trajectory. Furthermore, fluctuations in
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cognitive performance [65], a common feature of dementia,
may be more easily detected. In addition, this continuous
monitoring enables establishing an intraindividual cognitive
baseline [66]. This cognitive baseline can be used to compare
patients with themselves, as opposed to comparisons with
normed references. In turn, this can lead to improved
management and care [1]. Nevertheless, a prominent
disadvantage of COTS games is that researchers have less
control over which cognitive functions are measured in the game
[60].

Recent studies on using COTS games to measure cognitive
impairment have generated promising results. The study by
Jimison et al [8] used FreeCell, a Solitaire variant, to compare
cognitive performance between a group of people living with
MCI and a healthy control group by means of an optimized
solver. The results indicated that based on gameplay, the group
with MCI could be discerned from the healthy control group
[8]. In the case of sudoku, another popular game among older
adults, the study by Grabbe [67] showed that performance in
the game was significantly related to measures of working
memory. Using a set of smartphone-based puzzle games, which
also contained sudoku, the study by Thompson et al [68]
explored smartphone-based games as a means of portable
cognitive assessment and monitoring. The participants’
performance in these games correlated to several measures of
cognition, among which were visual memory, verbal learning,
and reasoning. Finally, the study by Wallace et al [11] developed
a word search game and sudoku that incorporated hints to reduce
frustration among patients living with MCI. Their first study
with 2 patients indicated that cognitive performance could be
measured with COTS gameplay, comparing game performance
with the MoCA and the Repeatable Battery for the Assessment
of Neuropsychological Status [69]. Synthesizing these results,
these studies suggest that COTS games yield promise for the
assessment of cognitive impairment but that further research is
warranted.

Across the aforementioned studies, different lines of reasoning
have been given to justify the game of choice as suitable for
neuropsychological evaluation. The study by Grabbe [67]
analyzed the components of sudoku and linked them to working
memory based on a subjective analysis. The study by Jimison
et al [8] chose FreeCell because it was the most popular game
in their focus group. The study by Wallace et al [11] chose a
word search game and sudoku above other games because of
certain properties such as the percentage of successful deals.
Finally, the study by Thompson et al [68] chose games based
on face validity with regard to targeting cognitive functions.
Although these reasons are valid arguments for choosing a game,
it should be noted that these studies have no arguments rooted
in empirical evidence for their game of choice.

Klondike Solitaire
One of the most popular card games among older adults is
Klondike Solitaire, also known as Patience, Fascination, or even
just Solitaire [70]. The popularity of Klondike Solitaire among
older adult gamers was recently noted in the study by Boot et
al [71]. For 1 year, participants had access to a computer where
11 games were installed, among which were sudoku, Klondike
Solitaire, and crossword puzzles. The study noted that “There
was a strong, clear preference for Solitaire […]. After Solitaire,
there was no clear second choice, and on average participants
infrequently played the other games.” In addition, the results
showed that of all 11 games, 1 (9%)—Solitaire—was being
played most consistently.

This popular card game is played with a standard 52-card deck,
with 28 (54%) cards dealt in 7 build stacks and the other 24
(46%) cards placed in a pile, as can be seen in Figure 1. The
goal of the game is to order all cards from the ace to the king
on the 4 corresponding suit stacks. Cards can be moved on top
of other build stacks if their rank is one lower than the current
top card and of the opposite color. Cards can be requested from
the pile to be placed on the talon (Figure 1).

Figure 1. Klondike Solitaire. The seven build stacks can be seen at the bottom, the suit stacks are at the top left. The pile of undealt cards can be seen
in the top right.

JMIR Serious Games 2021 | vol. 9 | iss. 4 | e18359 | p. 4https://games.jmir.org/2021/4/e18359
(page number not for citation purposes)

Gielis et alJMIR SERIOUS GAMES

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Study Objective
Given the popularity of Klondike Solitaire among the older
population, and given the need for engaging, ecologically valid,
scalable tools to assist in the screening and monitoring of MCI,
this paper aims to investigate the feasibility of Klondike Solitaire
game sessions to yield digital biomarkers of MCI. To this end,
the study comprised the following investigations:
1. an exploration of the digital biomarkers of cognitive

performance, based on the player actions (PAs) of Klondike
Solitaire and

2. an evaluation of the candidate digital biomarkers captured
in Klondike Solitaire to measure the differences between
healthy older adults and older adults living with MCI.

Methods

Crafting Candidate Digital Biomarkers in Klondike
Solitaire
To explore the potential digital biomarkers of cognitive
performance in Klondike Solitaire, we first conducted an expert
consensus study, involving 11 experts. In this first part of the
paper, we discuss the 3 steps taken to compile a final list of 23
candidate digital biomarkers.

Step 1: Defining PAs
To transform gameplay into PAs, a methodical approach was
applied. In all, 4 researchers in the field of human-computer

interaction carried out the following tasks. First, the literature
on Klondike Solitaire was studied, ranging from scientific work
[72-78] to more general sources [79-81]. Afterward, the game
was played for a minimum of 10 sessions of 30 minutes by each
of the researchers. Combining the theoretical background with
this practical experience, the experts independently drafted a
list of game events, which was then reviewed as a team. This
list was iterated 3 times until no more game events were found.
The game events included, but were not limited to, game
outcomes (eg, the game was won or lost), correct player moves
(eg, the player moves a card among the build stacks), and
erroneous player moves (eg, the player places cards on other
cards such that they are not in descending order on the build
stack).

These game events were then converted to PAs; they were
described as an action of the player rather than as an event of
the game. Next, all these PAs were transformed into their
negative equivalents, for example, The player takes little time
to think of a move was reworded as The player takes a lot of
time to think of a move. The reason for this was 2-fold. It enabled
inverse PAs (the positive and negative equivalents, eg, moving
cards fast or moving them slowly) to be combined, reducing
the rating complexity for the professionals. Furthermore, the
negative equivalent aimed to facilitate the rating process because
impaired cognition leads to reduced performance in gameplay.
After this step was completed, 21 PAs (Table 1) were defined
for evaluation.
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Table 1. Average of the experts’ ratings for each player action and cognitive function.

Process-
ing
speed,
mean
(SD)

Cognitive
planning,
mean
(SD)

Apraxia,
mean
(SD)

Object
recogni-
tion,
mean
(SD)

Visuospa-
tial ability,
mean (SD)

Selec-
tive at-
tention,
mean
(SD)

Working
memory,
mean
(SD)

Inhibitory
control,
mean
(SD)

Mental
flexibility,
mean (SD)

Player actions

2.55
(0.82)

2.45b

(0.52)

0.27
(0.47)

1.27
(0.79)

1.18 (0.98)1.55
(0.82)

1.82 (0.4)0.73
(1.01)

1.64 (1.12)PAa 1. Player takes a lot of time to think
of a move.

2.09
(1.04)

0.91
(0.83)

1.64
(0.92)

0.64
(0.67)

1.45 (1.04)0.64
(0.67)

0.64 (0.5)0.73 (1.1)0.73 (1.01)PA 2. Player takes a lot of time to move
the card.

0.91
(1.04)

2.18
(0.75)

0.73
(1.01)

1.64
(0.67)

1.45 (0.93)2.55
(0.69)

2 (0.77)0.73 (0.9)2.27 (0.79)PA 3. Player does not move a suitable
card from the talon to the suit stack.

1 (1)1.73
(0.79)

0.27
(0.47)

1.36
(0.92)

1.36 (0.92)2.36
(0.67)

1.82
(0.75)

0.91
(0.83)

1.82 (0.98)PA 4. Player does not move a suitable
card from the build stack to the suit
stack.

0.82
(1.08)

2.09
(0.94)

0.18 (0.4)1.73
(0.79)

1.55 (1.04)2.64
(0.67)

1.91 (0.7)1.27 (0.9)2.18 (0.75)PA 5. Player does not move a suitable
card from the talon to the build stack.

0.73
(1.01)

2.18
(0.98)

0.18 (0.4)1.64
(0.92)

1.45 (0.93)2.45
(0.69)

2 (0.77)1.09
(0.94)

2.36 (0.81)PA 6. Player does not move a suitable
card from 1 build stack to another build
stack.

1.09
(1.04)

2.09 (0.7)0.45
(0.69)

1.18
(1.17)

1 (0.77)2.36
(0.92)

2.18 (0.4)0.73
(1.01)

1.27 (1.01)PA 7. Player does not place an ace imme-
diately on an empty suit stack.

1 (0.89)2.09 (0.7)0.36
(0.67)

1.55
(1.13)

1 (0.77)2.27
(0.9)

2 (0.77)0.73 (0.9)1.45 (1.13)PA 8. Player does not place a king on an
empty build stack.

0.45
(0.52)

2.27
(1.01)

0.18 (0.4)1.45
(1.21)

0.82 (0.75)1.64
(1.03)

2.18
(1.17)

1.82
(0.98)

1.45 (1.04)PA 9. Player moves cards without benefit
(eg, moving a jack from 1 queen to an-
other).

0.91
(0.7)

2.09
(1.04)

1 (1)1.45
(1.13)

1 (0.89)1.82
(1.08)

1.73
(1.01)

2.55
(0.69)

2 (0.89)PA 10. Player flips a lot through the pile.

0.45
(0.69)

1.36
(0.81)

0.27
(0.65)

1.82
(1.17)

1 (1)2.18
(0.98)

2.18
(0.98)

2.55
(0.52)

1.73 (1.1)PA 11. Player moves a card onto a card
with the same color.

0.36
(0.5)

1.45
(0.93)

0.45
(0.69)

2.09
(0.94)

1.09 (1.04)1.91
(0.94)

2.27 (0.9)2 (1)1.18 (1.08)PA 12. Player moves a card to another
card with the wrong number (eg, placing
a 5 on a 10).

0.45
(0.69)

0.45
(0.82)

2.27
(0.79)

0.82
(0.75)

2.27 (0.9)0.64
(0.81)

0.27
(0.47)

0.73
(0.79)

0.45 (0.69)PA 13. Player selects the cards with a
very bad precision (taps on edge of card
or next to the card).

0.73
(0.9)

0.91
(1.04)

1.55
(1.29)

0.45
(0.52)

0.73 (0.9)0.82
(0.87)

0.27
(0.47)

2.27
(1.01)

0.73 (0.79)PA 14. Player starts tapping on the
playfield with no apparent target (with
short intervals, fidget tapping).

1.27
(1.1)

2.27
(1.01)

0.73
(1.01)

0.64
(0.67)

0.64 (0.67)1.36
(1.12)

1.73 (1.1)2.45
(0.69)

1.82 (0.6)PA 15. Player presses the undo button a
lot.

1.18
(0.75)

2.27
(1.01)

0.45
(0.69)

1 (0.77)0.64 (0.81)1.45
(0.93)

2 (1)1.73
(1.01)

1.91 (1.04)PA 16. Player requests a lot of hints.

2.91
(0.3)

2.64 (0.5)0.91
(0.83)

1.18
(0.98)

1.09 (0.83)1.64
(1.21)

2.18
(0.75)

1 (1.34)2.18 (1.25)PA 17. Player takes a very long time to
finish games.

1.55
(1.04)

2.27 (0.9)0.91
(0.94)

1.36
(0.92)

1.45 (0.93)1.91
(1.04)

2.36
(1.03)

2 (1)2.18 (0.98)PA 18. Player does not have a high score
in the game.

1.64
(0.81)

2.82 (0.4)1 (0.89)1.18
(0.87)

1.36 (0.92)2 (1)2.64 (0.5)1.82
(1.08)

2.36 (0.67)PA 19. Player does not win a lot of
games (low win ratio).

1.82
(1.08)

2.18
(1.08)

0.64
(0.92)

0.73 (0.9)0.73 (0.9)2.36
(1.12)

2.27
(0.79)

1.64
(1.12)

2.27 (1.1)PA 20. Player’s scores in different games
vary greatly.

1.64
(1.03)

2.64
(0.81)

0.82
(0.87)

1.09
(0.94)

1.18 (0.87)2.18
(0.87)

2.64
(0.67)

1.91
(0.94)

2.36 (0.67)PA 21. Player’s win ratio decreases
rapidly as the game’s level of difficulty
increases.
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aPA: player action.
bValues scoring moderately strong are in italics.

Step 2: Defining Cognitive Functions
A set of cognitive functions was drafted in 5 phases (Figure 2).
A first draft was prepared (phase 1), beginning with the
cognitive functions measured using the screening tests used
most often for MCI [36,37,82]. In phase 2, during a trial with
a psychologist, we replaced abstraction with object recognition
to more clearly indicate the problems with finding suitable cards,
based on key articles on cognitive aging and cognition [83-87].
Next (phase 3), to better delineate attention, it was specified as
selective attention. In phase 4, a pilot study was conducted with

an expert on memory and age-related disorders (with 23 years
of clinical and research experience). On the basis of this pilot
testing, it was decided to split executive functioning into
inhibitory control, cognitive planning, and mental flexibility.
Memory was further specified as working memory and lack of
motor skills as apraxia. In the final iteration, cognitive functions
ostensibly not present in Klondike Solitaire, that is, orientation
in time and space, as well as language, were removed to reduce
the rating complexity. This resulted in a set of 9 cognitive
functions (Figure 2, phase 5).

Figure 2. The 5 phases through which the cognitive functions were defined. CDR: Clinical Dementia Rating, MoCA: Montreal Cognitive Assessment,
MMSE: Mini-Mental State Examination.

Protocol for Rating Functions and Actions

Overview
In the next step, the experts were asked to rate the extent to
which each PA was related to a specific cognitive function.

These experts were recruited from 2 leading memory clinics in
Belgium using a snowball sampling method. Of the 11 experts,
3 (27%) held Doctor of Medicine degrees and were experienced
in treating cognitive decline, whereas the other 8 (73%) were
neuropsychologists; 7 (64%) were women; and 4 (36%) were
men. The average age of the experts was 45 (SD 13.3) years,
and their average working experience was 20 (SD 14) years. In
all, 3 coauthors of this paper (LVA, PD, and FFB) also

participated as experts. None of the experts were compensated
for participating in the study.

Before they began the rating process, the experts received a
standardized introduction comprising a video that explained all
concepts of the game [88], a video that visualized all 21 PAs
[89], and a document that provided explanatory notes for all 9
cognitive functions. The aim of providing this introduction was
to prevent confusion regarding game terminology, interpretation
of PAs, and cognitive functions. The introduction also included
a delineation of the target group to persons living with
multiple-domain aMCI. The experts could revisit the videos
and document at any time.
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Next, each expert received a coding sheet in which they could
map the 21 PAs to the 9 cognitive functions. Each cell had to
be filled in according to the following 4-point scale:

0: This cognitive function has no significant correlation to the
PA. 1: This cognitive function correlates weakly to the PA. 2:
This cognitive function correlates moderately to the PA. 3: This
cognitive function correlates strongly to the PA.

Finally, they were also given the choice to explain their train
of thought in an optional clarification column.

Expert Agreement on PAs and Cognitive Functions
The intraclass correlation (ICC) for each PA as variables of
interest with cognitive functions was computed. In addition, we
computed ICCs for each of the cognitive functions as variables
of interest, with all PAs considered as observations [90]. All
calculations were executed using SPSS software (version 23.0;
IBM Corp) [91]. The ICC was calculated to verify the rater
agreement [92] on PAs and cognitive functions based on a
2-way, random, fully crossed design with type consistency [93].
According to the criteria described in the study by Koo et al
[94], ICCs below 0.5 are indicative of low reliability, ICCs
between 0.5 and 0.75 are indicative of moderate reliability,
ICCs between 0.75 and 0.9 are indicative of good reliability,
and ICCs above 0.9 are indicative of excellent reliability.

We found that the ICCs for all PAs scored higher than 0.75,
suggesting good to excellent reliability according to the study
by Koo et al [94]. With the exception of 4 cognitive functions
(ie, mental flexibility, visuospatial ability, object recognition,
and apraxia with scores of 0.68, 0.42, 0.66, and 0.71,
respectively), the ICCs of the cognitive functions scored higher
than 0.75, suggesting good to excellent reliability.

Cognitive Functions Present in Klondike Solitaire
An overview of the associations between individual PAs and
cognitive functions, according to the expert mapping, is
presented in Table 1. In addition, an overview of all ICCs with

95% CIs is presented in Multimedia Appendix 1. Each PA was
related by the experts to one or more cognitive functions with
an average association above two, which indicated a moderate
to strong relationship with the cognitive functions. Similarly,
each cognitive function was associated with at least one PA,
with an average association of more than two.

Step 3: Defining Candidate Digital Biomarkers
These PAs were captured through the game as potential digital
biomarkers, that is, measurable factors of the game, such as
score, duration of the game, and detailed moves. These candidate
digital biomarkers were enriched with additional information
about the game. This contextualization is important to ensure
an unambiguous interpretation of the cognitive information
derived from the gameplay. For example, whereas a game played
with many moves on the pile may indicate that a player
progressed in the game, it may indicate equally that the player
did not realize that they were stuck. By calculating the
percentage of pile moves by dividing the number of pile moves
by the total number of moves, a more informative metric can
be obtained. In this manner, 23 potential digital biomarkers
were defined that we further classified into 1 of 6 categories:
time-based, performance-based, error-based, execution-based,
auxiliary-based, and result-based. Time-based digital biomarkers
are biomarkers related to the speed of PAs. Performance-based
digital biomarkers are biomarkers related to optimal gameplay
(ie, if the game was played according to strategies that ensure
optimal performance). Error-based digital biomarkers relate to
making incorrect moves according to the rules of Klondike
Solitaire. Auxiliary-based digital biomarkers are interactions
that are not part of the core gameplay (ie, requesting undo moves
and hints). Execution-based digital biomarkers relate to the
accuracy in moving cards and the presence of accidental taps.
Finally, result-based digital biomarkers are biomarkers that
evaluate the final outcome of the game (eg, how far did the
participant get in the game). An overview of all digital
biomarkers and their contextualizations is presented in Table
2.
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Table 2. Digital biomarkers related to the player actions in Klondike Solitairea.

ValueContextualizationDescriptionDigital biomarkerRelated PAb

Time-based

Number (ms)Average (SD)Time spent thinking of a move.
Defined as the time necessary to
find and touch a suitable card

Think timePA 1

Number (ms)Average (SD)Time spent moving cards. Defined
as the time necessary to move a
suitable card to the destination

Move timePA 2

Number (ms)Average (SD)Total time to make a move. De-
fined as the combination of think
time and move time

Total timePA 1, PA 2

Performance-based

BooleanNoneWhether there were still moves
possible when quitting a game

Final β errorPA 3

0%-100%PercentageNumber of pile moves made with
moves remaining on the board di-

β errorPA 3, PA 4, PA 5, PA 6

vided by the total number of pile
moves

0%-100%PercentageNumber of missed opportunities
to place an ace on the suit stacks

Ace β errorPA 7

divided by the total number of
game moves

0%-100%PercentageNumber of missed opportunities
to place a king on an empty spot

King β errorPA 8

divided by the total number of
game moves

0%-100%PercentageNumber of pile moves divided by
the total number of board moves

Pile movePA 10

Error-based

0%-100%PercentageNumber of successful moves divid-
ed by the total number of board
moves

Successful movePA 11, PA 12

0%-100%PercentageNumber of erroneous moves divid-
ed by the total number of board
moves

Erroneous movePA 11, PA 12

Execution-based

0%-100%Average (SD)Accurateness of selecting a card,
defined by how close to the center
a card was touched

AccuracyPA 13

NumberNoneNumber of actuations on nonuser
interface elements

TapsPA 14

Auxiliary-based

0%-100%PercentageNumber of undo moves requested.Undo movePA 15

0%-100%PercentageNumber of hints requestedHint movePA 16

Result-based

Number (ms)NoneTotal time spent playing a gameGame timePA 17

NumberNoneFinal score of a gameScorePA 18

BooleanNoneWhether the game was completed.
Indicator of how successfully the
game was played

SolvedPA 19
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ValueContextualizationDescriptionDigital biomarkerRelated PAb

NumberAverage (SD)Number of cards selected for each
move. An additional indicator of
how successfully the game was
played; as games of Klondike
Solitaire progress, longer stacks of
cards are moved

Cards movedPA 19

aPlayer actions (PAs) 20 and 21 were not captured because the single-point-in-time setup would not allow a comparison of scores and win ratios with
ranging difficulty over time. In addition, PA 9 was not tested because the current software would not allow for detection of these moves.
bPA: player action.

Evaluating Digital Biomarkers
The aim of this second study is to explore the potential of these
candidate digital biomarkers of cognitive performance. Relying
on 46 participants, we captured data and performed a GLMM
analysis to examine the differences between healthy participants
and those diagnosed with MCI.

Participants
In total, 46 participants—23 (50%) healthy participants and 23
(50%) with MCI—were enrolled. The older adults with MCI
were recruited by 2 leading memory clinics in Belgium. Healthy
participants were recruited from multiple senior citizen
organizations, using a snowball sampling method. All healthy
participants were aged 65 years or older, were fluent in written
and verbal Dutch, had 20/20 (corrected) vision, no motor
impairments, and lived independently or semi-independently
at home, in a service flat, or at a care home. The exclusion
criteria for healthy participants were subjective-memory
concerns expressed by the participant, caretaker, or clinician.

In addition, they were screened using the MMSE, MoCA, and
CDR Scale. To minimize the risk of including potential
individuals with MCI among the healthy participants, cutoff
scores of 27 on the MMSE, 26 on the MoCA, and 0 on the CDR
Scale were enforced. The participants living with MCI had been
formally diagnosed with multiple-domain aMCI by 1 of the 2
collaborating memory clinics, based on the diagnostic criteria
described in the study by Petersen [95]. Participants with MCI
were excluded if they scored lower than 23 on the MMSE to
avoid including participants who could be on the borderline
between the diagnosis of MCI and dementia. All recruited
participants had prior experience with Klondike Solitaire. This
familiarity with the rules was imperative because participants
with MCI may have problems with memorizing and recalling
new game rules because of short-term memory issues. Moreover,
the rationale underlying this study is that it is imperative to draw
from games already played and enjoyed by participants and
where the rules are crystallized in their memory. Demographic
and basic neuropsychological data of both groups are presented
in Table 3.
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Table 3. Demographic and neuropsychological data (N=46).

Participants diagnosed with

MCIa (n=23)

Healthy participants (n=23)

80 (5.2)70 (5.4)Age (years), mean (SD)

Education (ISCEDb level) [96], n (%)

4 (17)5 (22)Levels 1-2

13 (57)7 (30)Levels 3-4

6 (26)11 (48)Levels 5-6

Sex, n (%)

13 (57)11 (47)Female

10 (43)12 (53)Male

Tablet proficiency, n (%)

3 (13)12 (52)Daily

2 (9)2 (9)Weekly

2 (9)0 (0)Monthly

1 (4)2 (9)Yearly or less

15 (65)7 (30)Never

Klondike Solitaire proficiency, n (%)

7 (30)3 (13)Daily

8 (35)6 (26)Weekly

2 (9)3 (13)Monthly

6 (26)11 (47)Yearly or less

0 (0)0 (0)Never

26.17 (1.75)29.61 (0.65)MMSEc score, mean (SD)

N/Ae28.09 (1.28)MoCAd score, mean (SD)

N/A0 (0)CDRf Scale score, mean (SD)

aMCI: mild cognitive impairment.
bISCED: International Standard Classification of Education.
cMMSE: Mini-Mental State Examination.
dMoCA: Montreal Cognitive Assessment.
eN/A: not applicable.
fCDR: Clinical Dementia Rating.

Data Collection Tools
All game sessions were completed on a Lenovo Tab3 10
Business tablet (Lenovo Group Ltd) running Android 6.0
(Google LLC). A Solitaire app created by Bielefeld [97] under
the Lesser General Public License 3 was modified to capture
and store game metrics that served as building blocks for the
digital biomarkers of cognitive performance.

Data Collection Procedure
Each observation was made between 9 AM and 5 PM in the
home environment of the participant to ensure a familiar and
comfortable environment. Each observation took between 2 and
3 hours and consisted of 2 main parts:
1. a game session where game-based digital biomarkers of

Klondike Solitaire were collected on a tablet and

2. a neuropsychological examination where cognitive
information was collected.

Each game session started with a standardized 5-minute
introduction during which the tablet, the game mechanics, and
possible touch interactions were explained. This was followed
by a practice game, identical for all participants, where questions
to the researcher were allowed and the participant could get
used to the touch controls. Data from this practice game were
not used for analysis. After this practice game, each participant
played 3 games in succession. The order and games were
identical across all participants. All games were purposefully
chosen through prior playtesting, in that they were solvable and
varied in difficulty level. During these 3 games, no questions
were allowed, and gameplay continued until the participants
either finished the game or indicated that they deemed further
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progress impossible. All game sessions and cognitive
evaluations were conducted by the same researcher to avoid
differences arising from researcher bias.

Ethical Statement
This study is in accordance with the declaration of Helsinki and
General Data Protection Regulation compliant. Ethical approval
was provided by the ethics committee of UZ/KU Leuven,
Belgium (CTC S59650). Because of the fragile nature of our
participants’ health, utmost care was taken when providing
information to them about the game sessions. The tests were
conducted only after we received written informed consent.

Statistical Analysis
To assess the difference between the healthy participants and
those diagnosed with MCI, a GLMM analysis was performed
using R software (The R Foundation for Statistical Computing)
[98] with the lme4 library [99]. Concerning the design of our
GLMM, the fixed effects consisted of MCI, age, tablet
proficiency, and Klondike Solitaire proficiency. The random
effects were modeled as random intercepts for game seed and
participant. In addition, by-participant random slopes for the
effect of MCI were modeled.

Continuous digital biomarkers (eg, think time average) were
modeled using a GLMM with the identity link function. Binary
outcomes (eg, solved or not solved) were modeled using a
GLMM with the logit link function. The significance of the
effect of MCI was determined using the likelihood ratio test,
which compares the model with a model without the effect of
MCI, both estimated without restricted maximum likelihood
[100,101]. Assumptions of homoscedasticity and normality
were visually inspected using residual plots. To provide
supplemental information on the fit of the models, the marginal
R² and the conditional R² were given as specified in the study
by Nakagawa and Schielzeth [102]. Given the exploratory nature
of this study, we did not correct for family-wise inflation error
[103].

Results

Overview
The results of the GLMM analysis on the effect of MCI are
presented below. A visualization of digital biomarker
performance for all groups across all games is presented in
Figures 3-8. A summary is presented in Table 4.
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Figure 3. Performance on time-based digital biomarkers for both groups. MCI: mild cognitive impairment.
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Table 4. Generalized linear mixed model analysis results for each digital biomarker.

Value, R²m (R²c)P value (χ2)Value, β (SD)Value, constant (SD)Digital biomarker

Time-based

0.416 (0.904).0061119.947 (405.815)–1371.778 (1415.444)Think time average

0.211 (0.655).021112.533 (490.53)–814.527 (1720.073)Think time SD

0.257 (0.579).1156 (95.547)–508.575 (373.89)Move time average

0.137 (0.419).1323.599 (202.032)–856.605 (847.852)Move time SD

0.318 (0.870).021278.263 (573.839)–912.419 (2149.177)Total time average

0.176 (0.715).041315.598 (673.665)206.569 (2676.062)Total time SD

Performance-based

0.096 (0.068).650.435 (0.922)–7.233 (4.131)Final β error

0.089 (0.371).366.108 (6.879)–7.203 (33.849)β error percentage

0.023 (0.209).730.051 (0.137)–0.132 (0.629)Ace β error percentage

0.028 (0.230).480.907 (1.323)–3.682 (5.918)King β error percentage

0.097 (0.513).00613.333 (4.88)71.759 (24.052)Pile move percentage

Error-based

0.104 (0.795).02–8.913 (3.595)87.486 (9.443)Successful move percent-
age

0.081 (0.466).033.624 (1.651)9.486 (6.529)Erroneous move percent-
age

Execution-based

0.246 (0.805).04–3.817 (1.903)92.134 (9.167)Accuracy average

0.056 (0.196).850.137 (0.772)4.519 (3.746)Accuracy SD

0.098 (0.500).055.334 (2.762)–5.113 (10.704)Taps

Auxiliary-based

0.008 (0.151).490.135 (0.205)0.228 (0.955)Undo move percentage

0.046 (0.491).12–0.311 (0.204)–0.58 (0.87)Hint move percentage

Result-based

0.198 (0.690).0893211.27 (53699.25)–167427.7 (187325.5)Gametime

0.105 (0.612).009–744.433 (286.576)29.03 (1389.752)Score

0.186 (0.152).008–2.63 (1.007)–2.954 (4.578)Solved

0.061 (0.093).03–0.119 (0.054)1.111 (0.262)Cards moved average

0.072 (0.152).009–0.38 (0.147)0.135 (0.705)Cards moved SD

Time-Based Digital Biomarkers
For time-based digital biomarkers (Figure 3), MCI significantly

affected think time average (χ2
1=7.7; P=.006), increasing it by

1119.947 ms (SD 405.81). Equally significantly, MCI affected

think time SD (χ2
1=5.1; P=.02), increasing it by 1112.533 ms

(SD 490.53). However, MCI did not significantly affect move

time average (χ2
1=2.7; P=.10) or move time SD (χ2

1=2.6;

P=.10). MCI significantly affected total time average (χ2
1=5.2;

P=.02), increasing it by 1278.263 ms (SD 573.84), and total

time SD (χ2
1=4.1; P=.04), increasing it by 1315.598 ms (SD

673.67).

Performance-Based Digital Biomarkers
For performance-based digital biomarkers (Figure 4), MCI did

not significantly affect final β error percentage (χ2
1=0.2; P=.65).

Equally, MCI did not significantly affect β error percentage

(χ2
1=0.8; P=.36), ace β error percentage (χ2

1=0.1; P=.73), or

king β error percentage (χ2
1=0.5; P=.48). MCI significantly

affected pile move percentage (χ2
1=7.5; P=.006), increasing it

by 13.333% (4.88).
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Figure 4. Performance on performance-based digital biomarkers for both groups. MCI: mild cognitive impairment.

Error-Based Digital Biomarkers
For error-based digital biomarkers (Figure 5), MCI significantly

affected successful move percentage, (χ2
1=5.9; P=.02), lowering

it by 8.913% (SD 3.6). MCI also significantly affected erroneous

move percentage, (χ2
1=4.8; P=.03), increasing it by 3.624%

(SD 1.65).
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Figure 5. Performance on error-based digital biomarkers for both groups. MCI: mild cognitive impairment.

Execution-Based Digital Biomarkers
For execution-based digital biomarkers (Figure 6), MCI

significantly affected accuracy average (χ2
1=4.1; P=.04),

lowering it by 3.817% (SD 1.9). MCI did not significantly affect

accuracy SD (χ2
1=0.04; P=.85) or taps (χ2

1=3.8; P=.05).

Figure 6. Performance on execution-based digital biomarkers for both groups. MCI: mild cognitive impairment.

Result-Based Digital Biomarkers
For result-based digital biomarkers (Figure 7), MCI did not

significantly affect gametime (χ2
1=3.1; P=.08). MCI

significantly affected solved (χ2
1=6.9; P=.008), lowering it by

2.63 (SD 1.01). MCI also significantly affected cards moved

average (χ2
1=4.9; P=.03), lowering it by 0.119 cards (SD 0.05),
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and cards moved SD (χ2
1=6.7; P=.009), lowering it by 0.38 cards (SD 0.15).

Figure 7. Performance on result-based digital biomarkers for both groups. MCI: mild cognitive impairment.

Auxiliary-Based Digital Biomarkers
With regard to auxiliary-based digital biomarkers (Figure 8),
none of these candidate biomarkers reached significance: undo

move percentage (χ2
1=0.4; P=.49) and hint move percentage

(χ2
1=2.4; P=.12).
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Figure 8. Performance on auxiliary-based digital biomarkers for both groups. MCI: mild cognitive impairment.

Discussion

Overview
MCI is a neurological disorder that is linked to an increased
risk of developing dementia. As such, early detection of
cognitive deterioration is essential for timely diagnosis and for
allowing tailored care and treatment. Collecting digital
biomarkers through COTS games may help by providing
cognitive information through behavior traces of activities
already integrated into the daily life of older adults. In this study,
we investigated in particular whether Klondike Solitaire game
sessions could yield digital biomarkers. In the paragraphs below,
we discuss our findings and reflect on the different potential
digital biomarkers, their relationship with cognitive functions,
and the ethical implications of their use for cognitive assessment
purposes.

Dissecting Digital Biomarkers
Of the 23 candidate digital biomarkers, 12 (52%) differed
significantly between older adults with MCI and a healthy
control group. This supports the use of digital card games for
monitoring cognitive performance and possibly detecting
differences in cognitive performance caused by MCI.

Although the overall findings are promising, not all candidate
biomarkers performed equally. In the case of time-based digital
biomarkers, the biomarkers related to coming up with a
move—think time average and think time SD—were
significantly affected by MCI. In contrast, the biomarkers related
to the actual physical movement of cards—move time average
and move time SD—were not significantly affected. Total time
average (P=.02), which consists of move time as well as think
time, was significantly affected; yet, it was less significant than
think time average (P=.006). These results indicate that
segmenting in-game actions can be beneficial because they can
more accurately isolate cognitive functions such as praxis and
cognitive planning.

In the case of performance-based digital biomarkers, in contrast
with expectations, none of the biomarkers related to β errors
were proven to differ significantly. Upon rewatching gameplay,
it became clear that there were two different types of β errors:

strategic and unintentional. However, because of the current
configuration of the app, it was impossible to discriminate
between the two types. This is discussed further in the
Limitations section. In contrast, pile move percentage was
proven to differ significantly. This may indicate that older adults
with MCI may not recognize the same cards being returned as
quickly as their healthy counterparts.

Equally, the results indicated that participants with MCI made
more mistakes because both error-based digital biomarkers (ie,
successful move percentage and erroneous move percentage)
were significant. In contrast, none of the auxiliary-based digital
biomarkers differed significantly. Upon inspecting the data, it
was noted that neither group consistently used these
functionalities, which may have contributed to the lack of
significance.

Finally, of the 5 digital biomarkers in the result-based category,
4 (80%) were significant, 3 (60%) with P<.01 (ie, score, solved,
and cards moved SD). The outcome of these measures is the
result of a series of consequent moves, each of them being
potentially crucial to complete the game. For example, a lapse
in attention or executive functioning can cause important moves
to be overlooked, in turn making the game unsolvable. Although
overall gametime was not significant, this can be explained by
the fact that time spent in the game by itself does not indicate
a lesser performance. Time-based digital biomarkers, which are
equally measures of time but contextualized with the number
of moves made, show more significant results (ie, think time
average, think time SD, total time average, and total time SD),
stressing the importance of contextualization.

In sum, our findings are in accordance with those of the study
by Jimison et al [8], which used FreeCell, a Solitaire variant,
to compare cognitive performance between a group of people
living with MCI and a healthy control group. Using card
gameplay, we can discern older adults with MCI from a healthy
control group. Moreover, the results gathered from this study
are in line with those of previous studies by Bankiqued et al
[60] and Ángeles Quiroga et al [104]. The study by Bankiqued
et al [60] found that casual games that tap working memory and
reasoning can be robustly related to performance on working
memory and fluid intelligence. Similar research on commercial
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video games by Ángeles Quiroga et al [104] found a strong
relationship between performance in video games and general
intelligence test performance. Our results confirm these findings
at a finer granularity and show that when scrutinizing PAs,
time-based, error-based, and result-based biomarkers yield
promise in particular.

Future Work
In this study, the participants with MCI were diagnosed with
multiple-domain aMCI based on the diagnostic criteria described
in the study by Petersen [95]. As MCI is a multidimensional
clinical entity, it would be interesting to explore whether
Klondike Solitaire game sessions are suitable for monitoring
the cognitive status of participants with non-aMCI as well. The
focus on executive functioning can be useful for identifying
both MCI subtypes because it has been shown that both have a
similar decrease in executive functioning [105]. Although we
acknowledge that the evaluation of other cognitive functions
such as anterograde memory, retrograde memory, orientation,
and language is paramount to obtain a complete overview of
the patient’s cognitive profile, these cognitive functions were
not identified by the experts and were thus not included in our
analysis.

Reflections on the Use of COTS Games to Assess
Cognitive Performance
COTS games also have their limitations. First,
neuropsychological assessments are typically designed to assess
a broad yet targeted spectrum of cognitive functions. Moreover,
different tests are devised to measure 1 cognitive function in
particular. COTS games, and more particularly digital card
games, were found to be more limited in terms of the cognitive
functions that they can specifically assess. When using COTS
games, it may be hard to separate the evaluations of specific
cognitive functions. In this study, experts judged every single
PA to be moderately to strongly related to at least one cognitive
function.

Second, using COTS games as an instrument to measure
cognitive performance and possibly flag MCI necessitates ethical
reflection. We envisioned that COTS games would be used only
in accordance with the informed consent of the patient, with
the positive aspiration that this could aid in the longitudinal
monitoring of cognitive deterioration, more accurately
measuring cognitive performance and variance. This project
grew out of an ambition to escape the limitations of serious
games and provide meaningful play to older adults. Nonetheless,
we have to acknowledge that we may have transformed an
activity previously considered enjoyable and innocent into an
instrumental activity that may even trigger a sense of being
under health surveillance [106]. Observational notes taken
during this study did not reveal any verbal remarks of stress
from the participants diagnosed with MCI. However, such
remarks were made by some of the healthy participants because
they felt pressure to outperform the participants living with
MCI. Further research is needed to understand how the
instrumentalization of COTS games affects the playing
experience of patients.

Third, it has to be noted that deriving digital biomarkers from
digital games may not be relevant for all older adults. Not
everyone is an avid gamer, and even avid gamers may have
preferences for different game genres. In addition, these
preferences might change over time [14]. Although digital card
games such as Klondike Solitaire are in general a popular
pastime for the population susceptible to MCI [61,71,107-109],
they might not be so for the coming generations. Therefore, it
is important to identify other accessible games suitable for
cognitive monitoring with a broad appeal.

Finally, the interaction between health care professional and
patient, often stimulating and motivating in and of itself, is
crucial for full assessment. Hence, we argue that COTS games
for screening and monitoring of MCI should not be used as a
replacement for current neuropsychological examination but
rather as a source of additional information.

Limitations

Fine-Tuning β Errors
In contrast with expectations, β error–related digital biomarkers
proved to be insignificant. Upon inspecting the games of both
groups, it became clear that there are two types of β errors: build
stack β errors and suit stack β errors. The former represents
missed moves among the build stacks. These errors were rarely
made on purpose and occurred fewer times in the healthy
participants’ group, based on observation. In contrast, the latter
represent missed moves between build stacks and suit stacks.
We observed that this latter category was used strategically to
prevent the inability to place future cards. Our observations
suggest that these occurred more often in the healthy
participants’ group. However, because of the current
configuration of the app, it was impossible to discriminate
between these two types of β errors. Hence, this points to the
importance of further contextualization and refinement of the
measurement of β errors, and biomarkers in general, which
should be addressed in future work.

Limited Sample Size
An a priori power analysis [110] estimated an adequate sample
size to be between 32 and 88 participants (assuming comparable
effect sizes as cognitive screening instruments to detect MCI
[111]). Because of the strict inclusion criteria, only 46
participants were eligible. Although this strict protocol was
designed with data quality in mind, the sample size may have
affected the effects estimated in this study. It could be that our
study was underpowered, leading to some digital biomarkers
to be wrongly found insignificant. Future studies should
therefore critically inspect the different digital biomarkers and
the results obtained.

In addition, because of the average age difference between the
2 groups, we chose a GLMM for our statistical analysis because
it can factor in confounding effects. A side exploration included
using trained machine learning models on the same data set to
predict age instead of MCI. These models were found to be less
performant than the ones modeling MCI, underscoring that the
effect of MCI was greater than the effect of age in our data set.
Nevertheless, it is a limitation that we have to acknowledge and
take into account while interpreting the results.
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Conclusions
This study provides insight into the cognitive functions
addressed while playing digital card games and assesses the
potential of digital card game sessions for screening for MCI.
To this end, 11 experts in neuropsychology or geriatrics mapped
the associations of PAs in Klondike Solitaire with cognitive
functions. On the basis of this exercise, which showed that the
experts agreed that PAs were related to cognitive functions, 23
potential digital biomarkers of cognitive performance were

crafted. A GLMM analysis, taking the effects of age, tablet
experience, and Klondike Solitaire experience into account,
compared digital biomarker performance between a group
consisting of people living with MCI and a healthy control
group. We found that of the 23 digital biomarkers, 12 (52%)
had a significant and sizeable effect, despite the strict inclusion
criteria and natural variations in human cognition. These
exploratory results support the notion of detecting MCI through
Klondike Solitaire game sessions.

Conflicts of Interest
None declared.

Multimedia Appendix 1
Intraclass correlations of the cognitive functions and player actions with 95% CIs.
[DOCX File , 15 KB-Multimedia Appendix 1]

References

1. Petersen RC, Lopez O, Armstrong MJ, Getchius TS, Ganguli M, Gloss D, et al. Practice guideline update summary: mild
cognitive impairment: report of the guideline development, dissemination, and implementation subcommittee of the American
Academy of Neurology. Neurology 2018 Jan 16;90(3):126-135 [FREE Full text] [doi: 10.1212/WNL.0000000000004826]
[Medline: 29282327]

2. Bartfay E, Bartfay WJ, Gorey KM. Prevalence and correlates of potentially undetected dementia among residents of
institutional care facilities in Ontario, Canada, 2009-2011. Int J Geriatr Psychiatry 2013 Oct;28(10):1086-1094. [doi:
10.1002/gps.3934] [Medline: 23382109]

3. Cherubini A, Ruggiero C, Dell'Aquila G, Eusebi P, Gasperini B, Zengarini E, et al. Underrecognition and undertreatment
of dementia in Italian nursing homes. J Am Med Dir Assoc 2012 Oct;13(8):7-13. [doi: 10.1016/j.jamda.2012.05.015]
[Medline: 22727993]

4. Valcour VG, Masaki KH, Curb JD, Blanchette PL. The detection of dementia in the primary care setting. Arch Intern Med
2000 Oct 23;160(19):2964-2968. [doi: 10.1001/archinte.160.19.2964] [Medline: 11041904]

5. A dementia strategy for Canada internet. Public Health Agency of Canada. 2019. URL: https://www.canada.ca/content/
dam/phac-aspc/images/services/publications/diseases-conditions/dementia-strategy/National%20Dementia%20Strategy_ENG.
pdf [accessed 2021-09-15]

6. National Dementia Strategy 2014-2019. Switzerland: Federal Office of Public Health. URL: https://www.admin.ch/gov/
de/start/dokumentation/medienmitteilungen.msg-id-76802.html [accessed 2021-09-15]

7. National action plan on dementia 2025. Danish Health Authorit. 2018. URL: https://www.sst.dk/-/media/Udgivelser/2018/
National-Research-Strategy-on-Dementia-2025_Final.ashx [accessed 2021-09-15]

8. Jimison H, Pavel M, McKanna J, Pavel J. Unobtrusive monitoring of computer interactions to detect cognitive status in
elders. IEEE Trans Inf Technol Biomed 2004 Sep;8(3):248-252. [doi: 10.1109/titb.2004.835539] [Medline: 15484429]

9. Valladares-Rodriguez S, Fernández-Iglesias MJ, Anido-Rifón L, Facal D, Pérez-Rodríguez R. Episodix: a serious game to
detect cognitive impairment in senior adults. A psychometric study. PeerJ 2018 Sep 05;6:e5478 [FREE Full text] [doi:
10.7717/peerj.5478] [Medline: 30202646]

10. Leduc-McNiven K, White B, Zheng H, D McLeod R, R Friesen M. Serious games to assess mild cognitive impairment:
‘The game is the assessment’. Res Rev Insights 2018;2(1):1000128. [doi: 10.15761/rri.1000128]

11. Wallace B, Goubran R, Knoefel F, Petriu M, McAvoy A. Design of games for measurement of cognitive impairment. In:
Proceedings of the IEEE-EMBS International Conference on Biomedical and Health Informatics (BHI). 2014 Presented
at: IEEE-EMBS International Conference on Biomedical and Health Informatics (BHI); June 1-4, 2014; Valencia, Spain.
[doi: 10.1109/bhi.2014.6864318]

12. Suits B, Hurka T, Newfeld F. The Grasshopper: Games, Life and Utopia, 3rd Edition. Peterborought, Ontario: Broadview
Press; May 2014.

13. Ryan RM, Rigby CS, Przybylski A. The motivational pull of video games: a self-determination theory approach. Motiv
Emot 2006 Nov 29;30(4):344-360. [doi: 10.1007/s11031-006-9051-8]

14. Mandryk RL, Birk MV. The potential of game-based digital biomarkers for modeling mental health. JMIR Ment Health
2019 Apr 23;6(4):e13485 [FREE Full text] [doi: 10.2196/13485] [Medline: 31012857]

15. Puntmann VO. How-to guide on biomarkers: biomarker definitions, validation and applications with examples from
cardiovascular disease. Postgrad Med J 2009 Oct;85(1008):538-545. [doi: 10.1136/pgmj.2008.073759] [Medline: 19789193]

JMIR Serious Games 2021 | vol. 9 | iss. 4 | e18359 | p. 20https://games.jmir.org/2021/4/e18359
(page number not for citation purposes)

Gielis et alJMIR SERIOUS GAMES

XSL•FO
RenderX

https://jmir.org/api/download?alt_name=games_v9i4e18359_app1.docx&filename=0b21faa2a54ddf72bc14873a48307747.docx
https://jmir.org/api/download?alt_name=games_v9i4e18359_app1.docx&filename=0b21faa2a54ddf72bc14873a48307747.docx
http://europepmc.org/abstract/MED/29282327
http://dx.doi.org/10.1212/WNL.0000000000004826
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29282327&dopt=Abstract
http://dx.doi.org/10.1002/gps.3934
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23382109&dopt=Abstract
http://dx.doi.org/10.1016/j.jamda.2012.05.015
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22727993&dopt=Abstract
http://dx.doi.org/10.1001/archinte.160.19.2964
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11041904&dopt=Abstract
https://www.canada.ca/content/dam/phac-aspc/images/services/publications/diseases-conditions/dementia-strategy/National%20Dementia%20Strategy_ENG.pdf
https://www.canada.ca/content/dam/phac-aspc/images/services/publications/diseases-conditions/dementia-strategy/National%20Dementia%20Strategy_ENG.pdf
https://www.canada.ca/content/dam/phac-aspc/images/services/publications/diseases-conditions/dementia-strategy/National%20Dementia%20Strategy_ENG.pdf
https://www.admin.ch/gov/de/start/dokumentation/medienmitteilungen.msg-id-76802.html
https://www.admin.ch/gov/de/start/dokumentation/medienmitteilungen.msg-id-76802.html
https://www.sst.dk/-/media/Udgivelser/2018/National-Research-Strategy-on-Dementia-2025_Final.ashx
https://www.sst.dk/-/media/Udgivelser/2018/National-Research-Strategy-on-Dementia-2025_Final.ashx
http://dx.doi.org/10.1109/titb.2004.835539
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15484429&dopt=Abstract
https://doi.org/10.7717/peerj.5478
http://dx.doi.org/10.7717/peerj.5478
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30202646&dopt=Abstract
http://dx.doi.org/10.15761/rri.1000128
http://dx.doi.org/10.1109/bhi.2014.6864318
http://dx.doi.org/10.1007/s11031-006-9051-8
https://mental.jmir.org/2019/4/e13485/
http://dx.doi.org/10.2196/13485
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31012857&dopt=Abstract
http://dx.doi.org/10.1136/pgmj.2008.073759
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19789193&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


16. Swarbrick S, Wragg N, Ghosh S, Stolzing A. Systematic review of miRNA as biomarkers in Alzheimer's disease. Mol
Neurobiol 2019 Oct;56(9):6156-6167 [FREE Full text] [doi: 10.1007/s12035-019-1500-y] [Medline: 30734227]

17. Ahmed RM, Paterson RW, Warren JD, Zetterberg H, O'Brien JT, Fox NC, et al. Biomarkers in dementia: clinical utility
and new directions. J Neurol Neurosurg Psychiatry 2014 Dec;85(12):1426-1434 [FREE Full text] [doi:
10.1136/jnnp-2014-307662] [Medline: 25261571]

18. Torous J, Rodriguez J, Powell A. The new digital divide for digital biomarkers. Digit Biomark 2017 Sep;1(1):87-91 [FREE
Full text] [doi: 10.1159/000477382] [Medline: 29104959]

19. Michael DR. In: Chen S, editor. Serious Games: Games That Educate, Train and Inform. Boston, Massachusetts: Thomson
Course Technology; 2006.

20. Carras MC, Van Rooij AJ, Spruijt-Metz D, Kvedar J, Griffiths MD, Carabas Y, et al. Commercial video games as therapy:
a new research agenda to unlock the potential of a global pastime. Front Psychiatry 2018 Jan 22;8:300 [FREE Full text]
[doi: 10.3389/fpsyt.2017.00300] [Medline: 29403398]

21. Cannon-Bowers J, Bowers C. Serious Game Design and Development: Technologies for Training and Learning Internet.
Hershey, Pennsylvania: IGI Global; 2010.

22. Wouters P, van Nimwegen C, van Oostendorp H, van der Spek ED. A meta-analysis of the cognitive and motivational
effects of serious games. J Educ Psychol 2013 May;105(2):249-265. [doi: 10.1037/a0031311]

23. Toril P, Reales JM, Ballesteros S. Video game training enhances cognition of older adults: a meta-analytic study. Psychol
Aging 2014 Sep;29(3):706-716. [doi: 10.1037/a0037507] [Medline: 25244488]

24. Boot W, Souders D, Charness N, Blocker K, Roque N, Vitale T. The gamification of cognitive training: older adults’
perceptions ofattitudes toward digital game-based interventions. In: Human Aspects of IT for the Aged Population. Design
for Aging. Cham: Springer; 2016:290-300.

25. Gielis K, Verbert K, Tournoy J, Vanden AV. Age? It’s in the game: an exploratory study on detection of cognitive aging
through card games. In: Proceedings of the Annual Symposium on Computer-Human Interaction in Play. 2019 Presented
at: CHI PLAY '19: The Annual Symposium on Computer-Human Interaction in Play; October 22 - 25, 2019; Barcelona,
Spain p. 651-664. [doi: 10.1145/3311350.3347193]

26. Tangalos EG, Petersen RC. Mild cognitive impairment in geriatrics. Clin Geriatr Med 2018 Nov;34(4):563-589. [doi:
10.1016/j.cger.2018.06.005] [Medline: 30336988]

27. Kane JP, Surendranathan A, Bentley A, Barker SA, Taylor J, Thomas AJ, et al. Clinical prevalence of lewy body dementia.
Alzheimers Res Ther 2018 Feb 15;10(1):19 [FREE Full text] [doi: 10.1186/s13195-018-0350-6] [Medline: 29448953]

28. Munoz D, Weishaupt N. Vascular dementia. In: The Cerebral Cortex in Neurodegenerative and Neuropsychiatric Disorders:
Experimental Approaches to Clinical Issues. Cambridge, MA: Academic Press; 2017:119-139.

29. Reitz C, Brayne C, Mayeux R. Epidemiology of Alzheimer disease. Nat Rev Neurol 2011 Feb 8;7(3):137-152. [doi:
10.1038/nrneurol.2011.2]

30. Tampi RR, Tampi DJ, Chandran S, Ghori A, Durning M. Mild cognitive impairment: a comprehensive review. Healthy
Aging Res 2015:A. [doi: 10.12715/har.2015.4.39]

31. Knight R, Khondoker M, Magill N, Stewart R, Landau S. A systematic review and meta-analysis of the effectiveness of
acetylcholinesterase inhibitors and memantine in treating the cognitive symptoms of dementia. Dement Geriatr Cogn Disord
2018;45(3-4):131-151 [FREE Full text] [doi: 10.1159/000486546] [Medline: 29734182]

32. Webster L, Groskreutz D, Grinbergs-Saull A, Howard R, O'Brien JT, Mountain G, et al. Core outcome measures for
interventions to prevent or slow the progress of dementia for people living with mild to moderate dementia: systematic
review and consensus recommendations. PLoS One 2017;12(6):e0179521 [FREE Full text] [doi:
10.1371/journal.pone.0179521] [Medline: 28662127]

33. Petersen RC, Smith GE, Waring SC, Ivnik RJ, Kokmen E, Tangelos EG. Aging, memory, and mild cognitive impairment.
Int Psychogeriatr 2005 Jan 10;9(S1):65-69. [doi: 10.1017/s1041610297004717]

34. Rodakowski J, Saghafi E, Butters MA, Skidmore ER. Non-pharmacological interventions for adults with mild cognitive
impairment and early stage dementia: an updated scoping review. Mol Aspects Med 2015;43-44:38-53. [doi:
10.1016/j.mam.2015.06.003] [Medline: 26070444]

35. Livingston G, Barber J, Rapaport P, Knapp M, Griffin M, Romeo R, et al. START (STrAtegies for RelaTives) study: a
pragmatic randomised controlled trial to determine the clinical effectiveness and cost-effectiveness of a manual-based
coping strategy programme in promoting the mental health of carers of people with dementia. Health Technol Assess 2014
Oct;18(61):1-242 [FREE Full text] [doi: 10.3310/hta18610] [Medline: 25300037]

36. Nasreddine ZS, Phillips NA, Bédirian V, Charbonneau S, Whitehead V, Collin I, et al. The montreal cognitive assessment,
MoCA: a brief screening tool for mild cognitive impairment. J Am Geriatr Soc 2005 Apr;53(4):695-699. [doi:
10.1111/j.1532-5415.2005.53221.x] [Medline: 15817019]

37. Tombaugh TN, McIntyre NJ. The mini-mental state examination: a comprehensive review. J Am Geriatr Soc 1992
Sep;40(9):922-935. [doi: 10.1111/j.1532-5415.1992.tb01992.x] [Medline: 1512391]

38. Pinto TC, Machado L, Bulgacov TM, Rodrigues-Júnior AL, Costa ML, Ximenes RC, et al. Is the montreal cognitive
assessment (MoCA) screening superior to the mini-mental state examination (MMSE) in the detection of mild cognitive

JMIR Serious Games 2021 | vol. 9 | iss. 4 | e18359 | p. 21https://games.jmir.org/2021/4/e18359
(page number not for citation purposes)

Gielis et alJMIR SERIOUS GAMES

XSL•FO
RenderX

http://europepmc.org/abstract/MED/30734227
http://dx.doi.org/10.1007/s12035-019-1500-y
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30734227&dopt=Abstract
http://jnnp.bmj.com/lookup/pmidlookup?view=long&pmid=25261571
http://dx.doi.org/10.1136/jnnp-2014-307662
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25261571&dopt=Abstract
https://www.karger.com?DOI=10.1159/000477382
https://www.karger.com?DOI=10.1159/000477382
http://dx.doi.org/10.1159/000477382
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29104959&dopt=Abstract
https://doi.org/10.3389/fpsyt.2017.00300
http://dx.doi.org/10.3389/fpsyt.2017.00300
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29403398&dopt=Abstract
http://dx.doi.org/10.1037/a0031311
http://dx.doi.org/10.1037/a0037507
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25244488&dopt=Abstract
http://dx.doi.org/10.1145/3311350.3347193
http://dx.doi.org/10.1016/j.cger.2018.06.005
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30336988&dopt=Abstract
https://alzres.biomedcentral.com/articles/10.1186/s13195-018-0350-6
http://dx.doi.org/10.1186/s13195-018-0350-6
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29448953&dopt=Abstract
http://dx.doi.org/10.1038/nrneurol.2011.2
http://dx.doi.org/10.12715/har.2015.4.39
https://www.karger.com?DOI=10.1159/000486546
http://dx.doi.org/10.1159/000486546
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29734182&dopt=Abstract
https://dx.plos.org/10.1371/journal.pone.0179521
http://dx.doi.org/10.1371/journal.pone.0179521
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28662127&dopt=Abstract
http://dx.doi.org/10.1017/s1041610297004717
http://dx.doi.org/10.1016/j.mam.2015.06.003
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26070444&dopt=Abstract
https://doi.org/10.3310/hta18610
http://dx.doi.org/10.3310/hta18610
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25300037&dopt=Abstract
http://dx.doi.org/10.1111/j.1532-5415.2005.53221.x
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15817019&dopt=Abstract
http://dx.doi.org/10.1111/j.1532-5415.1992.tb01992.x
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=1512391&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


impairment (MCI) and alzheimer's disease (AD) in the elderly? Int Psychogeriatr 2019 Apr;31(4):491-504. [doi:
10.1017/S1041610218001370] [Medline: 30426911]

39. Petersen RC. Mild cognitive impairment. Continuum (Minneap Minn) 2016 Apr;22(2 Dementia):404-418 [FREE Full text]
[doi: 10.1212/CON.0000000000000313] [Medline: 27042901]

40. Morris JC. Clinical dementia rating: a reliable and valid diagnostic and staging measure for dementia of the Alzheimer
type. Int Psychogeriatr 1997;9 Suppl 1:173-176. [doi: 10.1017/s1041610297004870] [Medline: 9447441]

41. Piau A, Wild K, Mattek N, Kaye J. Current state of digital biomarker technologies for real-life, home-based monitoring of
cognitive function for mild cognitive impairment to mild alzheimer disease and implications for clinical care: systematic
review. J Med Internet Res 2019 Aug 30;21(8):e12785 [FREE Full text] [doi: 10.2196/12785] [Medline: 31471958]

42. Martin S, Kelly S, Khan A, Cullum S, Dening T, Rait G, et al. Attitudes and preferences towards screening for dementia:
a systematic review of the literature. BMC Geriatr 2015 Jun 16;15:66 [FREE Full text] [doi: 10.1186/s12877-015-0064-6]
[Medline: 26076729]

43. Krohne K, Slettebø A, Bergland A. Cognitive screening tests as experienced by older hospitalised patients: a qualitative
study. Scand J Caring Sci 2011 Dec;25(4):679-687. [doi: 10.1111/j.1471-6712.2011.00878.x] [Medline: 21362007]

44. Wong S, Jacova C. Older adults' attitudes towards cognitive testing: moving towards person-centeredness. Dement Geriatr
Cogn Dis Extra 2018 Oct 09;8(3):348-359 [FREE Full text] [doi: 10.1159/000493464] [Medline: 30483302]

45. Lai JM, Hawkins KA, Gross CP, Karlawish JH. Self-reported distress after cognitive testing in patients with Alzheimer's
disease. J Gerontol A Biol Sci Med Sci 2008 Aug;63(8):855-859 [FREE Full text] [doi: 10.1093/gerona/63.8.855] [Medline:
18772474]

46. Summers MJ, Saunders NL. Neuropsychological measures predict decline to Alzheimer's dementia from mild cognitive
impairment. Neuropsychology 2012 Jul;26(4):498-508. [doi: 10.1037/a0028576] [Medline: 22612573]

47. Dubois B, Feldman HH, Jacova C, Dekosky ST, Barberger-Gateau P, Cummings J, et al. Research criteria for the diagnosis
of Alzheimer's disease: revising the NINCDS-ADRDA criteria. Lancet Neurol 2007 Aug;6(8):734-746. [doi:
10.1016/S1474-4422(07)70178-3] [Medline: 17616482]

48. Albert MS, DeKosky ST, Dickson D, Dubois B, Feldman HH, Fox NC, et al. The diagnosis of mild cognitive impairment
due to Alzheimer's disease: recommendations from the National Institute on Aging-Alzheimer's Association workgroups
on diagnostic guidelines for Alzheimer's disease. Alzheimers Dement 2011 May;7(3):270-279 [FREE Full text] [doi:
10.1016/j.jalz.2011.03.008] [Medline: 21514249]

49. Weintraub S, Carrillo MC, Farias ST, Goldberg TE, Hendrix JA, Jaeger J, et al. Measuring cognition and function in the
preclinical stage of Alzheimer's disease. Alzheimers Dement 2018 Feb 13;4(1):64-75. [doi: 10.1016/j.trci.2018.01.003]

50. Mané A, Donchin E. The space fortress game. Acta Psychologica 1989 Aug;71(1-3):17-22. [doi:
10.1016/0001-6918(89)90003-6]

51. Valladares-Rodríguez S, Pérez-Rodríguez R, Anido-Rifón L, Fernández-Iglesias M. Trends on the application of serious
games to neuropsychological evaluation: a scoping review. J Biomed Inform 2016 Dec;64:296-319 [FREE Full text] [doi:
10.1016/j.jbi.2016.10.019] [Medline: 27815228]

52. Ferreira-Brito F, Fialho M, Virgolino A, Neves I, Miranda AC, Sousa-Santos N, et al. Game-based interventions for
neuropsychological assessment, training and rehabilitation: which game-elements to use? A systematic review. J Biomed
Inform 2019 Oct;98:103287. [doi: 10.1016/j.jbi.2019.103287] [Medline: 31518700]

53. Lumsden J, Edwards EA, Lawrence NS, Coyle D, Munafò MR. Gamification of cognitive assessment and cognitive training:
a systematic review of applications and efficacy. JMIR Serious Games 2016 Jul 15;4(2):e11 [FREE Full text] [doi:
10.2196/games.5888] [Medline: 27421244]

54. DeRight J, Jorgensen RS. I just want my research credit: frequency of suboptimal effort in a non-clinical healthy undergraduate
sample. Clin Neuropsychol 2015;29(1):101-117. [doi: 10.1080/13854046.2014.989267] [Medline: 25494327]

55. Robert PH, König A, Amieva H, Andrieu S, Bremond F, Bullock R, et al. Recommendations for the use of serious games
in people with Alzheimer's disease, related disorders and frailty. Front Aging Neurosci 2014 Mar 24;6:54 [FREE Full text]
[doi: 10.3389/fnagi.2014.00054] [Medline: 24715864]

56. Schlemmer M, Desrichard O. Is medical environment detrimental to memory? A test of a white coat effect on older people's
memory performance. Clin Gerontol 2018;41(1):77-81. [doi: 10.1080/07317115.2017.1307891] [Medline: 28406393]

57. Shehab A, Abdulle A. Cognitive and autonomic dysfunction measures in normal controls, white coat and borderline
hypertension. BMC Cardiovasc Disord 2011 Jan 11;11:3 [FREE Full text] [doi: 10.1186/1471-2261-11-3] [Medline:
21223543]

58. Boot WR. Video games as tools to achieve insight into cognitive processes. Front Psychol 2015 Jan 21;6:3 [FREE Full
text] [doi: 10.3389/fpsyg.2015.00003] [Medline: 25653634]

59. Valladares-Rodriguez S, Pérez-Rodríguez R, Anido-Rifón L, Fernández-Iglesias M. Cognitive assessment through casual
video games and machine learning - doctoral consortium contributions. Doctoral Consortium - DCICT4AW,
(ICT4AgeingWell 2015). 2015. URL: https://www.scitepress.org/Papers/2015/55322/55322.pdf [accessed 2021-09-15]

60. Baniqued PL, Lee H, Voss MW, Basak C, Cosman JD, Desouza S, et al. Selling points: what cognitive abilities are tapped
by casual video games? Acta Psychol (Amst) 2013 Jan;142(1):74-86 [FREE Full text] [doi: 10.1016/j.actpsy.2012.11.009]
[Medline: 23246789]

JMIR Serious Games 2021 | vol. 9 | iss. 4 | e18359 | p. 22https://games.jmir.org/2021/4/e18359
(page number not for citation purposes)

Gielis et alJMIR SERIOUS GAMES

XSL•FO
RenderX

http://dx.doi.org/10.1017/S1041610218001370
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30426911&dopt=Abstract
http://europepmc.org/abstract/MED/27042901
http://dx.doi.org/10.1212/CON.0000000000000313
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27042901&dopt=Abstract
http://dx.doi.org/10.1017/s1041610297004870
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9447441&dopt=Abstract
https://www.jmir.org/2019/8/e12785/
http://dx.doi.org/10.2196/12785
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31471958&dopt=Abstract
https://bmcgeriatr.biomedcentral.com/articles/10.1186/s12877-015-0064-6
http://dx.doi.org/10.1186/s12877-015-0064-6
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26076729&dopt=Abstract
http://dx.doi.org/10.1111/j.1471-6712.2011.00878.x
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21362007&dopt=Abstract
https://www.karger.com?DOI=10.1159/000493464
http://dx.doi.org/10.1159/000493464
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30483302&dopt=Abstract
http://europepmc.org/abstract/MED/18772474
http://dx.doi.org/10.1093/gerona/63.8.855
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18772474&dopt=Abstract
http://dx.doi.org/10.1037/a0028576
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22612573&dopt=Abstract
http://dx.doi.org/10.1016/S1474-4422(07)70178-3
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17616482&dopt=Abstract
http://europepmc.org/abstract/MED/21514249
http://dx.doi.org/10.1016/j.jalz.2011.03.008
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21514249&dopt=Abstract
http://dx.doi.org/10.1016/j.trci.2018.01.003
http://dx.doi.org/10.1016/0001-6918(89)90003-6
https://linkinghub.elsevier.com/retrieve/pii/S1532-0464(16)30156-3
http://dx.doi.org/10.1016/j.jbi.2016.10.019
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27815228&dopt=Abstract
http://dx.doi.org/10.1016/j.jbi.2019.103287
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31518700&dopt=Abstract
http://games.jmir.org/2016/2/e11/
http://dx.doi.org/10.2196/games.5888
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27421244&dopt=Abstract
http://dx.doi.org/10.1080/13854046.2014.989267
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25494327&dopt=Abstract
https://doi.org/10.3389/fnagi.2014.00054
http://dx.doi.org/10.3389/fnagi.2014.00054
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24715864&dopt=Abstract
http://dx.doi.org/10.1080/07317115.2017.1307891
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28406393&dopt=Abstract
https://bmccardiovascdisord.biomedcentral.com/articles/10.1186/1471-2261-11-3
http://dx.doi.org/10.1186/1471-2261-11-3
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21223543&dopt=Abstract
https://doi.org/10.3389/fpsyg.2015.00003
https://doi.org/10.3389/fpsyg.2015.00003
http://dx.doi.org/10.3389/fpsyg.2015.00003
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25653634&dopt=Abstract
https://www.scitepress.org/Papers/2015/55322/55322.pdf
http://europepmc.org/abstract/MED/23246789
http://dx.doi.org/10.1016/j.actpsy.2012.11.009
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23246789&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


61. Tanaka Y, Shiosaka T. Gaming attitudes and habits of adults ages 50-plus. AARP Research. 2019 Dec. URL: https://www.
aarp.org/content/dam/aarp/research/surveys_statistics/technology/2019/2020-gaming-trends-older-adults.doi.10.26419-2Fres.
00328.001.pdf [accessed 2021-09-15]

62. Salen K, Zimmerman E. Game design and meaningful play. In: Handbook of Computer Game Studies. Cambridge, MA:
MIT Press; 2005.

63. De Schutter B. Never too old to play: the appeal of digital games to an older audience. Games Cult 2010 May 07;6(2):155-170.
[doi: 10.1177/1555412010364978]

64. Pavel M, Jimison H, Hagler S, McKanna J. Using behavior measurement to estimate cognitive function based on
computational models. In: Cognitive Informatics in Health and Biomedicine. Cham: Springer; 2017:137-163.

65. Escandon A, Al-Hammadi N, Galvin JE. Effect of cognitive fluctuation on neuropsychological performance in aging and
dementia. Neurology 2010 Jan 19;74(3):210-217 [FREE Full text] [doi: 10.1212/WNL.0b013e3181ca017d] [Medline:
20083796]

66. Dorsey E, Papapetropoulos S, Xiong M, Kieburtz K. The first frontier: digital biomarkers for neurodegenerative disorders.
Digit Biomark 2017 Jul 04;1(1):6-13 [FREE Full text] [doi: 10.1159/000477383] [Medline: 32095743]

67. Grabbe JW. Sudoku and working memory performance for older adults. Act Adapt Aging 2011 Jul;35(3):241-254. [doi:
10.1080/01924788.2011.596748]

68. Thompson O, Barrett S, Patterson C, Craig D. Examining the neurocognitive validity of commercially available,
smartphone-based puzzle games. Psychology 2012 Jul;03(07):525-526. [doi: 10.4236/psych.2012.37076]

69. Joshi V, Wallace B, Shaddy A, Knoefel F, Goubran R, Lord C. Metrics to monitor performance of patients with mild
cognitive impairment using computer based games. In: Proceedings of the 2016 IEEE-EMBS International Conference on
Biomedical and Health Informatics (BHI). 2016 Presented at: 2016 IEEE-EMBS International Conference on Biomedical
and Health Informatics (BHI); Feb. 24-27, 2016; Las Vegas, NV, USA. [doi: 10.1109/bhi.2016.7455949]

70. Morehead A, Mott-Smith G. The Complete Book of Solitaire and Patience Games: The Most Comprehensive Book of Its
Kind: Over 225 Games. New York, USA: Bantam; 1983.

71. Boot W, Moxley J, Roque N, Andringa R, Charness N, Czaja S, et al. Exploring older adults' video game use in the PRISM
computer system. Innov Aging 2018 Jan 24;2(1):igy009 [FREE Full text] [doi: 10.1093/geroni/igy009] [Medline: 30480133]

72. Bjarnason R, Fern A, Tadepalli P. Lower bounding klondike solitaire with monte-carlo planning. In: Proceedings of the
Nineteenth International Conference on International Conference on Automated Planning and Scheduling. 2009 Presented
at: Nineteenth International Conference on International Conference on Automated Planning and Scheduling; September
19 - 23, 2009; Thessaloniki Greece p. 26-33 URL: https://dl.acm.org/doi/10.5555/3037223.3037228

73. Blake C, Gent I. The winnability of klondike and many other single-player card games. ArXiv. 2019. URL: https://arxiv.
org/abs/1906.12314 [accessed 2021-10-04]

74. Goadrich MH, Droscha J. Improving solvability for procedurally generated challenges in physical solitaire games through
entangled components. IEEE Trans Games 2020;12(3):260-269. [doi: 10.1109/tg.2019.2918223]

75. Jilani R, Crampton A, Kitchin D, Vallati M. Have a little patience: let planners play cards. In: Proceedings of the 34th
Workshop of the UK Planning and Scheduling Special Interest Group. 2017 Presented at: 34th Workshop of the UK Planning
and Scheduling Special Interest Group, PlanSIG 2016; December 15-16, 2016; Huddersfield, UK URL: http://ceur-ws.org/
Vol-1782/paper_3.pdf

76. Longpré L, McKenzie P. The complexity of solitaire. Theor Comput Sci 2009 Nov 17;410(50):5252-5260. [doi:
10.1016/j.tcs.2009.08.027]

77. Roscoe AW. Card games as pointer structures: case studies in mobile CSP modelling. ArXiv. 2016. URL: https://arxiv.org/
abs/1611.08418 [accessed 2021-10-04]

78. Yan X, Diaconis P, Rusmevichientong P, Roy B. Solitaire: man versus machine. In: Saul LK, Weiss Y, Bottou L, editors.
Advances in Neural Information Processing Systems 17. Cambridge, MA: MIT Press; 2005.

79. Basic klondike (solitaire) tips. CardGameHeaven. 2013. URL: https://cardgameheaven.com/basic-klondike-solitaire-tips/
[accessed 2019-10-03]

80. Winning at klondike. Semicolon Software. URL: https://semicolon.com/Solitaire/Articles/Klondike.html [accessed
2019-10-03]

81. Sandberg B. Klondike solitaire - winning strategy. BVS Development Corporation. URL: https://www.bvssolitaire.com/
rules/klondike-solitaire-strategy.htm [accessed 2019-10-03]

82. Tan J, Strauss E, Sherman E. Clinical dementia rating. In: Encyclopedia of Clinical Neuropsychology. New York, NY:
Springer; 2011.

83. Glisky E. Memory. In: Encyclopedia of Clinical Neuropsychology. Cham: Springer International Publishing; 2017.
84. Harada CN, Natelson Love MC, Triebel KL. Normal cognitive aging. Clin Geriatr Med 2013 Nov;29(4):737-752 [FREE

Full text] [doi: 10.1016/j.cger.2013.07.002] [Medline: 24094294]
85. Diamond A. Executive functions. Annu Rev Psychol 2013;64:135-168 [FREE Full text] [doi:

10.1146/annurev-psych-113011-143750] [Medline: 23020641]
86. Verhaeghen P, Cerella J. Aging, executive control, and attention: a review of meta-analyses. Neurosci Biobehav Rev 2002

Nov;26(7):849-857. [doi: 10.1016/s0149-7634(02)00071-4] [Medline: 12470697]

JMIR Serious Games 2021 | vol. 9 | iss. 4 | e18359 | p. 23https://games.jmir.org/2021/4/e18359
(page number not for citation purposes)

Gielis et alJMIR SERIOUS GAMES

XSL•FO
RenderX

https://www.aarp.org/content/dam/aarp/research/surveys_statistics/technology/2019/2020-gaming-trends-older-adults.doi.10.26419-2Fres.00328.001.pdf
https://www.aarp.org/content/dam/aarp/research/surveys_statistics/technology/2019/2020-gaming-trends-older-adults.doi.10.26419-2Fres.00328.001.pdf
https://www.aarp.org/content/dam/aarp/research/surveys_statistics/technology/2019/2020-gaming-trends-older-adults.doi.10.26419-2Fres.00328.001.pdf
http://dx.doi.org/10.1177/1555412010364978
http://europepmc.org/abstract/MED/20083796
http://dx.doi.org/10.1212/WNL.0b013e3181ca017d
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20083796&dopt=Abstract
https://www.karger.com?DOI=10.1159/000477383
http://dx.doi.org/10.1159/000477383
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32095743&dopt=Abstract
http://dx.doi.org/10.1080/01924788.2011.596748
http://dx.doi.org/10.4236/psych.2012.37076
http://dx.doi.org/10.1109/bhi.2016.7455949
http://europepmc.org/abstract/MED/30480133
http://dx.doi.org/10.1093/geroni/igy009
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30480133&dopt=Abstract
https://dl.acm.org/doi/10.5555/3037223.3037228
https://arxiv.org/abs/1906.12314
https://arxiv.org/abs/1906.12314
http://dx.doi.org/10.1109/tg.2019.2918223
http://ceur-ws.org/Vol-1782/paper_3.pdf
http://ceur-ws.org/Vol-1782/paper_3.pdf
http://dx.doi.org/10.1016/j.tcs.2009.08.027
https://arxiv.org/abs/1611.08418
https://arxiv.org/abs/1611.08418
https://cardgameheaven.com/basic-klondike-solitaire-tips/
https://semicolon.com/Solitaire/Articles/Klondike.html
https://www.bvssolitaire.com/rules/klondike-solitaire-strategy.htm
https://www.bvssolitaire.com/rules/klondike-solitaire-strategy.htm
http://europepmc.org/abstract/MED/24094294
http://europepmc.org/abstract/MED/24094294
http://dx.doi.org/10.1016/j.cger.2013.07.002
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24094294&dopt=Abstract
http://europepmc.org/abstract/MED/23020641
http://dx.doi.org/10.1146/annurev-psych-113011-143750
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23020641&dopt=Abstract
http://dx.doi.org/10.1016/s0149-7634(02)00071-4
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12470697&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


87. Owen AM. Cognitive planning in humans: neuropsychological, neuroanatomical and neuropharmacological perspectives.
Prog Neurobiol 1997 Nov;53(4):431-450. [doi: 10.1016/s0301-0082(97)00042-7] [Medline: 9421831]

88. Gielis K. ExplanationSolitaire_Short. Figshare. 2019. URL: https://figshare.com/articles/media/ExplanationSolitaire_Short/
10304780 [accessed 2021-09-15]

89. Gielis K. PlayerActionsSolitaire_Short. Figshare. 2019. URL: https://figshare.com/articles/media/
PlayerActionsSolitaire_Short/10304801 [accessed 2021-09-15]

90. Shrout PE, Fleiss JL. Intraclass correlations: uses in assessing rater reliability. Psychol Bull 1979 Mar;86(2):420-428. [doi:
10.1037//0033-2909.86.2.420] [Medline: 18839484]

91. IBM SPSS Statistics 23 Documentation. IBM Corp. 2015. URL: https://www.ibm.com/support/pages/
ibm-spss-statistics-23-documentation [accessed 2019-11-14]

92. von Eye A, Young Mun E. Analyzing Rater Agreement Manifest Variable Methods. Milton, UK: Taylor & Francis Group;
2014.

93. Hallgren KA. Computing inter-rater reliability for observational data: an overview and tutorial. Tutor Quant Methods
Psychol 2012;8(1):23-34 [FREE Full text] [doi: 10.20982/tqmp.08.1.p023] [Medline: 22833776]

94. Koo TK, Li MY. A guideline of selecting and reporting intraclass correlation coefficients for reliability research. J Chiropr
Med 2016 Jun;15(2):155-163 [FREE Full text] [doi: 10.1016/j.jcm.2016.02.012] [Medline: 27330520]

95. Petersen RC. Mild cognitive impairment as a diagnostic entity. J Intern Med 2004 Sep;256(3):183-194 [FREE Full text]
[doi: 10.1111/j.1365-2796.2004.01388.x] [Medline: 15324362]

96. International Standard Classification of Education, ISCED 1997. United Nations Educational, Scientific and Cultural
Organization (UNESCO) and UNESCO Institute for Statistics (UIS). 2003. URL: http://uis.unesco.org/sites/default/files/
documents/international-standard-classification-of-education-isced-2011-en.pdf [accessed 2021-09-15]

97. Bielefeld T. Android Simple Solitaire game collection. Contribute to TobiasBielefeld/Simple-Solitaire development by
creating an account on GitHub. URL: https://github.com/TobiasBielefeld/Simple-Solitaire [accessed 2019-08-16]

98. R: A Language and Environment for Statistical Computing. R Foundation for Statistical Computing, Vienna, Austria. URL:
https://www.R-project.org/ [accessed 2021-09-15]

99. Bates D, Mächler M, Bolker B, Walker S. Fitting linear mixed-effects models using lme4. J Stat Soft 2015;67(1):A. [doi:
10.18637/jss.v067.i01]

100. Harrison X, Donaldson L, Correa-Cano M, Evans J, Fisher D, Goodwin C, et al. A brief introduction to mixed effects
modelling and multi-model inference in ecology. PeerJ 2018 May 23;6:e4794 [FREE Full text] [doi: 10.7717/peerj.4794]
[Medline: 29844961]

101. Winter B. Linear models and linear mixed effects models in R with linguistic applications. arXivcs. 2013 Aug. URL: http:/
/arxiv.org/abs/1308.5499 [accessed 2020-06-09]

102. Nakagawa S, Schielzeth H. A general and simple method for obtaining R2 from generalized linear mixed-effects models.
Methods Ecol Evol 2012 Dec 03;4(2):133-142 [FREE Full text] [doi: 10.1111/j.2041-210x.2012.00261.x]

103. Robertson J, Kaptein M, editors. Modern Statistical Methods for HCI. New York, NY: Springer International Publishing;
2016.

104. Quiroga MA, Escorial S, Román FJ, Morillo D, Jarabo A, Privado J, et al. Can we reliably measure the general factor of
intelligence (G) through commercial video games? Yes, we can!. Intelligence 2015;53:1-7. [doi: 10.1016/j.intell.2015.08.004]

105. Csukly G, Sirály E, Fodor Z, Horváth A, Salacz P, Hidasi Z, et al. The differentiation of amnestic type MCI from the
non-amnestic types by structural MRI. Front Aging Neurosci 2016 Mar 30;8:52 [FREE Full text] [doi:
10.3389/fnagi.2016.00052] [Medline: 27065855]

106. MacLean S, Hatcher S. Constructing the (Healthy) neoliberal citizen: using the walkthrough method “do” critical health
communication research. Front Commun 2019 Oct 4;4:52. [doi: 10.3389/fcomm.2019.00052]

107. De SB, Vanden AV. Designing meaningful play within the psycho-social context of older adults. In: Proceedings of the
3rd International Conference on Fun and Games. 2010 Presented at: Fun and Games '10: 3rd International Conference on
Fun and Games; September 15 - 17, 2010; Fun and Games '10: Fun and Games 2010 p. 84-93. [doi:
10.1145/1823818.1823827]

108. Allaire JC, McLaughlin AC, Trujillo A, Whitlock LA, LaPorte L, Gandy M. Successful aging through digital games:
socioemotional differences between older adult gamers and non-gamers. Comput Human Behav 2013 Jul;29(4):1302-1306.
[doi: 10.1016/j.chb.2013.01.014]

109. Essential facts about the video game industry. Entertainment Software Association. 2020. URL: https://www.theesa.com/
resource/2020-essential-facts/ [accessed 2021-09-15]

110. Faul F, Erdfelder E, Buchner A, Lang A. Statistical power analyses using G*Power 3.1: tests for correlation and regression
analyses. Behav Res Methods 2009 Nov;41(4):1149-1160. [doi: 10.3758/BRM.41.4.1149] [Medline: 19897823]

111. Larner AJ. Effect size (Cohen's d) of cognitive screening instruments examined in pragmatic diagnostic accuracy studies.
Dement Geriatr Cogn Dis Extra 2014 Jul 03;4(2):236-241 [FREE Full text] [doi: 10.1159/000363735] [Medline: 25177332]

JMIR Serious Games 2021 | vol. 9 | iss. 4 | e18359 | p. 24https://games.jmir.org/2021/4/e18359
(page number not for citation purposes)

Gielis et alJMIR SERIOUS GAMES

XSL•FO
RenderX

http://dx.doi.org/10.1016/s0301-0082(97)00042-7
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9421831&dopt=Abstract
https://figshare.com/articles/media/ExplanationSolitaire_Short/10304780
https://figshare.com/articles/media/ExplanationSolitaire_Short/10304780
https://figshare.com/articles/media/PlayerActionsSolitaire_Short/10304801
https://figshare.com/articles/media/PlayerActionsSolitaire_Short/10304801
http://dx.doi.org/10.1037//0033-2909.86.2.420
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18839484&dopt=Abstract
https://www.ibm.com/support/pages/ibm-spss-statistics-23-documentation
https://www.ibm.com/support/pages/ibm-spss-statistics-23-documentation
http://europepmc.org/abstract/MED/22833776
http://dx.doi.org/10.20982/tqmp.08.1.p023
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22833776&dopt=Abstract
http://europepmc.org/abstract/MED/27330520
http://dx.doi.org/10.1016/j.jcm.2016.02.012
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27330520&dopt=Abstract
https://onlinelibrary.wiley.com/resolve/openurl?genre=article&sid=nlm:pubmed&issn=0954-6820&date=2004&volume=256&issue=3&spage=183
http://dx.doi.org/10.1111/j.1365-2796.2004.01388.x
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15324362&dopt=Abstract
http://uis.unesco.org/sites/default/files/documents/international-standard-classification-of-education-isced-2011-en.pdf
http://uis.unesco.org/sites/default/files/documents/international-standard-classification-of-education-isced-2011-en.pdf
https://github.com/TobiasBielefeld/Simple-Solitaire
https://www.R-project.org/
http://dx.doi.org/10.18637/jss.v067.i01
https://doi.org/10.7717/peerj.4794
http://dx.doi.org/10.7717/peerj.4794
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29844961&dopt=Abstract
http://arxiv.org/abs/1308.5499
http://arxiv.org/abs/1308.5499
http://paperpile.com/b/97OSAd/6wZL
http://dx.doi.org/10.1111/j.2041-210x.2012.00261.x
http://dx.doi.org/10.1016/j.intell.2015.08.004
https://doi.org/10.3389/fnagi.2016.00052
http://dx.doi.org/10.3389/fnagi.2016.00052
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27065855&dopt=Abstract
http://dx.doi.org/10.3389/fcomm.2019.00052
http://dx.doi.org/10.1145/1823818.1823827
http://dx.doi.org/10.1016/j.chb.2013.01.014
https://www.theesa.com/resource/2020-essential-facts/
https://www.theesa.com/resource/2020-essential-facts/
http://dx.doi.org/10.3758/BRM.41.4.1149
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19897823&dopt=Abstract
https://www.karger.com?DOI=10.1159/000363735
http://dx.doi.org/10.1159/000363735
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25177332&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


Abbreviations
aMCI: amnestic mild cognitive impairment
CDR: Clinical Dementia Rating
COTS: commercial off-the-shelf
GLMM: generalized linear mixed model
ICC: intraclass correlation
MCI: mild cognitive impairment
MMSE: Mini-Mental State Examination
MoCA: Montreal Cognitive Assessment
naMCI: nonamnestic mild cognitive impairment
PA: player action
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