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Abstract

Objective: Stepping exergames designed to stimulate physical and cognitive skills can provide important information con-
cerning individuals’ performance. In this study, we investigated the potential of stepping and gameplay metrics to assess the
motor-cognitive status of older adults.

Methods: Stepping and gameplay metrics were recorded in a longitudinal study involving 13 older adults with mobility lim-
itations. Game parameters included games’ scores and reaction times. Stepping parameters included length, height, speed,
and duration, measured by inertial sensors placed on the shoes while interacting with the exergames. Parameters measured
on the first gameplay were correlated against standard cognitive and mobility assessments, including the Montreal Cognitive
Assessment (MoCA), gait speed, and the Short Physical Performance Battery. Based on MoCA scores, patients were then
stratified into two groups: cognitively impaired and healthy controls. The differences between the two groups were visually
inspected, considering their within-game progression over the training period.

Results: Stepping and gameplay metrics had moderate-to-strong correlations with cognitive and mobility performance indi-
cators: faster, longer, and higher steps were associated with better mobility scores; better cognitive games’ scores and reac-
tion times, and longer and faster steps were associated with better cognitive performance. The preliminary visual analysis
revealed that the group with cognitive impairment required more time to advance to the next difficulty level, also presenting
slower reaction times and stepping speeds when compared to the healthy control group.

Conclusion: Stepping exergames may be useful for assessing the cognitive and motor status of older adults, potentially
allowing assessments to be more frequent, affordable, and enjoyable. Further research is required to confirm results in
the long term using a larger and more diverse sample.
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Introduction

The aging of the population and the high prevalence of
age-related conditions, including cognitive and mobility
disorders, are bringing new health, economic, and social
challenges.1,2 The global prevalence of cognitive impair-
ment is estimated to be between 5% and 41% in older
adults,3 affecting cognitive domains such as memory,
executive functions, attention, language, or visuospatial
skills.4 Cognitive impairment has been associated with
increased risk of dementia and mortality.4,5 It has also
been associated with mobility disorders leading to falls,
injuries, and loss of independence.6

The screening of cognitive impairment is currently based
on paper-and-pencil tests, such as the Montreal Cognitive
Assessment (MoCA),7 that require administration by
trained health professionals. Besides being performed in
unfamiliar settings, these methods are unsuitable for self-
administration on a regular basis.8 Abnormal decline is
usually detected and intervened late, even though the detec-
tion of early signs of impairment is fundamental to prevent
and better manage further decline.9,10 Researchers keep
joining their efforts to find new strategies for more frequent
screening.11

Interactive games constitute a very promising avenue for
the unobtrusive screening of cognitive ability. For being
played primarily as a form of entertainment, games allow
assessments to be more frequent, affordable, and enjoy-
able.11,12 Many commercial off-the-shelf games incorpor-
ate cognitive challenges such as memorizing sequences,
making decisions, recognizing patterns, or analyzing
complex information. Despite not being primarily designed
for this purpose, Mandryk and Birk support that even exist-
ing games can be used as biomarkers of cognitive decline,
as they generate rich information about players’ perform-
ance in multiple cognitive challenges.13 Other games are
being purposefully developed for the screening of cognitive
disorders. As an example, Tong et al. proposed a serious
game featuring the Go/No-Go task, designed for tablets,
to measure inhibition ability in older adults in a hospital
emergency department.14 The performance of the game cor-
related significantly with global cognitive performance (as
assessed by MoCA scores), being also much easier to
administer and fun.14 The scores of another mobile game
designed for tablets and based on augmented reality with
manipulation of physical objects showed high concurrent

validity with the MoCA test in non-demented older
adults.15 In another study, two serious games played with
the support of custom-designed buttons revealed signifi-
cantly lower reaction times and accuracy rates in older
adults with cognitive impairment.16

Games combining challenging tasks with physical activity,
referred to as exergames, have been proposed to improve
physical and cognitive parameters in older adults.17,18

Although their effects are traditionally assessed using external
outcome measures after gameplay,17,18 parameters extracted
directly from the exergames may be used to monitor both
the cognitive and the physical state of older adults.19,20 For
example, parameters extracted from a balance training exer-
game employing a three-dimensional movable plate presented
moderate-to-high correlations with established motor and
cognitive tests in older adults with mild-to-moderate demen-
tia.19 Similar results were obtained for an exergame training
program applied to cognitively intact older adults that used
a stepping platform to detect multidirectional steps.20

Stepping exergames require the execution of volitional and
inhibitory stepping movements, involving the sensory
system, information processing skills (such as fast decision-
making, dual tasking, and inhibitory response), and neuro-
muscular control, which are needed to prevent loss of
balance and avoid falls in daily living.17,21 Litz et al.
showed that game scores and reaction times extracted from
a stepping exergame are associated with motor-cognitive per-
formance in older adults with limited functional status, yield-
ing moderate-to-high correlations with cognitive tests,
measures of lower extremity function, and dynamic
balance.20

In the scope of the project VITAAL (AAL-2017-066),
funded by the European Commission through the Active
Assisted Living Program, an exergame was developed to
stimulate physical and cognitive skills in older adults by pro-
viding a multicomponent, simultaneous, training approach.22

VITAAL included exergames for balance and motor-
cognitive training focused on attention and executive func-
tions.22 The interaction with the exergame was performed
resorting to multidirectional steps that were detected by iner-
tial sensors mounted on the shoes.22 Simultaneously, these
inertial sensors allowed the extraction of several steps char-
acteristics, including, their length, height, and duration.23

This study aimed at investigating the potential value of
VITAAL exergames as an unobtrusive tool for the assess-
ment of motor-cognitive status in older adults. We
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investigated the role of stepping characteristics and game
metrics extracted during gameplay in a correlational study
that compared these metrics with standard assessments of
cognition and mobility. In this respect, our hypotheses
were that (a) stepping characteristics would significantly
correlate with cognition and mobility performance indica-
tors, (b) cognitive games’metrics would correlate with cog-
nitive performance, and (c) within-game progression would
present differences between older adults with and without
cognitive impairment.

Methods
A recent work developed a stepping exergame that used
inertial sensors to detect multidirectional steps allowing
interaction with the game in real time.22 Game data were col-
lected in a longitudinal study and analyzed using a mixed
design, comprising a cross-sectional correlational study and
a longitudinal analysis. This section describes the methods
used to investigate the potential of this exergame as a tool
to assess the motor-cognitive status of older adults.

Participants and procedures

This study provides a secondary analysis of data collected
under the scope of a Randomized Controlled Pilot Trial
(RCT), originally designed to assess the feasibility of the
exergame as an intervention for patients with mobility
impairment (ClinicalTrials.gov identifier: NCT04587895).
The RCT was conducted in a physiotherapy clinic, Physio
SPArtos, located in Interlaken, Bern, Switzerland. The
inclusion and exclusion criteria are presented in Table 1.

Participants recruited to the RCT were randomly allo-
cated to the control group or to the intervention group.
This study has only analyzed the data from the intervention
group, who played the exergame three sessions per week
(each session lasting about 30 min), during a maximum
of 12 weeks (no longer than two weeks of break were

allowed). All participants that played the exergame at
least once were included in this study. In each session, par-
ticipants played an individually calculated amount of
strength, cognitive, and balance training, that remained
the same over the 12-week intervention period. The exer-
game provided training progression by automatically
adjusting difficulty of movements, tasks and/or speed to
the participants’ performance.22 Each game was comprised
by ten difficulty levels and all participants started at level
one. They advanced to the next difficulty level if they
achieved scores above 90% or if the average of the last
three game scores was above 75%. Average scores below
50% would imply a decrease on the difficulty level of the
game.22 Before starting the intervention, all participants
were assessed for demographics and medical history, cogni-
tive tests, physical tests, and gait. Tests already adminis-
tered for the purpose of selecting study participants were
not administered again.

The study was approved by the Institutional Ethics
Committee of ETH Zurich (registration: 2020-00578) and
followed the ethical code for research with human beings
as stated by the Declaration of Helsinki. Written informed
consent was obtained from all participants. No compensa-
tion for participation was given.

Assessments

A health questionnaire was administered to obtain self-
reported information about the participants, including,
sociodemographic variables (age, gender, weight, height,
and education), general health questions (hearing and
vision problems), medical history (diagnosed diseases to
confirm exclusion criteria), and physical abilities and activ-
ity (single question about fear of falling, number of falls in
the last six months, and physical activity level). Participants
were also asked for video games use and previous experi-
ence with exergames.

Table 1. Inclusion and exclusion criteria.

Inclusion criteria Exclusion criteria

• Aged 60+ years old
• Living independently, in a residency dwelling, or with care
• Able to stand straight for at least 10 min without aids (to be
able to play the exergame)

• Visual acuity with correction sufficient to work on a TV
screen

• Short Physical Performance Battery (SPPB) test score
below 10 as indication of impaired mobility24,25

• Mobility impairments that did not allow to play the exergame
• Severe cognitive impairment (MoCA score below the first percentile
according to Thomann et al.26)

• Acute or unstable chronic diseases (e.g., recent cardiac infarction,
uncontrolled high blood pressure or cardiovascular disease,
uncontrolled diabetes)

• Orthopedic or neurological diseases that inhibited exergame training
• Rapidly progressive or terminal illness
• Insufficient knowledge of German
• Chronic respiratory disease
• Condition or therapy that weakens the immune system
• Cancer
• Serious obesity (body mass index (BMI) > 40 kg/m2)
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Global cognitive performance was assessed using the
MoCA,27 administered by qualified physiotherapists from
Physio SPArtos. MoCA is a widely used and preferred
tool for cognitive screening in primary care settings,7

making it suitable for use in this study. This test has a
maximum score of 30 points and consists of several tasks
organized in seven cognitive domains: visuospatial/execu-
tive, naming, attention, language, abstraction, delayed
recall, and orientation. The total score is corrected for low
education (≤12 years) by adding an extra point.27 Both
the total score and the individual domain scores were
used in this study.

Functional physical performance was assessed by
trained physiotherapists using the Short Physical Perform-
ance Battery (SPPB). SPPB consists of three subtests
focused on balance, walking, and lower limb strength.
SPPB has a maximum score of 12 points,28,29 with scores
lower than 10 indicative of mobility impairment.24,25

Gait was measured at participants’ preferred speed,
walking along a straight 20 m distance path. To objectively
assess gait parameters, inertial sensors were mounted on
the shoes, and the method described by Guimarães et al.
was employed.30 Gait speed was extracted as a comprehen-
sive measure of individuals’ functional capacity and
mobility.31,32

Stepping exergames

The exergame included eight stepping-based minigames,
four of which were designed to stimulate cognition, the
other four to stimulate balance (Figure 1). Cognitive
games included tasks that challenged specific cognitive
domains related to attention and executive functions. The
Healthy Snacks game (Figure 1(a)) challenged reaction
time and response inhibition control, which were needed
to select healthy food as fast as possible while avoiding
selection of unhealthy food. The Shopping List game
(Figure 1(b)) required short-term memory to memorize
and later be able to recognize the list of products previously
shown. The Pizza game (Figure 1(c)) challenged selective
attention by requiring players to ignore irrelevant distrac-
tors (pizza slices pointing in a common direction) and
focus on the relevant information (the pizza slice pointing
in an opposite direction). Finally, by requiring participants
to switch between two cognitive processes—one to inter-
pret the shape, and the other to interpret the color of the
objects—the Shopping game (Figure 1(d)) challenged cog-
nitive flexibility. Balance games, that is, Labyrinth
(Figure 1(e)), Mommy Chicken (Figure 1(f)), Falling
Books (Figure 1(g)), and Music (Figure 1(h)), focused
more on the execution of multidirectional steps. Balance
games required more frequent steps and transitions
between right and left feet to properly command the main
character of the game. A full description of the minigames
is provided by Guimarães et al.22

For each step performed within the games, we recorded
its length (maximum displacement in the horizontal plane),
height (maximum displacement in the vertical—gravity—
axis), and duration (time elapsed since the initiation of the
step to foot-contact), as determined by the inertial
sensors. These metrics were measured using the methods
described by Guimarães et al.23 using wearable inertial
measurement units equipped with a triaxial gyroscope and
a triaxial accelerometer (Bosch BMI160).30 Averages
were then calculated for each game and level played. Step
speed was calculated by dividing step length by step dur-
ation. For the cognitive games, we have also recorded step
reaction times (the time since the presentation of the stimulus
until the initiation of the step) and whether it has or has not
led to a correct answer within the game. The average reac-
tion time (incl. the average reaction time for the correct
and for the incorrect answers) was calculated for the cogni-
tive games and registered for each game and level played.
Games scores (a value between 0 and 100% calculated
based on the number of correct answers or number of ele-
ments picked)22 were also registered for the cognitive
games as possible indicators of cognitive performance.

Statistical analysis

The packages pingouin (v0.4.0), StatsModels (v0.13.0),
SciPy (v1.7.1), and NumPy (v1.21.5) for Python 3 were
used for the statistical analysis. A p-value of less than
0.05 was considered to indicate statistical significance.

Demographic and medical characteristics were summar-
ized using either means and standard deviations, or frequen-
cies and percentages, as appropriate. As height was missing
in one participant, its value was replaced by the average.

Since demographics and medical characteristics were
obtained in the beginning of the longitudinal study and con-
sidering that not all participants played the same number of
repetitions of a game level (due to dropout, or due to their
performance), we have only analyzed the stepping and
game metrics obtained on the first time the participant
played the first level of difficulty (the entry-level perform-
ance). A correlation analysis was conducted to examine
association between gameplay metrics and global physical
and cognitive performances. We calculated the partial cor-
relation between step characteristics (step height, step
length, step duration, and step speed) and measures of cog-
nitive and physical performance (MoCA total score, SPPB
score, and gait speed) while controlling for participants’
height. We have also calculated the partial correlations
between cognitive games’ performance metrics (scores
and reaction times) and cognitive test scores (MoCA
scores without correction for low education and individual
domain scores). These correlations were controlled for edu-
cation as both individual cognitive domains and the total
MoCA score may be affected by the educational level.33

We used Spearman’s rank correlations because most of
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the metrics were not normally distributed according to the
Shapiro-Wilk test. Significant correlations were interpreted
based on their strength as follows: 0.0 to 0.2 (0.0 to −0.2)
negligible, 0.2 to 0.4 (−0.2 to −0.4) weak, 0.4 to 0.7
(−0.4 to −0.7) moderate, 0.7 to 0.9 (−0.7 to −0.9) strong,
and 0.9 to 1.0 (−0.9 to −1.0) very strong.34

Two groups were formed based on MoCA scores, using
the cut-offs proposed by Thomann et al.35 and O’Caoimh
et al.,36 as follows: individuals were considered cognitively
normal if they had MoCA score≥ 24 (healthy control
group); they were considered cognitively impaired if they
had MoCA score< 24 (cognitively impaired group). The

Figure 1. Stepping-based minigames. Cognitive games: (a) Healthy Snacks (cognitive inhibition), (b) Shopping List (short-term memory),
(c) Pizza (selective attention), (d) Shopping (cognitive flexibility). Balance games: (e) Labyrinth, (f) Mommy Chicken, (g) Falling Books, and
(h) Music.
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differences between groups concerning their progression
within the games were analyzed by visually inspecting diffi-
culty levels progression over the intervention period. Time
was represented by the number of days since intervention
start, rounded to multiples of 5 days for improved data aggre-
gation. The differences in reaction times (for both correct and
incorrect answers) and step speed evolution across difficulty
levels were also visually represented. Reaction times and step
speeds were calculated as average values for each difficulty
level, participant, and game. For the comparison between
groups, we reported averages and 95% confidence intervals.

Results
A total of 14 participants were allocated to the intervention
group, but only the data from 13 participants were analyzed
in this study since one patient dropped out before playing
any game. Three participants dropped out from the study
after having completed a single training session. Two parti-
cipants have completed 5 and 8 training sessions before
dropping out. The eight participants who finished the inter-
vention study have performed between 22 and 32 sessions
(the average was 27.4± 3.2 sessions).

Descriptive statistics

The demographic and clinical characteristics of the partici-
pants are presented in Table 2. The study included partici-
pants with an average age of 81.6± 7.3 years old, an
average MoCA score of 23.5± 3.2, and an average gait
speed of 0.9± 0.2 m/s. Nearly half of the participants fell
more than once in the last 6 months. The average gait
speed was below 1.0 m/s, possibly denoting an increased
risk of falls.37 All participants had a SPPB score below
10 (average of 7.5± 1.4) indicating impaired mobility.24,25

Participants had very low experience with the use of video
games, and, in particular, with exergames, but they were
physically active. Their education spanned from 8 to 24
years (average of 12.0± 4.0 years).

Steps characteristics

The partial correlations between steps characteristics and
global physical performance and cognitive tests scores are
shown in Table 3. Of the four step characteristics measured,
only step length and step speed presented significant corre-
lations with MoCA scores: step length had moderate posi-
tive correlations with MoCA scores in two cognitive
games (Pizza and Shopping List) and strong positive corre-
lations in two balance games (Mommy Chicken and
Music); step speed presented moderate positive correlations
with MoCA scores in two cognitive games (Pizza and
Shopping List) and a strong positive correlation in a
balance game (Mommy Chicken). Although not always sig-
nificant, the correlations of step length, and speed with

MoCA scores were all ≥0.40. Step height and step length
were both significantly correlated with SPPB scores in
Pizza, Shopping, Books, Labyrinth, and Music; these corre-
lations were all positive and moderate or strong. Speed was
significantly correlated with SPPB scores in the same
games except Shopping. Additionally, speed had a signifi-
cant correlation with SPPB scores in Healthy Snacks. The
correlations between SPPB scores and step speed were all
positive and strong. Of these 15 significant correlations
with SPPB scores, only six were also significantly corre-
lated with gait speed, presenting moderate or strong posi-
tive association. Most of them were not significant, even
though their correlation strengths were still at a high level
(>0.40). Step duration was not significantly correlated
with any of the global physical performance or cognitive
tests scores.

Cognitive games’ metrics

The partial correlations between cognitive games’ metrics
and MoCA total and individual domain scores are shown
in Table 4. MoCA total score only presented significant cor-
relation with metrics of the Pizza game, namely a moderate
negative correlation with the reaction time of correct
answers and a moderate positive correlation with game
score. The visuospatial/executive component of MoCA
was significantly correlated with reaction times in the
Healthy Snacks game (strong correlation), with reaction
time in the Shopping game (moderate correlation), and
with reaction time and score in the Shopping List game
(moderate correlation); the correlations were negative for
reaction times, and positive for games scores. The abstrac-
tion component of MoCA presented strong negative correl-
ation with reaction times and strong positive correlation
with the scores of the Pizza game. The remaining compo-
nents of MoCA (i.e., naming, attention, language, delayed
recall, and orientation) did not present any significant cor-
relation with cognitive games’ metrics.

Game progression

Six participants were considered healthy controls (control
group) and seven had cognitive impairment (CI group)
according to MoCA. As some participants dropped out
from the study or could not reach the most advanced diffi-
culty levels, the number of participants decreased as the dif-
ficulty levels progressed. The number of participants
playing each game level, stratified by their cognitive
status, is shown in Table 5.

The progression of each group within cognitive games is
shown in Figure 2, where we can observe some differences
between the two groups. The CI group required, in general,
more time than the control group to advance to the next dif-
ficulty level (Figure 2–left). Reaction times were generally
higher (i.e., slower) in the CI group (Figure 2–right).
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Table 2. Demographic and clinical characteristics of the intervention group.

Participant characteristics Intervention group (n= 13)

Age (years) 81.6± 7.3 (64–91)

Weight (kg) 71.1± 14.3 (52–97)

Height (cm) 165.2± 10.1 (148–178)

Education (years) 12.0± 4.0 (8–24)

Female, n (%) 8 (61.5)

Hearing problems, n (%) 5 (38.5)

Vision problems, n (%) 4 (30.8)

Play video games, n (%) 1 (7.7)

Tried exergames before, n (%) 2 (15.4)

Fear of falling

Never, n (%) 5 (38.5)

Sometimes, n (%) 5 (38.5)

Often, n (%) 2 (15.4)

Always, n (%) 1 (7.7)

Number of falls in the last 6 months

Zero, n (%) 6 (46.2)

One, n (%) 1 (7.7)

More than 1, n (%) 6 (46.2)

Physical activity

>3 times/week, n (%) 9 (69.2)

1–3 times/week, n (%) 4 (30.8)

1 time/week, n (%) 0 (0.0)

Never, n (%) 0 (0.0)

MoCA

Total score (0–30) 23.5± 3.2 (20–30)

Visuospatial/executive (0–5) 3.5± 1.5 (1–5)

Naming (0–3) 2.9± 0.3 (2–3)

Attention (0–6) 5.3± 0.8 (4–6)

(continued)

Guimarães et al. 7



As can be observed in Figure 3, step speed was slower in
the CI group, a tendency that spanned across all difficulty
levels and all balance and cognitive games.

Discussion
We investigated the potential of stepping and game perform-
ance metrics to assess the motor-cognitive status of older
adults by evaluating their association with standard cogni-
tive and physical performance metrics. This study was the
first evaluating steps characteristics like length, height, or
speed using inertial sensors while interacting with exer-
games and investigating their role as non-invasive indicators
of cognitive and physical performance in older adults. In line
with our initial hypothesis, several stepping and gameplay
metrics presented a significant association with cognition
and mobility performance indicators, denoting the potential
value of stepping-based exergames as a clinical tool for the
screening of motor-cognitive status in older adults.

Association with physical performance

We examined the correlations between stepping metrics and
standard tests of physical performance. We anticipated that
each exergame and each difficulty level would elicit distinct
steps characteristics, due to the different challenges they
pose. For this reason, we performed the correlation analysis
for each game individually, considering only the metrics
obtained the first time the participant played the first level
of difficulty. In the results presented by Skjæret-Maroni
et al., steps characteristics changed depending on the exer-
game played, difficulty level, and the number of times the
exergame was played.38

In line with our initial hypothesis, several steps character-
istics presented significant correlations with physical tests
scores (Table 3). Step height, length, and speed presented

moderate or strong positive associations with SPPB scores
and gait speed in several games, suggesting that the better
the mobility of the person, the faster, the larger, and the
higher the steps were performed while interacting with
balance and cognitive exergames. Step duration was not sig-
nificantly associated with physical tests scores. Faster speeds
—resulting from the simultaneous contribution of increased
step lengths and/or decreased steps duration—provided a
better indication of physical performance than step duration.
Significant correlations were more frequent on balance than
cognitive exergames, denoting their potential superior value
as indicators of mobility in older adults.

Previous works studied the role of volitional (or volun-
tary) stepping on mobility performance assessment. Both
the maximal step length test and the rapid step test were
shown to correlate significantly with measures of mobility
performance,39 balance, and fall risk in older adults,21

which is in line with our results. Another study showed
that the ability to step rapidly declines with age, being step-
ping performance also affected by step direction and the
need to decide on the most appropriate direction,40 which
is also required to play exergames.

Stepping parameters could be extracted directly from the
inertial sensors, avoiding the need to use independent
motion capture solutions as was the case in the work pre-
sented by Skjæret-Maroni et al.38 In fact, most of the exist-
ing stepping exergames rely on the use of step-sensitive
platforms that are not able to measure these stepping para-
meters.18,41 As shown in our study, stepping parameters, as
measured by inertial sensors, can be used as indicators of
mobility in older adults.

Association with cognitive performance

Although cognitive games were not purposefully designed
to assess cognition, the tasks within these games were

Table 2. Continued.

Participant characteristics Intervention group (n= 13)

Language (0–3) 2.1± 0.9 (1–3)

Abstraction (0–2) 0.6± 0.7 (0–2)

Delayed recall (0–5) 2.6± 1.7 (0–5)

Orientation (0–6) 5.8± 0.4 (5–6)

Physical tests

SPPB score 7.5± 1.4 (4–9)

Gait speed (m/s) 0.9± 0.2 (0.6–1.3)

Data are mean values± standard deviation (range), except otherwise indicated. MoCA: Montreal Cognitive Assessment; SPPB: Short Physical Performance
Battery.
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Table 3. Correlations between step characteristics and global physical and cognitive performance tests.

Game Step characteristic MoCA score SPPB score Gait speed

Healthy Snacks (n= 11) Height 0.57 0.39 0.03

Length 0.53 0.37 0.13

Duration −0.02 −0.23 −0.55

Speed 0.41 0.70* 0.56

Pizza (n= 12) Height 0.48 0.63* 0.45

Length 0.60* 0.73* 0.61*

Duration −0.27 −0.15 −0.26

Speed 0.67* 0.74** 0.57

Shopping (n= 11) Height 0.22 0.68* 0.39

Length 0.40 0.69* 0.45

Duration −0.24 0.03 −0.42

Speed 0.45 0.63 0.48

Shopping List (n= 12) Height 0.49 0.58 0.44

Length 0.64* 0.36 0.34

Duration 0.14 0.04 −0.07

Speed 0.64* 0.52 0.50

Books (n= 13) Height 0.30 0.64* 0.65*

Length 0.53 0.70* 0.45

Duration −0.38 −0.30 −0.46

Speed 0.48 0.76** 0.61*

Labyrinth (n= 10) Height 0.62 0.83** 0.67*

Length 0.65 0.73* 0.74*

Duration 0.30 0.11 0.10

Speed 0.66 0.81** 0.63

Mommy Chicken (n= 12) Height 0.58 0.53 0.25

Length 0.79** 0.38 0.33

Duration −0.08 −0.06 −0.43

Speed 0.82** 0.34 0.34

(continued)
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designed to provide some cognitive demand related to
attention and executive functions. In line with our initial
hypothesis, these games presented significant associations
with cognitive performance.

One of the cognitive games (Pizza game) was moder-
ately associated with overall MoCA scores (Table 4), indi-
cating that the higher the game scores and the faster the
reaction times, the better the global cognitive performance.
Additionally, the Pizza game was strongly associated with
the abstraction component of MoCA, being faster reaction
times and better scores associated with better performance
on abstract reasoning. Within MoCA, the abstraction com-
ponent refers to a two-item verbal abstraction task.27

Learning this abstract rule requires an efficient allocation
of attention, that is, focusing on some aspects of informa-
tion while ignoring others.42 This ability is usually
described as selective attention and may be required to
identify the common attributes within the verbal abstraction
task.42,43 The Pizza game, designed to challenge selective
attention, may also require these abilities to identify
the pizza slice that is pointing in the wrong direction.
Reflecting on abstraction, philosophers often conceive
abstraction as being a form of selective attention.44

As expected, the ability to correctly interpret visual
information within the games and the ability to act accord-
ingly depends on visuospatial and executive skills as
reflected by the associations with the visuospatial/executive
component of MoCA. The games Healthy Snacks,
Shopping, and Shopping List were significantly associated
with the visuospatial/executive component of MoCA, being
better visuospatial/executive skills associated with higher
scores and faster reaction times. The visuospatial/executive
component of MoCA includes a modified trail-making test,
the copy of the cube, and the clock drawing test.27 In the
trail-making test, the respondent is asked to draw a line con-
necting an alternating sequence of numbers and letters.27

Besides visuomotor and visuoperceptual skills, the trail-
making test requires mental flexibility to alternate
between numbers and letters.45–47 This flexibility of task
switching is also demanded by the Shopping game in the

ability to switch between shape or color matching.43 To
copy the cube, spatial planning and visuomotor coordin-
ation are needed,45,48 which makes a parallelism with the
abilities required to plan and step in an appropriate direction
while interacting with the games. Coordinated visuomotor
stepping control is also required to walk safely and avoid
falls.49,50 Finally, the performance of the clock drawing
task demands planning skills, conceptualization, symbolic
representation, and inhibitory control.45,51,52 In our
results, Healthy Snacks had stronger correlations with
the visuospatial/executive component of MoCA than
Shopping and Shopping List games, since it simultaneously
required visuoperceptual skills (to rapidly identify the
objects), visuomotor coordination (to step in an appropriate
direction) and inhibitory response (to avoid selection of
unhealthy food).

Although the Shopping List game was designed to chal-
lenge short-term memory, it did not present significant asso-
ciations with the delayed recall component of MoCA. In the
Shopping List game, the person had to identify whether the
objects shown matched or not the list presented previously.
To answer this task, recent memory, in particular, recogni-
tion was required.53 In contrast, MoCA asked participants
to recall as many items as possible from a list of words,
requiring recent memory but, in particular, free recall,53

which differs from the task in the game. Moreover, while
the Shopping List game challenges delayed recall through
visual memory, MoCA challenges delayed recall through
verbal memory, utilizing different and potentially compet-
ing cognitive resources.54,55 According to our results, the
Shopping List game mainly challenges the ability to recog-
nize and identify the pictures in the shopping list, which is
more related to the visuospatial/executive component of
MoCA.

The remaining components of MoCA, that is, naming,
attention, language, and orientation were not associated
with any of the cognitive games’metrics. Although individ-
ual MoCA tests are organized under the subheadings iden-
tified in Table 4, tests scores can be grouped using distinct
structures to represent the cognitive domains.56,57 The

Table 3. Continued.

Game Step characteristic MoCA score SPPB score Gait speed

Music (n= 10) Height 0.40 0.77* 0.57

Length 0.78* 0.67* 0.56

Duration −0.30 −0.42 −0.54

Speed 0.58 0.83** 0.72*

Shown are the Spearman partial correlations, adjusted for height. *p < 0.05, **p < 0.01, ***p < 0.001, bold values indicate significance. The number of
participants playing each game varied due to patient dropout. MoCA: Montreal Cognitive Assessment; SPPB: Short Physical Performance Battery.
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correspondence between each individual test and its
assumed cognitive domain is not always robust because
each cognitive task requires abilities from multiple cogni-
tive domains.56–58 It is then not surprising that cognitive
games challenge multiple cognitive skills, and, for that
reason, their scores and metrics may reflect multiple cogni-
tive constructs.15,20 The tasks used to test naming, attention,
language, and orientation components within MoCA—that
is, a naming task, the digit span forward and backward,
letter A tapping, serial-7 subtraction, sentence repetition,
letter fluency, and orientation in time and place27—are
very distinct from the tasks presented in the games. These
components of MoCA were thus not related to the cognitive
mechanisms underlying cognitive games.

As hypothesized, stepping characteristics also pre-
sented significant associations with cognitive performance
(Table 3). Longer step lengths and faster speeds were

associated with better global cognitive performance
(MoCA scores) in several balance and cognitive games.
Previous studies have also identified a relationship
between mobility and cognitive performance in older
adults, suggesting that gait speed could be used to
predict cognitive impairment.32,59–61 Gait metrics deter-
mined under dual task (i.e., walking while performing a
cognitive task) could identify gait changes related to cog-
nitive impairment that could otherwise go
unnoticed.37,62,63 Considering that exergames provide
motor-cognitive training (i.e., they require the simultan-
eous execution of stepping to solve a cognitive challenge),
it is not surprising that stepping characteristics may also
serve as an indicator of cognitive performance. Like gait
parameters measured under single and dual task analysis,
stepping characteristics extracted while playing exergames
may be used to assess performance on both cognitive and
mobility functions.

Due to the low number of participants, we were not able
to objectively assess differences between healthy and cog-
nitively impaired groups as determined by MoCA scores.
Nevertheless, we observed that step speed was generally
lower in the group with cognitive impairment (Figure 3),
which is consistent with previous studies on gait ana-
lysis.32,37,59–63 This tendency spanned across all difficulty
levels and all games. The group with cognitive impairment
also required more time to advance to the next difficulty
level, being slower to answer to the tasks of the cognitive
games (Figure 2). A previous study has examined visuo-
spatial executive function and learning in older adults
with and without cognitive impairment. The study
showed that relative to healthy controls, individuals with
cognitive impairment made more exploratory/learning
errors, displaying slower learning curves,64 which is in
line with our results. Another study concluded that game
progression was slower in older participants, being strongly
influenced by age and, thus, sensitive to changes in cogni-
tive ability.65 According to Jakobsen et al., complex reac-
tion time (with inhibition control) can be used to reflect
cognitive function in healthy subjects and patients.66

Reaction time slowing has been considered an early sign
of cognitive impairment.67 Taken together, the results of
these studies strengthen our provisional results indicating
that gameplay metrics and the path of progression within
the games may be able to differentiate between both
groups. Yet, additional tests are needed.

Limitations

The present study was mostly limited by the small number
of participants. The correlation analysis performed in this
study should be considered of exploratory nature, as it
focused on the analysis of the results of the first gameplay
and did not include an objective analysis of all difficulty
levels. On one side, this entry-level performance can be

Table 5. Number of participants playing each game level, stratified
by their cognitive status.

Game Group

Difficulty levels

1 2 3 4 5 6 7 8 9 10

Healthy Snacks Control 5 5 5 5 5 5 4 4 4 4

CI 6 5 5 5 5 4 4 4 4 3

Pizza Control 6 5 5 5 5 5 5 5 5 4

CI 6 3 3 3 3 3 3 3 3 3

Shopping Control 5 5 5 5 5 5 5 5 5 4

CI 6 4 4 4 3 3 3 3 3 3

Shopping List Control 6 5 5 5 5 5 5 4 4 4

CI 6 4 3 3 3 3 2 0 0 0

Books Control 6 5 5 5 4 4 4 4 4 4

CI 7 3 3 2 2 2 1 1 0 0

Labyrinth Control 5 5 5 5 5 4 4 4 4 4

CI 5 4 4 3 3 3 3 3 3 2

Mommy
Chicken

Control 6 4 4 2 2 1 1 1 1 1

CI 6 3 1 1 1 1 1 1 0 0

Music Control 5 5 5 5 5 4 4 4 4 4

CI 5 4 4 4 4 3 3 3 3 3

CI: Cognitive impairment.
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seen as a reflection of the first impact to gameplay and
ensures a fair comparison between participants. In this
regard, we need to highlight that all participants had very
low previous experience with playing exergames, and, as
such, they could all be considered inexperienced users.
On the other side, the first impact to gameplay may not
entirely reflect the real performance of the player as a
simple misunderstanding of the rules or of the interaction
with the game can negatively impact players’ performance.
Moreover, the lowest difficulty level may not challenge par-
ticipants as needed to detect cognitive impairment. More
advanced difficulty levels could offer a more adequate chal-
lenge for a specific patient’s performance (avoiding ceiling
effects),20 and could potentially strengthen the relationship
between variables. Considering that the difficulty levels
automatically adapted to each person (to ensure an
optimal load in line with performance),68 the number of
times the participants played a single difficulty level dif-
fered, making it difficult to compare the different levels.
A more structured analysis of difficulty levels and repeti-
tions would be needed to more thoroughly assess construct
validity, test-retest reliability, and sensitivity to change, as
proposed by Litz et al.20

Given the small sample size and the existence of study
dropouts, the most complex levels had even lower sample
sizes (Table 5) and, as such, lack of statistical power.
Therefore, it was not possible for us to objectively evaluate
exergame progression and its relation to the motor-
cognitive status of the participants. The preliminary visual
analysis revealed the potential ability of exergame progres-
sion to discriminate between groups with distinct cognitive
skills (according to their MoCA scores), however, it
requires further investigation.

Although MoCA is the most common and preferable
tool for cognitive screening in primary care settings,7 it
cannot be considered an alternative for more in-depth
neuropsychological assessment, let alone its domain-
specific scores.56,58,69 In this study, we used domain-
specific scores as presented by MoCA, however, several
alternative test grouping schemes are proposed in the litera-
ture, reflecting an inconsistent correspondence between
individual MoCA tests and their assumed cognitive
domains.56,58,69 Our results should, thus, be interpreted
with caution.

Finally, our study has only included older adults with
mobility limitations (as determined by their SPPB scores)

Figure 2. Progression within cognitive games: (left) difficulty levels over time, and (right) reaction times across difficulty levels. Error bands
represent 95% confidence intervals.
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and its results cannot be generalized to other populations.
Despite their mobility limitations, they were still quite
active and most of them have never or only sometimes
experienced fear of falling. A larger and more diverse
sample—including participants with more distinct charac-
teristics, higher SPPB scores, and/or cognitive impairment
as determined by neuropsychologists—would be needed
to better evaluate the generalization of our results and
confirm the ability of stepping and exergame metrics to
assess the motor-cognitive status of older adults.

Future work

Further research is required to comprehensively evaluate the
new assessment approach based on stepping and gameplay
metrics measured while playing stepping exergames. We
should include a higher number of participants and formally
evaluate their cognitive status resorting to expert diagnosis,
which should also include potential neurodegenerative con-
ditions and a domain-specific evaluation. Moreover, older
adults without mobility limitations should be included to for-
mally assess whether gameplay and stepping metrics are able
to differentiate people with and without mobility impairment.

More specific measures of mobility (e.g., static and dynamic
balance) should be considered as well.

The distinct difficulty levels and the individual progres-
sion of the participants should be more thoroughly analyzed
to allow more frequent cognitive screening. Future research
should address how to differentiate between the effects of
learning on a patient’s performance and his/her actual cog-
nitive status, particularly relevant when the exergame is
available to be played repeatedly at home. Besides its con-
struct validity, we should assess its test-retest reliability and
the sensitivity to change in a longitudinal study design pur-
posefully thought to answer all the questions above.

Conclusion
Although stepping exergames were originally designed for
the training of physical and cognitive functions, stepping
and game performance metrics extracted while playing
may also serve as indicators of the motor-cognitive status
in older adults.

In this study, we used inertial sensors to extract relevant
stepping characteristics like height, length, duration, and
speed while interacting with exergames. Moderate-to-strong

Figure 3. Step speed across difficulty levels presented for all balance and cognitive games. Error bands represent 95% confidence
intervals.
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correlations were obtained between game-derived measures
and physical and cognitive performance tests. Faster,
longer, and higher steps were associated with better mobility
scores. Longer and faster steps were associated with better
cognitive scores. Cognitive game metrics (e.g., reaction
times and scores) presented significant associations with cog-
nitive performance. People with cognitive impairment
seemed to exhibit slower progression within the game, and
slower reaction times and step speed when compared to
people without cognitive impairment.

Although results in this study should be considered
exploratory, they provide some important indications on
the potential value of stepping exergames as a clinical
tool for the screening of motor-cognitive status in older
adults. Exergames like those tested in this work may be
able to assess and monitor motor-cognitive function in
older adults, potentially allowing assessments to be more
frequent, more affordable, and more enjoyable.
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