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File 2 - Synthesis of evidence for possible ideas/concepts for the design of
the remaining exergame parameters (i.e. complexity, progression &
periodization, and variability/variation)



Supplementary Material

1 BIOLOOP:

Concept: = Biocybernetic adaptation loop

“The biocybernetic loop is a modulation technique from the physiological computing field, which utilizes body
signals in real-time to alter the system in order to assist users* [1-4]. “This model of closed-loop control detects
deviations from an optimal state of brain activity and uses these variations to cue changes at the human-computer
interface in order to ‘‘pull’’ the psychological state of the user in a desired direction. [5] In our case, we would
define an optimal range (‘the zone’) of a correlate of brain activity (e.g. HRV) and the system would increase or
decrease game demands to push participants into this optimal dosage based on real-time monitoring of a parameter
for exergame demands. These parameters could be chosen to reflect the overall internal load or specific component
of the exergame demands (i.e. cognitive and physical load).

Previous evidence: Munoz et al. 2018: Developed a system for “real-time adaptations in a custom exergame based on recommendations
for targeted heart rate (HR) levels” HOA. “Results showed that the physiologically-augmented exergame leads
players to exert around 40% more time in the recommended HR levels, compared to the conventional training,
avoiding over exercising and maintaining good enjoyment levels. “ [1]

Koenig et al. 2011: “We provided healthy subjects and stroke patients with a virtual task during robot-assisted gait
training, which allowed modulating cognitive load by adapting the difficulty level of the task. We quantified the
cognitive load of stroke patients by using psychophysiological measurements and performance data. “We verified
our classification results via questionnaires and obtained 88% correct classification in healthy subjects and 75% in
patients. Using the pre-trained, adaptive classifier, we closed the cognitive control loop around healthy subjects and
stroke patients by automatically adapting the difficulty level of the virtual task in real-time such that patients were
neither cognitively overloaded nor under-challenged. “ [6]

Ewing et al. 2015: Description of the Development and Validation Process of a Biocybernetic Loop for real-time

adaption of game demand based on EEG monitoring. Depending on the loop-mechanisms, an increased alertness
was found that produced the most desirable overall impact on player mood [5].

Advantages: +  Approach is based on specific marker(s) of internal load [7-14] which offers a high level of personalization of
exergame demands (depending on parameters used) to the individuals’ capabilities that, in turn, allows to
provide comparable inter-individual exercise doses which, in turn, would give more precise insights into dose-
response relationships [7, 15]. Furthermore, internal training load determines training outcomes and was
therefore recommended to use as a primary monitoring measure [16].

+  This approach was shown to increase alertness and the time spent at the optimal dose [1, 5]. Since adequate dose
acts as an essential factor for triggering neurobiological processes [7] this approach would likely increase
efficacy.

+ Could be combined with PERF (performance adaptation).

+ Easy to use for participants because the system would adapt automatically and we can easily monitor training
dose (especially interesting for home-based applications).

+  Software made accessible by Munoz et el.: Biocybernetic Loop Engine by NeuroRehaLab.

+  Applicable for all types of populations.

Dlsadvantages; - Large workload for the Dividat development team (but once done it could be broadly applied).
- Interface between Dividat software and monitoring tools has to be built.
- Necessity of monitoring tools (e.g. heart rate sensor) for personalized training (may limit applicability for
home-based exergaming).
- Additional studies required to determine and validate the optimal parameter(s) before applying it in an
intervention.
Open Questions: ?  Which parameter could be used as an optimal measure of internal training load (i.e. should be easily applicable

for monitoring internal training load, while also being valid and reliable)?

?  What mechanisms will be used to adapt exergame demands (e.g. game complexity characterized by game
speed, amount of distracting stimuli, contrasts of stimuli, game content)?

?  Time-window that would be used to classify the individuals’ internal load (e.g. rolling average of the last 20
seconds)?

Overall Applicability: limited



Necessary Preliminary
Work:

2 PERF-LOOP:

Concept:

Previous evidence:

Advantages:

Disadvantages:

Open Questions:

Overall Applicability:

Necessary Preliminary
Work:

Exemplary description of the development and validation process of a biocybernetic loop for real-time adaption of
game demand based on EEG monitoring [5]: “The design of a biocybernetic closed-loop incorporates a number of
distinct processing stages: (1) data collection from sensors, (2) filtering of raw data coupled with artifact correction
techniques, (3) data analysis for the extraction of meaningful metrics that permit a valid inference of the user state,
(4) conversion of the metrics in order to instigate adaptation at the user interface, i.e., defining criteria/triggers for
adaptation or by categorizing data using machine learning algorithms (Baldwin and Penaranda, 2012; Novak et al.,
2012); and (5) adaptation of the user interface in a manner designed to promote a desirable user state.” [5]

Step 1: Formulation of a conceptual framework upon which to model the responses of the adaptive game (e.g.
Motivational Intensity Theory [17] or the neurovisceral integration model [18-20])

Step 2: Operationalization of the model on basis of psychophysiological measures => Examine the most suitable
parameter based on its sensitivity, reliability and validity.

Step 3: Development of the real-time adaptive gaming system => Define the optimal range (i.e. model should be
able to classify the state of the participant) and implement the mechanisms used to push participants to this
state by triggering changes in exergame demands (e.g. which parameters of the game are changed to increase
or decrease the overall load, or the specific cognitive or physical loads).

Step 4: Evaluate the real-time adaptive model (i.e. is there an actual benefit compared to other exergaming systems
=> enjoyment, motivation, performance, training outcomes?)

= Performance adaptation loop

Task level adaptation according to game performance in real-time

The performance adaptation loop provided by the Dividat Senso was applied in a qualitative study as well as a pilot
RCT of Swinnen et al. 2020 and 2021 in older adults with major neurocognitive disorder. With a mean attendance
rate of 82.9 %, the exergame-based intervention was well accepted in the pilot RCT [21]. Additionally, the exergame
levels of intensity and complexity were reported to be agreeable in the qualitative study [22].

+ already implemented in Dividat Senso

- Game demands (i.e. motor- and cognitive demands) are linked to the physical demands because both change as
a function of game complexity. Therefore, we don’t know why exactly performance changes => Is it caused by
cognitive, physical or any other factors?

- The qualitative study performed in this project revealed that this progression algorithm may not perform as
intended in older adults with mild neurocognitive disorder and may thus lead to cognitive overload, which, needs
to be avoided in this population.

?  How would it be possible to ensure a moderate physical exercise intensity when the task demands are adapted
to game performance (which may primarily be related to cognitive demands, as older adults with mild
neurocognitive disorder are cognitively impaired while having no major limitation in physical functions)?

promising

The performance of the performance adaptation loop provided by the Dividat Senso has to be evaluated and may
have to be adapted to work properly in the population of older adults with mild neurocognitive impairment.



3 TARGINT:

Concept:

Previous evidence:
Advantages:

Disadvantages:

Open Questions:

4 PLAT:

Concept:

Previous evidence:

Advantages:

Disadvantages:

Open Questions:

Overall Applicability:

Necessary Preliminary
Work:

Supplementary Material

= Monitoring of target intensity

Intensity is displayed in real-time by monitoring of internal/external load. Participants have to change their behavior
(e.g. increase stepping frequency) in order to reach target intensity. [23, 24]

Standard procedure for physical exercise and training prescription and monitoring (aerobic training) [25].
+ norm values and classification for physical exercise intensity available [25]

- applicability for HIIT (rocket) good, but challenging for other exergames

- only applicable for physical, but not for cognitive load

? N/A

= Performance Plateau

Chosen games will be played until a performance plateau occurs. The occurrence of the performance plateau (after
several training sessions) will mark an increase in external task demands (i.e. increase in game demands or the
introduction of a new (slightly more difficult) game).

N/A

+ readily applicable
+  creates variance and contradicts boredom (since games are exchanged as soon as performance plateau occurs)

- Game demands (i.e. motor- and cognitive demands) are linked to the physical demands because both change as
a function of game complexity. Therefore, we don’t know why exactly performance changes => Is it caused by
cognitive, physical or any other factors?

?  How do we define the performance plateau (e.g. integrated into Senso software to determine mathematically or
visual determination of research team)?

promising

Definition of specific criteria to read out a plateau in game performance and progression rules to adapt the external
task demands.



5 ADAPT:

Concept:

Previous evidence:

Advantages:

Disadvantages:

Open Questions:

6 MYCHOICE:

Concept:

Previous evidence:

Advantages:

Disadvantages:

Open Questions:

Overall Applicability:

= Adaptation of intensity according to training progress

Target load is prescribed including a range (e.g. 3 x 10 repetitions per exercise, or 30 min at Borg 14 — 17) and as
soon as the top range is achieved, the training load will be increased (e.g. external loads like exercise load or duration)

Standard procedure for physical exercise and training prescription and monitoring (resistance training) [25].

+

norm values and classification for physical exercise intensity available [25]

Not applicable for exergaming with the Dividat Senso

N/A

= Self-determined choice of games within groups of games for cognitive domains

Exergames will be grouped into the trained neurocognitive domains (e.g. learning and memory, executive function,
complex attention, visuo-spatial skills) and each participant gets to choose which game within these groups he wants
to choose.

N/A

+

promotes self-efficacy, which might have a positive influence on motivation [26]. According to the ‘Optimizing
Performance through Intrinsic Motivation and Attention for Learning (OPTIMAL)’ theory of motor learning
[27], this is expected to enhance performance expectancies which — accompanied with these autonomy-
supportive conditions — “contribute to efficient goal-action coupling by preparing the motor system for task
execution” [27]. This is further proposed “to facilitate the development of functional connectivity across brain
regions, and structural neural connections more locally, that support effective and efficient motor performance
and learning” [27, 28].

might reduce variability of trained exergames within participants (since participants may choose their favorite
game over and over again)

increases variance in training content between participants => comparability should be more or less maintained
since games are grouped into focus domains (e.g. executive function, attention, visuo-spatial skills, memory)

how would we integrate this scenario into the Dividat Software in case of home-based exergaming?

limited



7 HRV-GUIDE:

Concept:

Previous evidence:

Advantages:

Disadvantages:

Open Questions:

Overall Applicability:

Supplementary Material

=HRYV guided training prescription

High intensity training on days, when HRYV is high (index for good recovery status).

Training prescription guided by resting HRV was already shown to enhance training effects of endurance training in

younger adults in multiple systematic reviews [29-31].

+ personalized timing of high intensity sessions based on readiness and recovery status

+ resting HRV could be used to determine cognitive starting level of exergames

- Resting HRV is influence by numerous factors that don’t necessarily relate to the recovery status or the readiness
of participants for higher intensity exercises

- Participants would have to measure resting state HRV each morning or before the exergame sessions => are
MCI patients capable of doing so?

?

limited
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