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Abstract

Background Vagally-mediated heart rate variability (vm-HRV) shows promise as a biomarker of internal training load
(ITL) during exergame-based training or motor-cognitive training in general. This study evaluated the test-retest reli-
ability of vm-HRV during exergaming in healthy older adults (HOA) and its validity to monitor ITL.

Methods A within-subjects (repeated-measures) randomized study was conducted that included baseline assess-
ments and 4 measurement sessions. Participants played 5 exergames at 3 standardized levels of external task
demands (i.e., "easy”, “challenging’, and “excessive”) in random order for 90 s. Test-retest reliability was assessed

on the basis of repeated-measures analyses of variance (ANOVA), intraclass correlation coefficients (ICCs ;), stand-
ard errors of measurement (SEM), and smallest detectable differences (SDD). Validity was determined by examining

the effect of game level on vm-HRV in the ANOVA.

Results Fourty-three HOA (67.0+7.0 years; 58.1% females (25 females, 18 males); body mass index=23.7+3.0 kg~m*2)
were included. Mean R-R time intervals (mRR) and parasympathetic nervous system tone index (PNS-Index) exhibited
mostly good to excellent relative test-retest reliability with no systematic error. Mean SEM% and SDD% were 36.4%
and 100.7% for mRR, and 44.6% and 123.7% for PNS-Index, respectively. Significant differences in mRR and PNS-Index
were observed between standardized levels of external task demands, with mostly large effect sizes (mean r=0.847).
These results persisted irrespective of the type of neurocognitive domain trained and when only motoric and cog-
nitive demands were manipulated while physical intensity was kept constant. The remaining vm-HRVY parameters
showed inconsistent or poor reliability and validity.

Conclusion Only mRR and PNS-Index demonstrated reliable measurement and served as valid biomarkers for ITL
during exergaming at a group level. Nonetheless, the presence of large SEMs hampers the detection of individual
changes over time and suggests insufficient precision of these measurements at the individual level. Future research
should further investigate the reliability and validity of vm-HRV with a specific focus on comparing different meas-
urement methodologies and exercise conditions, particularly focusing on ultra-short-term HRV measurements,
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and investigate the potential implications (i.e., superiority to other markers of ITL or monitoring strategies?) of using

vm-HRY as a biomarker of ITL.

Keywords Autonomic nervous system, Biomarkers, Exercise, Exergaming, Neurosciences

Introduction

Background

The growing need to identify and implement effective
measures for the prevention of neurocognitive disorders
[1] has led to the development of new approaches. While
motor-cognitive training is recommended for the preven-
tion of neurocognitive disorders by a collaborative inter-
national guideline [2], the utilization of technology to
facilitate the implementation of motor-cognitive training,
for instance through exergaming [3], is becoming increas-
ingly popular. Exergames offer several advantages over
conventional motor-cognitive training which promote
their effectiveness and are, thus, currently considered
a more promising training approach than conventional
physical and/or cognitive training [4—6]. One of the key
advantages of exergames is the ease of use of additional
opportunities for individualized training through real-
time adaptivity of task demands according to monitored
parameters such as performance, measures of brain activ-
ity, or internal training load [7-9]. Nevertheless, recent
systematic reviews have identified a paucity of systematic
reporting and control of physical and, in particular, neu-
rocognitive demands during exergaming in the majority
of studies [10, 11]. Consequently, although training load
monitoring has generally improved significantly over the
past decades [12], multiple research groups have advo-
cated that future research endeavors should prioritize the
identification of reliable and valid parameters to moni-
tor training load in order to enhance the effectiveness of
physical training in general and exergame-based training
in particular [10, 13-16].

The use of specific markers of “internal training load”
(ITL) has been recommended to tailor exercises to the
individual’s capabilities and performance [10, 16, 17].
ITL during exergaming is mainly influenced by neuro-
cognitive task demands and the physical exercise inten-
sity [18]. In light of this, it has been recommended that
physical exercise intensity be prescribed and objectively
monitored [10, 11], for example in accordance with the
guidelines provided by the American College of Sports
Medicine [10, 19]. Assessing and monitoring neuro-
cognitive task demands is more complex, and there is
a plethora of available measurement methods [13, 20].
For exergame-based training, the use of validated game
metrics or subjective self-report measures has been rec-
ommended to prescribe and monitor the motoric and
cognitive demands [10]. While self-report measures have

been demonstrated to generally have high levels of valid-
ity in measuring cognitive load [21], they are prone to
bias [13] and a single response to assess cognitive load
after completing a training session or task may be insuffi-
cient, because neurocognitive task demands may change
over time [13, 20, 22]. It is therefore of great importance
to identify specific and time-sensitive physiological
markers for ITL, as these temporal changes should be
captured by a valid marker for ITL [17].

Vagally-mediated heart rate variability (vm-HRV) has
been identified as a promising parameter for monitor-
ing ITL during simultaneous motor-cognitive training,
such as exergaming [13, 23]. The “neurovisceral integra-
tion” model [24] and its advancements [25, 26] posit that
vm-HRYV indexes the functional integrity of the central
autonomic network (CAN). The CAN regulates physi-
ological, emotional, and cognitive responses to environ-
mental challenges [26], which is precisely what should be
reflected by an optimal marker for ITL [17, 27]. Phasic
vm-HRV responses have been shown to be moderated by
physical and cognitive capabilities and exercise demands
[23], are sensitive to neurocognitive demands related to
cognitive and mental effort in older adults [13, 28-31],
and have been found suitable in distinguishing between
varying intensities and durations of physical exercise
[32-34].

Nevertheless, further research is necessary to ascertain
the suitability of monitoring phasic vm-HRV responses
as a biomarker of ITL during exergaming [23]. In addi-
tion, the validity, reliability, sensitivity to change, and
applicability of vm-HRYV monitoring should be evaluated.
This includes determining whether vm-HRV can capture
ITL changes within reasonable timeframes for adapting
task demands in real-time. However, there is currently
insufficient evidence regarding the validity and reliability
of vm-HRV measurements during physical exercise [35,
36] or simultaneous motor-cognitive training [23] as well
as ultra-short term (<5 min) recordings [37] in HOA. To
ensure that observed changes in the variable of interest
are attributable to real changes rather than measurement
error, it is a prerequisite to assess the test-retest reliability
before further exploring the validity of vm-HRV to moni-
tor ITL during exergame-based motor-cognitive training.

Objectives
The primary objective of this study was to evaluate the
test-retest reliability of vim-HRV during exergame-based
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motor-cognitive training in relation to different exergame
demands in HOA. As secondary objective, the validity of
vm-HRYV to monitor ITL during exergame-based motor-
cognitive training was investigated for parameters with
acceptable test-retest reliability.

Materials and methods

Study design

A within-subjects (repeated-measures) randomized
study including HOA (> 60 years of age) was conducted.
The study was reported according to the Guidelines for
Reporting Reliability and Agreement Studies (GRRAS)
[38] (Supplementary File 1) as well as the Strengthening
the Reporting of Observational Studies in Epidemiol-
ogy (STROBE) checklist for cross-sectional studies [39]
(Supplementary File 2). All study procedures took place
at ETH Honggerberg (Zurich, Switzerland) and were led
by investigators from our research team trained in the
application of the measurement techniques and proto-
cols. There were no changes to the methods or outcome
measures after trial commencement.

After recruitment and providing written informed con-
sent (section ‘Methods - Recruitment & consent proce-
dure’), participants were screened on eligibility (section
‘Methods - Eligibility criteria’ and Table 1), and the meas-
urements were scheduled for eligible participants. At the
first scheduled appointment, baseline assessments were
performed, and participants were familiarized with the
exergame training system “Senso” (Dividat AG, Schindel-
legi, Switzerland) with software version 22.4.0-360-gf9d-
f00d5b. The system’s pressure-sensitive platform uses 20
sensors to detect the position and timing of participants’
movements, allowing them to control virtual exergame
scenarios displayed on a frontal screen. Each participant
completed 1 standardized exercise session to familiarize
themselves with the exergame scenarios by play-testing
each game for 2 min.

The following 4 appointments included the experi-
mental procedures that were scheduled to take place at
approximately the same time of the day (+2 h). To mini-
mize the influence of transient confounding effects on

Table 1 Description of all eligibility criteria
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HRYV, all participants were instructed verbally and in
writing to follow a normal sleep routine the day before
the experiment, to avoid intense physical activities and
alcohol consumption within 24 h before the measure-
ments, and to refrain from coffee and caffeinated drinks
as well as food consumption at least 2 h before the meas-
urements [40]. No compensation was granted to the
participants, but detailed feedback on individual perfor-
mance as well as the study outcomes in general was pro-
vided at the end of the study.

Recruitment & consent procedure

HOA were recruited between January 2021 and June 2021
in collaboration with healthcare institutions in the larger
area of Zurich by handing out leaflets to interested per-
sons. All potential participants were fully informed about
the study by trained investigators from our research team
by providing verbal explanations and an information
sheet. After sufficient time for considerations (i.e., at least
24 h after handing out the study information sheet, but
on average around one week), interested persons willing
to take part in the study provided written informed con-
sent, were screened on eligibility in an in-person meet-
ing, and the study sessions were scheduled.

Eligibility criteria
All eligibility criteria are detailed in Table 1.

Experimental procedures

All experimental procedures were preceded by a resting-
state measurement of heart rate (HR) and vm-HRV
(section ‘Measurement of HR and vm-HRV’). To account
for differing exergaming conditions and distinguish
between the physical and neurocognitive demands of
exergaming, we evaluated the study objectives in exer-
gaming as ‘simultaneous-incorporated’ (i.e., physical
and cognitive demands are linked, and both change as a
function of game complexity; phase 1) and ‘simultane-
ous-additional’ (phase 2) motor-cognitive training [41].
More specifically, phase 2 was based on a methodo-
logical framework for the contribution of physical and

Inclusion criteria

Exclusion criteria

Participants fulfilling all the following inclusion criteria were eligible:

- healthy (based on self-report) older adults (> 60 years)
- ability to stand for at least 10 min without assistance
- German speaking

The presence of any of the following criteria led to exclusion:

- mobility impairments (i.e,, gait, balance) that prevent from study
participation

- presence of neurological disorders (i.e,, epilepsy, stroke, multiple sclero-
sis, Parkinson’s disease, brain tumors, or traumatic disorders of the nerv-
ous system)

- presence of any other unstable or uncontrolled diseases (e.g., uncon-
trolled high blood pressure and progressing or terminal cancer)
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neurocognitive (i.e., game-) demands during exergaming
(section ‘Step 2: Development and Validation of Adap-
tation Loop’ and figure 1 of [42]). A stepping task was
used separated from game demands to keep the physi-
cal intensity constant, whereas the game demands were
then manipulated. Based on this framework, changes
in the overall ITL can mainly be attributed to the game
demands (motoric and cognitive demands) since the
physical exercise intensity is kept constant [42]. Each
experimental phase included 2 measurements performed
within 2 weeks.

The individual randomization of the order of games
and levels of task demands was conducted by the out-
come assessor, who used the randomization list from
random.org. The same outcome assessor performed the
test and retest measurements for individual participants.
No blinding protocol was implemented. Participants
were informed that different exergame demands would
be applied, but were not given any information about the
specific order of games and levels of task demands, nor
the differences between them. Figure 1 summarizes the
study procedures.

Experimental phase 1: evaluation

as ‘simultaneous-incorporated’ motor-cognitive training

In phase 1, 5 exergames were performed in randomized
order. To investigate our objectives in relation to different
neurocognitive functions, 5 games that mainly demand
attentional (‘Simple’), executive (‘Habitats, ‘Targets’),
and visuospatial (“Tetris’) functions, as well as learning
and memory (‘Simon’), were played (video demonstra-
tions of the games see [43]). Four levels of external task
demand (e.g., game type, task complexity, predictability
of required tasks) were applied for each game (section
‘Standardized levels of external task demands’).

> > >

Recruitment and Screening | Preparation
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Experimental phase 2: evaluation

as ‘simultaneous-additional’ motor-cognitive training

First, the minimal stepping frequency to reach a mod-
erate level of physical intensity (i.e., ranging between 40
and 59% HRR [19]) was determined using a ramp test
(start level =80 steps/min, increases of 5 steps/min every
20 s until target HR (HRy,,.;) was reached). Participants
followed the auditory rhythm of a metronome. Real-time
HR measures (section ‘Measurement of HR and vm-
HRV) were averaged over each 20 s—interval. HR, ..
was calculated on basis of the Karvonen method with
a target intensity of 40% HRR: HRy, . = (maximal HR
(HR,) — HR) - 0.404+HR ., [44, 45] using the age-
predicted HR,, =208 — 0.7 - age.

During the block trials (Fig. 1), a variable amount of
game demands was applied on top of this fixed physi-
cal intensity. The same 5 games and standardized levels
of external task demands as in ‘Experimental Phase 1:
Evaluation as ‘simultaneous-incorporated’ motor-cogni-
tive training’ were used. To minimize the effect of fatigue
due to physical exertion, participants rested until their
HR was equal to their previous HR .. Study investiga-
tors were instructed to maintain HR . within+5 bpm
throughout the experimental session before starting a
new exergame.

Standardized levels of external task demands

For each game, adaptive task demands were first applied
to minimize learning effects. Subsequently, three stand-
ardized levels of external task demands (i.e., “easy’, “chal-
lenging’, “excessive”) were applied in randomized order
for 90 s each. All external task demands were predeter-
mined in consultation with a neuropsychologist experi-
enced in exergame training with HOA. The aim of the 3
levels was to induce an underload in the easy condition, a
challenging but feasible load in the challenging condition,

>
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clarify questions and uncertainties. * Qmci

Step 2: Familiarization & Habituation:
Sign written informed consent. e 1 session
Step 3: * 6 games, 2 min each

Check eligibility to participate in the study.
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v
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—_ e
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Performance Performance

Task Load Task Load

Fig. 1 Overview of the study procedures. Color coding of the block trials referring to different levels of task demands: gray =adaptive,
orange =easy, green=challenging, red =excessive. Abbreviations: Qmci, Quick mild cognitive impairment screen



Manser and de Bruin BMC Sports Science, Medicine and Rehabilitation

and an overload in the excessive condition in an average
HOA. The same external loads were applied for all study
participants. In the adaptive task condition, the exergame
demands were adjusted using “Senso’s” internal progres-
sion algorithm. This algorithm adjusts task demands
in real time based on user performance, with the goal
of providing optimal challenge. The game characteris-
tics and the specific settings for all games and levels are
described in Supplementary File 3.

Outcomes & data analysis

Baseline assessments

Age, sex, body mass index (i.e., body weight [kg] / (height
[m])?), physical activity behavior (i.e., measured as vol-
ume [min/week] of physical activity of at least moderate
level), and self-reported intake of cardioactive medica-
tions (i.e., medications that have reported effects on HR
and/or HRV; reported medications were categorized
as cardioactive [yes / no] by agreement between the
two authors) was assessed. Additionally, we screened
the global level of cognitive functioning using the Ger-
man Version [46] of the validated Quick Mild Cognitive
Impairment Screen (Qmci) [47-50], which was admin-
istered and evaluated according to published guidelines
[48].

Measurement of HR and vm-HRV

Resting HR and vm-HRV were measured while sitting in
a comfortable position on a chair, without speaking, with
both feet flat on the floor with knees at a 90° angle, hands
on thighs (i.e., palms facing upward), and eyes closed
[40]. Measurements were taken in a quiet room with
dimmed lighting and at room temperature.

Multi-lead ECG is considered the gold standard for
measuring HRV [51]. However, portable heart rate moni-
tors (e.g., chest belts) are widely spread and have better
ease of use for monitoring ITL during everyday train-
ing. Given the consistent evidence demonstrating a
small amount of absolute error in HRV measurements
obtained from the measurement of inter-beat-intervals
through one-lead ECG via portable heart rate monitors
when compared to multi-lead ECG recordings [36, 52],
data was collected using a HR monitor (Polar M430) with
sensor (Polar H10). The acclimatization phase was 5 min,
followed by a 5 min resting measurement, the recom-
mended duration for short-term recordings [40, 53]. The
start of the resting measurement was not announced to
participants [40]. In addition, R-R Intervals were continu-
ously recorded throughout the experimental procedures.

For both, resting and on-task measurements, a sam-
pling rate of 1000 Hz was used to provide a temporal
resolution of 1 ms for each R-R interval [54]. R-R data
was transmitted to Kubios HRV Premium (Kubios Oy,
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Kuopio, Finland, Version 3.4) for analysis. Kubios HRV
is a scientifically validated software for HRV analysis and
has achieved a gold-standard status in scientific research
[55-58]. The automatic beat correction algorithm and
noise handling provided by the software was used to cor-
rect for artifact and/or ectopic beats. The algorithm was
validated for measurements at rest and was additionally
tested for exercise measurements and provides reliable
HRV analysis by reducing the effect of potential arte-
facts to a tolerable level [55]. The entire 5-min resting
measurement was analyzed, while the last 60 s of on-task
measurements were selected for analysis. After remov-
ing inter-beat-interval time series non-stationarities by
detrending analysis using the smoothness priors method
approach (settings: detrending method =smoothn priors,
Lambda=500, fc=0.035 Hz), mean values of mainly vim-
HRYV indices were calculated for each segment. The mean
R-R time interval (mRR), root mean square of successive
RR interval differences (RMSSD), absolute power of the
high-frequency (0.15-0.4 Hz; HF) band, relative power of
HF (in normal units; HF [n.u.]=HF [ms?] / (total power
[ms?] — very low frequency (0.00—0.04 Hz [ms?])), and
the Poincaré plot standard deviation perpendicular to the
line of identity (SD1) were considered [37, 40, 53, 59, 60].
Additionally, the parasympathetic nervous system tone
index (PNS-Index) was calculated that compares PNS
activity to normal resting values [60].

Assessment of perceived task load

Participants rated their subjective task load immediately
after completing each game using the NASA Task Load
Index (TLX). The NASA TLX consists of 6 rating scales
(subjective effort, mental demand, temporal demand,
physical demand, perception of performance and frustra-
tion) ranging between ‘O=very low” and “20=very high’
[61]. The raw TLX (RTLX) was calculated by summing
up all sub-scores without weighting [62].

Data management

Study investigators received comprehensive training on
study procedures following the Guidelines of Good Clini-
cal Practice (GCP) and detailed working instructions.
The principal investigator oversaw methodological stand-
ards and ensured quality data collection using the Castor
EDC data management system (Ciwit BV, Amsterdam,
The Netherlands). Data entry in electronic case report
forms (eCRFs) included pre-programmed range checks.
A second study investigator cross-checked all data entries
before exporting the data for analysis. To minimize bias,
standardized measurement procedures and participant
instructions were followed according to detailed work
instructions for all outcome measures.
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Statistics

Statistical analyses were executed using R Version R 3.6.2
GUI 1.70 El Capitan build (7735) (© The R Foundation) in
line with RStudio Version 1.2.5033 (RStudio, Inc.). First,
descriptive statistics were computed for all outcome vari-
ables [63—65]. Normality distribution was checked using
the Shapiro—Wilk test. The level of significance was set
to p<0.05 (2-sided). Data was reported as mean + stand-
ard deviation for data fulfilling all the assumptions that
would subsequently justify parametric statistical analy-
ses. In case these assumptions were not met, medians
(interquartile ranges) were reported. All the following
statistical procedures were performed for each experi-
mental phase separately.

Test-retest reliability of vm-HRV

For a comprehensive assessment of test-retest reliability,
a 3-level approach was adopted as recommended by Weir
[66]. Only data from participants with complete datasets
of high-quality data (i.e., less than 5% of beats corrected
by the automatic beat correction algorithm of Kubios
HRYV Premium) were included in the analysis.

First, a 2-way repeated-measures analyses of variance
(ANOVA; timepoints of measurement X standardized
levels of external task demands) or (in case of non-par-
ametric analyses) a robust ANOVA using the nparLD
package [67] was computed to examine systematic
error. In case of violation of the assumption of spheric-
ity (assessed using Mauchly’s test), Greenhouse—Geisser
corrections were applied [65].

Second, relative reliability was assessed by calculat-
ing intraclass correlation coefficients (ICC;,) estimates
and their 95% confidence intervals for the agreement
between repeated measurements [66, 68, 69]. ICC’s were
interpreted as representing poor (ICCj;;<0.50), fair
(0.5<ICC;,<0.75), good (0.75<ICC;,<0.9), or excel-
lent (ICC;; >0.9) agreement [68].

Third, absolute reliability was assessed by calculat-
ing standard errors of measurement (SEM)=standard
error (of both measurements) * V(1 — ICC;,); expressed
as mean-normalized SEM (SEM%; SEM% =100 * SEM /
mean, combined mean value of both measurements) and
the smallest detectable differences (SDD)=SEM * 1.96
*/2; expressed as mean-normalized SDD (SDD% =100
* SDD / mean, combined mean value of both measure-
ments) [66].

Validity of vm-HRV to monitor ITL

Only outcome measures with acceptable test-retest
reliability (i.e., at least fair test-retest reliability (i.e.,
ICC;,>0.5) in all 3 levels of standardized task demands)
were considered eligible for the investigation on validity,
because it has been defined as a prerequisite to ascertain
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the test-retest reliability before further exploring the
validity of vm-HRV to monitor ITL during exergame-
based motor-cognitive training to ensure that observed
changes in the variable of interest are attributable to real
changes rather than measurement error. Validity was
checked by assessing whether there was an effect of game
level (i.e. ‘easy’ vs. ‘challenging’ vs. ‘excessive’) on vm-
HRYV in the 2-way repeated-measures ANOVA (section
‘Test-retest reliability of vm-HRV’). In case of a signifi-
cant main effect of game level and no significant interac-
tion effect, post-hoc tests were computed by calculating
pairwise t-test with Bonferroni correction or a Wilcoxon
signed-rank test in case of data violating assumptions for
parametric analyses [70]. Effect sizes r were calculated
for the pairwise comparisons [65, 71] and interpreted as
small (0.1 <r<0.3), medium (0.3 <r<0.5) or large (r>0.5)
[70]. To verify that the predetermined levels of external
task demands changed ITL (approximated by means of
the NASA-TLX rating), the same statistics were com-
puted for the NASA-TLX score.

Sample size justification

Sample size justification was based on the estimation
approach for determining sample size for estimating
ICC’s of Borg et al. [72] derived from Bonnet [73]. The
latter provides sample size requirements for estimating
ICC’s with a desired precision [73] while incorporating
Bonett’s correction factor. Considering the criterion for
good test-retest reliability (ICC>0.75) as anticipated ICC
and a desired width of the confidence interval of<0.3
with 50% probability of obtaining the desired precision,
a minimum sample size of n=38 was required at a 95%
confidence interval.

Results
Recruitment and participant flow
A summary of the participant flow through the study is
illustrated in Fig. 2.

Further recruitment was stopped when the planned
minimum sample size of 38 participants completed the
study.

Baseline data and descriptive statistics
The baseline factors of the study participants are summa-
rized in Table 2.

The subjective ratings of task demands are summa-
rized in Table 3. Significant (p<0.001) differences with
large effect sizes (mean r=0.980, range=0.513-1.229)
were observed between all standardized levels of external
task demands in both experimental phases, except for the
game ‘Habitats’ level 2 vs. level 3 in experimental phase 1
and the game ‘Habitats’ level 1 vs. level 2 and level 2 vs.
level 3 in experimental phase 2.
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Fig. 2 Summary of the participant flow throughout the study

Table 2 Demographic characteristics of the study population

Total Sample (n=43)

Age [years] 67.0 (7.0)

Sex [% females] 58.1 (25 females, 18 males)
Body mass index [kg-m~] 237430

Physical Activity [min - week™'] 330 (260)

Intake of cardioactive medication [% of par-  34.9

ticipants]

Qmci total score 79.1+£85

Data is reported as mean * standard deviation for data fulfilling all the
assumptions that would subsequently justify parametric statistical analyses and
median (interquartile range) for data violating these assumptions

Abbreviations: Qmci Quick mild cognitive impairment screen

The mean stepping frequencies to achieve the target
of >40% HRR were 149.5+26.8 and 150.5+25.5 at test
and re-test measurement, respectively.

Test-retest reliability of vm-HRV

Table 4 presents the results on test-retest reliability of
vm-HRV. The parameters mRR and PNS-Index showed
no systematic error and mostly good to excellent relative
test-retest reliability (mean ICC;,=0.855 (range=0.434

to 0.939) and 0.787 (range=0.519 to 0.903)), irrespective
of the type of neurocognitive domain trained, experimen-
tal phase, or standardized level of external task demands.
The mean SEM% and SDD% were 36.4% (range=24.7 to
75.2) and 100.7% (range =68.5 to 208.5) for the mRR, and
44.6% (range=29.0 to 69.4) and 123.7% (range=280.3 to
192.2) for the PNS-Index, respectively. The remaining
vm-HRV parameters mostly showed no systematic error,
but inconsistent or poor test-retest reliability.

Validity of vm-HRV to monitor ITL

Table 4 presents the results on the validity of vm-HRV
to monitor ITL. The parameters mRR and PNS-Index
showed main effects for level with significant (p <0.001)
differences and with mostly large effect sizes (mean
r=0.847 (range=0.207 to 1.229)) between all stand-
ardized levels of external task demands, irrespective of
the type of neurocognitive domain trained and experi-
mental phase. The remaining vm-HRV parameters
showed varying results depending on the experimen-
tal phase and level of external task demand. In experi-
mental phase 1, there was a main effect for level for
the parameters RMSSD and SD1 in the game training
attention (game = “Simple”), with significant (p <0.001)
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Table 4 Test-retest reliability of HRV reactivity

Game: Simple
Experimental Phase 1 Experimental Phase 2
HRV on-task par Descripti Relative Reliability Validity jiabili ipti Relative Reliabili Validity
'r“"e;’l‘;s‘%;') 1CCs1 [95% C1] ‘ Pl oo post-hoc tests SEM% | SDD% 'r“":’l‘;s‘%;') 1CCs1 [95% C1] ‘ P pe Fl oo post-hoc tests SEM% | SDD%
mRR [ms] 60.9k 0.001c ison] ] size] [ | lo:30.581) " {[27.1)< 0.001k ] size]

[[tevel® 726.0(114.5) 3 Level 1vs. 2/<0.001] 1222 27.7 77.0 | 500.5 (76.0) 0.833][0.715, 09051 ** Level 1vs. 2/<0.001] 0832 40.9 1133
[ Level2 690.0 (103.5) g Level 1vs. 3(<0.001] 1.229 266 73.9 | 489.0 (67.3) [0.851/[0.748,0914] 9 | Level 1vs. 3(<0.001] 1.208 39.0 107.0
[ Level3 646.0 (122.0) 3 Level 2vs. 3[<0.001] 1.227 263 72.8 | 475.0 (52.0) |0.857][0.756,0.918]f -9 | Level 2vs. 3[<0.001] 0952 37.8 104.8

RMSSD [ms] 23.9 0.001kcomparison| size] | | .00.884 - 0.7 [ 0.508 P size]

Level 1 13.2(11.6) {0.600][0.387, 0.753]** Level 1vs. 2/<0.001| 0.899 632 1753 | 38(18) [0.527][0.279,0.710][ > Level 1vs. 2| N/A™ | N/A" 68.8 190.6
| tevel2 102 (8.8) |0.797][0.667, 0.880] " Level 1vs. 3(<0.001| 1010 451 1249 | 37(20) [0.679][0.491,0.807)" Level 1vs.3| N/A" | N/A" 56.7 157.0
| Level3 8.7(6.5 0.638|[0.437, 0.778] - ** Level 2 vs. 3|<0.001| 0.751 60.2 166.8 3.5(1.4) [0.656|[0.455, 0.794] - * Level 2vs. 3| N/A" | N/A" 58.7 162.6
HF [ms?] .00. 9@"’“ IN/A% N/A® comparison:| 2 size 10.30.598[" “ | N/AY N/A® comparison:| size]
[ Level1 70.5(131.3) 0.382][0.116, 0.597]]" " **- N/AS N/AE | N/A® 786 217.9 2.0(23) [0.430/[0.158, 0.641] " * N/A® N/AE | N/A® 755 209.3
[ Level2 16.0 (42.5) 0.737)[0.576, 0.842] - N/AE | N/AS | N/A 513 1422 | 10(L0) [0.523][0.283,0.702] N/AE | N/AE | N/A 69.1 1914
[ Level3 10.0 (20.0) 0.812][0.689, 0.889) - N/AE | N/AS | N/AY 434 1202 | 1.0(10) [0.066|-0.225,0.346] N/AE | N/AF | N/AY 9.4 | 2679
HFnu [nu] | 100736/ = {|N/AT_N/A* lcomparison sizel .00.866/ N/A* comp: size!
[tevel1 41.7 (31.8) 0.367/0.099, 0.586] - N/AT | N/AS | N/A 79.6 | 2205 | 39.9+20.0 [0.000[-0.291,0.291]-* N/AE | N/AE | N/A 1000 | 2772
| Level2 31.7(31.8) 0.705/[0.531, 0.822][**"" N/A® N/A® N/A® 543 150.6 | 34.05(28.7) [0.462|[0.206, 0.659][ *** N/A® N/A® N/A® 733 203.3
| Level3 32.3(38.8) 0.585/[0.367, 0.743] [ *** N/A® N/A® N/A® 64.4 178.6 | 42.0+19.8 [0.475/[0.218, 0.671][ - ** N/A® N/A® N/A® 72.5 200.8
SD1 [ms] 0.00.86 .4/< 0.001c ison| i sized 0.00.908f"**7]| 0.8 | 0.459 |comparison;] size]

[ tevel1 9.4(83) [0.601][0.387,0.753] ~** Level 1vs.2|<0.001] 0.895 63.2 1751 | 28(13) [0.530][0.282, 0.711]] ~** Level 1vs.2| N/A" | N/A 68.6 190.0
[ Level2 7.3(6.3) [0.796][0.665, 0.880] " Level 1vs. 3(<0.001] 1.048 452 1252 | 26(L4) [0.677][0.487,0.805][ > Level 1vs.3] N/A" | N/A" 56.8 1575
[ Level3 6.1(4.6) [0.635/[0.433,0.776) =" Level 2 vs. 3(<0.001| 0.784 60.4 1675 | 2.5(10) [0.650/[0.447,0.790][ > Level2vs.3| N/A" | N/A" 592 164.0

PNSIndex [] | | 869"~ 1[43.8)< 0.001lcomparison| size] .10.70: 26.2 0.00° P size]
Level 1 -17(0.8) |0.870|[0.781, 0.925] > Level 1vs. 2/<0.001| 1.092 36.1 999 | -32(0.6) [0:833][0.715, 0.905] > ﬂ Level 1vs. 2/<0.001| 0738 40.9 1133

| Level2 -1.9(09) 0.898[0.826,0.941] 79 | | Level 1vs. 3(<0.001] 1.205 319 88.5 33(0.6) [0.808/[0.681, 0.888]f | Level 1vs. 3(<0.001| 1.127 438 1215
[ Level3 p8ogl0.826,0.0au *9 | | Level 2 vs. 3[<0.001] 1120 319 885 | -34(0.5) [0.837](0.724,0506] > [ Level 2vs. 3[<0.001] 0928 404 1119

Game: Targets
Experimental Phase 1 Experimental Phase 2
HRV on-task par Descripti Relative Relial Validity jiabili ipti Relative Reliabili Validity
';Z’I‘;S‘%:') 1CC3,1 [95% C1] Pl pe Flopf post-hoc tests SEM% | SDD% ';Z’I‘;S‘%:') 1CC3,1 [95% CI] Pl pe Flopf post-hoc tests SEM% | SDD%
mRR [ms] 0.80.3611"*[83.0 0.001kc ison] ] size] [ | r40.229) " ™{|28.5)< 0.001k: ] size]

[[tevels 727.0(1313) 3 Level 1vs.2|<0.001] 1.229 26,6 73.9 | 507.0(92.0) 0.833][0.720, 05031 ** Level 1vs. 2/<0.001] 1.148 40.9 1133
[ Level2 657.0 (112.0) 3 Level 1vs. 3[<0.001] 1.229 286 79.4 | 480.5 (78.5) /0.843][0.738, 0.908] " Level 1vs. 3[<0.001] 1.129 396 109.8
[Level3 638.1(119.8) 3 Level 2vs. 3(<0.001| 1.203 247 68.5 | 464.0 (77.8) 0.872][0.784,0.926] > Level 2vs. 3(<0.001] 0921 358 99.2
RMSSD [ms] N/A* comparison sizel [ .60.425 - | 7.6 [< 0.001/comp: size!

Level 1 12.0(10.7) N/AT | N/AS | N/AY 535 1482 | 40(29) [0.702][05523,0.822] Level 1vs. 2| 0.018 | 0474 546 1513

[ Level2 9.7(7.0) _|0.005[-0.263,0.272] -** N/AE | N/ | N/A 997 | 2765 | 36(20) [0:827](0.713,0.899) " Level 1vs. 3[<0.001] 0720 416 1153
| Level3 6.9(5.7) |0.545/[0.314, 0.715] ** N/AS N/A® N/A® 67.5 187.0 3.6(2.0) [0.858/[0.761,0.917]] *** Level 2 vs. 3| 0.047 | 0.397 37.7 104.5
HF [ms?] 0.10.773**3|N/A9 N/A¢ lcomparison:| : size .50.459"* %9 IN/A9 N/A [comparison:| size|
[Level1 59.5 (134.0) 0.604][0.391, 0.755] > N/AE | N/AS | N/A 62.9 1744 | 20(6.0) N/AE | N/AS | N/A 980 | 2716
[ Level2 16.0 (35.0) 0.174]-0.098, 0.422] - N/AE | N/AS | N/AY 909 | 2519 | 10(L0) N/AE | N/AF | N/AY 99.1 | 2749
[ Level3 9.0(16.0) 0.726/[0.561, 0.835] - N/A | N/AS | N/AY 523 1451 | 10(13) N/A | N/AF | N/AY 96.9 | 2686
HFnu [nu] [2.50.116/ =*{|N/A"_N/A* lcomparison size! .00.892'~{|N/AT_N/A* [comparison sizel
[Level1 43.7+20.4_|0/418][0.157, 0.624] > N/AE | N/ | N/AY 763 | 2115 | 396(336) N/AE | N/AE | N/AY 920 | 2551
| Level2 26.3(25.6) 0.562[0.347, 0.721] "> N/A® N/AE | N/A® 66.2 183.4 | 27.0(34.0) N/A® N/A® | N/A® 542 150.3
| Level3 28.2(24.4) 0.614{[0.405, 0.762]*** N/AS N/AE | N/A® 624 172.2 | 39.0+19.9 [0.397/[0.133, 0.608][ " ** N/A® N/AE | N/A® 777 215.2
D1 [ms] 0.00.945 > [N/A{_N/A® lcomparison size] 0.60.422 " 7.7 |< 0.001c ] sizel
[ Level1 8.6(7.7) [0.715[[0.545, 0.829] *** N/AE | N/AE | N/AS 534 1480 | 28(21) [0.697][0.516,0.818][ > Level 1vs.2] 0.009 | 0522 55.0 1526
[ Level2 69(4.9) _[0.005|-0.262,0.272] ~** N/AY_| N/AF | N/AY 99.7 | 2765 | 2.6(1.4) [0.827[0.713,0.899] " Level 1vs. 3(<0.001] 0711 416 1153
[ Level3 4.9(41) [0.545/[0.314, 0.715) =" N/A | N/AS | N/AY 675 187.0 | 25(1.4) [0.861][0.766,0.919) > Level 2vs.3] 0.057 | 0381 373 1033
PNSindex [] .70.391]'*1[80.8}< 0.001/comparison sizel [1.90.1721"=*{[29.9 0.001/comparison size!

Level 1 -1.7 (0.9) =36 Hﬁ Level 1 vs. 2|<0.001| 1.167 311 86.3 -3.1(0.8) [0.816/[0.693, 0.893]" - ** * Level 1 vs. 2|<0.001| 1.161 42.9 119.0

| Level2 -21(09) [0.619[0.422,0.761][ > i Level 1vs. 3[<0.001] 1.227 617 1711 | -34(07) [0.856/[0.758,0.916][ 74 | Level 1vs. 3]<0.001] 1.113 37.9 105.2
| Level3 -24(0.8) [0.885[[0.805, 09341 ~** I Level 2vs.3<0.001] 1.182 339 940 | -35(0.7) [0.893][0817,0038] > | Level 2vs. 3<0.001] 0893 327 90.7

Game: Tetris
Experimental Phase 1 Experimental Phase 2
HRV on-task par Descripti Relative Reliability Validity jiabili ipti Relative Reliabili Validity
"‘m:'i‘;s‘%‘,’:) 1CCs1 [95% C1] Pl pe el op post-hoc tests SEM% | SDD% "‘m:;i';s‘%‘,’:) 1CCs1 [95% C1) el pe el op post-hoc tests SEM% | SDD%
mRR [ms] I 0.00.893~[a1.4< 0.001c ] size] 1900087~ 7{[21.1]< 0.001fc ] sizel

[Level1 723.0 (124.0) [0.886/[0.811, 0.933] "> Level 1vs. 2|<0.001| 0624 338 93.6 | 530.0 (76.0) 0.883][0.800,0.933][ - Level 1vs. 2/<0.001| 0.849 332 94.8
| Level2 711.0 (119.0) = Level 1vs. 3(<0.001| 1.161 30.0 832 | 518.0(60.0) 0.847[0.740,0912] Level 1vs.3(<0.001| 1227 39.1 108.4
[ Level3 687.0 (116.0) [0.899](0.831, 0.941] - Level 2 vs. 3(<0.001| 0984 318 88.1 | 503.0(74.0) Level 2vs. 3(<0.001| 0933 39.0 108.1
RMSSD [ms] . N/A® |comparison;| size| .1/0.700"=?4| 4.1 | 0.018 |comparison] size

Level 1 9.6(9.2) e N/AE N/A® | N/AS 95.6 265.0 4.1(3.0) 0.707][0.530, 0.825]f -** | Level 1vs. 2| 0.708 | 0.080 541 150.0

[ Level2 10.0(8.8) 10.807](0.689, 0.884] > N/AE | N/AE | N/AE 439 1218 [ 41(3.6) [0.621][0.407, 0.771][ "> Level 1vs. 3] 0.096 | 0355 616 1706
| tevel3 92(8.5) [0.677](0.498, 0.801] ~** N/AE | N/AS | N/A 56.8 1575 | 37(24) [0.715][0539,0.831] ** Level 2vs.3] 0.196 | 0.276 534 1480
HF [ms?] | 0.40.552 7| [N/A7_N/A® |comparison size] 0.00.930] “Z[[N/AT N/A® [comp: sizel
[Level1 33.0(51.0) [0.028|-0.241,0.293] ~** N/AY_ | N/AF | N/AY 986 | 2733 | 3.0(5.0) [0.341][0.064, 0.569) " N/AY_| N/AF | N/AY 812 | 2250
| Level2 33.0(73.0) 0.571/[0.358, 0.727)f = N/A | N/AS | N/AY 655 1816 | 20(50) [0.077]-0.215,0.356] > N/A | N/AS | N/AY 9.1 | 2663
[ Level3 28.0(44.0) N/A | N/AS | N/AY 777 | 2152 | 20(45) [0.407][0.136, 0.52_1](" N/A | N/AT | N/AY 770 | 2135
HFnu [nu] =¥7IN/A% N/A® Jcomparison size] | 11.60.2101"=[N/AY N/A* [comparison size]

[ Level1 20.8 (18.5) [0.237[-0.033, 0.474]"**- N/A® N/A® N/A® 873 242.1 28.4(28.8) [0.259[-0.025, 0.505]" - ** N/A® N/A® N/A® 86.1 238.6
[ Level2 19.5(20.0) [0.385][0.131, 0.591] ~** N/AE | N/ | NAE 784 | 217.4 | 232(24.0) [0.355][0.075,0.582] "> N/AE | N/AE | N/A® 803 | 2226
[Level3 212(21.0) {0.590][0.380, 0.743] ~** N/AE | N/AS | N/A 64.0 1775 | 27.1(24.4) [0.681][0.490, 0.810][ "> N/AE | N/AS | N/A 56.5 156.6
D1 [ms] 0.00.882"*7|[N/A{_N/A® |comparison size] 0.10.7a50 %] 2.0 0.019 [comp: sizel
[Level1 6.8(6.6) [0.087|-0.185,0.346] > N/AY_| N/AF | N/AY 956 | 2649 | 29(22) [0.707][0.530,0.825] " Level 1vs. 2] 0.695 | 0.084 54.1 150.0
| tevel2 7.1(6.3) _[0.808][0.689, 0.884] > N/A | N/AS | N/AY 438 1215 | 29(26) [0 > Level 1vs. 3] 0.107 | 0344 614 1702
[ tevel3 6.6(6.0) [0.677][0.497, 0.801] =** N/AT | N/AS | N/A 56.8 1575 | 26(18) Level2vs. 3] 0.154 | 0304 539 1493
PNSindex [] 17.2 0.001fc ison feffect size 17.4< 0.001fc ] size]

[T tevelx -1.87(0.7) [0.644/[0.455, 0.778] [ *** g‘» Level 1vs. 2| 0.030 | 0357 59.7 165.4 -2.9(0.6) [0.861/[0.765, 0.920]f ** Level 1vs. 2|<0.001| 0.728 373 103.3
| Level2 -1.91(0.8) [0.898|[0.829,0939] * 1 | Level 1vs. 3|<0.001] 0.899 319 885 -3.0(0.6) Level 1vs. 3[<0.001] 1.134 458 127.0
| Level3 2.0(0.8) [0.845][0.745,0.908] = | Level 2 vs. 3|< 0.001] 0.657 394 109.1 | -3.2(07) Level 2 vs. 3|<0.001] 0.835 385 106.6

differences and large effect sizes (ranging between (game=“Simon”), whereas there was no significant
0.751 and 1.048) between all standardized levels of main effect for level for the game training visuospatial
external task demands. In experimental phase 2 there skills (game="“Tetris”), and inconsistent findings for
was a main effect for level for the game training atten-  the games training executive functions (games="“Tar-
tion (game = “Simple”) as well as learning and memory gets” and “Habitats”).
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Table 4 (continued)
Game: Simon
Experimental Phase 1 Experimental Phase 2

HRV on-task par Descripti Relative Reliability Validity iptives? Relative Validity

mean£SDor| oe oy i) Pl pe Flopf post-hoc tests sem% | sop% |MEANESDOT| e asy i) ‘ Pl pe Flopf post-hoc tests SEM% | SDD%

median (IQR) g median (IQR) g

mRR [ms] 0.10.716"*{|N/A{ N/A® [comparison] g size] [ [ Trao.2290 “#{|N/Af N/A® [comparison{ size]

[T tevel s 692.0(92.5) l TEX N/AE | N/AE | N/A 305 845 | 504.0(75.5) [0.840[[0.724,0.920] =4 N/AE | NJAE | N/A° 40.0 1109
| Level2 677.0 (104.5) [0.457|[0.204, 0.652] - N/A® N/A® N/A® 73.7 204.3 | 502.0(76.0) 0.842|[0.734, 0.908] “** N/A® N/A® N/A® 39.7 1102
[ Level3 697.0 (120.5) [0IO6| = N/AE | N/AS | N/AY 30.0 80.3 | 515.0 (76.0) [0.434][0.168,0.641] > N/AE | N/AF | N/AY 752 | 2085
RMSSD [ms] [1.60.209] =*{|N/A"_N/A* lcomparison sizel | [1.60.207/"~*{] 0.1 [ 0.898 [comp: size!

Level 1 103(8.1) |0.036|-0.241, 0.308] -** N/AT | N/AS | N/AY 982 | 2722 | 3.7(20) [0.762][0.602,0.863] > Level 1vs. 2| N/A" | N/A™ 488 1352

| Level2 105 (3.1) 0.668/[0.478,0.798][ -4 | N/A® N/A® N/A® 57.6 159.7 3.7(2.1)  [0.740/[0.578, 0.845] - ** 4 Level 1vs. 3| N/A" [ N/A" 51.0 1413
| Level3 11.8(9.6) [0.027]-0.245,0.296]' 1 | N/A® N/AE | N/A® 98.6 2734 3.7(2.0) [0.896|[0.819, 0.941] " * Level 2vs. 3| N/A™ | N/A™ 322 89.4
HF [ms?] | 11.90.173 **{|N/Aq N/A® comparison] | size] 11.40.242] **{|N/Aq N/A® |comparison] size]

[Level1 305 (52.8) [0.028]-0.248,0.300] ~** N/AE | N/AS | N/A 986 | 2733 | 2.0(2.0) [0.701[0.512,0.826][ "> N/AE | N/AS | N/A 54.7 1516
[ Level2 50.0(91.0) [0.674][0.487,0.802] 9 | N/AE | N/AS | N/A 57.1 1583 | 1.0(3.0) [0.281]-0.002,0.522] > N/AE | N/AE | N/A 848 | 2350
[Level3 30.0(61.5) [0.145[-0.131,0.401] > 4 | N/AE | N/AS | N/AY 925 | 2563 | 2.0(20) [0.851|[0.746,0.915)[ > N/AE | N/AF | N/AY 386 107.0
HFnu [nu] | .00.945 = *{|N/AT_N/A* [comparison sizel [2.70.101f = {|N/A_N/A* |comp: size!

[tevel1 40.0 (35.6) 0.476[[0.231, 0.664] - N/AT | N/ | N/A 724 | 2006 | 39.1+21.4 [0.503][0.243,0.695] > N/AE | N/AS | N/A 705 1954
[ tevel2 43.9+22.8 [0.541/[0.309, 0.712]" " N/A® N/AE [ N/AE 67.7 187.8 | 33.7(33.1) 0.177 p-2ed N/A® N/AE [ N/AE 90.7 251.5
| tevel3 149 (16.1) [0.336, 0.729]"* > N/A® N/A® | N/AE 66.6 1845 | 24.6(31.3) 0.140[-0.153, 0.410]" > N/A® N/A® | N/A® 92.7 257.1
D1 [ms] [1.60.21.2]“*{|N/AT_N/A® lcomparison{ y size] [1.70.199“{| 0.1 [ 0.848 lcomparison{ size
[ Level1 7.3(5.7)_|0.037]-0.240,0.309] ~** N/AE | N/AS | N/A 981 | 2720 | 26(L4) [0.761][0.600,0.862] > Level1vs.2] N/A" | N/A™ 489 1355
[ Level2 7.5(5.8) [0.669][0.480, 0.799) > N/AE | N/AS | N/AY 575 1595 | 26(L5) [0.741][0.579, 0.846][ > Level 1vs.3| N/A" | N/A™ 509 1411
[ Level3 8.4(6.8) [0.027]-0.246,0.296] > N/AE | N/AS | N/AY 986 | 2734 | 26(L5) [0.897)[0.822,0.942) > Level2vs.3| N/A" | N/A™ 321 89.0
PNSindex [] | .200.646/'=*{] 6.0 | 0.004 [comparison sizel | 2.400.123-*{[ 3.2 0.042 [comp: size!

[ Level 1 -19(09) [0.562][0:340, 0.725] =** Level 1vs. 2/<0.001| 1.095 66.2 1834 | -3.1(0.7) [0:805/[0:669,0.889) > Level 1vs. 2| 0.280 | 0.220 442 1224
[ Level2 -19(09) ] - Level 1vs. 3] 0.002 | 0533 290 803 | -32(0.6) [0.805/[0.676,0.886] > Level 1vs. 3] 0.185 | 0270 442 1224
[ Level3 -19(08) [0.519][0.289, 0.693] ~** Level2vs. 3] 0.087 | 0293 69.4 1922 | -31(0.6) [0.822][0.700,0.897] ~** Level 2vs. 3] 0.005 | 0576 422 1169

Game: Habitats
Experimental Phase 1 Experimental Phase 2
HRV on-task par Descriptives’ Relative Reliability Validity iptives? Relative Reliability Validity
':1:?;5‘%‘:5 1CCs1 [95% C1] [ Pl pe Elop post-hoc tests SEM% | SDD% ':1:?;5‘%:'; 1CCs1 [95% C1) e pe el op post-hoc tests SEM% | SDD%
mRR [ms] 3.400.067/ ][ 4.1 0.022 lcomparison] size] 0.20.626 ][ 7.2 0.001 [comparison] size

[ Level1 712.0 (118.3) = Level 1vs.2] 0.257 | 0.207 274 759 | 513.0(83.5) [0.890][0.814, 0.936][ > Level 1vs.2] 0.014 | 0475 332 919
[ Level2 706.0 (109.0) [0.873([0.783, 0.927) - Level 1vs. 3/<0.001] 0655 356 988 | 511.0(78.3) 0.891/[0.814,0.937) > Level 1vs. 3/<0.001] 0705 330 915
[ Level3 708.5 (113.0) [0.893([0.819, 0.938] -~ Level 2vs. 3] 0.005 | 0518 327 90.7 | 499.0 (74.0) [0.861/[0.765, 0.920] -*" Level 2vs. 3] 0.015 | 0.469 373 1033
RMSSD [ms] .900.049 = *[N/AT_N/A* lcomparison size] 0.10.802]"~7||N/A{ N/A® |comparison size

Level 1 11.8(8.8) [0.632][0.432,0.772] =" N/AE | N/ | N/AY 60.7 1681 | 3.8(3.5) [0.266/-0.009,0.504] > N/AE | N/AE | N/AY 857 | 2375

| Level2 11.7(8.4) [0.044[-0.242,0.322] *** N/A® N/A® | N/A® 97.8 271.0 3.9(2.6) [0.245[-0.036, 0.490]" " ** N/A® N/A® | N/A® 86.9 2408
| tevel3 122(105) 10.059[-0.220,0.328] " N/ [N | NA 970 | 2689 | 36(24) [0.654][0455,0.790] ** N/AE | N/AE | N/A 58.8 163.0
HF [ms?] 14.70.0307 ] [N/A7_N/A® lcomparison size: 0.40.5277 ][ 2.7 0.074 [comparison sizel
[Level1 45.5 (74.8) 0.505[10.268, 0.685]f - N/AE | N/AS | N/A 704 1950 | 2.0(35) [0:858][0.764,0.917) > Level 1vs. 2] N/A" | N/A™ 377 1045
[ Level2 47.0 (74.0)_0.000-0.283, 0.283]F - N/A | N/AS | N/AY 1000 | 2772 | 2.0(20) [0.723][0.557, 0.834][ = 4 Level 1vs.3| N/A" | N/A™ 526 1459
[ Level3 515 (97.5) [0.003[-0.272,0.278] " N/A | N/AS | N/A 998 | 2768 | 2.0(20) [0.694][0.512,0.817)] > Level2vs.3| N/A" | N/A™ 553 1533
HFnu [nu] [1.90.1641"**9|N/A% N/A¢ lcomparison:| size] 0.10.743[* /[ IN/AY N/A® comparison:| size
[ Level1 41.2+20.9 [0.336/[0.068, 0.559]"* ** N/A® N/AE | N/A® 815 2259 | 37.1+16.8 [0.458][0.209,0.651]"*" 4 N/A® N/A® | N/A® 73.6 204.1
[ Level2 29.3(31.9) 0.467|[0.213, 0.662]" "> N/AS N/AE | N/A® 73.0 202.4 | 32.8(30.2) [0.207|[-0.076, 0.459]""** 9 N/A® N/AE | N/A® 89.1 246.8
[ Level3 32.0(39.3) [0.547](0320,0.714] " N/AE | N/AS | N/A 673 1866 | 39.1+19.0 [0.490/[0.241, 0.679] > N/AE | N/AS | N/A 714 198.0
D1 [ms] 3.90.048/ ~*|N/AT_N/A* lcomparison{ size] 0.10.792 *7||N/A7_N/A® lcomparison sizel
[Level1 8.4(6.4) [0.632][0.432,0.772] > N/AE | N/AS | N/A 60.7 1681 | 2.7(25) [0.267]-0.009,0.504] - N/AE | N/AF | N/AY 856 | 2373
| tevel2 83(5.9) [0.044[-0.242,0.322] > N/A | N/AS | N/AY 978 | 2710 | 28(18) [0.244[-0.037,0.490] > N/A | N/AS | N/AY 869 | 2410
[ Level3 87(7.5) [0.059]-0.220,0.328] " N/AT | N/AS | N/A 970 | 2689 | 26(L7) [0.656/[0.459,0.792] > N/A | N/AS | N/A 58.7 162.6
PNSIndex [] 0.1 %] 3.8 0.024 |comparison;| 2 t size] 0.10.787'* || 4.7 | 0.010 comparison;| size]

[[tevel 1 -1.7(0.9) _|0.843[0.740, 0.908] - # Level 1vs. 2] 0.011 | 0464 396 1098 | -3.0(0.7) [0.705/[0.533,0.820] **" Level 1vs. 2] 0.027 | 0425 543 1506
[ Level2 -18(08) [0.548][0.315,0.719]f = | Level 1vs. 3]<0.001] 0642 67.2 1864 | -3.4(0.6) [0.654[0.458,0.789] " Level 1vs. 3(<0.001] 0658 58.8 1630
[ Level3 -17(07) [0.585][0.370,0.741]f "4 | Level2vs. 3] 0.151 | 0.262 64.4 1786 | -3.1(0.7) [0.824][0.705,0.897) > Level 2vs. 3] 0.037 | 0.401 42.0 1163

Presented are descripitve statistics, ICCs, F-values, p-values, SEM%, and SDD%, of the test and the retest data in Experimental Phase 1 and 2, respectively

Abbreviations: HF Absolute power of the high-frequency (0.15-0.4 Hz; HF) band, HFnu Relative power of HF (in normal units), ICC Intraclass Correlation Coefficients, IQR
Interquartile range, mRR Mean R-R time interval, n Sample size, NASA-TLX NASA task load index, RMSSD Root mean square of successive RR interval differences, SD1
Poincaré plot standard deviation perpendicular to the line of identity, SD Standard deviation, SDD Smallest detectable difference, SEM Standard error of measurement

2 Descriptive statistics; data is reported as mean + standard deviation for data fulfilling all the assumptions that would subsequently justify parametric statistical
analyses and median (interquartile range) for data violating these assumptions

b F-value for the main effect of timepoint (test- vs. retest-measurement) from the two-way repeated measures ANOVA

€ P-value for the main effect of timepoint (test- vs. retest-measurement) from the two-way repeated measures ANOVA

d Missing data due to low quality data (> 5% of beats corrected by the automatic beat correction algorithm of Kubios HRV Premium) that was excluded from analysis
€ F-value for the main effect of game level (Level 1 =easy, Level 2 =challenging, Level 3 =excessive) from the two-way repeated measures ANOVA

f p-value for the main effect of game level (Level 1 =easy, Level 2 =challenging, Level 3 = excessive) from the two-way repeated measures ANOVA

9 Not applicable, because criteria for analysis were not met. In particular: Only outcome measures with at least a fair test-retest reliability (i.e., ICC3,1>0.5) in all three
levels of standardized task demands (i.e., Level 1=easy, Level 2=challenging, and Level 3 =excessive) were considered eligible for the exploration on validity

" Not applicable, because main effect is not significant=> no pairwise post-hoc comparisons

Colour coding for the interpretation of test-retest reliability:

I 75 - 1CC <09 good

0.5 < ICC < 0.75: fair ICC < 0.50: poor

Discussion

This study evaluated the test-retest reliability of vm-HRV
during exergame-based motor-cognitive training in rela-
tion to different exergame demands in HOA and its valid-
ity as a biomarker to monitor ITL. The results revealed
the following key findings: The mRR and PNS-Index,

measured with the Polar H10 sensor and calculated with
Kubios HRV Premium, showed mostly good to excel-
lent test-retest reliability without systematic error and
consistent differences between the standardized lev-
els of external task demands with mostly large effect
sizes. These findings persisted irrespective of the type of
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neurocognitive domain trained and when only the game
demands (motoric and cognitive demands) were manip-
ulated while the physical intensity was kept constant at
a moderate level. The remaining vm-HRV parameters
showed inconsistent results or poor test-retest reliability
and validity.

Test-retest reliability of vm-HRV

To the best of our knowledge, there is only one com-
parable study that investigated test-retest reliability of
HRV during physical or cognitive exercise in relation
to different task demands in HOA. Mukherjee et al.
[74] measured HRV with on-lead portable electro-
cardiogram (ECG) during 2 visual working memory
tasks requiring different levels of mental effort (i.e.,
an “easy” and a “hard” trial) in 40 healthy older adults
(age=73.11£4.9 years). They found high test-retest reli-
ability for most HRV parameters, while time domain
measures were the most reliable in both task conditions
with Kendall’s T ranging from 0.26 to 0.74 [74]. Another
study by Guijt et al. [75] found good test-retest reliability
during laboratory cycling at light exercise intensity in 26
healthy adults (age=29.8+8.5 years) in the parameters
SDNN (ICC=0.85 (0.70 — 0.93)) and RMSSD (ICC =0.84
(0.67 — 0.92)), measured with a one-lead ECG via port-
able heart rate monitor.

Our results for raw data directly exported from Polar
(mRR) and the PNS-Index are consistent with these
findings. In contrast to the findings of these 2 stud-
ies, however, we had mixed findings for the reliability of
remaining vm-HRV parameters. These inconsistent find-
ings might be a result of the differing population charac-
teristics (i.e., healthy adults analyzed in Guijt et al. [75]
versus HOA analyzed in Mukherjee et al. [74] and this
study) as well as measurement methodologies (i.e., differ-
ent recording devices and durations that included Co2n-
trol (Decon Medical Systems, Weesp, The Netherlands)
[75], one-lead ECG with BioSemi (Bio- Semi, Amster-
dam, The Netherlands) [74], or Polar HR monitor (Polar
M430) and sensor (Polar H10) (this study) and durations
of measurement of 10 min [75], 5 min [74], or 1 min (this
study)) and conditions (i.e., different levels of physical
and cognitive task demands as well as targeted neurocog-
nitive domains (as defined in [76] in line with the Diag-
nostic and Statistical Manual of Mental Disorders 5th
Edition (DSM-5) [77]) [37].

Regarding the measurement methodologies and con-
ditions, Board et al. [36] systematically reviewed the
literature and found excellent agreement of mRR meas-
ured with different Polar devices in different body posi-
tions at rest (ICCs between 0.94 and 1.00) as well as
during exercise (ICCs between 0.93 (at vigorous exercise
intensity) to 1.00 (at light exercise intensity) compared
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to multi-lead ECG. Additionally, they concluded that
raw data on inter-beat interval time series derived from
Polar heart rate monitors are valid for subsequent HRV
analysis using validated Kubios HRV software [36], and
that the calculated HRV parameters were found to be
interchangeable when comparing values derived from the
HR monitor-derived time series data with those derived
from the multi-lead ECG data. [36]. Because we used the
validated automatic beat correction algorithm and noise
handling provided by Kubios HRV Premium [55], our
mixed findings are likely to be primarily related to the
short measurement duration and the high inter-individ-
ual variability of vm-HRV [78].

In contrast to Mukherjee et al. (2011) and Guijt et al.
(2007), who used measurement durations of 5 min [74]
and 10 min [75], we had a shorter measurement duration
of only 1 min. Differences in contextual factors (such as
age, health, recording methods, measurement conditions,
artifacting procedures) may have greater impact on ultra-
short-term measurements (<5 min of measurement)
than on longer recordings [37]. To check whether the
inter-individual variability can be reduced, we repeated
all analyses for vm-HRV reactivity (i.e., the absolute
change from resting-state to on-task) [23], but did not
find any relevant improvements compared to our origi-
nal analyses (Supplementary File 4). Therefore, although
it has been reported that measurements as short as 1 min
may be sufficient to measure resting HR, SDNN and
RMSSD [37], our data indicate that a measurement dura-
tion of 1 min may be too short for reliable measurement
of RMSSD, HF, HFnu, and SD1 during exergame-based
training or motor-cognitive training in general.

Validity of vm-HRV to monitor ITL

To the best of our knowledge, this is the first study inves-
tigating phasic vm-HRYV responses to exergaming. Never-
theless, our findings are consistent with recent literature
regarding the sensitivity of vm-HRV to changes in task
load of simultaneous motor-cognitive exercises and
serious gaming in HOA. Hou et al. [79] analyzed HRV
responses to serious games in HOA. They found signifi-
cant decreases in vm-HRV during serious gaming, which
differed between a cognitive aptitude game and reac-
tion time games [79]. They replicated these findings in a
consecutive study that also included patients with mild
cognitive impairment. Significant decreases in vm-HRV
were found during serious gaming, whereas the cognitive
status of the study participants had no significant effect
on the HRV [80]. This is consistent with the results of a
systematic review that found significant withdrawal of
vm-HRV in HOA during cognitive exercises, but con-
tradicts the finding that vm-HRV in cognitive tasks is
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dependent on participant characteristics (i.e. level of cog-
nitive functioning and physical fitness) [23].

Mukherjee et al. [74] found that time-domain measures
of HRV (i.e. mRR, SDNN, and RMSSD) were the most
sensitive to changes in mental task difficulty, with mostly
medium to large effect sizes between an “easy” and a
“hard” trial of visual working memory tasks. This is con-
sistent with our findings as well as the literature report-
ing that vm-HRYV is sensitive to neurocognitive demands
(e.g., difficulty, complexity, duration) related to cognitive
and mental effort in older adults [28—31]. Our findings
are also consistent with the conceptual framework of Sil-
vestrini et al. [81] and the “vagal tank theory” [27] sug-
gesting that vm-HRV may indeed be a valid biomarker of
ITL during (exergame-based) simultaneous motor-cogni-
tive training. However, the SEMs were often very large,
which hampers the detection of changes over time [66].
Because it is commonly accepted that the SEM is a fixed
characteristic of any measure, regardless of the sample of
study participants under investigation [66], this indicates
insufficient precision of the individual measurements,
which currently limits the applicability of vm-HRV to
monitor ITL when measured with portable HR monitors
(e.g. Polar H10).

Implications for research

Although there is consistent evidence that HRV meas-
urements obtained from the measurement of inter-
beat-intervals through one-lead ECG via portable HR
monitors shows a small amount of error compared to
HRV derived from multi-lead ECG recordings [36, 52],
further research is required to investigate the test-retest
reliability of vm-HRV during exergame-based training
and motor-cognitive training in general. In particular,
future research should further investigate the reliability
and validity of vm-HRV during exergame-based training
and motor-cognitive training in general with a specific
focus on comparing different measurement method-
ologies (e.g., measurement durations, technologies
(i.e., measurement of inter-beat-intervals through one-
lead ECG via portable heart rate monitor compared to
multi-lead ECG recordings as well as different recording
devices) as well as different analysis methodologies (e.g.,
beat correction and noise handling algorithms, or com-
putation methods to calculated vm-HRV parameters),
particularly focusing on ultra-short-term HRV measure-
ments. Additionally, future research should more sys-
temically evaluate the reliability and validity of vm-HRV
under different exercise conditions (e.g., different levels
of physical and/or cognitive task demands as well as tar-
geted neurocognitive domains (e.g., as defined in [76] in
line with the Diagnostic and Statistical Manual of Mental
Disorders 5th Edition (DSM-5) [77]) and further examine
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the validity and potential implications of using vm-HRV
as a biomarker of ITL during exergame-based training
or motor-cognitive training in general. In particular, it
should be investigated whether training that is prescribed
and monitored according to real-time monitoring of
ITL according to physiological parameters is superior to
other markers for ITL and monitoring strategies, such as
HRR, game metrics performance progression analysis or
subjective ratings of ITL. These investigations have the
potential to advance the utilization of vm-HRV in moni-
toring ITL during motor-cognitive training, and thereby
pave the way to optimize individualized training pre-
scription, reduce variability in training responses, and
improve our understanding of the dose—response rela-
tionship between exercise and cognitive functioning [16].

Limitations

The study has some key limitations that are worth men-
tioning. First, the measurement of vm-HRV was done
using a one-lead ECG via portable HR monitor, and
multi-lead ECG data was not collected in parallel to
assess the agreement of the outcome measures with
ECG data, although multi-lead ECG is considered the
gold standard for measuring HRV [51]. This approach
was chosen due to consistent evidence demonstrating a
small amount of absolute error in HRV measurements
obtained from the measurement of inter-beat-intervals
through one-lead ECG via portable HR monitors when
compared to multi-lead ECG recordings [36, 52]. Addi-
tionally, portable HR monitors (e.g., chest belts) are
widely spread and have good ease of use for monitor-
ing ITL during everyday training. Nevertheless, the use
of data from multi-lead ECG recordings may provide
more accurate measurements of vm-HRV compared to
one-lead ECG via portable HR monitor due to a reduc-
tion of movement artifacts and the measurement of raw
ECG signal instead of solely the inter-beat-intervals [40].
Second, despite designing and pilot-testing the study pro-
tocol to mitigate learning effects (i.e., by (1) the inclusion
of a standardized familiarization session; (2) the com-
mencement of each block with a trial with adaptive task
demands before the three standardized levels of external
task demands that were evaluated, (3) the randomization
of the order of all games, as well as (4) the randomization
of the three standardized levels of external task demands
within each game), the data revealed the occurrence of
some learning effects, as there were main effects of time
in the perceived task load with a decrease in the perceived
task load from the test to retest measurement in some
exergaming-conditions. Third, while the study followed
recommendations to minimize the influence of tran-
sient confounding effects [40], it was impossible to check
whether the participants adhered to these instructions.
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This may have led to increased inter- and intra-individual
variability of the vm-HRV measurements. Fourth, while
we ensured that HR ., remained within + 5 bpm through-
out the experimental session before starting a new exer-
game, we failed to do the same for vm-HRV. However, it
has been reported that acute exercise effects post-exer-
cise vm-HRYV, which may be influenced by exercise inten-
sity and/or duration [32, 82]. To mitigate the likelihood of
any consequently biased outcomes, all standardized lev-
els of external task demands as well as the five exergames
were applied in randomized order. Finally, in the second
experimental phase, vim-HRYV values did not always reach
a steady state for the last 60 s that were analyzed. This
likely explains the mixed findings for test-retest reliability
of vm-HRV during exergaming, as discussed in section
‘Test-retest reliability of vm-HRV’ and warrants future
research to determine the minimum timeframe required
to achieve steady state vm-HRV during exergaming in
dependence on the physical and cognitive task demands.

Conclusion

Only the vm-HRV parameters mRR and PNS-Index
demonstrated reliable measurement and served as valid
biomarkers for quantifying ITL during exergame-based
motor-cognitive training at a group level. Nonetheless,
the presence of large SEMs hampers the detection of
individual changes over time and suggests insufficient
precision of these measurements at the individual level.
These findings emphasize the potential and current
limitations of vm-HRV as a biomarker for monitoring
ITL during exergame-based training or motor-cogni-
tive training in general. Future research should further
investigate the reliability and validity of vm-HRV with
a specific focus on comparing different measurement
methodologies and exercise conditions. This should
include, but not be limited to, different measurement
durations, measurement technologies, and analysis
methodologies, as well as varying physical and cogni-
tive tasks and task demands (more details see “Implica-
tions for research” section). Additionally, the potential
implications of using vm-HRV as a biomarker of ITL
during exergame-based training or motor-cognitive
training in general should be examined. In particular,
it should be investigated whether training prescribed
and monitored according to real-time monitoring of
ITL according to physiological parameters is superior
to other markers for ITL and monitoring strategies,
such as HRR, game metrics performance progression
analysis, or subjective ratings of ITL. These investiga-
tions have the potential to advance the utilization of
vm-HRV in monitoring ITL during motor-cognitive
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training, thereby paving the way to optimize individual-
ized training prescriptions, reduce variability in train-
ing responses, and improve our understanding of the
dose-response relationship between exercise and cog-
nitive functioning [16].

Abbreviations

ANOVA Analysis of variance

CAN Central autonomic network

ECG Electrocardiogram

GCP Good clinical practice

GRRAS Guidelines for Reporting Reliability and Agreement Studies

HF Absolute power of the high-frequency (0.15 - 0.4 Hz)

HF o Relative power of HF (in normal units; HF [n.u]=HF [ms?] / (total
power [ms?] - very low frequency (0.00 - 0.04 Hz [ms?]))

HOA Healthy Older Adults

HR Heart Rate

9%HR .y Percentage of individual maximal heart rate

HR ax Maximal heart rate

HRR Heart rate reserve

HR o5t Resting-state measurement of heart rate

HRirget Target heart rate

ICC Intraclass Correlation Coefficient

ITL Internal training load

mRR Mean R-R time interval

PNS-Index  Parasympathetic nervous system tone index

Qmci Quick Mild Cognitive Impairment Screen

RMSSD Root mean square of successive RR interval differences

RTLX Raw Task Load Index

SD1 Poincaré plot standard deviation perpendicular to the line of
identity

SDD Smallest detectable difference

SDD% Mean-normalized smallest detectable difference

SEM Standard error of measurement

SEMO% Mean-normalized standard error of measurement

TLX Task Load Index

vm-HRV Vagally-mediated Heart Rate Variability
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