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Background: High-intensity therapy improves outcomes in (pediatric)
neurorehabilitation, yet standardized intensity measures accounting for motor
and/or mental demands remain scarce.

Objectives: To evaluate the responses and test-retest reliability of heart rate
variability (HRV), skin conductance (SC), activity counts and movement repetitions
normalized for the maximal capacity (%ACmax and %MOVmax, respectively), and
the NASA-TLX across personalized motor and mental load levels in children and
adolescents with neurological diagnoses using upper limb exergames.

Methods: In a cross-sectional study, participants engaged in two custom
exergames at three intensity levels ("very easy,” “challenging,” “very difficult”),
each lasting 3 min. Responses of the candidate intensity measures were
analyzed across conditions, and intraclass correlation coefficients (ICC)
assessed reliability across two consecutive sessions.

Results: 30 children and adolescents with neurological diagnoses aged 9-19
years participated in the study. %MOVmax and NASA-TLX (overall, effort, mental)
responded to both mental and motor intensity increases. HRV, %ACmax, and
NASA-TLX physical subscale responded to motor load only. SC showed no
consistent response. HRV and %ACmax demonstrated the highest reliability
(ICC>0.75), especially under motor conditions. NASA-TLX effort showed
potential as a simplified surrogate for the full scale, though with variable reliability.
Conclusion: Changes in motor intensity were better captured than changes in
mental intensity. Combining HRV, %ACmax, and NASA-TLX effort could offer a
multidimensional approach to quantify therapy intensity. However, many
measures lacked sufficient reliability or feasibility for clinical implementation.
Further research is needed to validate these measures in real-world
therapeutic settings and clarify their relationship to individual capacity.

KEYWORDS

intensity measures, neurorehabilitation, movement repetitions, heart rate variability,
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1 Introduction

The primary aim of (pediatric) neurorehabilitation is to
enhance the patient’s independence and quality of life (1, 2).
The various therapies a patient receives are individually and
dynamically tailored to the patient’s situation, abilities, and
goals, following motor learning theories (3). To monitor
progress and guide treatment, treatment effectiveness is
evaluated using standardized outcome measures. Among the
different factors influencing these outcomes, therapy intensity
has emerged as a key determinant of rehabilitation success (4).

Page and colleagues (5) defined intensity as “the amount of
mental or motor work put forth by a patient during a particular
movement or series of movements, exercise, or activity during a
defined period of time”. This definition acknowledges the
multidimensional nature of intensity. We recommended to limit
the defined period to a single therapy session (6), since, according
to the general adaptation syndrome and periodization theories
(7, 8), long-lasting changes in the system result from repeating
sessions of sufficient intensity, but not excessive, over time.

Because therapy intensity is a key determinant of rehabilitative
success (4), assessing it is essential. Reliable quantification is needed
not only to monitor progress, but also to compare interventions,
which requires balancing therapies for total dose. As dose
includes both duration and intensity (6), intensity must be
measured alongside time. Finally, a measure that can be applied
continuously during therapy sessions would enable clinicians to
adapt intensity in real time to the patient’s physical condition.

Despite therapy intensity being one of the most important
elements influencing rehabilitation outcomes, no standardized
and generally accepted method exists for quantifying it (6).
Because of its simplicity, therapy intensity is often measured as
the time a patient spends in therapy. However, time spent in
therapy is a bad indicator of a patient’s (active) contribution to
therapy (9). For example, a patient can perform 10 or 100
repetitions of a desired movement during a 30 min therapy
session, but the time does not account for that. Time spent in
therapy also does not consider the motor complexity and mental
load required by the task. For instance, when practicing in-hand
object manipulation, the therapist could increase the exercise load
by asking the patient to manipulate smaller objects. This requires
enhanced fine motor performance, motor planning, and
concentration, leading to increased intensity. These requirements
likely lead to slower and more precise movements, and
quantifying intensity by measuring only the amount of movement
is inappropriate.

Furthermore, an intensity measure should be relative, ie., it
should assess the patient’s contribution relative to their capacities.

Abbreviations

HRV, heart rate variability; NASA-TLX, national aeronautics and space
administration task load index questionnaire; IMU, inertial measurement unit;
ROM, range of motion; SC, skin conductance; AC, activity counts; MOV,
movement repetitions; ACmax, maximal activity count capacity; MOVmax,
maximal movement repetition capacity; %ACmax, number of activity counts,
expressed as a percentage of maximum capacity; %MOVmax, number of
movement repetitions, expressed as a percentage of maximum capacity.
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Although absolute measures like activity counts (AC) or number
of movement repetitions (MOV) have been demonstrated to be
more accurate indicators of a patient’s active engagement than
time spent in therapy (10, 11), they do not consider the patient’s
abilities. For instance, while a patient with moderate impairments
can perform 100 repetitions of a certain movement in ten minutes
when working at their maximum capacity, another patient with
severe impairments may be able to complete only ten repetitions
in these ten minutes when working at their maximum capacity.
Nevertheless, obtaining additional information, such as the
maximum achievable counts (ACmax) or movement repetitions
(MOVmax) a patient can complete for a particular exercise and
time frame, enables to estimate the relative intensity level (%
ACmax or %MOVmax) at which the patient works (12).
Self-reported effort scales, like the NASA-TLX, measure the
relative exercise intensity the patients work at while providing a
(13).
Furthermore, the questionnaire has been proven to differentiate

more compound and multidimensional picture
between difficulty levels and task demands (14, 15) in a simple,
sensitive, and valid manner (16, 17). Nevertheless, self-reported
effort scales may not be the best tool to measure therapy
intensity online, as constantly posing questions could disturb the
patient and compromise the therapy session.

Physiological measures like heart rate variability (HRV) and
skin conductance (SC) offer objective insights into heart-brain
interaction and the modulation of the central nervous system
(18, 19). Given their properties, research on healthy adolescents
and adults has observed HRV and SC changes in response to
increasing mental and motor load (20-22), suggesting their
potential utility for measuring exercise intensity in pediatric
upper limb neurorehabilitation.

Even though all the measures we just mentioned show potential
for measuring exercise intensity, their response to variations in
therapy intensity, particularly among children, remains largely
unexplored. Our previous publications (12, 23) provided valuable
insights on the responses of HRV, SC, AC, MOV, and perceived
effort scales to changes in exercise intensity. However, neither
study provided definitive evidence for clinical practice. Although
one study (23) replicated a clinical environment, it did not
control for motor and mental load, limiting interpretability. The
other study (12) controlled for motor and mental load, but
included only typically developing children, leaving unanswered
whether these measures are responsive and reliable in children
with neurological diagnoses, the very population that would
benefit the most from such measures.

Therefore, in this study, we investigated the ability of HRV,
SC, %ACmax, %MOVmax, and NASA-TLX to respond to
different levels of personalized motor and mental load during
exergame-based therapy in children with neurological diagnoses.
We hypothesized that 1) HRV would decrease, whereas the SC
and NASA-TLX scores would increase with increasing mental
and motor demands, and 2) %ACmax and %MOVmax would
increase with increased motor demands but remain unaffected
by increased mental demands. Furthermore, we examined their
test-retest reliability, as reliable measures are essential before
translation to clinical practice.
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By identifying measures that respond to different load levels
and are reliable, this study aims to provide a foundation for
standardizing the quantification of therapy intensity. Such
could of
interventions, greater comparability across studies and clinical

standardization enable more precise tailoring
programs, and, ultimately, improved rehabilitation outcomes for

children with neurological diagnoses.

2 Methods
2.1 Participants

Following COSMIN guidelines (24), which suggest that 30
participants is the minimum for psychometric studies, our goal
was to recruit 30 children and adolescents. Furthermore, we
performed a sample size calculation based on HRV data from our
previous study (12), focusing on the smallest observed difference
(between the “challenging” and “very difficult” motor intensities).
Imputing the effect size (f=0.703) in wp.rmanova() (RStudio Inc.,
Boston, USA), the required sample size for 90% power (5= 0.10,
0.=0.05) was estimated at 27.16 participants, which, accounting
for 2-3 dropouts or data loss justifies the choice of 30. Inclusion
criteria were the following: age 5-21 years, neurological
conditions affecting their upper limbs, ability to understand and
follow easy instructions, ability to communicate discomfort or

10.3389/fresc.2025.1641003

pain. Exclusion criteria were the following: presence of screen-
triggered epilepsy, skin lesions or conditions on the locations
where we had to position the sensors for measuring the heart rate
or SC, and the use of medication affecting central nervous system
reactions (e.g., statins). We derived information on the age, sex,
diagnosis, weight, and height from the electronic patient records.

We informed the potential participants and their legal
representative(s) verbally about the study and, for those aged ten
years and older, also in writing. Assent was mandatory from all
participants and their legal representative(s). We also obtained
written consent from at least one of the legal representatives and
children older than 13 years of age. The Ethics Committee of
the Canton of Zurich approved the study (BASEC no. Req-
2021-01373). We performed the study following the Declaration
of Helsinki and good clinical practice guidelines.

2.2 Procedures

2.2.1 General procedures

We conducted the study at the Swiss Children’s Rehab of the
University Children’s Hospital Zurich between December 2023
and February 2025. During two 60-minute sessions in two
consecutive days, the participants played two custom-made
exergames (the mental and the motor exergame) on the Myro®™
(Tyromotion, Graz, Austria; see Figure 1). The exergames were

FIGURE 1

A child plays the custom-made mental exergame using the Myro™ while wearing a Shimmer® inertial measurement unit (IMU) at the wrist. The Myro®™
is a device with a 941 x 529 mm touchscreen. The therapist can adapt the device to the patient’s needs by adjusting the angulation, height, and work
surface. The device responds to motion, pressure, and pulling, and patients can steer the games using their hands or objects that require different
grasps. In therapy, the Myro® enables the training of gross and fine motor skills through video gaming. For this study, children steered the game using
their dominant hand and fingers. Reprinted with permission from (11), licensed under CC BY, https://doi.org/10.1371/journal.pone.0326371.

Frontiers in Rehabilitation Sciences

03

frontiersin.org


https://doi.org/10.1371/journal.pone.0326371

Goikoetxea-Sotelo and van Hedel

specifically designed to investigate the responses of candidate
intensity measures to different levels of mental and motor load.
Their practicability and appropriateness have already been tested
in typically developing children and adolescents (12). The
mental exergame is a visual search task in which participants
have six seconds to locate and hit a target among distractors
using a mouse and their less affected hand. The number of
distractors depends on the intensity level (i.e., the higher the
the the the
participant’s ability, and is determined by a calibration test. The

intensity, more distractors) and individual
motor exergame requires gross motor arm movements to hit a
balloon within a given time, using the more affected hand. The
time depends on the intensity level (i.e., the higher the intensity,
the shorter the time), which is determined by a calibration test
that accounts for the individual participant’s ability.

Participants engaged in each exergame at three personalized
difficulty levels (“very easy,” “challenging,” and “very difficult”),
defined through a calibration procedure. In the mental exergame
(visual search), distractors were incrementally added until the
participant failed three consecutive trials; the highest successful
level defined the calibration output, from which intensity levels
were set at 50%, 100%, and 150% (adjusted for child-friendliness).
In the motor exergame (balloon-hitting), participants completed a
30 s test where balloons reappeared within 60%-80% of their
range of motion; the mean hitting speed defined the calibration
output, and intensity levels were set to 30%, 70%, and 100%,
following rehabilitation game design principles.

To account for fatigue, we randomized the order of
of the The

measurement was repeated on two consecutive days to assess the

appearance intensity levels and exergames.
test-retest reliability of the measures. To account for daily form
and learning effects, we repeated the calibration tests each
measurement day. A more detailed explanation of the protocol

and the exergames can be found in Goikoetxea-Sotelo & Van

10.3389/fresc.2025.1641003

Hedel (12). The protocols only differ in the mental condition,
where participants played the exergame using a mouse instead
of their hand to reduce the motor load.

After welcoming the participant, we explained the procedures
and protocols and attached the sensors (Figures 2, 3). We
ensured each participant could reach all playable areas by
customizing the workspace to their unique range of motion
(ROM). The protocol included three phases per exergame:
the
familiarization phase, we explained the tasks and aims of the

familiarization, calibration, and measurement. In
exergames while the participant played them for two minutes. In
addition, we introduced the NASA-TLX, clarified its components
to reduce measurement error, and asked the participant to
contemplate nuanced responses instead of relying solely on
extremes (25). In the calibration phase, we conducted a maximal
capacity test to tailor the intensity levels to each participant’s
capabilities. In the measurement phase, the participant engaged
with each intensity level for 3 min. At the end of each level, the

participant responded to the NASA-TLX questionnaire.

2.3 Success rate and candidate intensity
measures, including data processing

2.3.1 Game-based control variable: success rate
The success rate, the control variable that helps us understand
whether we set the intensity levels as intended, describes the
percentage of correct interactions with the exergame I[ie.,
100-(correct interactions/correct + incorrect interactions)].

2.3.2 Physiological measures
2.3.2.1 Heart rate variability

Heart rate variability was computed from heart rate data
collected with the Polar H10 Heart Rate Sensor at 1,000 Hz
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FIGURE 2

two consecutive days to assess the test-retest reliability.

Study protocol. After preparing the participant and performing a baseline measurement, the participant played the two exergames in a randomized
order. Each exergame consisted of a familiarization, a calibration, and a measurement, where the participant played each exergame at three intensity
levels (i.e., “very easy”, “challenging”, and “very difficult’) in a randomized order. While playing, we recorded the responses of the various intensity
measures to each intensity level. After each intensity level, the participant answered the NASA-TLX questionnaire. We repeated the protocol on
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FIGURE 3

Participant setup. (A) A chest strap with a Polar H10 Heart Rate Sensor tied tightly under the pectoral muscles measures heart rate variability. We assessed skin
conductance using electrodes positioned on (B) the hypothenar side of the non-dominant hand and (C) the neck para-medial below the hairline. (D) An IMU
sensor placed dorsally on the wrist of the dominant hand measures activity counts. The blue box on the table is the MentalBioScreen K3 device for
measuring skin conductance. Reprinted with permission from (11), licensed under CC BY, https://doi.org/10.1371/journal.pone.0326371.

(Polar Electro Oy, Kempele, Finland) (Figure 3A) and stored in
the Elite HRV application (Asheville, USA). We processed the
raw data using Kubios HRV Standard 3.5.0 (University of
Eastern Finland/Kubios Oy, Finland) and performed additional
data mining in MATLAB® Runtime R2025a (MathWorks,
Natick, USA). To correct artifacts, we applied a manual filter-
based threshold allowing interpolation of up to 1% of erroneous
R-R intervals (26-28). We selected manual filtering over
“automatic” (29) or “strong” (26) filters, which tend to over
remove extreme intervals and thereby underestimate HRV.
Subsequent signal processing was performed automatically in
Kubios, including detrending (removal of frequencies <0.04 Hz),
cubic spline interpolation, and 4 Hz resampling (30). Finally, we
normalized the time-domain data by dividing it by the mean
R-R interval (31, 32), which corrects for the nonlinear inverse
relationship between R-R intervals and heart rate (33) and
prevents heart rate differences from biasing comparisons. Heart
rate variability is therefore reported as the root mean square of
the successive differences (RMSSD) divided by the average
between-heartbeat intervals (RR).

2.3.2.2 Skin conductance

We used the MentalBioScreen K3 device (Porta Bio Screen
GmbH, Berlin, Germany) to measure the skin conductance in
microsiemens (uS) on the hypothenar side of the dominant hand
(Figure 3B) and the neck, below the hairline (Figure 3C). Using
MATLAB® Runtime R2025a (MathWorks, Natick, USA), we
calculated the mean SC for each intensity level over the last two
minutes of the 3-minute recordings, to account for delayed
physiological responses and the participant’s initial nervousness.

2.3.3 Movement-based measures
2.3.3.1 Activity counts

We used a Shimmer3® IMU (Shimmer Research Ltd, Dublin,
Ireland) to assess the activity counts of each intensity level. We
attached the sensor dorsally around the wrist of the participant’s
dominant hand for the mental condition and on the non-
dominant hand for the motor condition (Figure 3D). Using an
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open-source script, we computed the activity counts per minute
(AC/min) (34). We used the AC/min output from the 30s
motor calibration test as the maximal AC/min capacity
(ACmax). By normalizing each intensity level’s output to the
maximal capacity, we calculated the percentage of the maximum
AC capacity (%ACmax).

2.3.3.2 Movement repetitions

We added the number of successful and unsuccessful
interactions from the exergame’s output to derive the total
number of MOV the participants performed. We defined the
maximal movement repetition capacity (MOVmax) as the total
number of MOV from the 30-second motor calibration test. We
used it to normalize each intensity level's output, getting the
percentage of the maximum number of movement repetitions
capacity (%MOVmax).

Some participants surpassed the 100% capacity threshold of %
ACmax and %MOVmax for the “very difficult” intensity level. For
a more natural visual representation and interpretation of the
results, we scaled the data to 100%.

2.3.4 Self-reported measure: NASA-TLX
questionnaire

We wused the NASA-TLX
questionnaire for children (25), which evaluates workload over

German version of the

six dimensions: mental demand, physical demand, temporal
demand, performance, effort, and frustration. To address
numerical literacy concerns, the participants used a numberless
LEGO® scale. For the analysis, we examined the overall score
alongside the mental, physical, and effort subscale scores. We
chose these specific subscales in addition to the overall score
because we expected the mental subscale to provide insights
into increases in cognitive load, the physical subscale to give
insights into increases in motor load, and the effort subscale to
act as a composite measure.

A more detailed explanation of the protocol, the exergames,
and the data processing of each of the measures can be found in
Goikoetxea-Sotelo & Van Hedel (12).
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2.4 Statistical analysis

We analyzed the data using R 4.3.2 (RStudio Inc., Boston,
USA). We used the mean values of the two measurements for
each condition and intensity level, summarized the data using
descriptive statistics, and checked for normality with the Shapiro-
Wilk test. We performed separate statistical analyses for each load
type. We applied a one-way repeated measures ANOVA for
normally distributed data and a Friedman’s test for non-normally
distributed data to assess statistical differences among the three
intensity levels. We set the alpha level at 0.05. In the case of
finding significant differences, we performed the necessary post-
hoc test, i.e., a t-test for normally distributed data and a Wilcoxon
signed-rank test for non-normally distributed data. We included
the Bonferroni correction for multiple comparisons. In addition,
we also computed effect sizes for each paired comparison;
Cohen’s d (0.2 =small, 0.5=medium, and 0.8 =large) in case of
parametric data and Wilcoxon’s r (0.1 = small, 0.3 = medium, and
0.5 =large) in case of non-parametric data.

To assess the test-retest reliability of each measure, we computed
the ICCs. In line with Koo and Li (35), we applied a two-way mixed
effect, absolute agreement, single rater/measurement ICC form,
equivalent to the ICC (2,1) model proposed by Shrout & Fleiss
(36) and reported the 95% confidence intervals. We classified ICC
values below 0.50 as poor reliability, 0.50-0.75 as moderate, 0.75-
0.90 as good, and above 0.90 as excellent.

3 Results

Thirty children and adolescents (19 females), with a mean age of
13.3 years (SD 2.8; range 9-19 years), participated in the study.
Fourteen participants were diagnosed with cerebral palsy, eight
with traumatic brain injury, four with stroke, two with a Pilocytic
with
meningoencephalitis. Seventeen children predominantly trained

Astrocytoma, one with  Guillan-Barré, and one
their right arm, while thirteen predominantly trained their left
arm. Data loss of intensity measures occurred due to
malfunctioning of the systems or due to bad data quality. If the
data loss occurred in only one session, we used the data for the
comparison analysis but not for the reliability analysis (the number
of datasets included for the analyses can be found in Tables 1-3).

Tables 1, 2 show medians and interquartile ranges, the primary
statistic tests, and post-hoc comparisons with effect sizes. Percentage
MOVmax, and the NASA-TLX overall score and its mental and
effort subscales showed statistically significant differences across the
three therapy intensity levels for both conditions. Heart rate
variability, %ACmax, and the NASA-TLX physical dimension
showed statistically significant differences across the three therapy
intensity levels for the motor condition but not for the mental
condition. Skin conductance did not show statistically significant
differences across therapy intensity levels for any condition (see
Tables 1, 2; Figures 4-6).

Concerning test-retest reliability, Table 3 reports ICCs with
95% confidence intervals and p-values testing whether ICCs are
greater than zero. Overall, the test-retest reliability ranged from
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poor (ICC=0.00 [-0.30, 0.33) for the NASA-TLX effort
subscale at the “challenging” mental intensity level to good
(ICC=0.87 [0.74, 0.94) for the %ACmax at the “very easy”
intensity level of the motor condition (see Table 3).

4 Discussion

This study is the first to explore how different candidate intensity
measures respond to changes in mental and motor intensity during
an upper limb exergame in children with neurological diagnoses. We
also evaluated the test-retest reliability of these measures across two
independent test sessions. The results suggest that the candidate
intensity measures respond differently depending on the type of load
and intensity level. The main findings were: first, the NASA-TLX
overall score and its mental and effort subscales, and the %MOVmax
responded to increases in mental and motor load. Second, HRV, %
ACmax, and the NASA-TLX physical subscale responded to
increases in motor load but not, or only partially, to increases in
mental load. Third, SC did not respond to increases in any type of
load. The reliability of the measures varied widely. Heart rate
variability for the mental condition was the only measure showing
ICC scores higher than the acceptance threshold (ICC>0.75) for
each of the intensity levels, closely followed by %ACmax for the
motor condition, which reached acceptance for the “very easy” and
“challenging” intensity levels, and remained near to the acceptance
threshold for the “very difficult” intensity level ICC =0.71).

4.1 Response

The success rate, serving as our control variable, responded to
all intensity levels across each load type, confirming the suitability
of our task difficulty settings. Additionally, the success rate
percentages closely aligned with our targets, indicating that the
games were properly designed and possess a valid construct (12).

Heart rate variability decreased with increasing motor load,
confirming our hypothesis and in line with previous findings in
typically developing children (12). Contrary to our hypothesis
and unlike prior work reporting HRV responses to mental load
(e.g., chess, driving) (37-40), we found no effect, likely because
our task involved a simple visual search task, insufficient to
elicit central autonomic responses despite higher perceived load.

Contrary to our hypothesis, SC did not react to increasing load
at any level. Although we found similar results in a previous study
(12), these contrast with existing literature showing SC responses
to increasing task difficulty during video gaming (21, 22, 41, 42).
The discrepancy may reflect populational, procedural, and
technological differences or that SC is less suited for pediatric
neurorehabilitation tasks.

As hypothesized, %ACmax and %MOVmax increased at
higher motor intensity levels, which is in line with our previous
studies (12, 23). Contrary to what we saw in Goikoetxea-Sotelo
& Van Hedel (12), %ACmax showed no response to increasing
mental load, suggesting that our mouse-based control succeeded
in equalizing movement across mental load levels. Still, the
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NASA-TLX physical dimension showed some increase under

higher mental load, perhaps because shorter movement
execution times made the motor action more demanding.

In line with our hypothesis, the NASA-TLX overall scores and
subscales responded to both load levels. This extends prior findings
in healthy children (25) by showing its ability to respond to three
mental and three motor intensity levels in children with
neurological diagnoses. The effort subscale, in particular, tracked
overall exercise intensity and correlated with the NASA-TLX

closely (r=0.86 for the “very easy”, r=0.58 for the “challenging”,

Frontiers in Rehabilitation Sciences
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and r=0.70 for the “very difficult” mental condition, and r=0.81
for the “very easy”, r=0.79 for the “challenging”, and r=0.77 for
the “very difficult” motor condition), suggesting it may serve as a
simplified alternative to the full questionnaire.

4.2 Reliability

Heart rate variability showed the most consistent test-retest
reliability, with values generally in the moderate-to-good range. This
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Results of the patient-reported measures. The boxplots reflect the
median and interquartile ranges. The stars indicate the
significance level of the paired comparisons. *=p<0.05.
** =p<0.01. ***=p<0.001.

aligns with prior work in clinical and healthy populations in different
conditions (e.g., exergaming, light exercise and rest) (23, 43-46).
Skin conductance showed moderate to good test-retest
reliability, which is in line with its variable performance
reported across different experimental contexts (23, 47-49).
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ACmax
reliability under motor conditions, which is in line with the

Percentage demonstrated  moderate-to-good
literature (23, 50, 51), but poor reliability under mental
conditions, which is unsurprising, as it was not designed to
quantify mental load. Percentage MOVmax showed poor to
moderate reliability. As it is known that normalization
minimizes between-participant data variability, reducing ICC
values (52), we repeated the analysis in non-normalized data,
which produced excellent ICC scores (ICC=0.90 for the “very
easy”, ICC=0.89 for the “challenging”, and ICC=0.91 for the
“very difficult” motor intensity levels), similar to those in our
previous study (23).

Last, the NASA-TLX overall and subscales demonstrated
variable reliability, from poor to moderate depending on the
load type and dimension. These findings are consistent with
prior reports of unstable NASA-TLX reliability in typically
developing adults (53, 54) and older adults with cognitive
impairments (55).

4.3 Potential for clinical applicability

Heart rate variability responded to motor load, suggesting
potential for differentiating motor intensity levels. It is easy to
use and could, in principle, be applied in therapy as heart rate is
in cardiovascular training. However, its relationship to a
participant’s individual capacity remains unclear, and reliability
exceeded acceptable thresholds only at the highest intensity,
limiting clinical applicability.

Skin conductance did not respond to changes in motor or
mental intensity and therefore appears unsuitable for
quantifying intensity in upper limb neurorehabilitation.

Percentage ACmax and %MOVmax reacted to increasing
motor load and exhibited good reliability (the latter in its
MOV/min),

potential as intensity measures for motor tasks. Yet their

non-normalized version, i.e., showing their
broader use is limited by practical constraints: 1) counting
movement repetitions, especially in conventional therapy, is
time-consuming, maximal capacity testing is rarely feasible,
and intensity can only be calculated retrospectively,
preventing real-time adjustments. From a clinical standpoint,
AC/min may be the most feasible option, as it provides a
session-level indicator and allows comparisons between
therapies with similar goals.

The NASA-TLX and its subscales differentiated between most
mental and motor load levels. Furthermore, the overall and effort
scores showed strong correlations, suggesting the effort subscale
could serve as a simplified alternative. This is especially relevant
for participants with cognitive impairments, for whom the full
questionnaire may be too complex. However, reliability was
inconsistent and rarely reached acceptable thresholds. Moreover,
its subjective and relative nature, together with inter-individual
variability, complicates the definition of standardized workload
thresholds (16, 56) and does not enable ongoing measurements.
Thus, while useful for rapid estimation, NASA-TLX should be

interpreted with caution.
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4.4 Methodological considerations

The novelty of the games may have influenced reliability. Early
familiarization and skill acquisition could have led patients to
perceive and respond differently across sessions, especially in the
mental condition, where search strategies develop over time.
Allowing a longer familiarization period, or advance practice,
could help participants adapt and yield more consistent responses.

Our decision to perform maximal capacity tests at each session
minimized the effect of confounding factors such as learning
effects or daily form but might have affected test-retest
reliability estimates.

Introducing the mouse as a controller in the mental condition
reduced unintended arm movements but introduced its own
motor demands. Alternative input methods such as eye tracking
may isolate mental load more effectively.

4.5 Limitations

As a single center study, selection bias cannot be ruled out.
Our institution is a public inpatient rehabilitation center that
treats children from across Switzerland with diverse diagnoses
and severity levels. While inpatient settings typically include
more severely affected patients than outpatient centers, we
expect the broad spectrum of participants to help reduce the
risk of systematic bias.

We did not normalize physiological data to each participant’s
baseline, which might have reduced individual variability and day-
to-day fluctuations. Although resting measures were collected,
they often exceeded values from the “very difficult” condition,
likely due to initial nervousness or the effort required for some
children to reach the testing room.

Another limitation is the use of the NASA-TLX in a pediatric
neurological sample. While prior work supports its validity even in
small children (25) and our findings support its usage at group
level, individual-level responses in this population may be less robust.

A further limitation is the exclusive use of mean skin
conductance as the electrodermal activity marker. Although
chosen for consistency and feasibility, mean SC is sensitive to
baseline drifts and may be less responsive to short-term
workload changes than phasic electrodermal activity indices.
Using alternative or complementary phasic markers might have
revealed different patterns of results.

4.6 Future research

Future research should explore methods to minimize
familiarization effects, such as providing longer training or
advance practice with exergames. Alternative input methods like
eye tracking may allow cleaner separation of mental and motor
load. Simplified and feasible metrics such as AC/min and MOV/
min warrant further validation in different therapy contexts,
while the role of subjective measures such as the NASA-TLX
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effort subscale should be clarified in larger and more diverse
populations. Finally, studies across multiple centers will be
needed to confirm generalizability and support the development
of standardized intensity measures for clinical practice.

5 Conclusion

In rehabilitation, accurately measuring therapy intensity is
critical. In this study, we identified some candidate intensity
measures that responded to increases in mental and motor
intensity, suggesting they could be used to compare the intensity
of therapies. However, the reliability of the measures often fell
below the “acceptable” threshold. Furthermore, identifying
measures that enable ongoing adaption of therapy intensity
remains challenging, especially because we still do not know
how the output of some of the measures reflects the
participant’s capacity. Before drawing definitive conclusions,
future studies should analyze how controlled increases in motor
and mental load affect the responses in clinically relevant
therapeutic settings.
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