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Editorial

Novel Approaches of Physical Therapy-Based Rehabilitation

Andreia Noites *, Ana Figueiredo and Andreia S. P. Sousa

Center for Rehabilitation Research (CIR), ESS, Polytechnic of Porto, Rua Dr. António Bernardino de Almeida, 400,
4200-072 Porto, Portugal; amrf@ess.ipp.pt (A.F.); asp@ess.ipp.pt (A.S.P.S.)
* Correspondence: arn@ess.ipp.pt

1. Introduction

The field of physical therapy and rehabilitation sciences is currently undergoing a
profound transformation. This Special Issue, titled “Novel Approaches in Physical Therapy
and Rehabilitation”, was conceived to bring together cutting-edge research and evidence-
based practices that are redefining the discipline, promoting knowledge exchange across
research, clinical, and academic communities.

The 13 published papers in this edition offer diverse perspectives on how technol-
ogy and novel clinical strategies can improve functional outcomes across a wide range
of populations.

2. Overview of Published Articles

The contributions to this Special Issue provide valuable insights into several key pillars
of modern rehabilitation. These can be broadly categorized into three main areas: telereha-
bilitation, advanced technologies in rehabilitation, and holistic clinical interventions.

2.1. Telerehabilitation

Traditional models of rehabilitation usually require regular face-to-face interactions
between patients and healthcare professionals for assessment, monitoring, and interven-
tion. Although this approach offers clear benefits, the conventional rehabilitation method
is not accessible or feasible for everyone. Worldwide, millions of people encounter ei-
ther geographical, socioeconomic, or physical barriers that limit their access to adequate
rehabilitation [1,2].

In this context, digital health has emerged as a promising alternative to expand
healthcare access. Commonly defined as the use of information and communication
technologies in healthcare, digital health can improve healthcare delivery and service
coverage, and reinforce health promotion [3]. The WHO Global Health Strategy for Digital
Health (2020–2025) recognizes the pivotal role of digital health in strengthening healthcare
systems, addressing global health issues, and improving healthcare outcomes.

Telerehabilitation is one of the digital health strategies that deliver remote rehabil-
itation services through digital tools (smartphones, wearable devices, or virtual reality
systems), allowing clinicians to conduct virtual consultations, monitor patient progress, and
guide rehabilitation at a distance [4]. Despite the challenges associated with implementing
telerehabilitation [5,6], it can represent an effective and even preferable treatment option
for certain populations and particularly challenging contexts, such as during COVID-19 [7].
Two of the papers included in this Special Issue reinforce this approach by demonstrating
the positive effects of telerehabilitation programs based on therapeutic exercise among
home-office workers (Contribution 2) and of gamification for children with neurodevel-
opmental disabilities in war-affected Ukraine (Contribution 1). The positive effects were

Appl. Sci. 2026, 16, 2954 https://doi.org/10.3390/app16062954
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expressed in improvements in both musculoskeletal and mental health domains in home-
office workers and in mood, balance, and functional mobility in children with neurode-
velopmental disabilities in war-affected Ukraine. Another paper included in this special
study demonstrated the feasibility of gamification for postoperative hand mobilization
(Contribution 3). In fact, similar benefits have been observed when comparing gamified
interventions to conventional exercise programs across different post-surgical conditions,
such as anterior cruciate ligament reconstruction (ACL) [8,9] and shoulder arthroscopy [10],
suggesting the potential of this tool to extend rehabilitation beyond healthcare settings after
surgery. By incorporating elements of reward and challenge, gamification can stimulate
dopaminergic pathways in the brain, improving synaptic connections and facilitating learn-
ing through long-term potentiation [11]. This shows that, beyond demonstrating feasibility,
therapy gamification may also increase patient motivation and engagement.

2.2. Advanced Technologies in Rehabilitation

Precision in diagnosis and therapy is increasingly supported by high-tech solutions,
and Artificial Intelligence (AI) is gradually transforming the field of rehabilitation by
enabling more data-driven, personalized, and effective approaches to patient care. Several
key applications have already been identified, including the development of personalized
treatment plans, the use of predictive analytics to support clinical decision-making, the
implementation of remote monitoring systems, and advances in rehabilitation robotics [12].

Two of the studies included in this Special Issue demonstrate the advantages of these
technologies in neurological rehabilitation. Rojek et al. (Contribution 4) demonstrated
the suitability and superiority of Convolutional Neural Networks (CNNs) for capturing
complex gait patterns and their potential for supporting clinical decision-making and
planning personalized stroke rehabilitation. In a complementary area, Casanova et al.
(Contribution 5) presented a gamified robotic framework for upper-limb rehabilitation that
integrates kinematic and electromyography (EMG) metrics of different upper-limb muscles
to monitor real-time performance and progress, with potential for exploration in patients
with acquired brain injury (ABI). Both studies highlight the potential and shortcomings of
these advanced technologies in rehabilitation.

Beyond neurological rehabilitation, technological advances are also expanding our un-
derstanding of neuromuscular control in musculoskeletal conditions. Vélez-Gutiérrez et al.
(Contribution 6) conducted a scoping review examining functional and neuroplastic adap-
tations during ACL rehabilitation. Their findings suggest that unilateral training of the
uninjured limb induces bilateral neuroplastic adaptations, representing a cost-effective
strategy during early rehabilitation stages. Neuroplasticity refers to the brain’s capacity
to reorganize its structure and function in response to experiences, learning processes,
or recovery from injury or disease [13]. Although it was once assumed that significant
neuroplasticity occurred primarily during early development, research now shows that the
brain retains this adaptive capacity throughout the lifespan [13]. These adaptive changes
are fundamental for skill acquisition, rehabilitation, and healthy aging [14]. For these rea-
sons, a deeper understanding of neuroplastic mechanisms is critical for designing targeted
interventions that promote beneficial neuroplasticity while minimizing potentially harm-
ful neural reorganization [15]. Supporting these findings, Mateus et al. (Contribution 7)
used advanced three-dimensional motion capture systems to identify persistent interlimb
asymmetries in kinetic and muscle-level variables up to 9 months after ACL reconstruction
during drop-jump tasks, revealing long-lasting neuromuscular adaptations. In the context
of injury prevention, Tedeschi et al. (Contribution 8) emphasized the role of high-speed
sprint training in enhancing hamstring tissue resilience. They advocated integrating it with
eccentric strengthening protocols to reduce injury risk.

https://doi.org/10.3390/app160629542
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Overall, the integration of AI, robotics, and advanced biomechanical analysis has the
potential to improve the delivery of care by offering flexible, tailored, and highly effective
treatment interventions [4,16]. These technologies enable clinicians not only to monitor
performance with greater precision but also to better understand the neurophysiological
mechanisms underlying recovery. By combining data-driven approaches with insights into
neuroplasticity and neuromuscular control, rehabilitation can evolve toward more adaptive,
individualized, and mechanism-based interventions that improve patient engagement,
satisfaction, and long-term clinical outcomes [12].

2.3. Clinical Interventions and Holistic Care

Holistic health incorporates multiple dimensions of well-being, including physical,
mental, social, emotional, and spiritual health [17]. Within this framework, rehabilitation
should be understood not only as a process of restoring physical function but also as an
opportunity to promote broader well-being. Physiotherapy, in particular, can positively
influence physical, mental, and social health outcomes among individuals with mental
health conditions [18].

Despite the evidence, rehabilitation programs have traditionally focused primarily
on physical recovery, often overlooking the psychological and social dimensions of health,
posing a significant risk for long-term mental health issues and overall rehabilitation out-
comes [19,20]. While restoring physical function remains crucial, rehabilitation must con-
sider well-being as a central component, addressing emotional and social aspects as well.

A meta-analysis of rehabilitation programs found that programs incorporating psycho-
logical and social support strategies reported significantly better long-term mental health
outcomes (GBD 2021 Diseases and Injuries Collaborators [21]). These findings reinforce the
need for rehabilitation models to shift from a physical restoration to a more comprehensive,
integrated model in which well-being is viewed as an integral part of recovery [22].

Several studies focused on specific populations and the psychosocial dimensions of
health. Morais et al. (Contribution 9) highlighted the effectiveness of a structured group
exercise and relaxation plan, which fosters body awareness and exercise physiology, and
its role in promoting well-being, directly encouraging self-care and thus improving the
health literacy intervention program in improving the health literacy of informal caregivers
of children with special needs. Carcelén-Fraile et al. (Contribution 12) performed a meta-
analysis confirming the positive impact of aerobic training on the mental health of children
and adolescents, particularly in reducing stress and enhancing self-esteem. Finally, Golec
et al. (Contribution 13) investigated diaphragmatic therapy, revealing its potential to
reduce resting pelvic floor muscle activity and alleviate emotional stress in women. In
oncology, de Hoop et al. (Contribution 10) explored physiotherapists’ perspectives on
exercise immunology, emphasizing the need for tailored training to support the immune
function of cancer patients. Oncology physiotherapists recognized the potential value
of incorporating knowledge of exercise immunology to better tailor training and inform
patients about the health benefits of exercise. They were eager to learn more about the
topic. For post-surgical recovery, Guerero et al. (Contribution 11) evaluated adhesive elastic
taping after saphenectomy, noting significant benefits in ecchymosis control, skin elasticity,
and functional recovery against conventional post-surgical treatment.

3. Conclusions

The research presented in this Special Issue confirms that the future of physical therapy
lies in the synergy between technological innovation and personalized clinical reasoning.
From the use of AI for diagnostics to health literacy to support the vital role of informal
caregivers and patients, these findings underscore that modern rehabilitation must be

https://doi.org/10.3390/app160629543
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both interdisciplinary and adaptable. We hope this collection serves as a benchmark for
clinicians and researchers, inspiring further innovations that enhance the quality of life and
functional independence of diverse patient populations.
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Abstract

Background: Gamification is a promising approach to support rehabilitation, but im-
plementing new devices after hand surgery (HS) faces challenges, especially in patient
motivation and compliance. Technology-based, personalized solutions may encourage
patients to perform gamified exercises consistently. This study investigated the impact
of a tablet-based gamified hand-mobilization system on functional outcomes after HS
compared to standard finger-expander training. Methods: Forty inpatients at BG Klinikum
Duisburg were randomly assigned to a gamified or control group. Both groups underwent
four weeks of stationary rehabilitation. Outcomes were assessed using the Disabilities
of Arm, Shoulder, and Hand questionnaire (DASH), SF-36 health-related quality of life,
and a visual analog scale (VAS) at pre- (T0) and post-training (T1). Tablet use frequency
and duration were recorded. Results: DASH scores improved significantly over time
(F(1.55, 58.85) = 16.36, p < 0.001, partial η2 = 0.137) with no Group or Time × Group ef-
fects (p > 0.40), exceeding the MCID in both groups. SF-36 MCS, PCS, and VAS pain also
improved over time (all p < 0.05) with no between-group differences (p > 0.40). Exercise
duration differed (p = 0.007), but training frequency did not. Conclusions: Both gamified
and conventional rehabilitation programs led to clinically meaningful improvements in
hand function after hand surgery. No significant differences were observed between groups,
indicating that the tablet-based system was feasible and well-accepted but not superior to
standard training.

Keywords: rehabilitation; gamification; DASH; SF36; tablet

1. Introduction

Hand function is essential for independence in activities of daily living, work participa-
tion, and quality of life. In a setting such as a German statutory accident insurance hospital
(BG Klinikum), the overarching goal after severe occupational injuries is not only symptom
reduction but the most complete functional recovery possible to enable timely and safe
return to work. Traumatic hand and wrist injuries frequently require surgical treatment,
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including fracture fixation and soft-tissue procedures for tendon and nerve lesions [1,2].
Despite adequate operative care, postoperative impairment can be substantial—particularly
after severe injuries—making structured rehabilitation a key determinant of functional
recovery. Structured, goal-oriented hand rehabilitation is critical not only for restoring
functional capacity but also for achieving independence in daily activities and facilitat-
ing a sustainable return to work. It directly targets strength, dexterity, coordination, and
sensorimotor control, bridging the gap between surgical repair and real-world functional
performance. In clinical practice, rehabilitation typically combines therapist-guided manual
techniques and progressive active training, including mobilization, proprioceptive exer-
cises, strengthening, nerve gliding, and task-oriented functional practice, often supported
by simple exercise devices (e.g., finger-expanders) [3,4].

However, repetitive exercises may be perceived as monotonous or uncomfortable,
which can reduce engagement and adherence factors closely linked to functional outcome,
especially when a high practice dose over several weeks is required [5,6]. In working-age
patients, an insufficient training dose and delayed functional gains may ultimately prolong
work disability and delay return to work. Recent systematic reviews and randomized
trials indicate that gamified or VR-based rehabilitation, when combined with standard
therapy, can enhance upper-limb motor recovery, improve hand dexterity and strength,
and increase patient engagement compared with conventional methods [5–7]. In particular,
recent work on bionic-constrained, piano-based interactive training for anthropomorphic
hands highlights the potential of advanced technology-assisted, goal-oriented exercises to
further improve motor learning and hand function [7].

Patients were recruited irrespective of the specific hand surgery performed (e.g.,
carpal tunnel release, ganglion excision, tendon repair, fracture fixation). Study eligibil-
ity was determined by postoperative functional limitation of the hand, not the type of
surgical procedure. Only patients with thumb/finger amputations or major neurologi-
cal/psychiatric conditions were excluded. The tablet-based program is intended as an
adjunct to standard postoperative care, not a replacement for surgical procedures. Home-
based, patient-oriented rehabilitation has been shown to accelerate functional recovery and
reduce pain duration [8,9].

Importantly, the time point at which patients can begin postoperative rehabilitation
varies considerably. Depending on the severity and type of surgery, as well as early
postoperative complications, some patients may initiate active mobilization as early as one
week after surgery, whereas others require several weeks before safe mobilization is possible.
This variability highlights the need for flexible, patient-adapted rehabilitation approaches.
The integration of gamified systems in hand rehabilitation may offer several advantages.
By transforming conventional exercises into interactive and enjoyable tasks, patients may
be more inclined to adhere to their therapy regimens. Furthermore, digital platforms can
provide real-time feedback, monitor progress, and allow for the personalization of exercises,
potentially improving clinical outcomes [10]. Within this context, any digital intervention
should be conceptualized as a supplement (“plus one”) rather than a replacement of
standard care.

Tablet applications as part of gamification have been proposed as a technique to
stimulate cortical reorganization through goal-oriented feedback-guided tasks [11]. Wrist,
hand, and finger injuries can be treated through smartphone touchscreens, as proposed by
Algar et al. [12]. This affects the proprioceptive and neuromuscular control levels. Tablet-
based exercises were applied to patients with wrist, hand, and finger injuries, including
post-surgical soft-tissue and fracture cases. Although the exercises were performed on a
2D tablet surface, they are designed to support the early-phase recovery of foundational
motor functions such as range of motion, coordination, precision, and movement initiation,
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which are essential prerequisites for later 3D, task-specific activities in daily life. Therefore,
tablet-based gamification serves as a complementary tool that enhances early rehabilitation
rather than replacing conventional 3D functional training [13].

Tablet-based hand rehabilitation with gamification elements might have the potential
for a shorter recovery period than traditional therapy methods, with reduced healthcare
dependence (requiring a smaller number of required healthcare appointments beyond a
home activity program prescribed on paper). This could enhance clinical recovery and
improve the short-term recovery of hand function.

Therefore, the research question for this randomized trial was how to evaluate the
clinical effectiveness of a tablet-based gamified application as an add-on to standard inpa-
tient multimodal rehabilitation compared with standard rehabilitation plus a conventional
exercise device (finger-expander). We hypothesized that the gamified approach would en-
hance patient adherence and yield comparable or superior improvements in hand function,
pain, and health-related quality of life, thereby supporting a rehabilitation process aligned
with vocational reintegration goals.

2. Materials and Methods

A randomized controlled trial enrolled patients with wrist, hand and/or finger in-
jury undergoing their four-week rehabilitation in the BG Klinikum Duisburg, which is
a trauma center belonging to the BG Kliniken Hospital Group (“BG = Berufsgenossen-
schaftliche”) of the German Federal Statutory Accident Insurance (“Deutsche Gesetzliche
Unfallversicherung”) in Germany. Randomization was performed using simple alloca-
tion by chance. An independent administrative staff member prepared identical, opaque,
folded papers labeled either ‘Tablet group’ or ‘Finger-expander group’ and placed them in
a sealed box. Participants in the tablet group received a tablet-based gamified application
(Routine Health GmbH, Düsseldorf, Germany), while participants in the finger-expander
group used a conventional exercise device (manufacturer information not available). Each
participant drew one paper at the start of rehabilitation, ensuring allocation concealment.
The staff member preparing the papers was not involved in patient recruitment, while
the study coordinator supervised the draw but remained blinded to the upcoming as-
signments. Participants were randomly allocated to one of two groups (tablet group vs.
finger-expander group) in a 1:1 allocation. Patients provided written informed consent
for the study. The study was approved by the local Ethics Committee (Ethik-Antrag-Nr:
2019119) and conducted in accordance with the Declaration of Helsinki.

A total of 127 patients were assessed for eligibility: those with thumb or finger ampu-
tation, arthrodesis of finger joints, severe neurological comorbidities, or visual impairments
interfering with tablet use were excluded. Forty participants met the inclusion criteria and
were randomized, with twenty patients in each group (Figure 1). Outcome parameters were
assessed three times, at the beginning of the rehabilitation (Pre), after the four-week reha-
bilitation (Post), and twenty-four weeks after the beginning (follow-up, FU, via telephone
to collect additional outcome information).

2.1. Inclusion and Exclusion Criteria

Participants were eligible if they were at least 18 years old and possessed sufficient
cognitive and communicative abilities to understand instructions and complete study
questionnaires, as assessed by the recruiting clinician. Exclusion criteria included thumb
or finger amputations, severe neurological comorbidities, manifest psychiatric disorders
(e.g., post-traumatic stress disorder, anxiety disorders), and visual impairments that could
interfere with tablet use, based on clinical judgment.
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Figure 1. Flow chart of the study.

Tablet Group: Participants in the intervention group used a commercially available
iPad application developed by Routine Health GmbH (Düsseldorf, Germany). The app
includes three game-based exercises:

1. Colored Circle: Players rotate their fingers to align a spaceship with target holes to
maintain balance in space. This game promotes rotational finger movements similar
to actions like bottle-opening, and enhances eye–hand coordination.

2. Gravity Crush: Players use two fingers to collect candy and prevent theft by an
antagonist. This game develops fine motor skills such as pincer grip and fast, reactive
finger movements.

3. Karate Chop: Players swipe green balls away by tapping with two fingers and flicking
one finger. This game improves finger mobility and promotes finger extension.

Performance data, including Critical Repetition Frequency (CRF) and training duration
(in minutes), were automatically recorded by the app.

The finger-expander group received an exercise device for the hand (Figure 2). The
device strengthens both the flexor and extensor muscles of the hand and the forearm. The
finger-expander is designed for use across various age groups. Participants could carry
and use the device at any time. Exercise frequency and duration were recorded manually.

Our outcome measures are summarized in Table 1 and included the following: (1) The
Disability of Arm, Shoulder, and Hand (DASH) questionnaire, which was designed to
measure total upper-extremity functional disability [14]. The total score ranges from 0 to
100, with 0 being equivalent to no disability and 100 equivalent to maximum disability.
(2) Additionally, the visual analog scale (VAS) was recorded to measure pain. (3) Deter-
mination of health-related quality of life was investigated using the German version of
the Short-Form 36 (SF-36) [15]. The SF-36 has been frequently used in hand rehabilitation
studies and was recommended in the literature [16–18]. The result of the SF-36 is reported
in two subscores: the Physical Composite Score (PCS) and the Mental Composite Score
(MCS) [19]. Each subscore ranges from 0 to 100. A lower score indicates a higher limitation
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of health. In our study, the SF-36 was collected at baseline and at the end of the 4-week
rehabilitation period; however, no SF-36 follow-up data were obtained because a follow-up
assessment for this questionnaire was not included in the original study protocol. (4) Clin-
ical variables of the fingers and hand were assessed. Key handle was measured using a
pinch gauge placed between the thumb pad and the lateral side of the index finger. A key
handle is an ergonomic aid designed to attach to a standard key, making key-turning tasks
easier for individuals with arthritis, neuromuscular conditions, limited grip strength, or
reduced thumb and finger function [20].

Figure 2. (A) Game-like tasks of the tablet app. (B) Example of performance of an exercise in the
Control group using the finger-expander.

Table 1. Exercise group characteristics: type, frequency, duration, supervision, and recording method.

Group Exercise Type Frequency Duration Supervision
Recording

Method

Tablet 3 game-based exercises:
mobility, coordination, grip Daily Self-paced

Intro by
physiotherapist;

Independent

Automatic via
app

Finger Expander
Hand/forearm

strengthening: flexors and
extensors

Daily Self-paced
Intro by

physiotherapist;
Independent

Manual log

To assess functional hand performance, we included the following clinical variables.
Case handle: An adapted or auxiliary handle added to tools, instruments, or devices to
improve grasp, leverage, and comfort for patients with limited hand or wrist function. Case
handles support power grips and engage larger muscle groups, providing a functional
complement to precision grips. Pointed handle: A slim, precision-oriented handle that en-
ables controlled pressure and tactile feedback during exercises. Pointed handles minimize
fatigue, maintain functional wrist posture, and facilitate goal-oriented finger movements
(e.g., abduction/adduction). Key handle: A handle designed to simulate real-life tasks such
as turning keys, providing an assessment of grip precision and functional coordination.

These measures were included to capture aspects of hand performance using ob-
jective functional outcomes, focusing on strength, mobility, and dexterity along with
patient-reported outcome measures (e.g., DASH, SF-36). While not yet validated in large
psychometric studies, they were selected based on clinical relevance and prior use in goal-
oriented hand rehabilitation exercises. All data were collected and managed in accordance
with clinical data protection and handling procedures.
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2.2. Intervention Protocols

Participants in both groups received standardized instructions from a physiotherapist
on the correct use of their assigned device. They were encouraged to perform additional
independent exercises during evenings, on weekends, or after completing therapy sessions.
Exercise progression, frequency, and duration were recorded automatically by the app in
the tablet group and manually in a logbook for the finger-expander group.

A summary of the exercise components, dose, progression, and supervision is pro-
vided in Table 2.

Table 2. Overview of outcome measures and evaluation time point.

Pre Post FU

DASH x x x

Pain (VAS) x x x

SF-36 x x

Clinical variables x x

2.3. Statistics

Statistical analysis was performed using IBM® SPSS® Statistics Version 27.0 (IBM
Corporation, Armonk, NY, USA). The normality assumption was verified for each variable
using the Shapiro–Wilk test. Despite the small group sizes (n = 20), all parameters met
the assumption of normality (p > 0.05), allowing for the use of parametric analyses [19]. A
significance level of p < 0.05 was applied for all analyses. Repeated measures ANOVA was
used for variables measured at three time points (DASH and VAS: pre, post and follow-up).
In cases where follow-up data were missing, linear mixed-effects models were applied.
Sphericity was assessed using Mauchly’s test, and Greenhouse–Geisser correction was
applied if the assumption of sphericity was violated. A post hoc test was performed to
identify exactly which groups differed from each other. Independent samples t-tests were
used to compare gamification parameters (e.g., usage duration and frequency). Mean
values and standard deviation (STD) were calculated for all measured parameters. Single
stars (*) means that p-value is ≤0.05, two stars (**) means that p-value p ≤ 0.01, and three
stars (***) means p ≤ 0.001.

3. Results

3.1. Sample Demographic Characteristics

The final analysis included 40 participants (13 females and 27 males), with a mean
age of 51 ± 9.5 years. Results showed that our patients BMI was 26.19 ± 5.9. The detailed
demographic characteristics of participants are shown in Table 3.

Table 3. Demographic characteristics of participants.

Characteristic N %

Gender

Female 13 32

Male 27 68

Age (min–max) 20–71

BMI (mean) 26.19
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Table 3. Cont.

Characteristic N %

Nicotine consumption: Yes
No

16
24

38
62

Alcohol consumption: Yes
No

12
28

28
72

Affected side: Right
Left

17
23

43
57

Handedness: Right
Left

37
3

95
5

3.2. Clinical Outcome Measures
3.2.1. DASH Score

The reference values from a non-clinical population were 17.49 and those from the
clinical population were 40.36 [21]. Our data are therefore consistent with the outcome
of the clinical population. In the finger-expander group, the DASH score decreased from
pre- (57 ± 21) to post-training (46.8 ± 17) and to follow-up (FU) (34.9 ± 23), showing a
difference of 10.2 (pre–post) and 21 points (pre–FU). In the tablet group, the results between
pre- (58 ± 19) and post-training (45.5 ± 22) and FU (37 ± 28) show a difference of 12.5 (pre–
post) and 21 points (pre–FU). Mauchly’s test indicated that the assumption of sphericity was
violated (W = 0.709, χ2(2) = 12.747, p = 0.002); therefore, Greenhouse–Geisser correction
(ε = 0.774) was applied for the repeated-measures analysis.

Clinical relevance: Changes from pre-training to FU in both groups exceed the Mini-
mum Clinically Important Difference (MCID) of 15 points [22,23]. The differences between
pre- and post-training are less than the MCID in both the finger-expander (11.5 points) and
tablet groups (10.2 points), respectively.

Statistical significance: Repeated measures ANOVA showed a significant main effect
of Time, (F(1.55, 58.85) = 16.36, p < 0.001, partial η2 = 0.137). Tukey-adjusted post hoc
analysis revealed a significant (p < 0.001) difference between pre- and post-training, as well
as pre-training and FU. However, no significant group or interaction effects were detected
(Figure 3).

Figure 3. DASH score of the finger-expander (n = 20) and tablet group (n = 20) displayed at the three
time points (pre, post, and FU). A single asterisk (*) indicates a statistically significant difference
(p < 0.05).
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3.2.2. SF36

According to Ogura et al. [24], a five-point change in SF-36 is clinically relevant. In the
Mental Component Summary (MCS), the tablet group improved by 10.5 points from pre-
(30.5 ± 14) to post-training (41.0 ± 13.5), exceeding the clinical threshold, while the finger-
expander group increased by 5.1 points (pre: 28.5 ± 14; post: 33.6 ± 14.2). Linear mixed-
effects analysis indicated no significant effect of time or group on MCS (intercept = 0.660,
SE = 0.264, t = 2.500, p = 0.017; pre = 0.00078, SE = 0.006, t = 0.130, p = 0.897; post = −0.005,
SE = 0.006, t = −0.822, p = 0.416). These results suggest that although both groups’ mental
health improved during rehabilitation, there was no statistically significant advantage
of tablet-based gamification over conventional exercises (Figure 4). In the PCS, a non-
clinically relevant difference of 1.42 points was observed in the finger-expander group
between pre- (40.6 ± 10) and post-training (42.04 ± 8.6), and a difference of 0.42 points
was observed in the tablet group between pre- (42.7 ± 5) and post-training (42.6 ± 14.2).
Linear mixed-effects analysis, with group (tablet vs. finger-expander) and time (pre, post)
as fixed effects and patient ID as a random intercept, revealed no significant main effects
or interactions. Specifically, the model coefficients were as follows: intercept = 0.157,
SE = 0.558, t = 0.282, p = 0.779; pre = 0.008, SE = 0.010, t = 0.768, p = 0.447; post = 0.00068,
SE = 0.010, t = 0.065, p = 0.949. These results indicate that neither intervention produced
significant improvements in physical health scores over the rehabilitation period (Figure 4).

 
Figure 4. PCS and MCS subgroups of the SF36 of the finger-expander (n = 20) and tablet group
(n = 20) displayed at two time points (pre- and post-training). A single asterisk (*) indicates a
statistically significant difference (p < 0.05).

3.2.3. Visual Analog Scale

A change of three points on the VAS is considered a clinically significant difference
in pain intensity according to Lee et al. (2003) [25]. Both groups showed similar im-
provements: in the finger-expander group, the results between pre-training (4.63 ± 1.9),
post-training (3.41 ± 1.9) and FU (3.20 ± 1.4) showed differences of 1.22 (pre–post) and
1.43 points (pre–FU). In the tablet group, the results between pre-training (4.63 ± 2),
post-training (3.85 ± 1), and FU (3.22 ± 2.18) showed differences of 0.78 (pre–post) and
1.44 points (pre–FU). Mauchly’s test indicated that the assumption of sphericity was not vi-
olated (W = 0.838, χ2(2) = 4.779, p = 0.092); therefore, sphericity was assumed (Greenhouse–
Geisser ε = 0.860). There was a significant main effect over time: Greenhouse–Geisser
F(2, 16.3) = 7.16; p = 0.002; partial η2 = 0.096. Tukey-adjusted post hoc analysis revealed
significant differences between pre- and post-training, as well as pre-training and FU
(Figure 5). We could not find any clinically relevant differences between the two groups or
interaction effect.
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Figure 5. Visual analog scale of the finger-expander (n = 20) and tablet group (n = 20) displayed at the
three time points (pre, post, and FU). Values of p < 0.05 were considered statistically significant (*).

3.2.4. Exercise Duration and Frequency

There is a significant difference in the duration of the exercise between groups:
F(1, 38) = 8.13; p = 0.007; partial η2 = 0.0176. The results show that the finger-expander
group has a significantly longer exercise time (325 ± 295 min) than the tablet group
(107 ± 172 min). No significant difference was observed in training frequency between the
tablet and finger-expander groups: F(1, 38) = 2.15; p = 0.15; partial η2 = 0.054 (Figure 6).

Figure 6. Comparison between tablet and finger-expander groups after 4 weeks of training. n = 40; A
single asterisk (*) indicates a statistically significant difference (p < 0.05).

3.2.5. HAND Measurements

For case handle measurements, a significant improvement was observed over time—
(1, 66) = 34.08; p = 0.001; partial η2 = 0.0056—but there was no significant difference
between the groups: (1, 26) = 0.13; p = 0.135; partial η2 = 0.00022. Pointed and key handle
measurement results showed no significant difference between the two groups or between
the two-time points, with p > 0.05 (Supplementary Material Figure S1).

4. Discussion

Previous studies have reported that tablet or smartphone-based hand rehabilitation
programs may offer broader benefits compared with conventional paper-based exercise

https://doi.org/10.3390/app1602098714



Appl. Sci. 2026, 16, 987

instructions. In particular, these digital interventions have been associated with shorter
recovery times, earlier return to work, and reduced healthcare utilization in patients with
wrist, hand, or finger injuries [11,13,26].

4.1. Functional Outcomes

In our study, we wanted to show whether the additional integration of tablet-based
gamification in a four-week inpatient hand rehabilitation can support improvements in
hand function and enhance patients’ motivation compared to the additional usage of a
simple training device (hand exerciser). The limited additional effect of gamification in the
structured inpatient setting is likely due to the high number of exercises performed daily,
which can lead to fatigue or pain. While patients received consistent guidance and support,
these intensive training demands may have reduced the measurable benefit of the gamified
intervention. Overall, these findings suggest that the structured inpatient context may have
minimized differences between interventions, highlighting the importance of context in
interpreting intervention effects. Despite statistically significant improvements in hand
function, these effects did not always reach the threshold for clinical relevance, which may
relate to the severity of injuries in our trauma center cohort and the relatively low baseline
symptom burden. Similar work published in 2020 also reported significant improvements
in hand function [13]. No group effect was observed between the tablet group and the
control group with regard to self-reported hand function based on the DASH score. DASH
values remained within the range of reference values for a clinical population in both
groups at post, and FU values approached normal population values but still indicated
significant functional limitations. Improvements over time were significant in both groups,
with only the long-term pre–FU changes exceeding the MCID.

4.2. Quality of Life

As part of the SF-36, we found significant differences in the MCS between pre- and
post-rehabilitation, but not between the two groups. The differences between pre- and post-
rehabilitation were, in both groups, above the MCID, with an obviously higher difference in
the tablet group than in the control group. This is in line with a recent review (2024), which
highlighted that digital health technologies, including gamification and virtual reality,
can enhance motivation, adherence, and mental well-being in rehabilitation settings. No
significant group differences were observed [27]. These results indicate that improvements
in mental well-being may not necessarily translate into measurable gains in physical
function in the short term. However, improvements in mental health did not translate
into better PCS or DASH values, indicating physical impairment post-rehabilitation [28,29].
This pattern reflects the general observation that generic instruments like the SF-36 are
less sensitive to changes in upper-limb function during early recovery phases compared to
injury-specific tools like DASH [30]. Mahabier et al. found a strong correlation between
shoulder function and the SF-12 PCS in patients recovering from humeral shaft fractures,
whereas the correlation with the MCS was considerably weaker [31]. The absence of FU
data for SF-36 in our study limits our ability to assess long-term trends in mental versus
physical health outcomes.

4.3. Pain (VAS)

The differences in pain measured between pre-, post, and follow-up (FU) by the
visual analog scale (VAS) were statistically significant, but did not reach the MCID of
three points and are therefore not clinically relevant in either group. Neither exercise
method showed superiority in terms of impact on pain level. This emphasizes that, while
statistically detectable, changes in pain may not be clinically meaningful, and interven-
tion differences are minimal in a well-supported inpatient program. These results are in
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line with other studies that report modest but significant short-term pain improvements
following hand rehabilitation [32,33]. In our study, we wanted to examine whether the
additional integration of tablet-based gamification in a four-week inpatient hand reha-
bilitation program could accelerate improvements in hand function and increase patient
motivation compared to the additional use of a simple training device (hand exerciser).
Similar work illustrates significant improvements in hand function with gamified reha-
bilitation approaches [34]. Moreover, previous research has found that physical health
outcomes correlate more strongly with functional recovery than mental health outcomes.
For instance, in patients with humeral shaft fractures, Mahabier et al. observed a strong
correlation between shoulder function and the PCS of the SF-12, whereas the MCS was less
strongly associated with function [31].

4.4. Exercise Adherence and Engagement

Interestingly, the hand exercise group reported significantly longer exercise durations
than the tablet group. This discrepancy may reflect differences in measurement methods:
exercise time in the tablet group was automatically recorded, while the control group
self-reported their durations, potentially overestimating them. There was no significant
difference in practice frequency between groups. This finding contradicts expectations that
gamification would increase adherence through greater engagement. Taken together, these
results indicate that adherence may be influenced more by context and supervision than by
gamification alone.

4.5. Objective Hand Function

Objective measures of grip and pinch strength revealed no significant advantage of
gamification. Despite encouraging evidence from prior research—such as “Effects of virtual
reality based rehabilitation on distal upper extremity function and health related quality
of life: a single blinded, randomized controlled trial” [35], which found improvements
in upper extremity function and strength following VR based training, and studies like
“Feedback guided exercises performed on a tablet touchscreen improve return to work,
function, strength and healthcare usage more than an exercise program prescribed on paper
for people with wrist, hand or finger injuries: a randomized trial” [13], which demonstrated
that tablet-based motor training can outperform paper-based programs in hand/wrist
injury rehabilitation—our inpatient context may have diluted these benefits. The handle-
based clinical measures (case, pointed, key handles) are exploratory and inadequately
validated; results from these outcomes should be interpreted cautiously and complement
the primary outcome findings.

4.6. Interpretation and Context

Contrary to our hypothesis, the gamification group did not outperform the control
group in either subjective or objective outcomes. One plausible explanation is the structured
inpatient environment: participants received frequent therapist support and real-time
feedback, potentially reducing the benefit of in-app feedback and motivation mechanisms.
In contrast, gamification may prove more beneficial in home-based settings where external
guidance is minimal. Moreover, the existing literature suggests that gamified exercises tend
to encourage midline, limited range movements, potentially restricting range-of-motion
benefits. These findings highlight that intervention effects are context-dependent, and
structured support may level differences between novel and conventional approaches. For
example, Shin et al. (2016) reported significant improvements in distal upper-limb function
following VR-based rehabilitation, although the effects on grip strength were not explicitly
highlighted [35].
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Rehabilitation technologies such as soft wearable gloves equipped with motion sen-
sors, as well as haptic devices targeting pinch and grip tasks, have been proposed to
encourage specific movement patterns and functional goals [36]. Tablet-based game ex-
ercises may promote repetitive, constrained movements, underscoring the importance of
designing gamified interventions that encourage full functional ranges and task-specific
training [13].

Study Limitations: A key limitation of this study is that the duration and intensity
of exercises varied considerably between patients, as they could perform tablet- or finger
expander-based exercises independently in the evenings or on weekends. However, the
intensity of exercises during supervised physiotherapy sessions was adapted individually
for each patient, not only in the ongoing rehabilitation process but also as part of the overall
therapy planning. In addition, exercise duration was measured differently between groups
(self-reported for the finger-expander group vs. automated recordings for the tablet group),
which may introduce systematic measurement bias and limits direct comparability. This
variability may have affected the comparison between digital and non-digital exercises.
Missing follow-up SF-36 and clinical hand measurements limit the assessment of long-term
physical and mental health outcomes. Finally, the handle-based clinical variables (case,
pointed, and key handles) represent non-standard, exploratory measures with limited
psychometric validation, which we acknowledge as an additional study limitation.

5. Conclusions

Gamified hand rehabilitation via a tablet application is feasible and well accepted by
patients, as indicated by recorded exercise duration and frequency. However, it did not
outperform conventional hand exercises in terms of functional outcomes or quality of life
during a four-week inpatient program. Mental health improvements in both groups suggest
a general benefit of rehabilitation rather than a gamification-specific effect. Engagement
was inferred from usage patterns and patient feedback, as no validated scales were applied.
Future research should explore gamification in home-based rehabilitation, incorporate
motion-sensitive devices for precise tracking, and consider psychological factors earlier in
the care pathway. With further refinement, gamified rehabilitation tools could become a
cost-effective and engaging component of modern therapy.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/app16020987/s1, Figure S1: Case handles (a), Pointed and key handle
measurement. (b) Comparison between Tablet and Finger-expander group. Data is mean ± SD.
* Significant difference at p < 0.05.
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Abstract: Approximately two-thirds of athletes who are submitted to Anterior Cruciate
Ligament Reconstruction (ACLR) never return to their preinjury level of performance,
potentially due to muscle strength deficiencies or altered loading patterns during landing
or jumping tasks. This study aimed to estimate individual muscle forces during a double-
leg drop jump task, and assess sagittal plane between-limb asymmetries in muscle forces
and ground reaction forces using a musculoskeletal modelling approach, in athletes who
underwent ACLR. Thirty male field-sport athletes (age: 18–35 years; mass: 84.3 ± 12.3 kg;
height: 180.2 ± 8.4 cm) post-ACLR (39.8 ± 3.9 weeks) using patellar or quadriceps tendon
grafts were tested. Scaled musculoskeletal models were implemented in OpenSim, and
muscle forces were estimated using the Computed Muscle Control optimization method.
The contralateral limb exhibited greater vertical ground reaction forces across most of
the rebound phase (d = 2.01). Compared with the contralateral limb, the ACLR limb
showed reduced quadriceps (d = 1.72), soleus (d = 0.95), and gluteus maximus (d = 0.83)
forces, indicating deficits in knee extensor, plantarflexor, and hip extensor neuromuscular
function. Smaller asymmetries were found for the gluteus medius (d = 0.60) and hamstrings
(d = 0.72), while other muscles showed symmetrical activation patterns. These results
reveal persistent between-limb asymmetries in muscle recruitment and loading up to
nine months post-ACLR, emphasizing the importance of targeted rehabilitation to restore
symmetrical neuromuscular control during explosive movements.

Keywords: knee injury; limb symmetry; musculoskeletal modelling; sports injury

1. Introduction

In field sports, such as football, knee injuries account for approximately one-fifth of
all injuries, with the majority being non-contact injuries. Anterior cruciate ligament (ACL)
injury is one of the most common of all knee injuries, with its injury mechanisms relating
to landing and change in direction tasks. The most frequent management of ACL injury is
ACL reconstruction (ACLR), intending to regain stability and prevent subsequent injuries
at the knee joint, as well as ensuring an athlete’s level of function has been appropriately
restored before returning to play (RTP) [1].

Following ACLR, previous reports state that between 49% and 92% of athletes reach a
level sufficient to return to play and return to a competitive level of sports performance
after a 12-month rehabilitation period [2,3]. However, between 35% and 60% of athletes
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who undergo this procedure do not reach their self-declared knee function level prior
to injury [4,5]. The low rate of success regarding regaining a similar level of preinjury
performance may be due to muscle strength deficiencies [6], and modified loading patterns
whilst performing landing [7–10], jumping, and squatting [11] tasks. Moreover, the rate of
reinjury following ACLR is high, where approximately 22% of the athletes suffer an ACL
injury in the contralateral lower limb after returning to sport [12]. Therefore, it is important
to define objective criteria to evaluate RTP.

Biomechanical analyses of landing tasks have been used to study the effectiveness of
injury prevention protocols and the impact of rehabilitation after ACLR. Previous studies
reported differences in kinematic and kinetic variables along all three anatomical planes
at the hip, knee, and ankle joints between the ACLR lower limb and the healthy con-
tralateral lower limb during jumping and cutting tasks, in male athletes who underwent
ACLR [13,14]. Research also demonstrated that ground reaction forces (GRF) reported
on the reconstructed lower limb were lower than those reported on the healthy con-
tralateral side, nine months after surgery [15]. In addition to this, muscle activations are
shown to change in patients following ACLR, so muscle dynamics should be taken into
account [15,16].

Musculoskeletal modelling provides insights into muscle function and internal loads
through computational simulations using a musculoskeletal model. When combined with
motion analysis biomechanical data, it may offer more clarity and is even able to estimate
muscle forces in high-risk actions. For instance, research on landing maneuvers revealed
that the GRF, quadriceps and hamstring muscle forces, and tibiofemoral force were the
main causes of ACL loading [17]. Additionally, muscles that do not span the knee joint, like
the soleus, were also found to contribute ACL loading [18,19]. Much of the growing body
of research for landing tasks using musculoskeletal modelling focused on the estimation of
force produced by the quadriceps and hamstrings [14], estimation of muscle contributions
to tibial anterior shear forces during a drop vertical jump tasks [20], and muscle contri-
butions to the ACL loading during a stop-jump task [19]. More recently, computational
modelling approaches have been used to predict optimal neuromuscular control strategies
that minimize ACL forces during landing tasks, demonstrating how muscle recruitment
patterns influence ACL loading [21], highlighting the value of computational modelling in
understanding movement strategies that either increase or reduce ACL loading. However,
while these studies provide theoretical insights, few have compared actual muscle force
patterns between ACL-reconstructed and healthy limbs during high-risk movements, such
as the drop jump.

Furthermore, inter-limb asymmetries in athletes create constraints that may limit
how they perform certain movements, especially physical constraints, which can put the
athletes in an injury-prone position that hinders musculoskeletal health. Evaluating limb
symmetry has been a useful tool in the assessment of injury risk, of player readiness
to RTP [15], as well as predicting the possibility of reinjury [13]. Common movements
employed in testing batteries consisted mainly of unilateral and bilateral jumping and
landing tasks [13,15], such as drop jumps and countermovement jumps, running [22], and
change in direction tasks [15]. More specifically, landing tasks like drop jumping have been
intimately associated with an ACL injury, and thoroughly implemented in biomechanical
analyses following ACLR [16]. Studying between-limb asymmetry is an important tool for
evaluating deficits in neuromuscular control during jumping and landing tasks [16]. In a
recent study, ACL, and peak tibiofemoral contact forces, at the time of RTP, were estimated
using an electromyography (EMG)-informed musculoskeletal modelling approach in male
athletes, and with this workflow, it was possible to conclude that between-limb asymmetry
concerning both ACL and tibiofemoral loading was present even after RTP clearance
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criteria were met [1]. However, the description of both musculotendon forces and GRF, in
terms of timing and magnitude would result in a better understanding of the biomechanical
differences between the ACL reconstructed and contralateral limb during a double-legged
drop jump task [23], and no prior studies have provided a detailed description of the
strategy used by the major lower limb muscles to perform double-leg drop jump. Bearing
this in mind, investigating inter-joint coordination and assessing inter-limb asymmetry
during jumping and landing tasks like the drop jump may be a useful approach to monitor
the risk of lower-limb injuries in athletes and their performance.

Therefore, this study aimed to use musculoskeletal modelling to quantify individual
lower limb muscle forces and vertical GRF during a double-leg drop jump in athletes
following ACLR and to compare these variables between the ACLR and contralateral limbs.
Based on prior evidence of reduced knee extensor and plantarflexor forces, altered muscle
activation, and persistent between-limb asymmetry, we hypothesized that the ACLR limb
would show lower knee extensor and plantarflexor forces and reduced vertical GRF, and
peak muscle activations would occur in the knee extensors, hip extensors, and ankle
plantarflexors, reflecting their primary role during the rebound phase of the movement.

2. Materials and Methods

A total of 30 eligible male participants (mass: 84.3 ± 12.34 kg; height: 180.2 ± 8.4 cm;
time post-op: 39.8 ± 3.9 weeks) were recruited between November 2019 and January
2020. Participants were recruited from the caseload of two Orthopedic surgeons in the
Sports Surgery Clinic, Santry, Dublin, and were part of a longer-term research project
consisting of physical testing at 6 and 9 months post ACL reconstruction (NCT02771548).
All subjects suffered an ACL injury and an ACLR was completed using either a patellar
or a quadriceps tendon graft technique. Subjects were male, between 18 and 35 years old,
participated in a field-based sport involving cutting/change in direction (Gaelic Football,
Hurling, Soccer, Basketball, etc.), underwent primary ACL injury reconstruction, and
had the intention to return to the same level of physical activity following rehabilitation.
All surgeries were performed at a single site, but rehabilitation was completed locally
under the supervision of referring physiotherapists. Participants followed an accelerated
program progressing from early weightbearing to strength, power, and plyometric training,
then on-field running and change in direction drills. Orthopedic reviews occurred at
2 weeks, 3 months, and 6–9 months post-surgery, with final physical testing at 9 months.
Participants who underwent multiple concurrent ligament reconstructions, and meniscal
repair, suffered previous ACL or chondral injuries, and had no intention to return to the
same level of preinjury activity were excluded. Data collection took place in a biomechanics
laboratory where a ten-camera motion analysis system (200 Hz; Bonita-B10, Vicon, Oxford,
UK), synchronized (Vicon Nexus 2.3) with two force platforms (1000 Hz BP400600, AMTI,
Watertown, MA, USA) was used to record the three-dimensional positions of 42 reflective
markers (14 mm diameter). The motion capture and force plate systems used exhibit high
instrument accuracy (errors < 1 mm and <1 N) [24,25]. The employed marker set was a
combination between the Plug-in Gait model [26] and the 6 Degrees of Freedom [25] model,
where the reference markers were positioned on the lower limb according to the former
and the cluster markers inserted into the thigh and shanks of both lower limbs following
the latter (Figure 1). Calibration markers were placed only during the static trial to estimate
joint widths. Markers located at anatomical landmarks present in both models were also
placed. In addition to this, six other markers were incorporated in the marker set to be
employed as a quality measure for data processing of the Plug-in Gait model. These marker
sets have shown excellent intra-rater and test–retest reliability for lower-limb kinematics,
with high values of the coefficient of multiple correlation and the intraclass correlation

23



Appl. Sci. 2025, 15, 12347

coefficient (greater than 0.8) and low measurement error (less than 5◦) for key sagittal-plane
variables [27].

Figure 1. Representation of the marker set employed in the experimental data acquisition. Anterior
(a) and posterior (b) views are given.

All subjects gave their written informed consent after an explanation of the experimen-
tal protocol and before the beginning of the study, which was approved by the institution’s
research ethics committee (25-AFM-010). Before data collection, all participants completed
a standardized warm-up consisting of jogging, squats, and submaximal countermovement
jumps. A static trial was collected after which the calibration markers were removed. As
described by King et al., 2018 [13], participants then completed a testing battery consisting
of several bilateral jumping and landing tasks, as well as planned and unplanned change
in direction tasks. The double leg drop jump (DLDJ) was carried out from a 30 cm box.
Participants started with their feet approximately hip-width apart and landed with one
foot on each of the laboratory force plates. Participants were instructed to drop off the box
with both feet simultaneously, and upon landing to jump vertically as high as possible
while spending as little time as possible on the force platforms. Participants completed
three trials with a 30 s rest period allowed between each trial. The trial with the highest
reactive strength index was selected for analysis to ensure optimal performance consistency
and data quality. Drop jump is a plyometric exercise involving an eccentric muscle action
followed by an explosive concentric muscle contraction—rebound phase—a flight phase,
and a landing phase. During the rebound phase of this task, the muscles work eccentrically
(eccentric stage) to prepare for a rapid concentric contraction (concentric stage). There-
fore, to perform this movement efficiently, forces need to be dampened, stabilized, and
accelerated. To identify each phase, the vertical centre of pressure data was used. Hence,
this study focuses on the rebound phase, with results presented separately for the eccen-
tric and concentric stages to provide a detailed understanding of both performance and
movement strategy. Custom software (Version R2019a; Mathworks Inc.; Natick, MA, USA)
was used for filling gaps in marker trajectories and screening data for errors. A filtering
step was performed on the marker trajectory and force data using a fourth-order zero-lag
lowpass Butterworth filter (cut-off frequency 15 Hz), to remove high-frequency noise while
preserving movement characteristics relevant for a DLDJ. The position and orientation of
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the local coordinate systems were computed using a global optimization algorithm [28],
using the Visual 3D software (Version 2021.06.02; C-Motion, Inc.; Germantown, MD, USA).
Segment masses were determined per Dempster [29], and the remaining inertial parameters
were estimated based on Hanavan [30]. For this work, the generic musculoskeletal model,
called “Gait 2392”, comprising 12 rigid bodies, 29 degrees of freedom (DoF), and 92 muscu-
lotendon actuators, representing both lower limbs and a head-arms-torso segment, was
inserted in the simulation using OpenSim (Version 4.2; Stanford University, Stanford, CA,
USA) [31], an open-source musculoskeletal simulation software. This model was selected
due to its well-established representation of lower-limb musculoskeletal anatomy and the
inclusion of the major muscles involved in a DLDJ. The hip and back joints were modelled
as ball-and-socket joints, allowing 3 DoF, the ankle as a revolute joint (1 DoF), and the knee
joints were modelled as a custom joint allowing the motion of flexion/extension [32]. This
single-axis representation was adopted to reflect the predominant sagittal-plane motion
of the knee and ankle during drop-jump tasks within the Gait2392 modelling framework.
The implemented Hill-type muscle model is a modification from the Thelen model [33], to
avoid numerical singularities. Scale factors, and inverse kinematics outputs used in the
musculoskeletal modelling portion of this work were exported from Visual3D.

Firstly, a scaling step with scale factors was performed, so that the scaled model would
match the subject’s joint frame locations, mass center location, force application points, and
muscle attachment points. A residual reduction algorithm (RRA) step was implemented to
reduce errors due to modelling simplifications, and kinetic and kinematic inconsistencies
arising from the experimental procedure. Muscle forces were estimated with the computed
muscle control (CMC) optimization method [33]. CMC uses a proportional-derivative
controller to track the experimental kinematics while solving an optimization problem
that minimizes the sum of squared actuator controls and the sum of squared acceleration
tracking errors, consequently obtaining the desired set of muscle excitations. Muscle force-
length–velocity properties were taken into account and used in this step. The estimated
excitations are then converted into individual muscle forces through the implemented mus-
cle model, accounting for the aforementioned muscle properties and activation dynamics.
The musculoskeletal simulation steps followed the current guidelines for best practices in
musculoskeletal modelling simulations, to ensure reproducible modelling outcomes [34].

To assess differences in muscle force variables between lower limbs, a paired
t-test was implemented into parametric and nonparametric analyses using the Statis-
tical Parametric Mapping (SPM) software (SPM spm1d version M.0.4.8 (2021-09-09);
https://spm1d.org) [35]. Normality was assessed qualitatively by comparing the results
between the parametric and nonparametric analyses (Supplementary Table S1). Cohen’s
d was calculated on a frame-by-frame basis across the entire task to quantify effect sizes
(small: d < 0.2; medium: 0.2 ≤ d < 0.8; large: d ≥ 0.8). In this context, small effects were
interpreted as minor asymmetries between limbs, medium effects indicated moderate,
easily noticeable and often clinically meaningful differences in muscle loading, and large
effects represented substantial asymmetries likely reflecting altered neuromuscular strate-
gies following ACLR. For statistically significant clusters, suprathreshold regions of the
SPM trajectory indicated clusters where ACLR lower limb forces were significantly lower
than those of the healthy limb (ACLR < Healthy, p < 0.05). Conversely, subthreshold
clusters were identified where ACLR lower limb forces exceeded those of the healthy limb
(ACLR > Healthy). The maximum effect size was calculated to estimate the magnitude
of differences for each statistically significant cluster, and the coefficient of variation (CV)
was computed on the cluster-wise differences between limbs to quantify between-subject
variability. These CV values were reported for each significant cluster, providing a relative
measure of dispersion and relative reliability of the asymmetry across participants.
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3. Results

To begin with, validation and verification were performed to give confidence to the re-
sults. RRA and CMC results confirmed acceptable model performance. Translational and ro-
tational kinematic errors remained within recommended limits (Supplementary Table S2),
with normalized root mean square errors (nRMSE) between RRA-derived and inverse dy-
namics joint moments of 19.2 ± 1.19%. Mean peak reductions were observed for rotational
(37.8 ± 20.0%) and translational (66.1 ± 15.4%) residuals at the pelvis joint. CMC kinematic
errors also remained below the maximum accepted threshold (Supplementary Table S2).

3.1. Time-Series Comparisons (SPM Analysis)
3.1.1. Vertical Ground Reaction Force

Mean vertical GRF were highly similar between limbs during the initial moments
of the rebound phase. However, one suprathreshold cluster spanning 8.82–95.53% of the
rebound phase exceeded the critical threshold, indicating significantly lower forces in the
ACLR limb compared to the healthy limb. The probability of this occurring by random
chance was extremely low (p < 0.00001), leading to rejection of the null hypothesis. This
suggests a consistent unloading strategy of the ACLR limb throughout most of the rebound
phase (Table 1, Figure 2).

Figure 2. Heatmap of statistically significant clusters illustrating between-limb differences (Healthy
vs. ACLR) across the task. Each row represents a muscle, and the horizontal axis corresponds to
the percentage of the rebound phase (0–100%). Color intensity reflects the magnitude of the effect
size (Cohen’s d), with warmer colors indicating greater absolute differences between lower limbs.
Negative values (blue) indicate higher values in the ACLR lower limb relative to the Healthy one,
while positive values (red) indicate higher values in the Healthy lower limb.
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Table 1. Summary of significant clusters detected by the parametric paired SPM t-tests comparing
the ACLR limb to the contralateral healthy limb during the rebound phase. Cluster ranges are
reported as percentages of the rebound phase, with corresponding p-values, maximum effect sizes,
and coefficients of variation (CV(%)). Cluster Type indicates whether the ACLR limb exhibited higher
(Subthreshold) or lower (Suprathreshold) values compared to the healthy limb, as indicated in the
final column.

Critical
Threshold

Cluster Type
Cluster Range (%
Rebound Phase)

p-Value Max Effect Size CV (%) ACLR vs. Healthy

Ground Reaction Forces
Vertical GRF 3.268 Suprathreshold 8.82–95.53 <0.00001 2.012 97.53 ACLR < Healthy

Muscles
Flexor Hallucis 3.143 Suprathreshold 13.81–15.44 0.0485 0.59 174.33 ACLR < Healthy

Gluteus
Maximus

3.239 Suprathreshold 45.85–67.63 <0.00001 0.834 139.67 ACLR < Healthy

Suprathreshold 82.50–86.59 0.0358 0.635 162.47 ACLR < Healthy
Gluteus
Medius

2.953 Suprathreshold 9.43–16.28 0.0413 0.599 176.52 ACLR < Healthy

Hamstrings 3.128 Subthreshold 65.57–90.14 0.00007 0.717 153.57 ACLR > Healthy
Quadriceps 3.047 Suprathreshold 17.33–100 <0.000001 1.716 77.97 ACLR < Healthy

Soleus 3.044 Suprathreshold 27.93–100 <0.000001 0.950 126.41 ACLR < Healthy

Table 1 summarizes the key characteristics of all significant clusters identified
by the paired SPM t-tests. For each variable, the table reports the critical threshold
for statistical inference, the cluster type (suprathreshold = ACLR < Healthy;
subthreshold = ACLR > Healthy), and the percentage of the rebound phase in which
the between-limb difference occurred. The corresponding p-values reflect the likelihood
of these clusters arising by chance, while the maximum effect size (Cohen’s d) indicates
the magnitude of asymmetry (small < 0.2; medium 0.2–0.8; large ≥ 0.8). The coefficient
of variation (CV(%)) reflects how consistently each cluster appeared across participants.
Collectively, these metrics outline when asymmetries emerged, how large they were, and
how reliably they were expressed between individuals.

3.1.2. Muscle Forces

Paired SPM t-tests were conducted to compare muscle force profiles between the
ACLR and healthy limbs during the double-leg drop jump. For most muscles, forces
were similar between limbs during large portions of the rebound phase. However, sev-
eral suprathreshold clusters exceeded the critical threshold, indicating time-dependent
asymmetries in force production for specific muscles (Table 1, Figure 2).

A large suprathreshold cluster was observed for the quadriceps, spanning 17.33–100%
of the rebound phase (p < 0.000001). During this cluster, the ACLR limb generated con-
sistently lower quadriceps forces than the healthy limb. Random curves of identical
smoothness would produce this result with a probability of less than 0.001, leading to
rejection of the null hypothesis.

Similarly, the soleus displayed a suprathreshold cluster from 27.93 to 100%, with
lower forces in the ACLR limb throughout the rebound phase (p < 0.000001). This in-
dicates systematic deficits in ankle plantarflexor function during the latter part of the
rebound phase.

The gluteus maximus exhibited two distinct suprathreshold clusters: One from 45.85 to
67.63% (p < 0.00001), and another from 82.50 to 86.59% (p = 0.0358). In both clusters, the
ACLR limb produced lower forces than the healthy limb, reflecting deficits in hip extensor
engagement during mid- and late-rebound phases.

A brief early suprathreshold cluster was detected for the gluteus medius between
9.43 and 16.28% (p = 0.0413), indicating lower ACLR limb forces during the initial part of
the rebound phase.
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The hamstrings showed a subthreshold cluster from 65.57 to 90.14% (p = 0.00007).
Unlike other muscles, the ACLR limb generated greater hamstring forces than the healthy
limb during this period, possibly reflecting a compensatory strategy to stabilize the knee
during late rebound.

The flexor hallucis exhibited a small suprathreshold cluster between 13.81 and 15.44%
(p = 0.0485), where ACLR limb forces were lower than those of the healthy limb. This brief
asymmetry likely reflects individual differences in forefoot loading at initial contact.

No significant clusters were detected for other muscles, indicating symmetrical force
production throughout the rebound phase.

3.2. Cluster-Level Characteristics and Effect Sizes
3.2.1. Vertical Ground Reaction Force

The vertical ground reaction force exhibited a single, large suprathreshold cluster
spanning 8.82–95.53% of the rebound phase (p < 0.00001). Within this cluster, the ACLR
limb generated consistently lower vertical forces than the healthy limb. The maximum
effect size reached 2.01, indicating a very large difference between limbs. The CV for cluster
extent was 97.53%, suggesting moderate inter-individual variability in the timing of this
asymmetry (Table 1, Figure 3). This result indicates a robust and systematic unloading of
the ACLR limb during rebound phase of this movement.

Figure 3. Between-limb differences in vertical ground reaction forces during the rebound phase
of a double-leg drop jump. The top panel illustrates the mean ± SD for the ACLR and Healthy
contralateral lower limbs of 30 subjects. The vertical lines represent the timings of peak vertical
ground reaction forces on the ACLR (blue) and healthy (red) lower limbs. The middle panel illustrates
the normalized SPM{t}—the t-statistic as a function of time describing the difference between the
two lower limbs. The red line represents the critical threshold and the shaded portion of the curve
indicates p < 0.05. The bottom panel illustrates the effect size over the range of the movement, and
two red horizontal lines are placed at 0.5 and −0.5.

3.2.2. Muscle Forces

Among individual muscles, the quadriceps showed the largest and most consistent
asymmetry, with a large suprathreshold cluster extending from 17.33 to 100% of the rebound
phase (p < 0.000001). The maximum effect size within this cluster was 1.72, indicating a very
large difference, with lower forces consistently produced by the ACLR limb. The CV for
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cluster extent was 77.97%, reflecting moderate variability in the timing of this asymmetry
across participants, showing a deficit in quadriceps force generation during the entire
rebound phase (Table 1, Figure 4).

Figure 4. Between-limb differences in muscle forces during the rebound phase of a double-leg drop
jump. The top panel illustrates the mean ± SD for the ACLR and Healthy contralateral lower limbs
of 30 subjects. The vertical lines represent the timings of peak vertical ground reaction forces on the
ACLR (blue) and healthy (red) lower limbs. The middle panel illustrates the normalized SPM{t}—the
t-statistic as a function of time describing the difference between the two lower limbs. The red line
represents the critical threshold and the shaded portion of the curve indicates p < 0.05. The bottom
panel illustrates the effect size over the range of the movement, and two red horizontal lines are
placed at 0.5 and −0.5.
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The soleus also demonstrated a large and sustained suprathreshold cluster from
27.93 to 100% (p < 0.000001), with a maximum effect size of 0.95. This represents a large
magnitude of asymmetry, where the ACLR limb exhibited consistently lower plantarflexor
forces. The cluster’s CV was 126.41%, indicating greater inter-individual variability com-
pared to the quadriceps, particularly regarding when the asymmetry emerged within the
rebound phase (Table 1, Figure 4).

The gluteus maximus displayed two distinct suprathreshold clusters: the first occur-
ring between 45.85 and 67.63% (p < 0.00001) and the second between 82.50 and 86.59%
(p = 0.0358).

The first cluster had a maximum effect size of 0.83, while the second reached 0.64,
both indicating moderate to large differences. Cluster variability was relatively high, with
CVs of 139.67% and 162.47%, suggesting that the timing and duration of hip extensor
asymmetry varied greatly between participants (Table 1, Figure 4).

The gluteus medius showed a brief suprathreshold cluster early in the rebound phase
(9.43–16.28%, p = 0.0413), with a maximum effect size of 0.60. The CV for this cluster was
176.52%, indicating considerable variability in when and how strongly this asymmetry
appeared across individuals (Table 1, Figure 4).

The hamstrings were unique in displaying a subthreshold cluster between 65.57 and
90.14% (p = 0.00007). Here, the ACLR limb produced greater hamstring forces than the
healthy limb, with a maximum effect size of 0.72. The CV was 153.57%, reflecting a wide
range of participant-specific compensatory strategies in knee flexor activation (Table 1,
Figure 4).

Finally, the flexor hallucis showed a small suprathreshold cluster between 13.81 and
15.44% (p = 0.0485), with a maximum effect size of 0.59 and a CV of 174.33%. This brief
cluster suggests highly variable asymmetries at initial ground contact (Table 1, Figure 4).

3.3. Peak Muscle Activations

Mean peak muscle activations were compared between the ACLR and healthy limbs
(Figure 5). The quadriceps showed the highest peak activation across all muscles, with
lower values in the ACLR limb, confirming the strong, sustained asymmetry observed in
the SPM analysis.

The gluteus maximus and soleus also exhibited reduced peak activations in the ACLR
lower limb, consistent with their significant clusters, indicating deficits in hip extension
and plantarflexor function during the rebound phase.

For the hamstrings, peak activations were similar between limbs despite the SPM
analysis showing greater ACLR limb activity late in the rebound phase.

Smaller differences were seen in the gluteus medius and flexor hallucis, with slightly
lower peaks in the ACLR limb.

No notable asymmetries were found in other muscles, indicating symmetrical peak
activation patterns.
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Figure 5. Mean peak muscle activations for both lower limbs during the rebound phase of a double-
leg drop jump. Each bar illustrates the mean ± SD for the ACLR and Healthy contralateral lower
limbs of 30 subjects.

4. Discussion

This work aimed to estimate muscle forces and investigate inter-limb asymmetries
during a DLDJ task, in athletes after ACLR. Using musculoskeletal modelling and SPM,
we identified persistent and systematic deficits in the ACLR limb. These deficits occurred
mainly in muscles responsible for knee extension and ankle plantarflexion, despite athletes
performing the task symmetrically. This highlights that bilateral tasks can still reveal
meaningful internal asymmetries and supports their continued use in post-ACLR assess-
ments [9].

Peak muscle activation analysis supported SPM results, confirming that muscles with
large asymmetries, such as the quadriceps, soleus, and gluteus maximus, also showed
reduced peak activations in the ACLR limb. Conversely, muscles with smaller or variable
clusters, such as the hamstrings and gluteus medius, showed inconsistent or minimal peak
differences, suggesting that timing and coordination, rather than peak magnitude, drive
these asymmetries.

The main knee extensors, ankle plantar flexors, and hip extensors showed significantly
higher muscle activations throughout the entire movement, which aligns with a study
of individual muscle contributions to ground reaction forces during a drop jump task
in elite basketball players [36]. These results also agree with findings from other tasks,
where quadriceps isometric strength was reported to be lower in the ACLR limb during
gait [37]. Moreover, Salem et al. observed a reduced knee extensor moment in the ACLR
limb during squatting [38]. They also found a higher hip extensor moment in the ACLR
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limb, which may explain the higher mean peak hamstrings activations in the ACLR lower
limb found in the present study. These estimates and statistically significant between-limb
differences observed in this work suggest this muscle group may act as a dynamic protector
of the ACL, by pulling the tibia posteriorly and increasing knee joint compression [39],
likely reflecting a compensatory mechanism to stabilize the knee and compensate for
quadriceps deficits. While such compensation may help maintain joint stability, excessive
reliance on hamstrings could increase the risk of secondary injuries or hamstring strain. The
systematic unloading of the quadriceps and soleus observed in the ACLR limb may reflect
a protective strategy to reduce ACL loading. This aligns with model-based predictions
showing that altered neuromuscular control can minimize ACL forces during landing
tasks [21]. However, while such strategies may reduce ACL loading, they may also lead to
persistent asymmetries and impaired performance if not addressed during rehabilitation.

It is expected that muscles spanning the knee joint, such as the quadriceps and ham-
strings, are important for the loading of the ACL [19]. However, significant differences
were also found in non-knee spanning muscles, such as the soleus, gluteus maximus, and
gluteus medius, which supports to the concept of dynamic coupling. Furthermore, their
relation to ACL loading has been studied during other tasks. The soleus has been shown
to have an important role in preventing anterior tibial translation, which is correlated to
ACL loading and subsequent injury [18]. The soleus showed large, continuous clusters
indicating systematic unloading throughout the rebound phase. These findings align with
previous reports of persistent deficits in plantarflexor function after ACLR, which may
impair landing mechanics and explosive take-off performance. Persistent unloading may
also contribute to muscle weakness and delayed return to sport if not addressed during
rehabilitation. Regarding the gluteus maximus, its role in preventing the femur from
internally rotating relative to the tibia might play an important role in ACL loading [40].
The gluteus maximus exhibited two moderate clusters, while the gluteus medius showed
brief, variable asymmetries early in the rebound phase. The high variability in cluster
extent suggests that individuals adopt different hip strategies to compensate for knee
extensor deficits. Some athletes may rely heavily on hip extensors to stabilize and generate
force, whereas others do not. This heterogeneity highlights the need for individualized
rehabilitation programs targeting hip strength and control.

Concerning the GRF, the results showed increased peak vertical GRF on the healthy
contralateral lower limb compared to the ACLR lower limb. Between-limb differences
(asymmetries) were also evident during the rebound phase. Research has shown that
vertical GRF in the ACLR limb was lower than in the healthy contralateral side, nine
months following ACLR [15]. This asymmetry might reflect continued offloading of the
ACLR limb possibly due to insufficient rehabilitation following ACLR. Moreover, this
asymmetry has been identified as a risk factor not only for primary ACL injuries but also
for ACL injuries to the contralateral limb after ACLR [9]. The vertical ground reaction
force mirrored the muscle-level findings, with the ACLR limb consistently producing lower
forces throughout most of the rebound phase. This reduction reflects the combined effect of
diminished quadriceps and soleus contributions, leading to overall unloading of the ACLR
lower limb and have been linked to an increased risk of both re-injury and contralateral
ACL injury. Previous studies demonstrated that muscle strength deficits in the ACLR limb,
notably in the quadriceps muscle group, can induce between-limb discrepancies in vertical
GRF, as well as hip and knee joint moments along the sagittal plane [15]. However, further
research is needed on the muscle contributions to GRF during this task, to clarify how
muscle strength deficits alter between-limb differences in vertical GRF.

Albeit the majority of the calculated effect size fell within he medium to large range,
the low effect size observed for the hamstrings highlights the substantial inter-subject
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variability in the dataset. This was further supported by the high CV across all muscles,
indicating substantial variation in muscle force estimates, which likely reflects the hetero-
geneous nature of ACLR recovery among athletes. Given that rehabilitation protocols were
consistent across participants, neuromuscular compensation strategies and graft type may
have contributed to the variability in muscle force production observed here. Overall, the
effect size represents the meaningfulness of the difference between the variables. These
findings underscore the importance of individualized assessment and rehabilitation fol-
lowing ACLR, as group-level averages may obscure clinically relevant deviations at the
individual level.

This work provides novel insights into the neuromuscular adaptations that persist in
athletes following ACLR during an explosive, sport-specific task. Using a musculoskeletal
modelling approach in OpenSim, individual muscle forces were estimated, and significant
between-limb asymmetries were identified in key muscles—including the quadriceps,
soleus, gluteus maximus, gluteus medius, and hamstrings. The results demonstrate that
muscle recruitment and ground reaction force loading patterns remain altered in the ACLR
limb, even during symmetrical bilateral tasks. These internal biomechanical asymmetries
may contribute to impaired performance or an increased risk of reinjury, and may remain
undetected through conventional clinical assessments.

This study has several limitations that should be considered. First, a generic muscu-
loskeletal model scaled to each participant was used, with a planar knee model allowing
only flexion/extension and locked subtalar and metatarsophalangeal joints to maintain
neutral foot positioning. While this simplification is appropriate for sagittal-plane analysis
of the DLDJ, it does not capture multi-planar knee or foot mechanics. In addition to this,
the model parameters related to the musculotendon actuator architecture, like tendon slack
length were obtained from different studies that did not relate to the population studied in
this study [41]. Although previous work suggests that scaled generic and subject-specific
models produce similar results for gait [42], subject-specific parameters may improve accu-
racy for high-demand tasks. Even though this gives confidence to the results of this study,
future studies must maintain this line of thought in choosing the appropriate model for
the implementation of a musculoskeletal modelling approach in scientific research work.
Also, this study did not acquire electromyographic data, which limits direct validation of
estimated muscle activations. However, throughout the simulation, positional errors and
reserve actuators were all kept within the acceptable range of values according to Hicks
et al., 2015 [34], so this gives confidence to the results obtained and their interpretations. Fu-
ture research should consider using subject-specific models, multi-degree-of-freedom joints,
and EMG acquisition to refine muscle force estimates and better capture neuromuscular
adaptations after ACLR.

5. Conclusions

This study implemented a musculoskeletal modelling framework to evaluate changes
in muscle recruitment after ACLR during a DLDJ. The ACLR limb produced consistently
lower vertical GRF throughout the rebound phase and reduced quadriceps, gluteus max-
imus, and soleus forces. Peak activations occurred in the quadriceps, gluteus maximus,
and soleus, reflecting their main role during the rebound phase of a DLDJ, while increased
hamstring forces late in the movement suggested a compensatory strategy to achieve
knee stability. Together, these kinetic and muscle-level asymmetries reveal persistent neu-
romuscular adaptations following ACL reconstruction and highlight the importance of
rehabilitation and RTP assessments that restore symmetrical neuromuscular function and
improve landing mechanics.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/app152212347/s1, Table S1: Critical t-values and significant
cluster ranges identified by parametric and non-parametric paired SPM t-tests comparing the ACLR
and contralateral healthy limbs across muscles and variables during the rebound phase. Cluster
ranges are expressed as percentages of the rebound phase, with corresponding peak t-values. Positive
peak t-values indicate higher values in the ACLR limb, while negative values indicate higher values
in the contralateral limb. “-----” indicates no significant clusters were detected; Table S2: Positional
errors. Translational errors (Pelvis_tx, Pelvis_ty, Pelvis_tz) are given in cm and rotational errors
(Pelvis Tilt, Pelvis List, Pelvis Rotation, Hip Flexion, Hip Adduction, Hip Rotation, Knee Flexion,
Ankle Plantarflexion, Lumbar Extension, Lumbar Bending, Lumbar Rotation) are given in degrees.
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The following abbreviations are used in this manuscript:

ACL Anterior Cruciate Ligament
ACLR ACL Reconstruction
CMC Computed Muscle Control
CV Coefficient of Variation
DOF Degree of Freedom
DLDJ Double Leg Drop Jump
EMG Electromyography
GRF Ground Reaction Forces
nRMSE normalized Root Mean Square Errors
RRA Residual Reduction Algorithm
RTP Returning to play
SPM Statistical Parametric Mapping
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Abstract: Pelvic floor muscles (PFMs) in women play a key role, and their proper function-
ing depends on the coordinated interaction with other anatomical structures, particularly
the diaphragm and deep abdominal muscles, which together constitute the so-called core
stabilizing unit. The aim of this study was to evaluate the effects of diaphragmatic breath-
ing therapy on pelvic floor muscle function and stress levels in healthy women. The
randomized, controlled, parallel-group trial (allocation 1:1) included 42 women aged 21–30
years who met the inclusion and exclusion criteria. The experimental group received
diaphragmatic breathing therapy. The following assessment tools were used: Surface
Electromyography (sEMG), the Sexual Satisfaction Questionnaire in Close Relationships
(KSS) by M. Plopa, and the Perception of Stress Questionnaire (KPS) by M. Plopa and R.
Makarowski. In the experimental group, a significant reduction in resting PFM activity
was observed in the final stage of the measurement protocol, along with a tendency toward
decreased activity during relaxation phases. A trend toward increased amplitude during
phasic and tonic contractions was also noted, more pronounced after therapy than in the
control group, although not statistically significant. No significant associations between
stress dimensions and sexual satisfaction were found in the control group, whereas in the
experimental group, higher worry, reduced sense of meaning, low agency and pessimism
correlated with lower sexual satisfaction and difficulties achieving orgasm. These findings
suggest that diaphragmatic breathing therapy may reduce resting pelvic floor muscle
activity and perceived emotional stress.

Keywords: pelvic floor muscles; diaphragmatic breathing therapy; stress; sexual
satisfaction; Polish women

1. Introduction

Pelvic floor muscles (PFMs) in women are integral to maintaining urinary and fecal
continence, supporting pelvic organs, contributing to lumbopelvic stability, and enhancing
sexual function [1]. The proper function of these muscles relies on their synergistic rela-
tionship with other anatomical structures, particularly the diaphragm and deep abdominal
muscles, collectively referred to as the “core stabilizing unit” [2]. Effective coordination
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between the diaphragm and PFM is critical for regulating intra-abdominal pressure (IAP)
and maintaining postural stability [3].

During inhalation, the diaphragm contracts and moves downward, increasing IAP
and inducing reflexive relaxation of the PFM. During exhalation, the diaphragm ascends
while the PFMs contract, thus supporting expiration and trunk stabilization [3]. Disrup-
tions in this coordination—often associated with respiratory dysfunction—may lead to
compensatory tension within the pelvic floor, potentially resulting in pelvic pain, urinary
incontinence, and sexual dysfunction [2].

Impaired diaphragmatic function is not confined to individuals with diagnosed medi-
cal conditions but can also be observed in seemingly healthy individuals. This is largely
attributed to the widespread prevalence of upper chest (thoracic) breathing patterns that
fail to properly engage the diaphragm. Such dysfunctional breathing is increasingly com-
mon among individuals experiencing chronic stress, fast-paced lifestyles, and prolonged
sedentary behavior [4].

In recent years, growing attention has been paid to the role of breathing techniques and
diaphragmatic work in reducing stress and improving the functioning of the musculoskele-
tal and reproductive systems in women. Research suggests that interventions combining
physiotherapy with psychological support can contribute to the normalization of cortisol
levels and enhance overall well-being in women with endometriosis [5]. These findings
may serve as a basis for further investigation into the efficacy of breathing techniques, such
as diaphragmatic therapy, in relation to pelvic floor muscle function, stress levels, and
sexual quality of life.

There is evidence suggesting that even a single session of diaphragmatic ther-
apy may have beneficial effects on psychological stress responses or reduce depressive
symptoms [6,7]. Furthermore, it has been observed that a single relaxation session in-
duced by diaphragmatic breathing can enhance the antioxidant defense capacity in athletes
following exhaustive exercise. These effects are associated with a decrease in cortisol
levels [8].

A positive correlation between perceived stress levels and pain intensity suggests that
interventions aimed at reducing stress may substantially alleviate pain symptoms [9,10].
These effects may be linked to dysregulation of the hypothalamic–pituitary–adrenal (HPA)
axis and the action of glucocorticoids [11]. Studies have shown that women experiencing
high levels of stress exhibit reduced genital response to sexual stimuli and elevated cortisol
levels, both of which may negatively impact sexual functioning [12].

Despite increasing clinical interest, comprehensive studies investigating the interac-
tions between diaphragmatic breathing, pelvic floor muscle activity, psychological stress,
and sexual satisfaction in women remain scarce. This knowledge gap underscores the
need for an integrative therapeutic approach that incorporates both musculoskeletal and
psychosocial dimensions. By exploring these multidimensional relationships, we may
enhance our understanding of how non-invasive myofascial techniques can contribute to
holistic care strategies in women’s health.

In light of these physiological and psychological interconnections, the present study
aimed to determine whether targeted diaphragm therapy could affect pelvic floor muscle
activity, perceived stress levels, and sexual satisfaction in women.

The research question that guided this study was: Does diaphragm therapy improve
PFM activity, reduce stress levels, and enhance sexual satisfaction in women?
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2. Materials and Methods

2.1. Participants

A total of 76 women were initially recruited for the project. Based on the inclu-
sion and exclusion criteria, 42 Polish women aged 21–30 years (mean age: 24.79 ± 2.75)
were ultimately included in the study. Participants’ body mass ranged from 48 to 89 kg
(mean: 61.04 ± 9.31), and their height ranged from 155 to 178 cm (mean: 167.17 ± 5.1). The
body mass index (BMI) of the participants ranged from 17.16 to 32.69 (mean: 22.18 ± 3.03).
A detailed characterization of the study group is provided in Table 1.

Table 1. Characteristics of the participants.

Parameter Total (n = 42)

Age [years]

Mean (SD) 24.79 (2.75)
Median (quartiles) 24 (23–26)

Range 21–30
n 42

Education level
Vocational 1 (2.38%)
Secondary 16 (38.10%)
University 25 (59.52%)

Type of relationship Marriage 6 (14.29%)
Informal 36 (85.71%)

Relationship duration [months]

Mean (SD) 40.29 (28.48)
Median (quartiles) 36 (13.5–64.5)

Range 2–96
n 42

SD—standard deviation.

The inclusion criteria were as follows: provision of written informed consent, age
between 20 and 30 years, no history of pregnancy, childbirth, or miscarriage (confirmed nul-
liparity), sexual activity, and absence of self-reported urogenital dysfunction, neurological
disorders, visual impairments, or musculoskeletal conditions. Additionally, participants
were required to have had no physiotherapy targeting the diaphragm or pelvic floor
muscles within the previous six months.

The exclusion criteria were as follows: pregnancy, hypertension, diagnosed urogenital
dysfunctions, pathological changes within the pelvic region, history of surgical procedures
or injuries involving the abdominal cavity or spine within six months prior to the study,
neurological or musculoskeletal disorders, systemic diseases, use of hormonal contracep-
tion, and participation in physiotherapy within six months prior to the commencement of
the study.

Participant recruitment was conducted through advertisements targeting the young
adult population in Kraków and the surrounding areas (Poland), posted on social media
platforms (Instagram, Facebook). Recruitment took place between 11 June and 15 July 2024,
and all measurements were completed by 30 October 2024.

The study was conducted in the Functional Diagnostics Laboratory, which is part of
the Central Scientific Research Laboratory at the Bronisław Czech University of Physical
Education in Kraków. Ethical approval for the study was obtained from the Bioethics
Committee (KBKA/43/O/2024). The project was funded by the Ministry of Science under
the program Regional Initiative of Excellence for the years 2024–2027 (project number
RID/SP/0027/2024/01; total funding: PLN 4,053,904.00).

Participants were randomly assigned to two groups in a 1:1 ratio using simple random-
ization. Group allocation was determined by drawing a sealed, opaque envelope containing
the group designation (I or II), which had been prepared by a researcher who was not
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involved in either the assessment or the intervention. Group I (n = 20) received diaphrag-
matic therapy, which included selected techniques targeting the diaphragm (diaphragm
normalization, work on the central tendon, and work on the crura of the diaphragm).
Group II (n = 22) served as a control group with no intervention.

A total of six therapeutic sessions were applied to the diaphragm over a two-week
period. Therapy was administered three times per week (Monday, Wednesday, and Friday).
To evaluate both groups, assessments were performed before and after the six therapy
sessions in Group I, and at equivalent time points in Group II without intervention.

The study was a randomized controlled trial with parallel groups. The investiga-
tor responsible for the measurements was blinded to the participants’ group allocation.
The participants were not informed of the exact research hypothesis but were told that
both groups would be evaluated in terms of physiological responses associated with
diaphragm function.

Prior to participation, all individuals were informed about the study aims, procedures,
and the therapy protocol, as well as their right to withdraw from the study at any time
without consequences. Written informed consent was obtained from all participants prior
to inclusion.

2.2. Research Tools

To assess the effectiveness of the applied therapy, standardized research instruments
were employed, including surface electromyography (sEMG) to measure the bioelectrical
activity of the pelvic floor muscles, the Perceived Stress Questionnaire (PSQ) developed by
Mieczysław Plopa and Mieczysław Markowski to evaluate the level of psychological stress,
and the Sexual Satisfaction Questionnaire in Close Relationships (SSQ) by Mieczysław
Plopa to analyze the level of satisfaction with sexual life.

2.2.1. Surface Electromyography (sEMG)

Surface electromyography (sEMG) was employed to assess the bioelectrical activity
of the PFM, using the Noraxon Ultium device (Noraxon U.S.A. Inc., Scottsdale, AZ, USA)
and theLifecare PR-02 vaginal probe (Everyway Medical Instruments Co., Ltd., New Taipei
City, Taiwan). Findings from other studies suggest that differences in probe placement
during PFM activation did not have a significant impact on the recorded sEMG signals [13].
The signal was recorded with 16-bit resolution at a sampling frequency of 1500 Hz. sEMG
signal processing was performed using the MyoResearch XP software version 1.0 (Noraxon
USA, Inc., Scottsdale, AZ, USA). The vaginal probe, measuring 76 mm in length and 28
mm in diameter, featured two longitudinal stainless steel and nickel plates.

Prior to each measurement, the sEMG system was calibrated in accordance with the
manufacturer’s recommendations to ensure signal accuracy and minimize baseline noise.
Signal quality was visually inspected before recording to verify stable electrode impedance
and the absence of artifacts.

The electromyographic data were band-pass filtered between 10 and 500 Hz, rectified,
and smoothed using RMS filtering with a 100 ms window. The signals were expressed
in microvolts (μV) and as a function of frequency (Hz). In addition, the sEMG data were
normalized to the maximum recorded RMS EMG amplitude of the pelvic floor muscles.
performed at the beginning of the protocol.

Measurements were not conducted during menstrual bleeding. Prior to the assessment,
participants were asked to completely empty their bladders. After donning protective
gloves and applying conductive gel, the participant independently inserted the vaginal
probe, positioning the electrodes toward the iliac crests. The physiotherapist verified the
correct placement of the probe. The examination was carried out in a supine position, with
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a cushion placed under the knees to allow for slight flexion of the hip and knee joints. The
spine was maintained in a neutral position, and the upper limbs were positioned parallel
to the torso.

The study followed the assessment protocol described by Oleksy et al. [14], which
consisted of five stages:

1. Participants were instructed to relax the pelvic floor muscle (PFM) following a 60-s
rest period prior to the assessment, which was divided into three segments: I—5 s,
II—5 s, and III—50 s.

2. Participants were then asked to contract the PFM as quickly as possible and to imme-
diately and fully relax it. This phase included five phasic (rapid) contractions, each
lasting 2 s, with 10-s rest intervals between contractions.

3. In the next phase, participants were instructed to contract the PFM as strongly as
possible, maintain the contraction for 10 s, and then fully relax. This consisted of five
tonic contractions, each followed by a 10-s rest.

4. Subsequently, participants were asked to contract the PFM to a submaximal level that
could be sustained for 60 s without changes in muscle tension. This phase involved
one 60-s endurance contraction.

5. Finally, participants were instructed to relax the PFM during a 60-s resting period
following the exercises.

2.2.2. The Sexual Satisfaction Questionnaire in Close Relationships (SSQ) by M. Plopa

To assess the level of sexual satisfaction before and after the series of therapy sessions,
the Sexual Satisfaction Questionnaire in Close Relationships (Poland) was used. This Polish
psychometric instrument was developed for research on the subjective perception of sexual
quality of life. The questionnaire consists of 10 items rated on a 7-point Likert scale (from
1—“definitely not” to 7—“definitely yes”). The SSQ comprises three subscales: intimacy,
caresses, and sex. The sex subscale refers to physical aspects such as the level of satisfaction
with sexual intercourse and the experience of orgasm, for example, “I am satisfied with
the quality of our sexual intercourse”. The intimacy subscale concerns the depth of the
romantic relationship, communicative openness, mutual trust, the feeling of joy from being
close to one’s partner, cuddling, the attractiveness of the partner’s scent, and the readiness
for erotic intimacy, as illustrated by the statement, “I can openly talk with my partner
about my feelings and desires”. The caress subscale includes the assessment of satisfaction
with foreplay, behaviors leading to intimacy, mutual touching, and other forms of erotic
contact outside of sexual intercourse, for instance, “I like when my partner touches me
affectionately” [15].

The questionnaire allows for the assessment of overall sexual satisfaction as well
as specific dimensions of sexual quality of life. It was developed and validated within
the Polish cultural context using data collected in Poland. Participants were randomly
divided into two subsamples: one for Exploratory Factor Analysis (EFA) and another for
Confirmatory Factor Analysis (CFA). Both analyses supported a clear three-factor structure,
with excellent model fit indices (CFI = 0.96, RMSEA = 0.048, SRMR = 0.043), confirming
the theoretical model’s consistency with the empirical data. The instrument demonstrated
high internal consistency, with Cronbach’s alpha coefficients ranging from 0.83 to 0.88 for
subscales and 0.91 for the total score, indicating strong reliability. Convergent validity
was confirmed through positive correlations with the Marital Adjustment Test (MAT), the
Satisfaction with Life Scale (SWLS), and M. Rosenberg’s Self-Esteem Scale (SES) [15].

Discriminant validity analyses further supported the measure, revealing equivalence
across gender and consistent relationships with age and relationship status. Overall, the
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questionnaire exhibits robust psychometric properties and serves as a reliable and valid
tool for assessing sexual satisfaction in both research and clinical contexts [15].

2.2.3. The Perceived Stress Questionnaire (PSQ) by M. Plopa and R. Makarowski

To measure the subjective level of stress, the Perceived Stress Questionnaire (Poland),
developed by M. Plopa and R. Makarowski in 2010, was used. This instrument is designed
to assess individual differences in the experience and perception of stress in everyday
functioning. The questionnaire consists of 27 test items, divided into the following sub-
scales: emotional tension (e.g., “I often feel irritated for no apparent reason”), intrapsychic
stress (e.g., “I feel that I am unable to meet my own expectations”), external stress (e.g., “I
have the impression that too much is expected of me”), and a lie scale (e.g., “I never make
promises I cannot keep”). Respondents rate each statement on a five-point Likert scale,
ranging from “definitely not” to “definitely yes” [16].

In addition to subscale scores, it is possible to obtain a general stress index, which
serves as a synthetic measure of psychological burden and represents the sum of the
three subscales. The questionnaire also includes a lie scale, which makes it possible to
identify individuals who present themselves in an overly favorable light by attributing to
themselves socially desirable behaviors that are in fact rare. Such a tendency may stem
from a lack of self-criticism, limited insight, or deliberate misrepresentation [16].

The PSQ demonstrates good psychometric properties. The authors report internal
consistency coefficients (Cronbach’s alpha) ranging from 0.70 to 0.81, indicating that it is
a reliable tool for measuring stress levels in both men and women. The reliability coeffi-
cients for women in individual scales are as follows: for Emotional Tension—Cronbach’s
alpha = 0.82, for External Stress—Cronbach’s alpha = 0.70, for Intrapsychic Stress—
Cronbach’s alpha = 0.70, and for the Lie Scale—Cronbach’s alpha = 0.57 [16].

The validity of the questionnaire is satisfactory and has been confirmed based on
correlation coefficients with other psychological instruments: the NEO-FFI, C. D. Spiel-
berger’s Questionnaire, and the BDI—Beck Depression Inventory. The normalization of
the PSQ was carried out on the basis of studies conducted among individuals representing
both urban and rural populations in Poland. The sample was diverse in terms of gender,
age, marital status, education, place of upbringing, occupation, and health condition. The
questionnaire is widely used in psychological and clinical research, as well as in diagnostic
practice [16].

2.3. Intervention

In the enrolled participants, therapy was performed using manual techniques aimed
at normalizing diaphragmatic [17]. Diaphragmatic tension was assessed manually by a
qualified physiotherapist. The therapeutic protocol included three manual techniques:

• Normalization of the costal arches (bilateral work on the costal margins): During this
technique, participants were instructed to take a deep inhalation, while the therapist
facilitated the upward and outward movement of the costal arches. During exhalation,
the therapist maintained the achieved movement and prevented regression.

• Work on the central tendon of the diaphragm: The therapist placed the heel of the
hand above the umbilicus and followed the participant’s inhalation and exhalation.
During exhalation, the heel of the hand was gradually pressed deeper into the tissue
and rotated clockwise.

• Work on the diaphragmatic crura: This technique was performed with the participant
in the prone position. The therapist placed one hand on the participant’s thigh in the
popliteal fossa region and the other hand over the diaphragmatic crura at the level
of L1–L2, lateral to the spine, on the side where the therapist was positioned. The

42



Appl. Sci. 2025, 15, 12055

participant was instructed to inhale deeply and then exhale. During exhalation, the
participant was asked to maximally relax the entire body. With subsequent repetitions,
the distance between the therapist’s hands was gradually increased.

Each technique was performed in synchronization with the participant’s breathing
cycle, with inhalation and exhalation repeated several times. The duration of each ther-
apeutic session was not predetermined but depended on the achievement of improved
diaphragmatic mobility.

2.4. Statistical Analysis

The statistical analysis was performed using STATISTICA 12.0 Pl (Statsoft Polska,
Krakow, Polska). Qualitative variables were presented as counts and percentages, while
quantitative variables were expressed as mean and standard deviation. In the analysis of
questionnaire results, comparisons of quantitative variables between two repeated mea-
surements were performed using the Wilcoxon test. In the analyses based on questionnaire
data, no correction for multiple testing was applied, as these analyses were exploratory. To
assess differences in pelvic floor muscle activity assessed by electromyography, a two-way
ANOVA was conducted, with one main factor between groups (experimental vs. control)
and the other main factor being the repeated measure (time: pre- and post-intervention
or pre- and post-break). For the analysis of PFM activity, post hoc comparisons were con-
ducted using Tukey’s test to control for multiple comparisons. The Shapiro–Wilk test was
used to assess the normality of variable distribution. The homogeneity of variances across
groups was evaluated using Levene’s test. Effect sizes were determined with Cohen’s d
and classified as negligible (<0.1), small (0.1–0.3), medium (0.3–0.5), or large (>0.5) [18].
Spearman’s correlation coefficient was used to assess correlation between two quantitative
variables. Differences were considered statistically significant if the test probability level
was lower than the assumed significance level (p < 0.05). Based on data from another study
including the bioelectrical activity of the pelvic floor muscles, a power analysis for the
two-way ANOVA determined that a minimum of 16 participants per group was required
to achieve a statistical power of 0.80 at a two-tailed significance level of 0.05, assuming an
effect size of d = 0.8. This analysis was based on data derived from previous literature on
the primary outcome variables such as PFM bioelectrical activity [19].

3. Results

3.1. Bioelectrical Activity of the PFM
3.1.1. Resting Activity of the PFM During a 1-min Rest Period (First Phase of the
Measurement Protocol—Pre-Exercise)

In the second measurement, a decrease in pre-exercise resting activity of the pelvic
floor muscles was observed in both groups; however, these changes were not statistically
significant (p > 0.05). The calculated effect size in the experimental group indicated a
medium effect. The results are presented in Table 2.

Table 2. Resting activity of the PFM during a 1-min rest period (first phase of the measurement
protocol—pre-exercise).

Measurement

Experimental Group
(n = 20) p ES a

Control Group
(n = 22) p ES a p * ES b

Mean ± SD %MVC Mean ± SD %MVC

Average mean
amplitude (μV)

Before 9.57 ± 5.01 11.14 ± 5.77
0.395 −0.347

9.56 ± 6.49 11.60 ± 6.83
0.136 −0.248

0.995 −0.002

After 8.03 ± 3.78 9.58 ± 5.04 7.94 ± 6.60 9.45 ± 8.56 1.000 −0.017

SD—standard deviation: p—between measurements; p *—between groups; ES a—effect size (Cohen’s d) within
each group; ES b—effect size (Cohen’s d) between study groups; %MVC—percent of maximal voluntary contrac-
tion; μV—microvolts; %—percent.
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3.1.2. Activity of the PFM During 2-s Phasic Contractions

During the assessment of 2-s phasic contractions, both groups showed an increasing
trend in amplitude during contraction and a decreasing trend in resting pelvic floor muscle
activity between contractions. However, observed changes were not statistically significant
(p > 0.05). The data are presented in Table 3.

Table 3. Activity of the PFM during 2-s phasic contractions.

Measurement

Experimental Group
(n = 20) p ES a

Control Group
(n = 22) p ES a p * ES b

Mean ± SD %MVC Mean ± SD %MVC

Average peak
amplitude (μV)

Before 82.51 ± 33.35 88.02 ± 16.79
0.923 0.109

74.96 ± 32.89 86.03 ± 17.60
0.984 0.054

0.859 −0.228

After 85.71 ± 24.98 94.03 ± 12.48 76.72 ± 31.80 92.19 ± 25.23 0.784 −0.314

Time before
peak (s)

Before 45.07 ± 15.46 -
0.922 0.192

52.61 ± 13.34 -
0.820 −0.257

0.355 0.522

After 47.93 ± 14.24 - 48.84 ± 15.89 - 0.060

Average resting
tension between

phasic contractions
(μV)

Before 12.74 ± 6.73 14.45 ± 6.78
0.623 −0.257

12.59 ± 7.11 15.93 ± 10.77
0.437 −0.279

1.000 −0.022

After 11.17 ± 5.40 12.57 ± 5.16 10.72 ± 6.26 13.54 ± 8.20 0.996 −0.077

SD—standard deviation; p—between measurements; p *—between groups; ES a—effect size (Cohen’s d) within
each group; ES b—effect size (Cohen’s d) between study groups; %MVC—percent of maximal voluntary contrac-
tion; μV—microvolts; %—percent; s—second.

3.1.3. Activity of the PFM During 10-s Tonic Contractions

Consistent with the findings for phasic contractions, the analysis of 10-s tonic con-
tractions in the second assessment demonstrated an increase in contraction amplitude.
Following the applied therapy, the value of amplitude normalized to the maximum volun-
tary contraction (MVC) increased by 11.55% in the experimental group, while in the control
group, the increase was 7.41%. However, these changes were not statistically significant in
either group (Table 4).

Table 4. Activity of the PFM during 10-s tonic contractions.

Measurement

Experimental Group
(n = 20) p ES a

Control Group
(n = 22) p ES a p * ES b

Mean ± SD %MVC Mean ± SD %MVC

Average mean
amplitude (μV)

Before 47.52 ± 21.02 50.55 ± 12.37
0.734 0.211

47.44 ± 25.59 53.06 ± 11.31
1.000 0.010

1.000 −0.003

After 51.47 ± 16.15 56.39 ± 10.48 47.67 ± 20.54 56.99 ± 18.43 0.938 −0.206

Time before
peak (s)

Before 41.79 ± 18.92 -
0.883 −0.187

43.12 ± 21.66 -
0.958 −0.113

0.996 0.065

After 38.47 ± 16.58 - 40.96 ± 16.17 - 0.972 0.152

Average resting
tension between

tonic contractions
(μV)

Before 10.13 ± 4.74 11.93 ± 5.84
0.796 0.189

10.67 ± 6.51 13.08 ± 7.63
0.987 −0.105

0.996 0.095

After 11.96 ± 12.83 12.40 ± 7.74 10.03 ± 5.65 12.90 ± 8.37 0.863 −0.195

SD—standard deviation; p—between measurements; p *—between groups; ES a—effect size (Cohen’s d) within
each group; ES b—effect size (Cohen’s d) between study groups; %MVC—percent of maximal voluntary contrac-
tion; μV—microvolts; %—percent; s—second.

3.1.4. Activity of the PFM During 60-s Endurance Contractions

In the experimental group, during endurance contractions following the applied
therapy, an upward trend in amplitude was observed, whereas the control group showed a
slight decrease in amplitude in the second assessment. These changes were not statistically
significant. Analysis of the fatigue index showed that the experimental group achieved
a higher score following the applied therapy, indicating a medium effect size, whereas a
decrease in this index was observed in the control group. The data are presented in Table 5.
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Table 5. Activity of the PFM during 60-s endurance contraction.

Measurement

Experimental Group
(n = 20) p ES a

Control Group
(n = 22) p ES a p * ES b

Mean ± SD %MVC Mean ± SD %MVC

Average Mean
Amplitude (μV)

Before 22.63 ± 8.54 25.50 ± 8.03
0.869 0.160

25.67 ± 17.28 28.98 ± 10.57
0.929 −0.098

0.896 0.223

After 24.62 ± 15.38 26.05 ± 7.83 24.17 ± 13.01 28.68 ± 7.86 1.000 −0.032

Median
Frequency (Hz)

Before 53.45 ± 6.84 -
0.679 −0.195

56.69 ± 10.73 -
0.992 −0.043

0.696 0.360

After 51.68 ± 10.85 - 56.26 ± 9.38 - 0.421 0.452

Mean Frequency
(Hz)

Before 65.74 ± 7.05 -
0.777 −0.190

70.61 ± 11.78 -
0.997 −0.034

0.448 0.502

After 63.91 ± 11.62 - 70.23 ± 10.86 - 0.225 0.562

F ratio
Before 1.02 ± 0.13 -

0.709 0.320
1.04 ± 0.12 -

0.211 −0.660
0.967 0.160

After 1.06 ± 0.12 - 0.97 ± −0.09 - 0.065 −0.849

SD—standard deviation; p—between measurements; p *—between groups; ES a—effect size (Cohen’s d) within
each group; ES b—effect size (Cohen’s d) between study groups; %MVC—percent of maximal voluntary contrac-
tion; μV—microvolts; %—percent; Hz—hertz, f ratio—ratio of the median frequency of the third interval to the
second interval.

3.1.5. Resting Activity of the PFM During a 1-min Rest Period (Last Phase of the
Measurement Protocol—Post-Exercise)

In the experimental group, during the 1-min rest period in the last stage of the measure-
ment protocol, a significant reduction in resting PFM activity was observed after therapy
(p < 0.05). No significant changes were noted in the control group in the second assessment.
The results are presented in Table 6.

Table 6. Resting activity of the PFM during a 1-min rest period (last phase of the measurement
protocol—post-exercise).

Measurement

Experimental Group
(n = 20) p ES a

Control Group
(n = 22) p ES a p * ES b

Mean ± SD %MVC Mean ± SD %MVC

Average mean
amplitude (μV)

Before 7.93 ± 4.00 9.40 ± 5.54
0.025 −0.431

8.79 ± 6.57 10.40 ± 6.33
0.419 −0.179

0.950 0.158

After 6.15 ± 4.25 5.45 ± 3.86 7.71 ± 5.41 9.69 ± 7.23 0.767 0.321

SD—standard deviation; p—between measurements; p *—between groups; ES a—effect size (Cohen’s d) within
each group; ES b—effect size (Cohen’s d) between study groups; %MVC—percent of maximal voluntary contrac-
tion; μV—microvolts; %—percent; the red color—statistically significant.

3.2. The Sexual Satisfaction Questionnaire in Close Relationships (SSQ) by M. Plopa and the
Perceived Stress Questionnaire (PSQ) by M. Plopa and R. Makarowski

In the intervention group, statistically significant changes were observed in two stress-
related variables: emotional tension and overall stress level, as measured by the Perceived
Stress Questionnaire (PSQ). The emotional tension score was significantly lower after the
intervention compared to baseline (p = 0.006), showing a 23% reduction. The overall stress
level also decreased significantly by 17% (p = 0.012). The scores on the PSQ lie scale did not
reach statistical significance in either group (Table 7).

Table 7. Comparison of the Perceived Stress Questionnaire (PSQ) and the Sexual Satisfaction Ques-
tionnaire in Close Relationships (SSQ) scores before and after the intervention in the therapy group.

Parameter Measurement N Mean SD Median Min Max Q1 Q3 p

SSQ: intimacy [sten]
Before intervention 20 5.20 1.82 5.5 1 8 4.75 6.25 p = 1

After intervention 20 5.15 1.66 5.0 1 8 4.00 7.00

SSQ: caresses [sten]
Before intervention 20 4.40 1.85 5.0 1 8 3.00 5.00 p = 0.918

After intervention 20 4.45 1.73 4.5 1 8 3.00 5.00

SSQ: sex [sten]
Before intervention 20 5.15 2.06 6.0 1 8 3.75 6.25 p = 0.051

After intervention 20 6.00 1.97 6.5 1 8 5.00 7.25

SSQ: total [sten]
Before intervention 20 5.60 1.93 6.0 1 9 4.00 7.00 p = 0.253

After intervention 20 5.95 1.85 6.0 1 10 5.00 7.00
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Table 7. Cont.

Parameter Measurement N Mean SD Median Min Max Q1 Q3 p

PSQ: emotional
tension [sten]

Before intervention 20 5.15 1.95 5.5 1 8 3.75 6.25 p = 0.006 *

After intervention 20 3.95 1.88 3.5 1 8 3.00 5.00

PSQ: external
stress [sten]

Before intervention 20 2.85 1.46 2.5 1 6 2.00 4.00 p = 0.112

After intervention 20 2.45 1.28 2.0 1 5 1.00 3.25

PSQ: intrapsychic
stress [sten]

Before intervention 20 3.35 1.69 3.0 1 8 2.00 4.00 p = 0.821

After intervention 20 3.30 1.92 3.0 1 9 2.00 4.00

PSQ: lie scale [sten]
Before intervention 20 5.80 2.95 5.0 1 10 3.75 9.00 p = 0.566

After intervention 20 5.50 2.61 5.0 1 10 3.75 7.00

PSQ: total [sten]
Before intervention 20 3.75 1.59 4.0 1 7 3.00 5.00 p = 0.012 *

After intervention 20 3.10 1.59 3.0 1 7 2.00 4.00

p—Wilcoxon paired test * and the red color—statistically significant (p < 0.05).

In the control group, no statistically significant changes (p > 0.05) were observed in
any of the assessed dimensions, either in the SSQ or the PSQ questionnaires. Similarly,
the scores on the PSQ lie scale were not statistically significant (p > 0.05). The results are
presented in Table 8.

Table 8. Comparison of the Perceived Stress Questionnaire (PSQ) and the Sexual Satisfaction Ques-
tionnaire in Close Relationships (SSQ) scores before and after the intervention in the control group.

Parameter Measurement N Mean SD Median Min Max Q1 Q3 p

SSQ: intimacy [sten]
Before intervention 22 5.68 1.32 5.5 3 8 5.00 6.00 p = 0.851

After intervention 22 5.73 1.35 6.0 3 9 5.00 6.00

SSQ: caresses [sten]
Before intervention 22 4.73 1.80 5.0 1 8 3.25 6.00 p = 0.376

After intervention 22 4.95 1.70 5.0 1 8 4.00 5.75

SSQ: sex [sten]
Before intervention 22 5.82 1.68 6.0 2 9 5.00 7.00 p = 0.08

After intervention 22 6.14 1.67 6.0 2 9 5.25 7.00

SSQ: total [sten]
Before intervention 22 6.36 1.50 6.0 3 9 6.00 7.00 p = 0.212

After intervention 22 6.59 1.40 6.0 4 10 6.00 7.00

PSQ: emotional
tension [sten]

Before intervention 22 3.91 1.93 3.5 1 7 3.00 5.75 p = 0.503

After intervention 22 3.77 1.63 3.5 1 7 3.00 5.00

PSQ: external
stress [sten]

Before intervention 22 2.45 1.60 2.0 1 7 1.00 3.00 p = 0.39

After intervention 22 2.64 1.65 2.0 1 7 1.25 3.00

PSQ: intrapsychic
stress [sten]

Before intervention 22 2.95 1.76 3.0 1 6 1.25 4.00 p = 1

After intervention 22 2.95 1.62 2.0 1 6 2.00 4.00

PSQ: lie scale [sten]
Before intervention 22 6.32 3.36 7.0 1 10 3.00 9.75 p = 0.495

After intervention 22 6.09 3.10 7.0 1 10 3.00 9.00

PSQ: total [sten]
Before intervention 22 3.00 1.72 3.0 1 7 1.25 4.00 p = 0.803

After intervention 22 3.05 1.73 3.0 1 7 2.00 3.75

p—Wilcoxon paired test.

Correlation analysis in the intervention group revealed significant and consistent
associations. The SSQ intimacy subscale score after the intervention showed a significant
positive correlation with the PSQ lie scale (r = 0.628; p = 0.003). A similar pattern was
observed for the SSQ caress subscale, which was significantly associated with the PSQ lie
scale (r = 0.461; p = 0.041). Furthermore, the SSQ lie scale positively correlated with the
overall SSS score (r = 0.570; p = 0.009). Statistically significant correlations are presented in
Table 9. Detailed results of the analysis are provided in Supplementary Table S1.
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Table 9. Correlation between the Sexual Satisfaction Questionnaire in Close Relationships (SSQ) and
the Perceived Stress Questionnaire (PSQ)—therapy group.

R p

SSS: intimacy [sten]—after intervention & SSQ: lie scale [sten]—after intervention r = 0.628 p = 0.003 *

SSS: caresses [sten]—after intervention & SSQ: lie scale [sten]—after intervention r = 0.461 p = 0.041 *

SSS: total [sten]—after intervention & SSQ: lie scale [sten]—after intervention r = 0.570 p = 0.009 *

SSQ: intrapsychic stress [sten]—after intervention & SSS: sex [sten]—after intervention r = −0.457 p = 0.043 *

SSQ:lie scale [sten]—after intervention & SSS: intimacy [sten]—after intervention r = 0.628 p = 0.003 *

SSQ:lie scale [sten]—after intervention & SSS: caresses [sten]—after intervention r = 0.461 p = 0.041 *

SSQ:lie scale [sten]—after intervention & SSS: total [sten]—after intervention r = 0.570 p = 0.009 *

R p

SSQ: intimacy [sten]—after intervention & PSQ: lie scale [sten]—after intervention r = 0.628 p = 0.003 *

SSQ: caresses [sten]—after intervention & PSQ: lie scale [sten]—after intervention r = 0.461 p = 0.041 *

SSQ: total [sten]—after intervention & PSQ: lie scale [sten]—after intervention r = 0.570 p = 0.009 *

PSQ: intrapsychic stress [sten]—after intervention & SSQ: sex [sten]—after intervention r = −0.457 p = 0.043 *

PSQ:lie scale [sten]—after intervention & SSQ: intimacy [sten]—after intervention r = 0.628 p = 0.003 *

PSQ:lie scale [sten]—after intervention & SSQ: caresses [sten]—after intervention r = 0.461 p = 0.041 *

PSQ:lie scale [sten]—after intervention & SSQ: total [sten]—after intervention r = 0.570 p = 0.009 *

Spearman’s correlation coefficient * and the red color—statistically significant (p < 0.05).

In the control group, unlike in the intervention group, no significant correlations
(p > 0.05) were found between PSQ stress dimensions and SSQ intimacy or sexual satisfac-
tion indicators. Similarly, no significant correlations (p > 0.05) were observed for the PSQ
lie scale. Detailed results of the conducted analysis are provided in Supplementary Table
S2.

3.3. Correlations Between Standardized Questionnaire Outcomes and Pelvic Floor Muscles

In the assessment of correlations between the results obtained from standardized
questionnaires and the analysis of pelvic floor muscle function prior to the intervention,
several associations were observed in the experimental group. A significant (p < 0.05)
positive correlation was noted between the following variables: Average peak amplitude
during phasic and tonic contractions [%MVC] and the SSQ intimacy scale score, Average
resting tension between phasic contractions [μV] and the PSQ external stress scale score,
Post-exercise resting activity [%MVC] and the PSQ intimacy scale score, as well as between
Maximal voluntary contraction and the PSQ external stress scale score. Following the
intervention, a significant (p < 0.05) negative correlation was observed in the experimental
group between Pre-exercise resting activity [%MVC] and the SSQ caress scale score. In
contrast, the variable Average peak amplitude during phasic contractions [μV] showed
a significant (p < 0.05) positive correlation with the SSQ sex scale score. Statistically
significant correlations are presented in Table 10. Detailed results of the analysis are
provided in Supplementary Tables S3 and S4.

In the control group, during the first measurement, significant (p < 0.05) negative
correlations were observed between the following variables: Average peak amplitude
during phasic contractions [%MVC] and the overall SSQ score, Median frequency during
endurance contraction [Hz] and both the PSQ emotional tension scale and the PSQ overall
score, as well as Mean frequency during endurance contraction [Hz] and the PSQ overall
score. In the second assessment within the control group, significant (p < 0.05) positive
correlations were found between the following variables: Average peak amplitude during
phasic contractions [μV] and both the PSQ external stress scale and the PSQ overall score;
Average resting tension between phasic contractions [μV] and the PSQ emotional tension
scale, PSQ external stress scale, and PSQ overall score; Average peak amplitude during
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tonic contractions [μV] and the PSQ external stress scale; as well as Average resting tension
between tonic contractions [μV] and both the PSQ emotional tension and overall scales.
Additionally, a significant (p < 0.05) negative correlation was observed between Mean
frequency during endurance contraction [Hz] and the PSQ emotional tension scale. Statisti-
cally significant correlations are presented in Table 11. Detailed results of the analysis are
provided in Supplementary Tables S5 and S6.

Table 10. Correlations between standardized questionnaire outcomes and pelvic floor muscles—
Experimental group.

R p

Before intervention

Average peak amplitude during phasic contractions [%MVC]—before intervention &
SSQ: intimacy [sten]—before intervention r = 0.6 p = 0.005 *

Average resting tension between phasic contractions [μV]—before intervention &
PSQ: external stress [sten]—before intervention r = 0.565 p = 0.009 *

Average peak amplitude during tonic contractions [%MVC]—before intervention &
SSQ: intimacy [sten]—before intervention r = 0.545 p = 0.013 *

Post-exercise resting activity [%MVC]—before intervention &
SSQ: intimacy [sten]—before intervention r = 0.474 p = 0.035 *

After intervention

Pre-exercise resting activity [%MVC]—after intervention &
SSQ: caresses [sten]—after intervention r = −0.555 p = 0.017 *

Average peak amplitude during phasic contractions [μV]—after intervention &
SSQ: sex [sten]—after intervention r = 0.458 p = 0.042 *

Spearman’s correlation coefficient * and the red color—statistically significant (p < 0.05).

Table 11. Correlations between standardized questionnaire outcomes and pelvic floor muscles—
Control group.

R p

Before intervention

Average peak amplitude during phasic contractions [%MVC]—before intervention &
SSQ: total [sten]—before intervention r = −0.428 p = 0.047 *

Median frequency during endurance contraction [Hz]—before intervention &
PSQ: emotional tension [sten]—before intervention r = −0.434 p = 0.043 *

Median frequency during endurance contraction [Hz]—before intervention &
PSQ: total [sten]—before intervention r = −0.471 p = 0.027 *

Mean frequency during endurance contraction [Hz]—before intervention &
PSQ: intrapsychic stress [sten]—before intervention r = −0.462 p = 0.031 *

Mean frequency during endurance contraction [Hz]—before intervention &
PSQ: total [sten]—before intervention r = −0.522 p = 0.013 *

F ratio during endurance contraction—before intervention &
PSQ: emotional tension [sten]—before intervention r = −0.631 p = 0.002 *

F ratio during endurance contraction—before intervention &
PSQ: intrapsychic stress [sten]—before intervention r = −0.428 p = 0.047 *

F ratio during endurance contraction—before intervention &
PSQ: total [sten]—before intervention r = −0.539 p = 0.01 *

After intervention

Average peak amplitude during phasic contractions [μV]—after intervention &
PSQ: external stress [sten]—after intervention r = 0.509 p = 0.015 *

Average peak amplitude during phasic contractions [μV]—after intervention &
PSQ: total [sten]—after intervention r = 0.429 p = 0.046 *

Average resting tension between phasic contractions [μV]—after intervention &
PSQ: external stress [sten]—after intervention r = 0.459 p = 0.032 *

Average resting tension between phasic contractions [μV]—after intervention &
PSQ: total [sten]—after intervention r = 0.574 p = 0.005 *

Average peak amplitude during tonic contractions [μV]—after intervention &
PSQ: external stress [sten]—after intervention r = 0.438 p = 0.041 *

Average resting tension between tonic contractions [μV]—after intervention &
PSQ: total [sten]—after intervention r = 0.482 p = 0.023 *

Mean frequency during endurance contraction [Hz]—after intervention &
SSQ:emotional tension [sten]—after intervention

r = −0.462 p = 0.031 *

Spearman’s correlation coefficient * and the red color—statistically significant (p < 0.05).
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4. Discussion

The respiratory diaphragm plays a pivotal role not only in the mechanics of breathing
but also in trunk stabilization, regulation of intra-abdominal pressure, and coordination
of postural muscle activity [20]. In the present study, we aimed to evaluate the extent to
which targeted diaphragm therapy may influence pelvic floor muscle activity, perceived
stress levels, and sexual life satisfaction in women.

This relationship can be explained by the anatomical and fascial continuity between
the diaphragm, the transversus abdominis muscle, and the pelvic floor muscles. The
transversalis fascia originates from the cervical and mediastinal fascia and extends down-
ward to the pubic symphysis, where it connects with the pelvic fascia. The transversus
abdominis muscle, as a continuation of the endothoracic fascia, functionally links the
diaphragm with the pelvic floor, forming an integrated fascial system responsible for trunk
stabilization and the regulation of intra-abdominal pressure [21]. Any tension or restriction
along this pathway may affect diaphragm mobility and impair the coordination between
the diaphragm and the pelvic floor muscles [22]. Some studies have shown that applying
manual therapy to one structure along a fascial line can have a significant effect on other
structures within the same line. Likewise, Marizeiro et al. [23] reported that two sessions of
manual diaphragm release significantly improved chest wall expansion, respiratory muscle
strength, posterior chain muscle flexibility, and lumbar spine range of motion.

The most novel finding of this study was that the applied diaphragm therapy sig-
nificantly reduced the resting activity of the pelvic floor muscles. Analysis of the results
obtained from standardized questionnaires revealed that the intervention significantly
reduced emotional tension and overall stress levels. In both groups, at both measurement
points, a higher level of stress was associated with greater resting tension of the pelvic floor
muscles, and this correlation was statistically significant.

In recent years, knowledge regarding the functioning of the PFM has expanded con-
siderably, allowing for a more holistic perspective on the complex synergies between the
PFM and respiratory mechanisms. Studies by other authors emphasize that the PFMs
do not function in isolation but rather cooperate with the muscles of the anterolateral
abdominal wall, and that these two muscle groups form a system closely linked to res-
piratory processes [3,24–27]. Moreover, the superficial and deep layers of the PFM do
not always exhibit simultaneous contractile activity and can be activated separately, both
during voluntary activation and during various tasks related to respiratory function [28–30].
Similar observations were reported by Park et al. [2], who confirmed in their studies that
pelvic floor muscle contraction is associated with diaphragmatic mobility and influences
pulmonary function.

Scientific literature emphasizes that breathing techniques may influence both brain
function and the autonomic nervous system, which is likely one of the primary mechanisms
underlying their stress-reducing effects. Appropriately selected breathing techniques
increase the activity of the parasympathetic nervous system, thereby helping to balance
the excessive sympathetic arousal characteristic of stress and anxiety states [31]. Moreover,
the synchronization of brain rhythms with respiration promotes modulation of neuronal
activity and affects mood regulation and cognitive processes [32]. Some sources highlight
that, on the one hand, psychological load shapes breathing patterns [33–35], while on the other,
an altered breathing pattern may influence the intensity of emotional experiences [36–38].

Hopper et al. [39], in a systematic review, concluded that diaphragmatic breathing
may be a widely applicable intervention for reducing both psychological and physiological
stress. Evidence presented in the systematic review indicates that diaphragmatic breathing
can decrease physiological stress measured by blood pressure, respiration, and cortisol
levels, as well as psychological stress assessed by the stress subscale of the DASS-21. They
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also noted a lack of evidence that unequivocally measures the effects of diaphragmatic
breathing on stress reduction using hard biomarkers [39].

In the literature, surface electromyography (sEMG) is described as a simple and non-
invasive method for assessing the PFM [14,40]. In our study, following diaphragmatic
breathing therapy, a significant decrease in the resting activity of the pelvic floor muscles
was observed during the final phase of the measurement protocol. In addition to assessing
the ability of the PFM to relax, their activation level during phasic and tonic contractions
was also evaluated. The second measurement revealed a tendency toward increased
signal amplitude, indicating greater PFM activation during contractions. This change was
more pronounced in the experimental group following the applied therapy than in the
control group; however, it did not reach statistical significance. Studies with larger sample
sizes may help to identify potential differences; therefore, further research in this area
is warranted.

Several studies in the literature have investigated the hypopressive technique in rela-
tion to pelvic floor muscle function. López-Torres et al. [41] demonstrated that a structured
two-month abdominal hypopressive training program significantly improved PFM strength.
Other studies suggest that diaphragmatic breathing exercises may serve as an alternative to
pelvic floor muscle training in the management of urinary incontinence [42,43].

In our study, the intervention protocol consisted of six sessions conducted over a two-
week period (three sessions per week). This schedule is consistent with international studies
on manual diaphragm therapy, in which short-term interventions have demonstrated
measurable physiological and clinical effects. Rocha et al. [44] applied a manual diaphragm
release technique to patients with chronic obstructive pulmonary disease and observed
significant improvements in diaphragmatic mobility, inspiratory capacity, and exercise
tolerance after six to eight sessions conducted over a two- to three-week period. Similarly,
Cheng et al. [21] implemented a two-week intervention in individuals with chronic neck
pain, achieving improvements in pain intensity, disability, and diaphragmatic function.

Analyzing the correlations between the results of standardized questionnaires and
PFM activity revealed the presence of certain relationships. In the experimental group
before the intervention, a positive correlation was observed between PFM activation levels
and the score on the intimacy scale. A similar relationship was noted between PFM resting
tension and stress level. Following the applied therapy, there was a tendency for greater
PFM activation during phasic contractions to accompany higher scores on the sex scale, and
for lower PFM resting tension to be associated with caressing. In the control group, both
positive and negative correlations were observed, primarily concerning variables related to
emotional tension and stress, although the direction and strength of these relationships were
not consistent. In summary, the correlation analysis showed that in both groups, a higher
level of stress was associated with greater resting tension of the PFM. This observation is
consistent with previous reports indicating that PFM overactivity may represent a chronic
response to stress [45].

The results of our study show convergence in certain areas with the findings of Petrel-
luzzi et al. [5], who implemented a comprehensive therapeutic program in women with
endometriosis, combining physiotherapy with psychological intervention. This program
consisted of breathing techniques, relaxation techniques aimed at reducing PFM tension,
and elements of cognitive–behavioral therapy. After the eight-week program, the authors
observed a significant decrease in cortisol levels, improvement in subjective vitality, as well
as a reduction in pain and stress symptoms. In our study, the use of diaphragm therapy
may be regarded as part of a similar approach in which regulation of muscle tension plays
an important role. This effect translates not only into improved control of PFM but may
also influence the psychosexual aspects of women’s lives, including perceived sexual satis-
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faction. The findings of Petrelluzzi et al. therefore point to potential mechanisms through
which breathing techniques may support the overall improvement of women’s quality of
life [5].

In our study, following diaphragmatic breathing therapy, women exhibited a reduction
in overall perceived stress, particularly in the dimension related to emotional tension mani-
fested by anxiety, nervousness, and difficulty relaxing. The decrease in emotional tension
was also associated with reduced irritability, especially in interpersonal relationships, as
well as with a lower sense of fatigue.

Donatti L. et al. [46] demonstrated a positive relationship between stress levels and
the severity of pelvic pain in women suffering from deep endometriosis, reflecting the
connection between emotional state and physiological processes.

Psychological and physiological stress are associated with a range of biochemical and
physiological responses that exceed the body’s resting level. Exposure to stressors leads,
among other effects, to the release of cortisol and adrenaline, increased heart rate, elevated
electrodermal activity, blood pressure, and muscle tension [47]. One of the interventions
used to reduce stress is breathing exercises, including diaphragmatic breathing. Experi-
mental studies show that even a few minutes of such exercises can influence emotional
state. Breathing at a rate of approximately six breaths per minute is associated with de-
creased arousal and an increased sense of positive energy. Prolonging the exhalation phase
relative to inhalation further promotes a sense of control, relaxation, mindfulness, and
stress reduction [48]. Other scientific studies likewise indicate that individuals practicing
specific breathing techniques exhibit lower levels of tension and achieve mental clarity
more easily [49,50].

Stress is a complex construct whose sources and consequences may take various
forms. As noted by Plopa [15], its internal and external dimensions include, among others,
intrapsychic, emotional, and environmental stress. A distinction between acute and chronic
stress is also widely accepted. Acute stress is a short-term reaction to a sudden threat
(e.g., abrupt vehicle braking), whereas chronic stress has long-term effects and negatively
impacts quality of life, including functioning and sexual satisfaction [51,52]. Kanner
et al. [53] emphasize that everyday minor stressors may produce more harmful health
consequences than rare but more severe events. Wrześniewski, in turn, points out that
it is the interpretation of a situation rather than the stressful event itself that plays a key
role [54,55].

In our study, the Perceived Stress Questionnaire (PSQ) based on the cognitive–
transactional theory of Lazarus and Folkman [56], in which stress is defined as a rela-
tionship between the individual and the environment, was used [56,57]. This instrument
enables the assessment of subjective stress perception, understood as internal or external
pressure. An analogous approach is represented by the Perceived Stress Scale (PSS) in the
Polish adaptation by Juczyński and Ogińska-Bulik [58,59]. In turn, the CISS developed
by S. Cohen, T. Kamarck, and R. Mermelstein and Mini-COPE developed by Charles S.
Carver allow for the evaluation of task-oriented, emotion-oriented, and avoidance coping
styles. In the present study, significant relationships were found between these strategies
and tendencies to distort responses [57,58].

The relationship between stress and sexual functioning is bidirectional: stress hinders
sexual life, and sexual difficulties increase stress levels [60]. The view that psychological
stress inhibits sexual responses is supported, among others, by the studies of Bancroft [61],
who points to the natural occurrence of inhibition under conditions of fatigue or emo-
tional tension. Particularly relevant in this context is the Basson model [62], according
to which the female sexual response is nonlinear and strongly conditioned by emotional
and relational factors. This model emphasizes the importance of emotional closeness,
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relationship satisfaction, and openness to sexual contact even in the absence of spontaneous
desire. Consistent with Basson’s framework, our findings indicate that women’s sexual
functioning is more susceptible to emotional burden and perceived stress than to purely
biological factors [62].

In the control group, no significant relationships were found between stress dimen-
sions and sexual satisfaction. In contrast, among women undergoing therapy, higher levels
of worry, decreased sense of life meaning, low agency, and pessimism correlated with lower
sexual satisfaction and difficulties in achieving orgasm. These findings partly reflect the
observations of Kanner et al. [53], which emphasize the importance of minor, everyday
stressors. Furthermore, in this group, a tendency to lie or present oneself in a favorable light
was observed, which can be interpreted as a manifestation of avoidance or emotion-focused
strategies. This possibility should be taken into account when interpreting the results,
particularly with regard to the dimensions of emotional closeness and caressing.

The obtained results are consistent with the findings of Bodenmann et al. [63], who
demonstrated that higher levels of daily stress in women correlate with a greater number
of sexual problems and lower sexual satisfaction. Similar conclusions were presented by
Ter Kuile et al. [64], who showed that women with high stress levels experienced lower
genital arousal, although they did not differ from others in terms of psychological arousal.
This mechanism can be explained by the cognitive consequences of stress—distraction and
a limited ability to focus on erotic stimuli [65]. In our study, a negative correlation was also
found between daily stress, sexual satisfaction, and genital arousal.

Several limitations of the present study should be noted. First, although the required
minimum number of participants was met, the sample size was relatively small, which
may have limited the ability to detect the effects of the therapy. The study is probably
underpowered to identify moderate differences. Furthermore, no assessment of the long-
term effects of the therapy was conducted, which would certainly be valuable for evaluating
the effectiveness of the applied intervention. Another limitation of the study is the short
duration of the therapy and the lack of assessment of the long-term sustainability of the
observed effects. A total of six therapeutic sessions were conducted over a two-week period.
It is possible that extending the duration of the therapy could have resulted in additional
beneficial effects in the experimental group. In future studies, follow-up assessments are
planned at 1 and 3 months to determine whether the beneficial effects are maintained
over time. Another limitation of the study is the relatively narrow inclusion criteria. On
the one hand, this selection allowed for the formation of a homogeneous group, thereby
increasing the reliability of the obtained results. However, restricting the study group to
such specific criteria limits the generalizability of the findings to other populations. Further
research is needed in this area, including studies involving other groups, such as women
with stress urinary incontinence or those in older age categories. Another limitation of
the present study is the absence of a sham or placebo control group. The lack of a sham
group may have influenced subjective outcomes, particularly those related to perceived
stress levels and satisfaction, which should be considered when interpreting the results.
Another limitation of the present study is the lack of a direct assessment of diaphragmatic
mobility, for example, using ultrasonography. Although surface electromyography (sEMG)
provides valuable information on muscle activity, it does not allow for the direct evaluation
of diaphragm displacement or its mechanical efficiency. Future studies should consider
employing objective tools for assessing respiratory function, such as ultrasonography or
spirometry, to obtain a more comprehensive understanding of diaphragm function and its
relationship with pelvic floor muscle activity.

Another limitation of the present study is the lack of complete blinding of the par-
ticipants. Although the assessor performing the measurements was blinded to group
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allocation, the participants were aware of whether they were receiving the intervention,
which may have influenced their responses. An additional limitation is that only healthy,
asymptomatic women were included, which limits the generalizability of the findings
to clinical populations. The inclusion of women without urogenital or musculoskeletal
disorders allowed for the formation of a homogeneous sample and minimized potential
confounding factors. Another limiting factor is the lack of control over the menstrual cycle
phase of the participants, which may have affected both physiological and psychological
parameters, including stress and satisfaction levels. Furthermore, future studies should
consider the potential influence of cultural and social factors on the interpretation of results
obtained using psychometric tools such as the SSQ and PSQ. Moreover, it should be noted
that no correction for multiple testing was applied to the analyses based on questionnaire
data, which increases the risk of type I error. Therefore, these findings should be interpreted
with caution. Another limitation of the study is the lack of multivariate analysis to adjust
for potential confounding factors. However, the experimental and control groups were
comparable at baseline in terms of age, body mass, height, BMI, education level, type
of relationship, and relationship duration, which likely minimized the influence of these
variables on the results.

Despite the limitations of the study related to sample size and the lack of long-term
follow-up, the results indicate the clinical potential of diaphragm therapy as a comple-
mentary physiotherapeutic method supporting both psychophysical health and women’s
sexual quality of life. The obtained findings suggest that diaphragmatic breathing therapy
may help improve PFM activity. Further studies on larger populations are necessary to
clearly determine the clinical potential of this method in physiotherapy practice.

5. Conclusions

The findings of the present study suggest that therapy targeting the respiratory di-
aphragm reduces the resting activity of the PFM and perceived stress levels, particularly
in the emotional dimension. The observed association between higher stress levels and
greater resting tension of the PFM suggests a bidirectional relationship between emotional
state and physiological functioning. Further research in this area is certainly needed to
confirm these effects.

From a clinical perspective, diaphragm-focused therapy may serve as a valuable
adjunct to physiotherapeutic interventions aimed at reducing pelvic floor muscle activity as
well as stress-related tension in women. Integrating diaphragmatic techniques into pelvic
floor rehabilitation programs could further enhance therapeutic effectiveness.
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Abstract: Robotic devices have become increasingly important in upper-limb rehabilitation,
as they assist therapists, improve treatment efficiency, and enable personalised therapy.
However, the lack of standardised protocols and integrative tools limits their widespread
adoption and effectiveness. To address these challenges, a robotic framework was de-
veloped for upper-limb rehabilitation in patients with acquired brain injury (ABI). The
framework is designed to be adaptable to various ROS-compatible collaborative robots
with admittance control and potentially adaptable to other types of control, and also inte-
grates kinematic and electrophysiological (EMG) metrics to monitor patient performance
and progress. It combines data acquisition through EMG and robot motion sensors, gami-
fication elements to enhance engagement, and configurable robot control modes within
a unified software platform. A pilot evaluation with eight healthy subjects performing
upper limb movements on an ROS-compatible robot from the UR family demonstrated the
feasibility of the framework’s components, including robot control, EMG acquisition and
synchronization, gamified interaction, and synchronised data collection. User performance
through all levels remained below the controller limits of force and velocity thresholds
even in the most resistive damping. These results support the potential of the proposed
framework as a flexible, extensible, and integrative tool for upper-limb rehabilitation,
providing a foundation for future clinical studies and multi-platform implementations.

Keywords: neurorehabilitation; collaborative robots; electromyography; physical
assessment; gamification

1. Introduction

Every year, 15 million people suffer a stroke, with 5 million of the survivors requiring
rehabilitation. Many of these individuals experience permanent motor disabilities such as
hemiparesis, which is characterised by the weakening of one side of the body. Rehabilitation
for these patients involves significant challenges due to the limited availability of human
resources and clinical personnel [1].

To address these challenges, robotic systems have been increasingly employed in
healthcare settings in the last two decades. From surgical to rehabilitation assistance, robots
play a crucial role in easing the patient’s recovery. In the rehabilitation domain, robotic
systems assist therapists during treatment routines, thereby augmenting the number of
patients that can be effectively managed by a single therapist. This capability is particu-
larly useful during the early stages of the rehabilitation, where providing immediate and
personalised assistance is decisive for the success of the treatment [2]. Furthermore, the
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need for rehabilitation due to acquired brain injury (ABI) has increased by over 63% in the
last decades [3], promoting the works addressing this issue.

End-effector robots intended for upper-limb rehabilitation can accomplish active and
passive motor skills training for the wrist, forearm, and shoulder; in addition, they can
increase the intensity and repeatability of rehabilitation protocols. There have been a
number of outstanding projects based on end-effector robots, including MIT-Manus [4],
MIME [5], GENTLE/s [6], ARM Guide [7], and reachMAN2 [8], leading to a breakthrough
in the field of rehabilitation robotics. In the last few years, collaborative robots with
end-effector tools have been extensively used for rehabilitation, particularly for patients
with upper limb disabilities [9,10]. These robots are specially prepared for human–robot
interaction and can assist motion in different modalities depending on the limb’s mobility
(passive, active, active-assistive, etc). The robot end-effector attachment point is connected
to the patient’s limb, and can guide it over a fixed path or apply assistance-as-needed
control for rehabilitation therapy [11].

In addition to robotic systems, the use of biosensors to evaluate rehabilitation per-
formance has been shown to be very beneficial. Biosensors can monitor a wide range of
information during therapy, including electrophysiological activity and motion perfor-
mance. In this context, so-called neuromechanical biomarkers can be used as metrics for
tracking motor function [12]. Effects on motor coordination [13], muscle strength [14], and
others can be monitored by using electromyography (EMG), while kinematics can also be
measured during robot-assisted rehabilitation [15]. From this information, the rehabilita-
tion therapy can be reoriented to fulfill its goals more effectively. An example of this was
presented in [16], where a motion sensor was used to capture hand kinematics and translate
them into game inputs within a rehabilitation environment while adjusting the difficulty
according to the patient’s progress. More recently, a personalized EMG-based feedback
training was applied together with a wearable device to adapt hand rehabilitation [17].

These therapeutic exercises are often integrated with serious games, which have
gained popularity due to their ability to engage patients more effectively in their therapy.
Gamification in rehabilitation typically includes features such as scoring systems, progress
summaries, and thematic elements that can enhance the gaming experience [18]. In addition,
the incorporation of robots and sensors along with serious games in rehabilitation contexts
not only enhances patient engagement through stimulating experiences but also improves
the accuracy and efficiency of data collection. Consequently, gamification is increasingly
being implemented in clinical practice to improve rehabilitation outcomes [19].

Current Limitations of Available Technology

In recent years, exoskeletons and end-effector platforms have been introduced com-
mercially. However, as summarized in Table 1, in upper-limb rehabilitation the market
remains limited, with only a few available options. Commercial robots offer different
training modes (passive, active, assistive); while some robots incorporate multiple modes,
such as ReoGo [20], and Yidong-Arm1 [21], others such as ALEx S [22], ALEx RS [23]
and ArmeoPower [24,25] focus primarily on a single therapy mode and are restricted to
passive therapy. Even within similar modes, implementation strategies differ; Harmony
SHR [21] requires therapists to manually select assistive force, while REAPlan [25] and
InMotion Arm [26] adjust force adaptively during tasks. A significant drawback is that
available robots often omit resistive modes, which are essential for strengthening muscles
in intermediate and advanced therapy stages [27]. Moreover, robots such as Hocoma’s
Armeo series address specific rehabilitation stages, requiring multiple investments as the
patient progresses [25].
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Additionally, physical therapy assessment is often limited to kinematic parameters
(range of motion, trajectory, speed, execution time), overlooking critical EMG parameters
such as muscle fatigue and activation patterns. Currently, robots incorporating EMG are
mainly research-oriented and seldom clinically available [28].

Table 1. Commercial upper-limb rehabilitation robots.

Robot Aim 1 Training 2 Modes Gamification Data 3

ALEx S S-E P � K
ALEx RS S-E-FA-W - +VR K

ArmeoPower S-E-H * P +VR -
ArmeoSpring S-E-H * - � K
ArmeoSpring

Pro S-E-H * - � K

Harmony
SHR S-E P + Ass - -

Nx-A2 S-E-H - +VR K
ReoGo S *-E-W P + Ass � K

Yidong-Arm1 S-E-H P, A, M - -
REAPlan S-E Adap � -

InMotion Arm S-E-H Adap � IE-K
* If requested. 1 (S) Shoulder, (E) elbow, (H) hand, (FA) forearm, (W) wrist. 2 (P) Passive, (A) active, (M) mixed,
(Ass) assistive, (Adp) adaptative. 3 (K) Kinematic, (IE) intelligent evaluation.

Personalisation of therapy is a critical area for innovation that seeks to enhance patient
outcomes by adapting robotic systems to individual needs, abilities, and preferences. While
some systems support customisation, limitations such as restricted exercise durations
or limited degrees of freedom (DoF) continue to persist. For example, ReoGo supports
three-joint movement but has limited joint DoF, while Armeo and InMotion Arm require
additional wrist joints for full-range therapy [24,26].

Despite these advancements, a clear standardised protocol for rehabilitation robots
remains lacking [29]. This work seeks to specifically address these gaps by developing
a flexible, scalable, and interoperable robotic framework for upper-limb rehabilitation in
ABI patients. The proposed framework integrates real-time monitoring and performance
analysis using EMG systems and robot sensors, addressing limitations such as insufficient
integration of EMG parameters in clinical practice and the lack of adaptive difficulty
during therapy. It also incorporates gamification elements to enhance patient motivation
and provides diverse end-effector tools accommodating different gripping requirements,
thereby overcoming the need for multiple robot investments in different rehabilitation
stages. As a first approach, admittance control was chosen specifically because it provides
a natural interaction, is robust to varying levels of patient engagement, and allows for
dynamic adjustment of robot resistance, contrasting positively against impedance, force, or
hybrid control methods.

2. Robotic Framework Design

The software framework integrates an end-effector robotic platform based on the Uni-
versal Robot UR10e collaborative robot, which is equipped with an internal force/torque
sensor necessary for implementing admittance control. The end-effector is an ergonomic
handle specifically designed for ABI patients, and is synchronised with gamified activities
displayed visually. For EMG acquisition, eight Noraxon Ultium electrodes are used, pro-
viding real-time muscle activity monitoring. Figure 1 illustrates the complete hardware
setup, including the sensor placements and interactive interface.
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Figure 1. Setup with the robot, EMG sensors, screen, end-effector, and a participant.

2.1. Control System

Rehabilitation robots offer several advantages: they ensure consistent execution of
exercises, eliminate the need for therapist guidance in directing movements, and enable
collection of precise position and force data. To that end, a proper control needs to be
implemented in order to fulfill the task requirements. In this work, the rehabilitation
exercise involves manually gripping and moving the robot’s end-effector in the specified
directions. During the initial stages, the robot must not oppose any resistance to the
trajectory, facilitating a free arm movement for the patient. As rehabilitation progresses,
the robot should provide increasing resistance to movements for the purposes of adapting
the patient’s training and the game difficulty. To accomplish this, the control strategy
is implemented based on admittance control, which is selected due to its suitability for
providing safe and natural interactions during rehabilitation exercises [30].

Admittance control requires precise force/torque sensing, conditions that are fully
satisfied by the UR10e’s integrated sensors [30]. The force data from the robot’s end-
effector is processed using ROS, subtracting gravitational effects and computing the tool
centre point (TCP) velocity via a mass-damper-spring transfer function, as shown in the
following equation:

ẋdesired
i =

1
m + cuser

· Fnet,i. (1)

This equation computes the desired TCP velocity (ẋdesired
i ), where m = 10.9 Kg is the

maximum mass accepted by the robot, cuser is the damping value provided manually
through the user interface (UI) or by specific levels (see Section 2.4), and Fnet,i is the total
net force after the force threshold and validation logic:

Fnet,i =

⎧⎪⎪⎨
⎪⎪⎩

|Fext,i| − Fth · γ, if Fext,i ≥ 0 and |Fext,i| > Fth · γ

−(|Fext,i| − Fth · γ
)
, if Fext,i < 0 and |Fext,i| > Fth · γ

0, if |Fext,i| ≤ Fth · γ

(2)
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where the scaling factor γ = Fth
|Fext,x |+|Fext,y |+|Fext,z | distributes the force threshold (Fth) between

the active axes of the external force (Fext,i). To guarantee safe interaction, forces are validated
within the range 2 ≤ |Fext,i| ≤ 200 N to remove low-level noise and saturating inputs
that exceed safe limits. Finally, a dual-rate low-pass filter is implemented to prevent
jolting motion:

ẋ f ilt
i = ẋprev

i + α(ẋdesired
i − ẋprev

i ) (3)

where ẋ f ilt
i is the final filtered velocity at the TCP and ẋprev

i is the previous TCP velocity.
The filter employs two gains α depending on motion phase: during acceleration ( 1

32 ) and
during deceleration ( 1

10 ). The complete system relationship can be represented as follows:

Ẋ f ilt
i (s) = Gtotal(s) · Fnet,i(s) (4)

where Gtotal(s) = α
s+α · 1

m+cuser
represents the combined transfer function of the admittance

controller and velocity smoothing filter. The first term α
s+α is the first-order low-pass filter

from Equation (3), while the second term represents the admittance gain. This cascade
configuration ensures smooth velocity profiles by filtering high-frequency components
while maintaining the force–velocity relationship dictated by the maximum mass accepted
by the robot.

While demonstrated specifically with the UR10e robot, this approach can be adapted to
other collaborative robots provided that they possess or integrate comparable force/torque
sensing capabilities and ROS compatibility. Adjustments necessary for integrating this
control strategy into other robot platforms primarily involve calibrating the sensor configu-
rations and adapting the transfer function parameters according to robot-specific dynamics.

2.2. Data Acquisition and Processing

The developed software framework is designed to gather data from various sources,
visualize these data, and create datasets to process them efficiently. To this end, the core
manager of the framework runs in Unity and the robot data and control run in ROS.
To visualise data in the UI and automatically create datasets, Unity and ROS require an
intermediate communication interface. On the ROS side, two threads are in charge of
the robot: one thread continuously publishes joint values, TCP position and speed, and
detected force and torque to the corresponding topics; meanwhile, another is responsible
for the robot control loop, which requires communication with Unity to update the robot’s
resistance to movement in real-time.

On the Unity side, the Unity Robotics Hub package has been imported, allowing for
the creation of custom scripts that act as ROS nodes. Consequently, two components have
been created: one for publishing data and another for subscribing data. This setup enables
ROS and Unity to communicate through topics. Robot data are published at a frequency of
100 Hz concurrently with the execution of the control loop at 500 Hz, thereby regulating
the velocity reference in the robot’s TCP. Unity retrieves and processes these data in real
time, displaying the values in the UI and storing them to construct a dataset with the robot
information. This dataset includes details such as the patient’s code, age, gender, arm to
rehabilitate, arm length, and robot resistance value. For each batch of robot data obtained
in Unity, information is stored in the following format: timestamp, joints, TCP position,
TCP speed, force, and the active target, which varies according to the selected game and its
corresponding set of targets.

Regarding the EMG sensors, they are managed through the official Noraxon software
(Noraxon MR 3.20.68 version). To obtain EMG data in Unity, the sensors placed on the
patient are activated to start publishing information about muscular activation in mV. These
data are captured via HTTP streaming with the help of Noraxon software carrying out
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HTTP requests. When a request is made, a batch of all the data stored between the previous
and current requests is received. For this reason, although the sensors publish data at
2000 Hz, Unity does not receive data at this frequency due to the slower HTTP request
process, necessitating further processing.

Synchronisation of both the robot and EMG datasets is achieved thanks to ROS
timestamps. Each collected batch is labelled with the latest ROS timestamp immediately
after the HTTP request, then resampled to 1500 Hz and interpolated to ensure sufficient
temporal equidistance for performance analysis. After collecting and processing EMG
data, a new dataset is automatically created. This dataset includes the original timestamp,
the interpolated-resampled timestamp, and information from the eight channels, where
the EMG signals are delivered in raw format to allow for maximum flexibility during
postprocessing. This approach enables the offline application of customised filtering,
rectification, and smoothing techniques tailored to the specific analysis objectives and
patient characteristics.

As a result of the previous processes, two datasets in CSV format are delivered to the
therapist after completing a rehabilitation routine, as depicted in Figure 2. The robot dataset
provides real-time information on the patient’s hand position, speed, and applied force,
while the EMG dataset contains information on the patient’s electrical activity. Furthermore,
the framework allows the user to select the export path and the information to be included
in the dataset. By default, all available information is exported.

Figure 2. Diagram of data acquisition.

2.3. User Interaction

Developing accurate robot control and acquiring data from the hand’s position, ap-
plied force, robot parameters, and EMG data would be pointless without proper interaction
between the therapist, patient, and system. It is essential to equip the therapist with the
necessary tools to understand how these data correlate with the conducted routine as well
as to enable the system to receive inputs from the therapist to customise the exercises.
Additionally, visual feedback is provided to the patient in order to facilitate the association
between movements in the real space executed through the robot and the movements of
objects in the games. Consequently, a comprehensive UI of the software framework has
been developed in Unity.
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2.3.1. User Interface

The main UI, integrated in C# within Unity, serves as the principal link between all
the framework components: the robot, EMG sensors, therapist, and patient. It handles
core data processing, synchronisation, and routine management in the back-end, while the
front-end provides the therapist with all the necessary configurations to set up the routine.

Regarding the front-end, it has been designed with a minimalist and user-friendly
style, as providing an intuitive interface can ease the therapist’s experience while using the
framework. It is divided into two main scenes. The first scene contains the login screen
(Figure 3), where it is possible to register a new patient or initialise a session. The benefit
of having a login interface is that it allows the storage of repetitive data across different
sessions with various patients, such as name, age, exercise, or robot configuration. These
data are only accessible by the therapist, who logs in with a unique ID and password for
each patient. Additionally, because the proposed framework supports the use of various
robots, the UR3 (as described in [31]) and UR10e models (available in the lab) can be seen in
the image. Therefore, the login screen also offers the possibility of choosing a robot among
the displayed options.

Figure 3. Login screen in the proposed framework.

After logging in, the second main scene displays all available configurations and
games included in the framework. It is subdivided into four tabs according to the content
section. The first tab (Figure 4a) presents a mosaic of all serious games for the therapist
to choose from and start the rehabilitation process. Each game has been developed in a
separate scene, allowing for future expansion of the serious games repository. Although
the games are presented in separate scenes, they all share the components responsible
for managing the robots and the sensors, which were developed intentionally to enable
switching between games within the same session.

The second tab (Figure 4b) offers a real-time view of all data stored in the datasets,
including data related to the robot’s position in Cartesian and joint space, velocity, force
at the TCP, and values from the EMG sensors. Additionally, the recording of data can be
started and stopped through this tab without selecting a serious game; doing so initialises
the admittance control and data exchange without gamification, leaving the therapist in
charge of indicating the movements.

The third tab (Figure 4c) contains configurations related to the robot and admittance
control. Here, the therapist can select the level of resistance the robot will apply, which

63



Appl. Sci. 2025, 15, 11007

communicates with the controller in ROS and adjusts the system’s damping value. There is
also a button for calibrating the robot. This button measures the force and torque while
the robot is stationary in order to subtract it from the real force in the admittance control.
Moreover, the default admittance control operates in free space; however, certain serious
games may require restricting motion to one axis. Consequently, a drop-down menu has
been added to this tab in order to select the plane in which the robot should move (XY, YZ,
or XZ), using the robot’s base as the reference system. For reference, a visual representation
of the selected plane is shown just below the menu.

Figure 4. Different tabs of the user interface.

The last tab (Figure 4d) allows for the configuration of parameters related to the
patient’s data and the datasets’ export path. It is possible to add or remove information
from these datasets prior to their creation; for example, the joint position or a certain muscle
can be excluded from the dataset generation. These configurations are automatically stored
for each patient, and do not need to be re-entered in subsequent sessions with that patient.

Using the previous tabs, the therapist can navigate through the framework, customise
the exercises according to the patient’s needs, and record data freely without following any
game. There is no need to worry about starting the robot or storing the dataset, as these
tasks are managed automatically. Regarding user interaction, all buttons and pressable
items provide feedback, such as changing colour or enlarging. Additionally, messages
inform the therapist about the current state of the systems. If the robot is not calibrated and
a data recording is initiated, startup is not allowed and the therapist is informed of this
through a pop-up message.

2.3.2. Gamification

Even though the main UI provides basic interaction with the framework, its primary
objectives are to verify the correct functionality of the system, configure data related to the
patient and routines, and select the serious game that will be used. The actual rehabilitation
exercises are based on one of the provided serious games, which can be selected in the first
tab and redirect the user to a new Unity scene (see Figure 4a). Currently, the application
offers three games:

• Odyssey is based on a centre-out approach [32] in which the patient moves the end-
effector to reach targets shown on the screen. Eight targets are placed along a circular
path, with one target in the centre, making for a total of nine targets. The objective is to
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move from the centre target to one of the targets on the circumference and then return.
Depending on the user, the order of these targets can be randomised or arranged in
a clockwise sequence, an option that can be selected in the game’s UI. If the user is
a healthy individual, targets can be either randomised or set in a clockwise order.
Randomising the targets prevents the user from learning patterns and keeps them
constantly focused on the exercise. The target order is set clockwise if the user is
an upper-limb rehabilitation patient, since a known sequence is easier to follow and
ensures the same number of repetitions in all eight directions. There are three skins
for this game: Lunar Odyssey, Car Odyssey, and Dragon Odyssey (Figure 5).

• Skyward Stride consists of an aeroplane that flies through an infinite world in a
2D environment with obstacles to be avoided. The user can change the height of
the aeroplane to deal with the obstacles, obtain bonus items, and finish different
levels with variable difficulty. For upper-limb rehabilitation, the movements can be
controlled by linear displacements on a plane (arm reaching) or commanded by single
joint movements of the wrist or elbow.

• Kora Game allows for rehabilitation of the upper limb as the patient moves the end-
effector of the robot with admittance control. In this game, the movements of the
robot are mapped to a 2D hand that collects apples and pears appearing randomly in
a forest, which is as large as the robot’s working space. Different difficulty levels can
be set by changing the number of fruits that appear or the maximum time for the user
to grasp them.

Figure 5. Different tabs of the game interface.

2.4. Configuration

There are a total of six different parameters that can be used to properly tune the
rehabilitation activities in Odyssey:

1. The first parameter is the user’s arm length, which is essential for adjusting the robot’s
targets to match the user’s maximum arm reach. This measurement is entered into the
game, which automatically adjusts the robot’s targets to ensure that the arm is fully
extended and not flexed when reaching a target. The targets are mapped in an elliptic
shape that allows for full arm extension when reaching them in the movement, where
left–right movements have a greater range than forward–backward movements. This
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design ensures that the patient performs the exercise and stretches the arm to the
maximum range in order to reach each target.

2. The second personalisation parameter is the robot’s plane of work. Odyssey can be
used in two different planes, namely, the transverse and the frontal planes, with the
human body as the frame of reference. This allows the rehabilitation exercise to be
executed with either horizontal or vertical movements. In both planes, targets are
adjusted according to the arm length.

3. Third, the damping value for the admittance control is adjusted for each patient.
This parameter can be adjusted from 0 to 600 Ns/m in individual exercises or in
consecutive exercises with a specific damping for each level. For healthy individuals,
it can be set to a high value, causing the robot to provide significant resistance to
movement. For rehabilitation patients, the resistance can initially be set to zero and
gradually increased as rehabilitation progresses. This refinement and selection of the
damping value is modified by the person in charge of the rehabilitation routine, and
can be updated at any time during the exercises. When exporting data, the current
damping value during the exercise is also stored.

4. Another relevant parameter is the number of repetitions required to complete the
current game level. One repetition consists of two movements: one from the centre to
the active target on the circumference, and a second from the target back to the centre.
Visual feedback is implemented in a progress repetition bar (see Figure 5, right side of
the visual interface). The number of repetitions depends on the exercise’s purpose
and the patient’s resilience, and must be configured by the therapist.

5. The damping value and number of repetitions alone are not enough to define the
specific speed at which the exercise should be performed. Consequently, the reaching

time for each target is constantly measured, and can also be modified. If the user does
not reach the target in time, it turns red and a message appears indicating the need to
increase speed for the next repetition. When a target is not reached, it is not counted
as a successful target. The total number of achieved or failed targets is stored in the
generated robot dataset.

6. Keeping the patient motivated is an essential aspect of rehabilitation. For this reason,
the sixth personalisation parameter is the game skin. Three different themes have
been designed: a space adventure (Figure 5a), a driving journey (Figure 5b), and a
skin inspired by the Dragon Ball anime show (Figure 5c). This allows the user to
choose the theme they prefer before starting rehabilitation.

Furthermore, the game provides two modes of play: level-based and fully customised.
The level-based mode consists of six levels with all parameters pre-set except for one, which
changes with each level. For example, when evaluating the speed, the time allowed to
reach the targets decreases with each level. The number of repetitions and the damping
value can also be adjusted through the levels. It is the responsibility of the person in charge
of the therapy to adapt the levels to the patient. The benefit of the level-based mode is its
gamification, providing rewards for succeeding in each level. Therefore, the second gaming
mode is the personalised mode, in which all parameters can be modified in real time.

2.5. Safety and Hardware Requirements

As the developed framework communicates via ROS and the robot controller, safety
stops and parameter limits are configured directly on the robot controller, in this case the
UR10e teach pendant, which is installed on the same computer as the framework. Certain
parameter limits are configured directly in the robot controller program. These limits
include workspace plane thresholds related to the user’s arm length, the target location,
and the maximum force and velocity thresholds (107 N and 250 mm/s). When any of these
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limits is reached, a safety stop occurs within 200 ms. The robot can be restarted through
the controller, and the framework resumes when communication is restored. When a
communication loss of more than 250 ms is detected or power loss occurs, the framework
console displays warning and error messages and the robot stops at the last detected
coordinate position. The robot can be resumed through the controller. The only safety stop
that requires restarting both the robot and the framework is the one triggered manually by
the Z-stop.

System requirements for installing the proposed framework include an Ethernet con-
nection on the same network used for both the robot and the computer station. The
computer station should run Ubuntu 20.04.6 LTS and ROS for robot control and visualiza-
tion. For the EMG acquisition system, the software should be compatible with the operating
system on the computer station. If this is not the case, another computer can be used to
handle the communication. It also needs to be connected to the same network as the main
computer station through Ethernet or WiFi.

3. Validation Methodology

To demonstrate the feasibility of the proposed framework, a pilot evaluation was
conducted involving eight healthy participants performing upper limb movements using
the UR10e robot. The primary goal of this pilot was to assess the correct functioning of the
framework components, robot control, EMG acquisition, gamification interface, and data
synchronisation rather than to test a particular clinical hypothesis.

3.1. Experiment Protocol

In this experiment, the participants (Table 2) performed reaching movements while
seated upright with feet flat on the floor and the elbow positioned at 90°. The task involved
moving an object from a central position to one of eight radial targets arranged in clockwise
order, then returning to the centre in the x–y plane. Following a one-minute resting
baseline and a familiarization trial at 100 Ns/m, which were excluded from the analysis,
each participant completed one repetition set of the eight movements at three damping
levels of 200, 400, and 600 Ns/m (D200, D400, D600 respectively), with a one-minute rest
period between damping levels. Participants were asked to try to maintain consistent
velocity throughout all movements and damping levels. The experiment started with
measurement of the participant’s dominant arm length. The chair was adjusted so that
when the participant grasped the end effector, the arm was aligned with the central target
of the centre-out tasks depicted in Figure 5.

Table 2. Description of the healthy subjects.

Subject ID Sex Age Arm Length (mm) Sleep Time

S01 F 22 540 7 h
S02 F 27 460 7 h
S03 M 24 560 7 h
S04 F 23 490 7 h
S05 M 39 560 7 h
S06 M 47 580 7 h
S07 M 21 530 7 h
S08 F 24 460 <5 h

All participants were right-handed.

Eight EMG sensors were placed on the skin surface over the following muscles: Middle
Trapezius (MT), Anterior, Middle, and Posterior Deltoid (AD, AM, AP), Biceps Brachii

67



Appl. Sci. 2025, 15, 11007

(BB), Brachioradialis (BR), Extensor Digitorum (ED), and Extensor Carpi Ulnaris (CUE). An
example of recorded EMG signals for one set of movements is shown in Figure 6.

Figure 6. EMG data synchronization of eight different muscles activity (blue) during the movement
execution of the eight different targets (black) on the first level.

The game was then configured according to each participant’s data, particularly arm
length. Each participant selected a preferred game skin to perform the task. The reaching
time was set to 5 s; otherwise, it was considered a failure. Visual feedback of target failure
was presented with a failure message appearing at the target to reach; the colour and shape
of both the target and the avatar icon changed, the progress bar did not count the failed
target, and at the end of the session the progress bar showed only the total number of
targets reached. To minimize variability and initial fatigue, participants were asked to
abstain from caffeine on test day, avoid upper limb exercise the day before, and ensure at
least seven hours of sleep before testing (see Table 2). The protocol was approved by the
Research Ethics Committee of the University of Alicante, with file number UA-2023-01-23 2.

3.2. Data Analysis

Because the framework provides two datasets, namely, kinematics and EMG, we
performed two offline analyses. For the kinematic data, the system recorded the TCP
positions, velocities, and forces in the x–y plane as well as the active target at each time
point. The first milliseconds of each recording were discarded in order to remove initial
adaptation to the robot’s movement. The data were then segmented into eight movements
(M) for each damping level. The absolute magnitudes of force and velocity were calculated
for all segments. The comparison of mean force across participants was normalised to
the 95th percentile of force across all damping conditions. Time was measured as the
total duration required to complete a movement, from centre to target to centre. For TCP
positions, trajectory segments were compared with an ideal path, defined as the shortest
path between the centre point and the objective target. Based on this comparison, errors
were calculated and normalised to the corresponding movement distance: mean absolute
error (MAE), maximum error (MaxE), and percentage root mean square error (PRMSE).
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For the EMG data, the signals underwent multistage processing. First, outliers ex-
ceeding three times the standard deviation were removed and replaced with the median
value of the window using a Hampel filter with a temporal window of 0.05 · f s. Baseline
noise was subtracted, then a fourth-order Butterworth notch filter was applied to remove
power line interference at 50 Hz and its harmonics. Cardiac noise in the back and shoulder
channels (MT, AD, MD, PD) was subtracted from the signal using an adaptive filter. Finally,
a 20 to 350 Hz bandpass filter was applied to remove low and high frequency noise. To
segment muscle activity for each movement, kinematic data were interpolated and then
aligned with the corresponding timestamps. Muscle activation periods were detected from
the signal envelope whenever the amplitude exceeded two times the standard deviation
for at least 500 ms. Within the active periods of each repetition, the root mean square
(RMS) and the mean frequency (MNF) were computed using a 250-ms sliding window
with 50% overlap.

4. Results

Validation of the proposed rehabilitation platform was performed with the Odyssey
game. To support personalized therapy for each individual, the system incorporates
different personalisation parameters that can be updated in both the main UI and within
the game. The developed framework was preliminary tested with eight healthy subjects in
order to validate the data acquisition process and overall system functionality as well as to
assess possible kinematic metrics for evaluating user performance.

4.1. System Usability

To validate system’s usability in real-life scenarios, maximum forces and velocities
were obtained. Figure 7 shows the maximum force (A) and velocity (B) values across all
movement tasks. As mentioned in Section 2.5, force and velocity have limit thresholds to
ensure correct robot functionality. Maximum force values for almost all subjects remained
within safe limits. Notably, S06 (the subject with the longest arm length) and S07 (the
youngest male subject) both showed peak values close to the force threshold. In both cases,
the maximum force was observed at D400 and the lowest velocity at D600, while S06 also
reported the highest velocity at D400 and S07’s velocity decreased with increasing damping,
as expected. In the case of S07, this may be because the highest velocity was observed
at D200, which was considerably faster than any other subject; from this initial damping
level, the subject tried to maintain the same velocity across all damping levels, inducing
more force than necessary through the robot. In addition, all male subjects showed higher
variability in velocity, which may be due to different velocities across movements. This
phenomenon may improve with a reminder to the subjects to maintain constant velocities,
thereby reducing force peaks.

Figure 7. Boxplots showing the maximum net force (A) and net velocity (B) detected in all eight
subjects for each damping level. The x-axis shows the subject ID, while the y-axis shows the
corresponding metric and units. All plots show D200 in blue, D400 in orange, and D600 in green.
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Figure 6 shows muscle synchronization with kinematic targets for all eight muscles.
Certain targets activate muscles at the beginning of the task (centre-target), while others
produce more activation at the end of the task (target-centre) and still others maintain
muscle activation through the entire reach. For example, as expected, DM and DP ac-
tivated at the beginning of M5, as the subject performed a downward rotation of the
shoulder, while AD became more active in the middle of the task as the user performed a
shoulder abduction.

4.2. User Performance

To show the trajectory performance, Figure 8 displays the expected and real TCP
trajectories for all eight movements at each damping condition in the x–y plane for S02.
The blue plot corresponds to the first damping level (D200), the yellow plot corresponds
to the middle level (D400), and the green plot corresponds to the last level (D600). In all
three plots, the dark line is the ideal trajectory. To differentiate the eight movements, each
direction is represented with a gradient of its corresponding colour. In this subject, at D200
the trajectories appear inaccurate in almost all directions, while at D400 they show more
precise movements with straighter paths.

Figure 8. End-effector trajectories at all three damping levels for user A.

To measure the movement performance in the eight trajectories, kinematic metric plots
were generated to compare movements, as shown in Figure 9. To maintain consistency
between figures, results for D200 are shown in blue, for D400 in orange, and for D600 in
green. Figure 9A shows a bar plot of the mean total time for each movement across all
subjects. In general, time increases with higher movement resistance generated by the
robot, as expected. It is important to note that while M5 and M8 have the lowest times, the
difference between these two is nearly double. This is because the movement performed in
the last direction was only centre-to-target, resulting in approximately half the time relative
to the other movements, which were centre–target–centre. In addition, the movements with
the highest times were M3 and M7, which correspond to the lateral targets, as described in
Figure 8.

Regarding force values, Figure 9B shows a box plot of the normalised force across
all movements. Force medians are clearly separated by damping condition, as expected:
D600 > D400 > D200, which confirms that the framework applies graded mechanical
resistance. The results for force also shows a directional pattern, with lateral and diagonal
targets (M2, M3, M4, M6, M7, and M8) having higher values compared to vertical targets.

Performance was also analysed using movement errors. Figure 9C shows the plots
for the PRMSE, mean error, and maximum error. The PRMSE values are small overall,
typically between approximately 5 to 15% of the movement distance. In most directions,
the PRMSE tends to be slightly lower at D600 and the movement accuracy varies between
directions, with vertical targets showing the largest errors. The mean error is clustered
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around 0.05 to 0.12, with minimal separation between resistance levels. Interestingly, all
subjects reported that M3 and M7 were the most difficult movements, yet these have the
lowest errors across metrics, while M1 and M5 were reported as the easiest but have the
highest errors and highest variability between subjects.

Figure 9. Kinematics plots of the subjects’ performance across the different movements and damping
conditions, showing the average time to complete a target movement (A), the normalised net force
used in each movement (B), and the mean normalised errors (PRMSE, mean error, and maximum
error) obtained in each movement (C). The x-axis represents the movement number, and all plots
show D200 in blue, D400 in orange, and D600 in green.

For the eight-muscle channel EMG data, normalised RMS values between 0 and 1
were computed, with values near 1 representing the session maximum. Figure 10 shows
heatmaps for the three damping conditions of the normalised RMS values. The x-axis
corresponds to the movement number and the y-axis to the muscles. As expected, the
normalised RMS increases with damping across all directions. The proximal shoulder
muscles show anatomically consistent directional tuning. The AD peaks in anterior and left
anterolateral reaches (M1, M7, and M8), while the MD and PD peak in lateral movements
(M3, M4, M6, and M7). The MT peaks in right lateral reaches (M2, M3, and M4) and in
the left lateral movement (M7). This pattern is preserved as the load increases. Elbow
flexors (BB, BR) show moderate diagonal biased recruitment that scales with damping,
with the exception of M8. Distal extensors (ED, ECU) increase broadly, which indicates
wrist and hand stabilization through co-contraction. Overall, M3, M6, and M7 activate all
muscles more in the higher damping conditions. Figure 11 shows the mean MNF values
for S02 across the three damping conditions, scaled to the maximum MNF value recorded
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during the protocol for each muscle. As the protocol was not sufficiently demanding
to induce fatigue, no significant changes in MNF values were consistently observed in
all subjects.

Figure 10. Mean normalised RMS values for all subjects across the eight muscles, eight movements,
and three damping levels.

Figure 11. Mean MNF values for subject S02, scaled to the maximum value for each muscle across all
eight movements and all three damping levels. The x-axis corresponds to the movement number and
associated damping level. Black zones indicate periods with no detected muscle activation.

5. Discussion

The primary objective of the pilot study was to assess the feasibility of the proposed
framework in a real environment with different subjects and subject characteristics. For this
reason, the analysis focused primarily on the visualisation and interpretation of the data
generated by the system rather than on a detailed evaluation of the participants’ perfor-
mance. Within the context of the present study, the most relevant aspects were the correct
synchronisation of data, effective communication between the various system modules
(Unity, ROS, and EMG), and functional validation of the complete framework. Preliminary
results, particularly the RMS values obtained from the EMG signals, demonstrated that the
system responds appropriately: as damping increases, there is a proportional rise in muscle
activation, accompanied by an increase in the applied forces and an expected reduction
in execution speed. With respect to trajectory errors, a decreasing trend was observed
as the damping level increased. However, because only one set of eight movements was
performed per damping level, this trend could be attributed either to motor adaptation or
to the possibility that higher damping facilitates the execution of more stable and linear
trajectories in the absence of fatigue.

The developed framework enables linear movements in the x–y and y–z planes,
allowing tasks with up to four degrees of freedom. This primarily targets the shoul-
der and elbow, although the wrist may also benefit to some extent. Moreover, the sys-
tem can be extended to support three-dimensional movements provided that compat-
ible skins are developed to accommodate this functionality. In comparison with other
robotic rehabilitation platforms for the upper limb, the present system offers capabili-
ties similar to recent technologies that support 3D interaction, such as the Armeo fam-
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ily [25], Gentle/s, and Proficio devices. In contrast, earlier systems such as ARM-Guided
and MIT-Manus are limited to movements with one or two degrees of freedom, respec-
tively [33]. A key aspect to consider is post-session feedback. Most current rehabilitation
robots provide only basic kinematic metrics; some offer performance indicators at the
end of the therapy session, as is the case with the Proficio [34]. However, EMG sig-
nals are typically excluded from this type of performance analysis, being used mainly
for device control rather than as quantifiable indicators of the patient’s condition or
progression [28].

Future Work and Current Limitations

While this work has demonstrated the technical feasibility of the proposed frame-
work in controlled settings with healthy participants and ROS-compatible collaborative
robots from the UR family, further studies are required to fully validate its applicability
in broader rehabilitation contexts. Future work should focus on conducting clinical trials
with at least ten ABI patients with a minimum of three hours per week and a total of five
sessions [33] in order to assess the effectiveness of the framework in real rehabilitation
scenarios. This study would include assessment of impact on motor recovery outcomes,
user engagement, and therapist usability. Analysis of both kinematic data and EMG record-
ings should be addressed in order to provide patients with a complete overview of the
therapy sessions, which should include movement performance with error metrics such as
PRMSE, MaxE, and MAE along with muscle strengthening with force and velocity metrics
for the kinematic analysis and fatigue and muscle power for the EMG analysis. At the
end of the therapy, a complete report including patient score and improvement should
be provided.

Additionally, further experiments are planned to implement and validate the frame-
work on other ROS-compatible robots beyond the Universal Robots family. This would
help to confirm the framework’s adaptability to diverse hardware platforms and configura-
tions. To support wider adoption, collaborative efforts with external research groups are
envisioned, allowing independent teams to deploy and evaluate the system in different
environments. Furthermore, we intend to expand the gamification module with more
personalized and adaptive tasks as well as to integrate biosignal processing pipelines for
user feedback, since one of the main limitations of the current framework is the lack of
real-time feedback. At present, only time feedback is provided through changes in target
colour, a failure message, and a progress bar that does not count missed targets. Markers
such as fatigue detection, large increases in error, and messages about force and velocity
when values approach their limits are key objectives for future online analysis. A kinematic
report should also be provided at the end of the session instead of raw kinematic and
EMG data. Finally, regarding data privacy and long-term management, measures should
include implementation of end-to-end encryption and multifactor authentication across
data capture, transmission, and storage as well as integration of automated pseudonymiza-
tion and legally compliant retention policies supported by immutable audit trails for
full traceability.

6. Conclusions

This paper has presented a robotic framework designed for upper-limb rehabilitation
in ABI patients. The proposed framework offers an adaptable solution for rehabilitation
exercises integrating data acquisition, serious games to enhance patient engagement, and
flexible robot control options. A technical validation of the framework was carried out
in a controlled setting with eight healthy participants and three different damping condi-
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tions with an ROS-compatible collaborative robot from the UR family, demonstrating the
feasibility and functionality of the proposed framework as a proof of concept.
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Abstract: (1) Background: Working from home is becoming increasingly common and
has many advantages, but also negative consequences such as reduced physical activity,
poor ergonomics and stress. Many people find it difficult to attend in-person rehabilita-
tion sessions due to transportation barriers and limited access to rehabilitation facilities.
Therefore, the aim of our study was to investigate whether our online preventive exercise
programme effectively improves the musculoskeletal and mental health of sedentary work-
ers. (2) Methods: The study participants worked from home on a long-term basis. Our
research group consisted of 30 people, 16 in the intervention group and 14 in the control
group. The intervention group members participated in a complex preventive exercise
programme three times a week for 10 weeks. The training took place online. Before and
after the exercise programme, various tests were used to assess the functional status of
the participants’ spine, the strength and flexibility of their core muscles (Core, Kempf
and Kraus–Weber tests) and their mental state (Beck Depression Inventory). (3) Results:
Significant improvement was observed in the intervention group in the Core, Kempf,
Kraus–Weber and Beck tests. (4) Conclusions: Our online complex training programme
proved to be effective during the evaluation. It is crucial to tailor remote rehabilitation
services to the individual needs and preferences of patients and healthcare professionals.

Keywords: core muscles; patient education; prevention; home office; movement therapy

1. Introduction

1.1. Background

Online gymnastics is a distance-based exercise programme using communication
technologies. In recent years, online technology has developed rapidly, but the restrictions
imposed by COVID-19 have helped to accelerate the development of this system [1]. Biddle
and Mutrie studied the psychological impact of physical activity. Their research has proven
that regular exercise reduces anxiety and depression [2]. Peter Salmon, a psychologist at the
University of Liverpool, also considers physical activity as a potential way of maintaining
mental well-being [3].

The aim of a study by Özel and colleagues was to examine the effect of telerehabilitation-
based, remote supervised or unsupervised structured exercise therapy on pain, disability
and quality of life in patients with chronic, non-specific neck pain [4]. Moretti and col-
leagues in Italy described the exacerbation of low back and neck pain in the remote workers
they surveyed, but it is not known how teleworking affected the prevalence of muscu-
loskeletal pain [5]. The Department of Physiotherapy and Rehabilitation at Muğla Sıtkı
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Koçman University involved 50 patients with chronic low back pain syndrome. The 8-week
gymnastics programme was delivered to the patients through a web-based telerehabil-
itation platform called Fizyoweb. The telerehabilitation group reported improvements
in pain, function, quality-of-life, kinesiophobia, satisfaction and motivation [6]. Cooper
and colleagues tested a 6-week online multimodal exercise and health education program
involving 23 women focusing on menopause education and lifestyle advice. The effec-
tiveness of the program was evaluated in terms of the physical performance, menopausal
symptoms, well-being and self-efficacy of participants in Laois, Ireland. Exercise sessions
were held twice a week for 40 min, while the health education sessions were held once a
week, also for 40 min. Participants were divided into two groups: perimenopausal and
postmenopausal. It was found that the 6-week online exercise program was time-efficient
and that multimodal exercise and health education tailored to menopause significantly
improved the physical performance, menopausal symptoms, well-being and physical
self-efficacy of perimenopausal and postmenopausal women [7].

Henriëtte A. Meijer and colleagues systematically reviewed qualitative studies provid-
ing evidence on patients’ responses to videoconferencing (VC) services in an orthopaedic
setting. Videoconferencing (VC) can play an important role in the management of or-
thopaedic pathologies. Despite positive reports regarding telemedicine studies, the uptake
in clinical practice remains low. Acceptability by patients is an important element in the
adoption of telemedicine into the system, and a focus on qualitative methodology may
reveal the reasons behind the acceptability of using VC. Further qualitative research is
needed to investigate acceptability for both patients and clinicians using a theoretical
framework that allows for replicability and generalizability [8].

Malinska and her colleagues conducted a study among computer workers. They used
a questionnaire to collect data on demographics, musculoskeletal disorders, lifestyle char-
acteristics, computer work ergonomics and psychosocial and physical work characteristics.
Almost half of the respondents complained about neck pain and low back pain. Prolonged
computer time, increased job demand and older age were identified as risk factors [9].

Studies to date suggest that exercise protects against the adverse effects of stress and
has an anti-stress and antidepressant effect [10]. The positive mental health effects of
regular exercise are particularly important for people who work long hours at home [11].

Work from home (WFH), also referred to as home office, emerged in the early 2000s
with the advancement of teleworking technologies. These developments enabled employ-
ees to perform their professional duties remotely, reducing the need for commuting, allow-
ing for greater flexibility in work schedules and promoting a better work–life balance [12].
Moreover, working from home offers advantages not only for employers but also for em-
ployees. Most importantly, it allows employees to save the time otherwise spent commuting
and to achieve a more balanced work–life relationship [13]. Working from home enables
employees to schedule their work during periods of peak productivity and to avoid many
of the workplace distractions typically associated with American-style open offices [13]. In
addition, with WFH, employees have more control over environmental factors, internal
environmental quality (IEQ) factors such as lighting, temperature, humidity, noise and air
quality [14]. These IEQ factors have a significant impact on employee comfort, which is
strongly associated with job satisfaction [15].

Despite these numerous benefits, full-time home-office work has also been associated
with certain disadvantages. Remote workers tend to experience reduced social interaction
with colleagues and lower levels of physical activity (e.g., the absence of walking between
meeting locations) [12]. In addition, prolonged screen exposure due to work can lead
to fatigue, headaches and eye-related symptoms [16]. For individuals living alone, the
absence of face-to-face interaction and daily social support may contribute to mental health
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problems, including depression and anxiety, as well as a blurring of the boundaries between
work and personal life. Such difficulties in psychological detachment from work can elevate
stress levels, while ongoing work–family conflict may lead to emotional exhaustion [17].

The home office has also drawn attention to the relational and ergonomic needs of
the remote working environment. Many employees perform their tasks at temporary
workstations such as kitchen tables, counters, sofas, beds or coffee tables. With reduced
business travel and commuting, they spend considerably more time in front of a computer
each day [18].

Shariat A. et al. reported a high prevalence of musculoskeletal pain among office
workers [19]. Musculoskeletal pain can have a significant negative impact on quality of life,
work efficiency and job performance according to Wu S. et al. [20].

Based on the studies discussed above, we aimed to develop an online preventive
exercise programme adapted to home office workers and to examine its effects on partici-
pants’ musculoskeletal function and mental health. The effects were assessed using various
validated tests by comparing the intervention and control groups at the beginning and end
of the study.

In Hungary, a significant number of people who work from home rely on access to
the internet for their work. By February 2020, the number of people working from home
was only a few hundred thousand. The peak was in May 2020, when 17% of the domestic
workforce, or around 760,000 people, worked from home [20]. According to the Central
Statistical Office, the vast majority of home workers (77%) have a tertiary education, 21%
have a school leaving certificate, 1.6% have a vocational secondary school qualification and
0.4% have a primary education [21].

The following is the recommended correct sitting position in front of a computer: The
recommended joint angles are 0–10◦ at the shoulder, 90–100◦ at the elbow, 90–100◦ at the
hip, 90–110◦ at the knee, and 100–120◦ at the ankle. While sitting, care should be taken to
keep the pelvis stable and centred, avoid posterior pelvic tilt and maintain the physiological
curves of the spine—lumbar lordosis, thoracic kyphosis and cervical lordosis [22]. The
ideal layout of the workspace is important. It is determined by the frequency of use and
placement of office equipment and documents. On this basis, we can divide our working
environment into three parts:

1 Usual work
2 Occasional work
3 Non-working area

1.2. Low Back Pain (LBP)

Low back pain refers to pain located between the lower edge of the ribs and the
buttocks. The pain can be of short duration (acute), slightly longer duration (subacute) or
long duration (chronic). It can occur in any job but is most common in sedentary workers.
LBP makes it difficult to move around and can affect quality of life and mental wellbeing.
These factors in turn can affect work and relationships with family and friends. Research
suggests that 619 million people live with LBP, and it is said to be the leading cause of
disability worldwide [23,24]. According to the Global Burden of Diseases, Injuries, and
Risk Factors Study (GBD), published in 2023, the global number of LBP cases is expected
to reach 619 million in 2020, rising to 843 million by 2050 [23]. There are significant
geographical variations in prevalence (cases per 100,000 population), with the highest
prevalence in Central and Eastern Europe and Hungary having the highest prevalence per
100,000 population. The already high prevalence of low back pain may be exacerbated by
the negative effects of teleworking (including reduced physical activity, poor ergonomics,
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stress etc.). In this context, preventive interventions targeting the musculoskeletal system
play a particularly important role.

Core muscle stability therapy has become increasingly popular in recent years, with
research by Wang and colleagues [25] finding that core exercises produced better results
in the treatment of low back pain compared with general spinal exercise in the first three
months of treatment for LBP. Further studies have shown that core-specific interventions
reduce pain and improve movement limitations [26].

1.3. The Aim of Our Study

Our goal was to develop a new experimental online preventive exercise programme
for home office workers, aiming to assess and improve the functional and mental condition
of participants. In our study, the primary endpoint was the musculoskeletal status of the
participants (strength and flexibility of core muscles), while the secondary endpoint was
the mental health of the subjects.

2. Materials and Methods

• Thirty patients participated in the study on a voluntary basis. We asked a small local
IT company to participate in the online training programme we had developed, which
we then confirmed using a validated questionnaire and physical examination.

• Participants signed a consent form in which we informed them about the purpose and
ethical background of our programme.

• We divided the participants into two groups. Sixteen people participated in the
intervention group and 14 in the control group. The inclusion of the control group
was essential for validating the results.

• All participants were examined in their own homes. The assessments were carried out
before and after the exercise programme.

• Members of the intervention group participated in a 45 min online exercise programme
three times a week for 10 weeks at prearranged times, which took the form of live
lectures supervised by a physical therapist.

• Members of the control group did not participate in online therapy sessions. We asked
the participants to continue their usual habits and activities and not to start any new
activities or other things. This approach was considered important to ensure that
the comparison between the control and intervention groups was not influenced by
external factors.

• Those who did not meet the above criteria were excluded from the study.
• The data were analysed using statistical methods.

2.1. Target Group

The survey involved young people who work from home for the IT company we
contacted and who responded quickly to our online call for applications.

2.2. Study Process

Our study was conducted between 10 March 2024 and 22 November 2024. Registration
for our survey was completed online. The inclusion criteria for participants were as follows:

1. Working from home.
2. Consent required measurements and participation in the exercise programme.
3. Attendance at the pre- and post-measurements before and after the 10-week programme.
4. Internet access and use of Microsoft Teams application.
5. Attendance at all sessions.
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6. Availability of the necessary equipment (half-litre PET bottles, rubber bands, chair
and sofa).

7. Sufficient space to carry out the exercise.
8. Sufficient physical and health condition to participate in the training programme.

Presentation of the research structure:

1. Registration for our research was completed online.
2. Inclusion criteria were completed by 30 participants. The intervention group (n = 16)

and control group (n = 14).
3. A validated questionnaire and physical examination were carried out in the partici-

pants’ homes with the personal assistance of the physiotherapist (n = 30).
4. The 10-week online exercise programme took place in the presence of a physiothera-

pist (n = 16).
5. To measure back the results obtained during the study, the previously used validated

questionnaires and physical examinations were re-recorded in the personal presence
of the physiotherapist (n = 30).

2.3. Questionnaires

We wanted to know the mental status of the home office workers so we asked the
participants to fill in a form consisting of a Beck depression test at the beginning and end
of the study. The test taken at the beginning of the study allows us to assess the presence
and severity of depressive symptoms, with a back test at the end to show changes in
symptoms. The Hungarian abridged version consists of nine statements and is equivalent
to the original, with acceptable reliability [27]. The scores obtained after completion of the
test allow us to differentiate between four levels of depression: 0–9 normal, 10–18 mild,
19–25 moderate and ≥26 severe.

2.4. Functional Ability Test

Kraus–Weber (K–W) test: this test is designed to test the strength of the core muscles.
The test consists of 6 sets of exercises, which are scored separately and evaluated on the
basis of the total score.

The maximum score is 60 points. Scores between 0 and 40 are considered unsatis-
factory, scores above 40 are considered good and scores above 50 are considered very
good [28].

Core test: an endurance test that has been proposed for the trunk flexors; the subject is
in the push-up position in the forearm position. The whole torso is straight; it is important
that the hips are neither elevated nor bent. The head is in the line of the spine with
shoulders above the elbows. The correct posture should be maintained as long as they can.
Meanwhile, measure the number of seconds held with a stopwatch. The exercise continues
until the subject gives up or cannot maintain control of the lumbar spine [29].

The Kempf test: named after Hans-Dieter Kempf, the test system consists of 8 exercises
and is an excellent way of testing the strength and flexibility of the core muscles [30].

2.5. Mobility Programme

Under the supervision of a qualified physiotherapist, participants in the programme
performed targeted posture-strengthening and core muscle-strengthening spinal exercises
three times a week for 10 weeks, using a variety of tools. These tools were carefully selected
and incorporated into the exercise programme based on a preliminary assessment to ensure
that they were available to all participants in their area of residence. We used half-litre PET
bottles to replace dumbbells, rubber bands for strengthening, and home equipment such
as a chair and a sofa to carry out the exercises. The exercises were performed on carpet or
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polyfoam mattresses. Each session consisted of a warm-up, main part and a cool-down.
Occasionally and on demand, the exercises were supplemented with a short relaxation
session. The exercises were always held at pre-arranged times using the Microsoft Teams
communication platform. The exercise programme was put together by physical therapists.
The physical therapist discussed the tasks with the participant during personal assessments
and corrected them during the live programme if necessary. The online programme also
allowed the physical therapist to monitor participation and activity during the exercises.

2.5.1. The Warm-Up

We started the exercises with a general warm-up, moving through the joints from
cranial to cauda, with more emphasis on the shoulder, hip, knee and ankle joints. The
warm-up consisted of 10 min in total.

2.5.2. The Main Part

Based on the individual data obtained during the initial assessment, a physiotherapist
compiled a set of exercises for the intervention group that were suitable for all participants
and enabled them to progress. The tasks changed weekly. The physiotherapist also
determined the number of sets and repetitions based on the group dynamics, ensuring that
the training sessions were not one-sided [31]. Each session lasted 45 min.

In the first phase of this stage of training, we teach the correct position of the lumbo-
pelvic-hip complex and the formation of normal lordosis, with the aim of establishing
proper pelvic control and maintaining it in different body positions.

In the second phase, to achieve effective co-contraction of the transversus abdominis
and multifidi muscles, we teach the isolated active tensioning of these muscle groups in
different body positions, checking the correct execution by palpation.

Subsequently, to develop the endurance of these muscles, we practice holding the
tension for 10 s while breathing continuously and calmly, repeating each exercise ten times,
with a one-minute break between training different muscle groups. This is followed by
integrated training of the local and global muscle systems, where, following the principle
of gradual progression, we increase the intensity of the exercises in several body positions,
first in a closed and then in an open kinetic chain, requiring increasing concentration.

The most important exercises used in the exercise programme:

� Squats:

� Squats → Squats with side steps → Chair-assisted trunk support squats;

� Burpees:

� One-sided burpees

� Pelvic lifts:

� Pelvic lifts with stable and unstable support

� Other functional exercises:
� Kneeling push-ups → Push-ups
� Abdominal crunches on the floor and on a chair
� Trunk extension on the floor
� Plank with knee support → Traditional plank → Side plank with knee support

Based on the individual data obtained during the initial assessment, a physiotherapist
compiled exercises for the intervention group that were suitable for all participants and
allowed them to progress. The tasks varied from week to week. The number of sets and
repetitions was also determined by the physiotherapist according to the group dynamics.

The main parts of the exercise programme are shown in Table 1.
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Table 1. Exercise programme main part.

Time (week) Body Position Device Used Exercises

1 Supine Polyfom Easier spinal mobilisation and
isometric stretching

2–3 Variable (lying, sitting) Half litre bottled water, chair,
polyfom

Upper and lower abdominal
exercises, deep back muscle

strengthening

4–5 Variable (lying, sitting,
standing)

Half litre bottled water, chair,
polyfom, rubber band

Shoulder girdle and trunk
dynamic exercises

6 Variable (lying, sitting,
standing, on all fours)

Half litre bottled water, chair,
polyfom, rubber band

Shoulder girdle and trunk
stabilisation exercises

7–8 Variable (lying, sitting,
standing, on all fours)

Half litre bottled water, chair,
polyfom, rubber band

Heavy back and abdominal
muscle strengthening exercises

9–10 Variable (lying, sitting,
standing, on all fours)

Half litre bottled water, chair,
polyfom, rubber band

Difficult strain stabilisation
exercises

The exercise is illustrated in Figure 1.

 

Figure 1. The picture shows one of the subjects doing gymnastics.

2.5.3. The Cool Down

After each exercise we did outstretching, with the main focus on the muscle groups
worked. The recovery took 10 min per session. We also supplemented the stretching with
short breathing exercises.

2.5.4. The Relaxation Part

Participants lay on a mat or mat in a comfortable position. Relaxation was performed
with eyes closed. Once they had managed to focus on the sensations of their body, they
started with slow, deep inhalations and exhalations. Following the conscious breathing,
they said to themselves, “I am completely relaxed and at ease”. These cycles were repeated
three times and ended with stretching [32]. The relaxation sessions were 5–10 min each.
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2.6. Statistical Methods Used

The results obtained during the physical survey were processed according to a
database created in Microsoft Excel spreadsheet software (Microsoft Office LTSC Pro-
fessional Plus 2024; Excel 2408 version). Our results are measured using median and
interquartile ranges (IQR1-IQR3). To implement the statistical tests, in addition to the
Microsoft Excel spreadsheet software mentioned above. The two paired (before/after
intervention) data were analysed using Wilcoxon signed rank tests and between-group
comparisons (intervention group vs. control group) Mann-Whitney U test was used. To
evaluate categorical data Fisher’s exact test was used. For statistical analysis Stata 13
software was used. The result was considered significant if the p-value was less than
0.05. The tests were used to examine whether there was a significant change in the pa-
rameters assessed in our case group during the 10-week exercise programme. Strength
and extensibility of the spine and core muscles (Core, Kempf and Kraus-Weber test) and
mental state (Beck depression test) were identified as dependent variables and time as an
independent variable.

2.7. Ethics Licence

The study was approved by the Research Ethics Committee of the University of Debre-
cen (6774-2024), and participants gave informed consent to the collection and processing
of data.

3. Results

A total of thirty people participated in the study, with 14 people in the control group
(8 women with a mean age of 29.25 years and 6 men with a mean age of 27.50 years) and
16 people in the intervention group (5 women with a mean age of 27.80 years and 11 men
with a mean age of 29.63 years). Table 2 compares the characteristics of the intervention
group and the control group at baseline (e.g., age, gender, baseline scores on all tests). There
were no differences in age, gender ratio, or test scores between the intervention and control
groups. Although the Kraus-Weber Total score was significantly higher in the intervention
group before the intervention, the exercise programme still managed to improve the score,
while the control group showed no significant change in Kraus-Weber Total score, which
also confirms the effectiveness of the exercise programme.

Table 2. Baseline results.

Control Group Intervention Group

male (%) female (%) male (%) female (%) p-value (control vs. intervention)

gender 69.00 31.00 43.00 57.00 0.153

Median IQR Median IQR p-value (control vs. intervention)

age 28.00 27.00–30.25 27.00 26.25–32.00 0.461

Kraus-Weber Total 57.00 54.75–57.00 58.00 56.75–60.00 0.022

Kempf 1 15.50 13.00–17.25 16.50 13.75–20.75 0.449

Kempf 2 16.50 13.25–17.50 17.00 13.25–19.25 0.583

Kempf 3 11.50 10.00–15.00 13.50 13.50–17.50 0.482

Kempf 4 13.50 10.00–16.00 13.50 10.00–16.00 0.985

Core 49.50 38.00–58.00 59.00 46.75–72.75 0.104

Beck total 22.00 22.00–23.00 22.00 20.25–24.00 1.000
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3.1. Results of the Kraus-Weber Test

Based on the total scores of the Kraus-Weber test, a significant change (p = 0.003) was
observed after the exercise programme in the intervention group. At the start of the study,
the median was 58 (56.75; 60.00), increasing to 60 (59.00; 60.00). No significant (p = 0.082)
change was observed in the control group.

Looking at the first part of the Kraus-Weber test (Kraus-Weber 1), it can be seen that
there was a significant change (p = 0.015) from the start of the study (median = 10.00;
iqr = 8.75; 10.00). For the second test part (Kraus-Weber 2), there was no significant change
(p = 0.084) in the effect of the exercise programme. Both at baseline and after the exercise
programme, the median was 10.00 (iqr = 10.00; 10.00). The results of the third part (Kraus-
Weber 3) (before and after median = 10.00; iqr = 10.00; 10.00) also showed no significant
change (p = 0.157). Also, no significant change was found for the fourth (Kraus-Weber 4)
(p = 0.083) (before and after median = 10.00; iqr = 10.00; 10.00) test part. When examining
the fifth part (Kraus-Weber 5), it can be seen that there was a significant change (p = 0.046)
from the beginning of the test (median = 10.00; iqr = 9.75; 10.00) to the end (median = 10.00;
iqr = 10.00; 10.00). Finally, a significant change (p = 0.025) was also observed for the sixth
part (Kraus-Weber 6) (median = 10.00; iqr = 9.00; 10.00) compared to the pre-exercise
condition (median = 10.00; iqr = 10.00; 10.00). There were no significant changes in the
control group in any of the tests (Kraus-Weber 1–6) (Table 3).

Table 3. Kraus-Weber test results.

Control Group Intervention Group

Test

Time
(Before/

After Inter-
vention)

Median IQR p-Value Median IQR p-Value

p-Value
(Control vs.

Interven-
tion)

Kraus-Weber Total
Before 57.00 54.75–57.00

0.082
58.00 56.75–60.00

0.003
0.020

After 57.00 54.75–58.00 60.00 59.00–60.00 <0.001

Kraus-Weber 1
Before 9.00 8.75–10.00

-
10.00 8.75–10.00

0.015
0.639

After 9.00 8.75–10.00 10.00 10.00–10.00 0.078

Kraus-Weber 2
Before 10.00 10.00–10.00

-
10.00 10.00–10.00

0.084
0.978

After 10.00 10.00–10.00 10.00 10.00–10.00 0.279

Kraus-Weber 3
Before 9.50 9.00–10.00

-
10.00 10.00–10.00

0.157
0.035

After 9.50 9.00–10.00 10.00 10.00–10.00 0.007

Kraus-Weber 4
Before 9.50 8.00–10.00

-
10.00 10.00–10.00

0.083
0.052

After 9.50 8.00–10.00 10.00 10.00–10.00 0.006

Kraus-Weber 5
Before 10.00 10.00–9.00

0.082
10.00 9.75–10.00

0.046
0.737

After 10.00 10.00–10.00 10.00 10.00–10.00 0.551

Kraus-Weber 6
Before 9.00 8.75–10.00

-
10.00 9.00–10.00

0.025
0.079

After 9.00 8.75–10.00 10.00 10.00–10.00 0.001

3.2. Results of the Core Test

For the intervention group. a significant change (p = 0.015) was observed in the
Core test comparing the results before (median = 59.00; iqr = 46.75; 72.75) and after
(median = 59.5; iqr = 50.50; 73.50) the exercise programme. There was no significant
change in the control group (median before = 49.50; iqr = 38.00; 58.00. median after = 49.50;
iqr = 39.75; 55.75. p = 0.327).
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3.3. Kempf Test Results

A significant improvement (p < 0.001) was observed for the first part of the Kempf test
(Kempf 1). At the start of the test the median was 16.50 (iqr = 13.75; 20.25) and after the
exercise programme the median was 23.50 (iqr = 18.25; 25.50). The results of the second part
of the test (Kempf 2). also showed a significant improvement (p < 0.001) (median = 17.00;
iqr = 13.25; 19.25) compared to the initial value (median = 20.00; iqr = 16.50; 26.00). The
third part of the test (Kempf 3) showed a similar positive result (p < 0.001). The median
was 13.50 (iqr = 13.50; 17.50) for the first measurement and 17.00 (iqr = 15.00; 20.25) after
the exercise programme. Finally. the results of the fourth part of the Kempf test (Kempf 4)
(median = 13.50; iqr = 10.00; 16.00) also showed a significant improvement (p < 0.001) after
the gymnastics programme (median = 15.00; iqr = 12.50; 22.00). In contrast. there were no
significant changes in the control group in any of the tests (Kempf 1–4). (Table 4).

Table 4. Results of the first four parts of the Kempf test (Kempf 1–4).

Control Group Intervention Group

Test
Time

(Before/After
Intervention)

Median IQR p-Value Median IQR p-Value
p-Value

(Control vs.
Intervention)

Kempf 1
Before 15.50 13.00–17.25

-
16.50 13.75–20.75

<0.001
0.449

After 15.50 13.00–17.25 23.50 18.25–25.50 0.001

Kempf 2
Before 16.50 13.25–17.50

-
17.00 13.25–19.25

<0.001
0.583

After 16.50 13.25–17.50 20.00 16.50–26.00 0.047

Kempf 3
Before 11.50 10.00–15.00

-
13.50 13.50–17.50

<0.001
0.482

After 11.50 10.00–15.00 17.00 15.00–20.25 0.003

Kempf 4
Before 13.50 10.00–16.00

-
13.50 10.00–16.00

<0.001
0.984

After 13.50 10.00–16.00 15.00 12.50–22.00 0.205

Improvements were observed in the other parts of the Kempf test (K5–K8) but none
of our results were significant. In the fifth part of the test, two respondents showed
improvement in both their right and left legs (p = 0.157). When examining the seventh test
part. a positive change was found in 1 respondent (p = 0.317). Finally, for the last part,
there was an improvement for both right and left leg in 3 participants (p = 0.083). In the
control group, no significant difference was found between the results before and after the
programme when the Kempf test was administered again.

3.4. Beck Questionnaire

Based on the total scores of the Beck questionnaire. there was a significant change
(p < 0.001) in the effect of the exercise programme. At the beginning of the study, the
median was 22.00 (iqr = 20.25; 24.00) and at the end of the study the median de-
creased to 15.00 (iqr = 13.75; 17.00). In our study significant reduction was also evalu-
ated in the control group (p < 0.001). but the improvement in the intervention group
(medianintervention = 15.00 iqr = 13.75; 17.00) was significantly greater (p = 0.012) than in the
control group (mediancontrol = 18.00 iqr = 16.50; 19.00) after the intervention. The results of
the questionnaire are shown in Table 5 broken down by question (Table 5).
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Table 5. Beck test results.

Control Group Intervention Group

Test
Time

(Before/After
Intervention)

Median IQR p-Value Median IQR p-Value
p-Value

(Control vs.
Intervention)

Beck Total
Before 22.00 22.00–23.00

<0.001
22.00 20.25–24.00

<0.001
1.000

After 18.00 16.50–19.00 15.00 13.75–17.00 0.012

Beck 1
Before 2.00 1.25–3.00

0.001
2.00 1.75–3.25

0.002
0.863

After 1.50 1.00–2.00 1.50 1.00–2.00 1.000

Beck 2
Before 2.00 1.00–3.00

0.003
2.00 1.00–3.25

0.003
0.619

After 1.00 1.00–2.00 2.00 1.00–2.25 0.616

Beck 3
Before 3.00 2.25–3.75

0.018
3.00 2.00–4.00

0.001
0.878

After 3.00 2.00–3.00 2.00 1.00–2.25 0.024

Beck 4
Before 3.00 3.00–4.00

<0.001
3.50 2.75–4.00

<0.001
0.946

After 2.50 2.00–3.00 2.00 1.00–3.00 0.140

Beck 5
Before 3.00 2.00–3.75

0.018
3.00 2.00–3.00

0.003
0.527

After 3.00 2.00–3.00 2.00 1.00–2.00 0.042

Beck 6
Before 1.50 1.00–2.00

0.018
1.50 1.00–2.00

0.014
0.982

After 1.00 1.00–1.75 1.00 1.00–1.25 0.849

Beck 7
Before 3.00 2.00–3.00

0.003
3.00 2.00–3.00

<0.001
0.927

After 2.00 2.00–3.00 2.00 1.00–2.00 0.023

Beck 8
Before 2.00 2.00–3.00

0.027
2.00 2.00–3.00

0.009
0.661

After 2.00 1.00–2.00 2.00 1.00–2.00 0.980

Beck 9
Before 1.50 1.00–2.00

0.04
2.00 1.00–2.00

0.015
0.528

After 1.00 1.00–1.00 1.00 1.00–1.25 0.842

4. Discussion

The aim of our study was to create a new experimental online spinal mobilization
programme for office workers working from home. We considered it important that the
online exercise programme we ran be supervised. All sessions were conducted by the same
qualified physiotherapist. This allowed him to monitor the positive changes among the
members of the intervention group throughout the programme. The physiotherapist was
able to supervise whether the participants were performing the exercises he prescribed
accurately and correctly, and he was able to answer any questions that arose immediately.
The results showed that the exercise programme we had developed improved the core
muscle strength and flexibility of the intervention group members, as well as their mental
health. The patients participating in the study understood that they could do a lot for their
own health by completing our 10-week programme three times a week under supervision,
similar to what is described in other literature [20,33]. When developing our programme,
we started from the assumption that the programme we designed would improve the
strength and flexibility of the participants’ core muscles, which would make their office
work at home easier and increase their physical activity. We were able to confirm this. as we
observed significant improvements among the members of the intervention group using
the Kraus-Weber, Core and Kempf tests. We used the Beck questionnaire to assess mental
health. We considered it important to examine the impact of our exercise programme on the
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mental state of the participants. Based on the results, we can say that there was a significant
positive change in the intervention group members as a result of our programme. When
calculating the results. we were surprised to find that there was also a positive change
among the members of the control group. even though we had specified in the initial
assessment that they could only continue with their usual habits and activities. However,
we can say that the improvement was more significant in the intervention group than in
the control group.

Several studies have shown that a decrease in physical activity and an increase in
sedentary behaviour result in a decrease in muscle mass, and sitting for 7 h a day also
leads to an increase in spinal stiffness [34]. In the initial assessment of mental status,
the Beck depression test showed that both the intervention and control groups included
individuals suffering from severe depression, moderate depression and mild depression.
We believe that months of anxious uncertainty, fear of illness, concern for family members
and similarly, isolation, sedentary lifestyle and lack of social contact have significantly
contributed to these worrying results. Based on the objectives of our study, we can say that
as a result of the online targeted exercise programme, there was an improvement in mental
assessment and in muscle strength and stretching tests.

Online exercise programs and the digital sports world have become popular during
the pandemic, and many sports clubs and institutions, such as the Debrecen Municipality’s
Move Debrecen program, have launched sports opportunities in the online space. The
digital sports scene has become popular during the pandemic and many sports clubs
and institutions, such as the Debrecen Municipality’s Move Debrecen programme, have
launched sports opportunities in the world of online space. In this period of limited
opportunities, online exercise has been shown to prevent mammary diseases caused by
sedentary lifestyle and increased physical inactivity, and by creating a sporting community
it also plays a role in maintaining mental health as during the sessions the people assessed
became more open and encouraged each other while doing the exercises.

Health is determined by the harmonious interaction of physical and mental compo-
nents. In our modern, fast-paced society, numerous studies have shown that one in four
adults worldwide is inactive [32]. Physical inactivity is now called a pandemic that requires
urgent action. It is well known that physical activity improves physiological functioning
and cognitive, emotional, social and psychosocial functioning [35].

Our research compared several studies to demonstrate the value of remote rehabilita-
tion, an online exercise programme, taking into account the specific needs of patients and
healthcare professionals.

The aim of the study by Özel and colleagues was to examine the effect of
telerehabilitation-based, remote, supervised or unsupervised structured exercise ther-
apy on pain, disability, and quality of life in patients with chronic nonspecific neck pain.
Sixty-six patients with chronic nonspecific neck pain were randomly divided into three
groups: remote supervision group (RSG. n = 22), unsupervised group (UG. n = 22), and
control group (CG. n = 22). Patients in the remotely supervised and unsupervised groups
received a progressive, structured therapy programme four days a week for four weeks. The
remotely supervised group was supervised via videoconferencing and text messages. Over-
all, the improvement in quality of life after treatment was greater in the supervised group
than in the unsupervised group. In our study, the results showed that the telerehabilitation-
based, remote, supervised exercise programme we had designed had a positive psycho-
logical (Beck test) and musculoskeletal (Kraus-Weber test, Core test, Kempf test) effect on
the office workers involved [4]. In general, unsupervised exercise programmes have the
advantage of being inexpensive and widely available to the public and are particularly
popular for the treatment of chronic diseases. However, previous scientific studies suggest
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that unsupervised exercise programmes are not as effective as supervised programmes
in the management of chronic diseases. Experts primarily identify poor adherence as the
reason behind the unfavourable results of unsupervised exercise.

Similar to our research, Özül et al. also studied the practical effects of remote rehabili-
tation among office workers by examining spinal movements. The office workers (n = 120)
were randomly divided into three groups participants in group 1 received an interactive
telerehabilitation programme (strengthening, motor control and posture correction exer-
cises) for 45 min a day, 3 days a week, for a total of 6 weeks. Participants in group 2 were
trained to perform the exercise programme independently at home for 45 min a day, 3 days
a week, for a total of 6 weeks. The patients in group 3 only received office ergonomics
training. Statistically significant improvements were observed in office workers in terms of
pain (p < 0.001), range of motion (ROM) (p < 0.001), neck disability (p < 0.001), functional
status (p < 0.001) and quality of life (p < 0.001). In addition to office ergonomics training,
interactive telerehabilitation programmes are the most effective method for treating pain,
range of motion and neck disability [36]. In our study, we also achieved positive results
with an online exercise programme supervised by a physical therapist in terms of trunk
muscle strength and flexibility, using the Core, Kempf and Kraus-Weber tests. Özel et al [4]
implemented a 4-day-a-week intervention programme over 4 weeks, while Özül et al. [36]
performed a 3-day-a-week programme over 6 weeks. Our telerehabilitation programme
performed three times a week for 10 weeks using different tools. The duration and fre-
quency of our intervention not only improved the condition of the musculoskeletal system
but also had a positive effect on the mental status of the participants.

Bannell et al. also looked at individuals with sedentary lifestyles similar to our
study but with an unsupervised exercise programme. Participants had access to a website
that provided virtual resources and instructions for completing a 12-week progressive
exercise programme. Although we previously emphasized the advantages of supervised
programmes over unsupervised programmes the data suggested that the mobile health
(mHealth) technology–supported exercise and physical interventions have a positive impact
on the individuals involved in the programme and on their adherence to exercise [37].

Malinska and her colleagues conducted a study among computer workers. They used
a questionnaire to collect data on demographics, musculoskeletal disorders, lifestyle char-
acteristics, computer work ergonomics, and psychosocial and physical work characteristics.
More than 48% of respondents complained of musculoskeletal disorders in the past year,
especially neck and back pain. In their conclusions, they stated that the most effective way
to eliminate the risks of musculoskeletal disorders in the workplace is to develop health
programmes that promote a healthy lifestyle and to raise employee awareness of worksta-
tion ergonomics and work organization, especially among women and older workers [8].
In Debrecen, the importance of community exercise programmes that can encourage the
population to adopt a healthier lifestyle is similarly supported.

Numerous studies have been conducted on the online treatment of various diseases.
The aim of our study was not to treat existing symptoms or diseases but to create an
alternative form of exercise as a preventive measure to interrupt prolonged static sitting.

Yaghoubitajani and his colleagues also wanted to reduce neck and shoulder pain,
incorrect posture, sick leave time and reduced work capacity by using an online gymnastics
programme. Several parameters (neck and shoulder pain, posture angles, work capacity
and muscle activity) related to work performance were improved in this study. This, along
with our study, highlights the impact of supervised online intervention programmes on
work performance. This scientific evidence can be a useful tool for convincing workplace
managers to support the implementation of similar programmes in the future, as improve-
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ments in the musculoskeletal and mental health of their employees will also improve
productivity [32].

Pérez and colleagues also worked with a small number of patients. including 29 breast
cancer patients. As in our pilot study. they carried out the intervention exercise programme
in their homes 3 times a week (16 weeks) under online supervision. Their results also
showed significant improvement. They found that supervised online exercise in a non-
clinical setting is effective. The study supports the role of home-based online exercise
programmes in the rehabilitation strategy of breast cancer survivors and confirms that
online programmes are justified even in cases of serious chronic diseases [38].

In another area of rehabilitation. Lewis and colleagues studied the implementation
of an online exercise programme with 14 individuals with chronic respiratory disease.
Similar to our interventions, the programme had a positive effect on patients’ functional
capacity and mental state (anxiety). They found that there was less dropout in the group of
patients treated in telerehabilitation compared to in-person pulmonary rehabilitation It was
found that there was less dropout in the group of patients receiving remote rehabilitation
than in the group of patients receiving in-person pulmonary rehabilitation. which is
another positive argument in favour of remote rehabilitation in the treatment of chronic
diseases [39].

Barbosa and colleagues investigated the importance of a six-week telerehabilitation
exercise programme in patients with non-specific neck pain through a randomised control
trial. Their results suggest that telerehabilitation for patients with non-specific chronic neck
pain is effective, easily accessible and low-cost through the use of technology [40].

Vetrovska and colleagues in multiple sclerosis have shown that this type of online
exercise programme can help people with MS to remain physically active by providing an
online form of exercise programme that is feasible [41].

Limitations

One of the limitations of the study was that many people could not combine the
three online training programmes a week with their personal lives or could not find the
motivation to complete the 10-week training programme. Another limiting factor was the
lack of equipment, as only tools, spare parts and equipment that were available to everyone
in their homes were used during the training sessions.

5. Conclusions

Based on the results of our research, we plan to add more mobilisation exercises to the
muscle strengthening. In addition, we would like to make our research more complex by
examining and treating the cervical spine in more detail, as well as expanding the 10-week
training programme by working with more volunteers in person so that we can draw more
realistic values and conclusions from more home sampling data. Based on our research, we
can say that the complex exercise programme we designed improved the functional status
of the spine and the strength and flexibility of the core muscles and mental health.
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Abstract: Despite advances in diagnostics, the objective and repeatable assessment of
patients with neurological deficits (e.g., stroke) remains a major challenge. Modern methods
based on artificial intelligence (AI) are of interest to researchers and clinicians in this area.
This study presents a comparative analysis of different AI approaches used to analyze gait
of stroke patients using a retrospective dataset of 120 individuals. The main objective is to
evaluate the effectiveness, accuracy, and clinical relevance of machine learning (ML) and
deep learning (DL) models in identifying gait abnormalities and predicting rehabilitation
outcomes. Multiple AI techniques—including support vector machines (SVM), random
forests (RF), k-nearest neighbors (k-NN), and convolutional neural networks (CNN)—were
trained and tested on time-series gait data with spatiotemporal parameters. Performance
metrics such as accuracy, precision, recall, and area under the curve (AUC) were used
to compare model results. Initial results indicate that DL models, particularly CNNs,
outperform traditional ML methods in capturing complex gait patterns and providing
reliable classification. However, simpler models showed advantages in interpretability
and computational efficiency. This study highlights the potential and shortcomings of AI-
based gait analysis tools in supporting clinical decision-making and planning personalized
stroke rehabilitation.

Keywords: artificial intelligence; machine learning; gait parameters; clinical gait assess-
ment

1. Introduction

Despite advances in diagnostics, the objective and repeatable assessment of patients
with neurological deficits (e.g., stroke) remains a major challenge. Traditional qualitative
gait analysis relies on observational gait testing and is subjective and largely dependent
on the observer’s clinical experience. Quantitative gait analysis, on the other hand, relies
on parameter measurements with good accuracy and repeatability, which translates into
more reliable diagnosis and comparative assessment during rehabilitation, even with less
experienced diagnosticians/therapists [1]. Modern methods based on artificial intelligence
(AI) are of interest to researchers and clinicians in this area [2].

The origins of clinical gait analysis based on artificial intelligence (AI) can be traced
back to the long-standing use of biomechanics and motion capture to study human locomo-
tion. Early gait analysis relied on visual observation and simple video recordings, which
lacked precision and objectivity [3]. With the development of force plates, marker-based
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motion capture, and electromyography, clinicians gained access to detailed biomechanical
data, although their interpretation remained complex and time-consuming [4–7]. Advances
in machine learning have created opportunities to automate data processing and extract
clinically relevant patterns [8–10]. Artificial neural networks (ANNs) and support vector
machines (SVMs) were first used to classify gait disorders and distinguish between normal
and abnormal gait patterns [11]. The advent of deep learning enabled the analysis of
raw sensor or video data without the need for extensive manual feature extraction [12].
Wearable sensors, such as inertial measurement units, enabled continuous and real-time
gait monitoring, further enhancing the value of AI methods [13]. By combining multimodal
data sources, AI models have improved diagnostic accuracy, rehabilitation monitoring,
and personalized treatment planning [14]. Wearable technologies and AI (primarily ma-
chine learning (ML)) are gaining increasing attention in gait research, but their clinical
application is not yet well-established and will not be widely available anytime soon [15].
These tools, combined with telerehabilitation, represent a paradigm shift in the analysis
and assessment of post-stroke gait, providing tools for acquiring, storing, and analyzing
multivariate, complex gait data with their nonlinear dynamic variability [16]. They also
offer significant benefits such as automatic gait classification (e.g., hemiplegic gait), pre-
dicting future health status in this area, and analyzing trends and potential for reversal
if unfavorable [1]. Recently, explainable AI techniques have been introduced to increase
trust and transparency in clinical decision-making [17]. Currently, AI-based gait analysis is
emerging as a powerful tool for early disease detection, assessing treatment outcomes, and
providing access to healthcare beyond specialized laboratories [18,19].

Artificial intelligence (AI)-based clinical gait analysis in rehabilitation and physical
therapy for neurological patients, including those recovering from stroke, requires ac-
curate and reliable motion capture systems to quantify spatiotemporal and kinematic
parameters [20]. Integration with wearable sensors, such as inertial measurement units
or compression pads, enables continuous monitoring, both in the clinic and at home [21].
The system must handle noisy or incomplete data, as patients may have irregular or com-
pensatory movement patterns [22]. Robust AI algorithms are essential for classifying gait
abnormalities, tracking progress, and predicting recovery trajectories [23]. Interoperability
with electronic medical records and rehabilitation devices ensures personalized treatment
planning and outcome assessment [24]. User-friendly interfaces are essential so that clini-
cians can easily interpret results without requiring extensive technical training. Real-time
feedback capabilities can support motor learning and corrective strategies during therapy
sessions [25]. Data privacy and security are crucial given the sensitive nature of patient
health information [26]. The system must be adaptable to a wide range of neurological
conditions, severity levels, and assistive devices, ensuring inclusiveness [27]. To maintain
accuracy, reliability, and clinical utility, validation through clinical trials and continuous
model updates is essential [28,29].

AI-based clinical gait analysis in rehabilitation and physical therapy for neurological
patients, including stroke patients, faces several research gaps that hinder its widespread
clinical implementation. These include

• Limited validation in diverse populations due to any AI models have been developed
and validated in controlled settings with small sample sizes, often characterized by
a lack of diversity in age, gender, and ethnicity. This limits their generalizability to
broader patient populations [30].

• Lack of standardization because a lack of consensus on standardized protocols for
data collection, feature extraction, or model evaluation leads to inconsistencies across
studies and hinders comparison of results or their integration into clinical practice [31].

94



Appl. Sci. 2025, 15, 10896

• Data privacy concerns because the use of wearable sensors and video recordings poses
significant privacy issues, especially for sensitive medical data. Ensuring data security
and patient consent is a priority but often insufficiently addressed.

• Interpretability of AI models since many AI systems act as “black boxes,” providing
predictions without clear explanations. This lack of interpretability can hinder clinician
trust and acceptance, as understanding the rationale behind decisions is crucial to
decision-making [32].

• Integration with clinical processes because AI tools often operate in isolation and are
not seamlessly integrated with existing clinical processes or electronic health record
systems, limiting their utility in real-world settings [33].

• Practical application: most AI models are tested in controlled environments, but their
effectiveness in real-world settings, such as patients’ homes or community clinics,
remains understudied [34].

• Challenges with longitudinal monitoring because continuous gait monitoring over
extended periods is essential to assessing rehabilitation progress, but current AI
systems may lack long-term tracking capabilities or be impractical for daily use [35].

• Multimodal data integration: Integrating data from various sources, such as video,
wearable sensors, and clinical assessments, poses challenges in data fusion and analy-
sis but is essential for comprehensive gait analysis [36].

• Personalization of interventions because AI models often provide generalized conclu-
sions without tailoring recommendations to individual patient needs, which is crucial
for effective rehabilitation [37].

• Regulatory and ethical issues due to implementing AI in clinical settings raises reg-
ulatory concerns about safety, effectiveness, and ethical issues that are still being
addressed by policymakers and regulators.

Bridging these gaps is essential for the successful integration of AI-based gait analysis
into rehabilitation and physical therapy for neurological patients, ensuring the effectiveness,
reliability, and benefits of these tools for patients.

Clinical gait analysis based on artificial intelligence (AI) in rehabilitation and physical
therapy for neurological patients, including stroke patients, faces several challenges that limit
its full clinical potential. Accurately capturing gait patterns in patients with severe motor
impairments is challenging due to compensatory movements and performance variability [38].
Integrating heterogeneous data from wearable sensors, motion capture systems, and video
recordings requires advanced preprocessing and synchronization [39,40]. AI models often
struggle with small datasets, as collecting large amounts of high-quality patient data is time-
consuming and expensive [41]. Ensuring model generalization across different populations
and stages of recovery remains a significant hurdle [42,43]. Many AI systems operate as
“black boxes,” making it difficult for clinicians to interpret and trust their results. Real-time
analysis and feedback are computationally intensive, especially when using multiple sensors
or high-resolution video recordings [44]. Adherence and usability in home rehabilitation
are challenging, as patients may find devices cumbersome or difficult to use. Regulatory
approvals and ethical considerations, including data privacy and informed consent, compli-
cate clinical implementation. Seamless integration of AI tools into existing clinical processes
and electronic health record systems is often lacking. Continuously updating and validat-
ing AI models to reflect evolving patient populations and treatment protocols remains a
continuing challenge.

The aim of this article is to provide a comparative diagnostic analysis of different
artificial intelligence approaches to gait analysis in stroke patients.

The novelty and contribution of this paper lies in its systematic evaluation of multiple
AI techniques applied to a highly complex medical problem. Unlike previous studies that
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focused on a single algorithm, this work highlights the strengths and weaknesses of differ-
ent models in capturing specific gait abnormalities caused by stroke. It introduces a direct
comparison framework that emphasizes accuracy, interpretability, and clinical relevance,
which are crucial in real-world rehabilitation settings. By comparatively analyzing the
performance of different datasets and patient profiles, it identifies the most appropriate AI
methods for personalized gait assessment. This study contributes to the development of
precision rehabilitation by guiding researchers to AI tools that are both technically robust
and clinically relevant.

The results presented in this article are only part of a larger study on artificial
intelligence-based clinical assessment of gait analysis and the effects of neurorehabilitation
in stroke patients, including

• Methods for rapid and easy-to-automate gait analysis;
• New gait parameters, including fuzzy and fractal logic;
• Methods for objectifying the assessment of gait rehabilitation effectiveness.

2. Materials and Methods

This study presents a comparative analysis of different AI approaches used to analyze
gait of stroke patients using a retrospective dataset of 120 individuals. The main objective is
to evaluate the effectiveness, accuracy, and clinical relevance of machine learning (ML) and
deep learning (DL) models in identifying gait abnormalities and predicting rehabilitation
outcomes. Multiple AI techniques—including support vector machines (SVM), random
forests (RF), k-nearest neighbors (k-NN), and convolutional neural networks (CNN)—were
trained and tested on time-series gait data with spatiotemporal parameters. Performance
metrics such as accuracy, precision, recall, and area under the curve (AUC) were used to
compare model results.

2.1. Dataset

The dataset included historical values of six spatiotemporal gait parameters (vlocity,
cadence, stride length, and their values normalized to leg length) in 120 patients (n = 120)
from 3 months to 3 years after stroke (convenience sample). Characteristics of the study
group are presented in Table 1.

In the study, the dataset included 120 participants (n = 120). Although this sample size
may be considered limited compared to very large clinical datasets, it is sufficient for the
scope and purposes of the analysis. Studies on gait analysis and stroke rehabilitation are often
conducted on relatively small cohorts due to the clinical complexity of recruitment and the
detailed data collected for each patient. The dataset of 120 subjects provides sufficient statistical
power for training and evaluating AI models, ensuring reliable comparisons between different
approaches. Furthermore, the sample size is large enough to capture significant variability
in gait patterns among stroke patients, strengthening the credibility of the results. Although
larger datasets could further improve external validity, the current sample size does not affect
the internal validity of the study or the interpretability of the results. Importantly, the primary
goal is to compare AI methodologies, not to generalize to the population level. Therefore, the
dataset is well suited for assessing the relative performance of the model. With this approach,
the study can make a credible contribution to understanding the methodology, even if broader
generalizations must be approached with caution.

This study compared different AI approaches for gait analysis in stroke patients using
six key spatiotemporal parameters: gait speed, stride length, step length, cadence, and
their values normalized to leg length. Data were collected from stroke patients in clinical
rehabilitation settings using both video recording and wearable inertial measurement units
and pressure sensors during standardized 10 m walking trials. To ensure data consistency,
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each participant completed multiple walking sessions under identical conditions, and a
gold-standard motion capture method was used for a subset of the data to provide reference
values. All datasets were anonymized and preprocessed to remove noise, segment gait
cycles, and normalize parameters for inter-patient comparison. Model performance was
verified by k-fold cross-validation to prevent overfitting and ensure generalization to
different patient profiles. Performance metrics such as RMSE, mean absolute error, and
sensitivity were calculated for each AI model to assess accuracy and robustness. This
detailed data collection and validation protocol improves the transparency, reproducibility,
and clinical validity of the comparative analysis.

Table 1. Characteristics of the study group.

Parameter Study Group (n = 120)

Age [years]
mean 62.5
SD 8.91
min 40
Q1 59
Median 64
Q3 71
Max 81

Gender
male 60 (50%)
female 60 (50%)

Time after stroke [weeks]
mean 56.7
SD 7.98
min 15
Q1 22
Median 61
Q3 102
Max 143

Side affected
Left 51 (42.50%)
Right 69 (57.50%)

In a study of 120 stroke patients, all individuals in the cohort were survivors of
a vascular event. “Normal” cases were defined both by comparison with the healthy
population and based on the literature (range of parameter values for healthy individuals).

Table 2 shows a transparent split ratio (70/10/20) prevents information leakage and
ensures reliable evaluation. The validation set allows for fine-tuning without contaminating
test results. Patient-level splitting preserves independence between training and evaluation.
Stratified decomposition ensures that each subset represents different functional levels,
which is essential for robust clinical AI models.

Table 2. Data distribution across training, validation, and testing sets.

Subset
Number of

Patients
Percentage of Total Class 1 [%] Class 2 [%]

Training 84 70 50 50
Validation 12 10 50 50

Testing 24 20 50 50
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The presented study handles privacy and security by combining consent, anonymiza-
tion, encryption, access control, and oversight, while ensuring AI outputs are clinically
supervised. In our study on AI approaches to stroke patients’ gait analysis, handling
data privacy and patient security is a core requirement, especially since gait data can be
personally identifying. Typically, such a study addresses it in several ways:

• Ethics and consent: all participants are recruited only after informed consent, explain-
ing how gait data, and health information will be collected, stored, and used, and
consent forms specify data-sharing conditions;

• De-identification and anonymization: raw clinical identifiers (name, date of birth,
medical record numbers) are replaced with randomized study IDs;

• Data storage and transfer security: data are stored in encrypted servers compliant with
GDPR standards, Transfer between sensors and servers uses end-to-end encryption
(VPN), Role-based access control ensures only authorized clinicians/researchers access
sensitive data;

• Minimization and purpose limitation: only the minimum necessary dataset for analysis
is collected (e.g., gait parameters instead of raw continuous video whenever possible).

Data were collected in an MS Excel file (Microsoft, Redmond, WA, USA) converted to
the CSV format required by the models.

Figure 1 shows typical skew and variability among post-stroke patients.

Figure 1. Histograms for velocity, cadence, and stride length.

Higher groups have noticeably higher median velocities, reflecting functional differ-
ences (Figure 2).

Figure 2. Boxplot of gait velocity by group (sample for five groups—it was possible only in velocity).
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Figure 3 shows positive correlation between velocity, cadence and functional level.

Figure 3. Scatter plot of velocity vs. cadence (colored by group, sample for five groups).

2.2. Statistical Analysis

The arithmetic mean or median was used to determine central tendency. The standard
deviation or minimum and maximum values, as well as the lower and upper quartiles, were
used to determine dispersion. The Shapiro–Wilk test was used to determine the distribution
of variables. Variables with an approximate normal distribution were presented using the
arithmetic mean and standard deviation (SD). Variables with a non-normal distribution
were presented using the median, minimum, and maximum values, as well as the lower
quartile (Q1) and upper quartile (Q3) values (25th and 75th percentiles, respectively). When
the results were normally distributed, parametric tests were used; otherwise, nonparamet-
ric tests were used. The parametric Student’s t-test or its nonparametric equivalent for
dependent variables (Wilcoxon signed-rank test) was used to assess the significance of
differences within the same group.

2.3. Computational Methods

The selection criteria for AI methods for comparative analysis of stroke gait should
primarily consider clinical relevance, ensuring that the selected methods can capture gait
variations relevant to rehabilitation outcomes. Accuracy and robustness are essential be-
cause the methods must reliably detect subtle gait abnormalities across different patients
and stroke severity levels. Interpretability is another key criterion because clinicians must
understand and trust the AI’s decision-making process to successfully integrate it into
practice. The ability to handle data from multimodal studies (such as motion capture, wear-
able sensors, or video) is crucial given the complexity of gait information. Computational
efficiency should also be considered, as real-time or near-real-time feedback is extremely
valuable in clinical and home rehabilitation. Furthermore, methods should be evaluated for
scalability and adaptability, ensuring their generalizability across different datasets, clinical
environments, and patient populations. Ethical and practical considerations must be taken
into account in the selection process, including patient data privacy and ease of integration
into healthcare systems.
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The first stage involved collecting data from a wearable sensor device and a 10 m
Walk Test video. After obtaining the data, the initial data preparation process included
calculating parameters (velocity, pace, and stride length, and their values normalized to
lower limb length to ensure comparability), normalizing and labeling the data (gait time
series) to indicate whether a given individual had a hemiplegic gait and on which side,
and combining them to prepare for analysis. The data were balanced across classes. In
the next stage, the labeled data were divided into training set (70%), test set (20%), and
validation set (10%), and the training set was then used to train the model. This led to
the construction and optimization of a classification model. Test data were fed into the
resulting classification model to generate a binary classification (parameter values within
or above the norm (for further diagnosis), normal or hemiplegic gait). Training data helped
reduce RMSE and, after training, evaluate the model’s performance. The study verified
and compared the trained models’ ability to correctly classify gait parameter values by
calculating metrics (accuracy, precision, sensitivity, and F1 score).

SVM, RF, kNN, and CNN were chosen for the comparative analysis of gait in stroke
patients because they represent the spectrum of traditional machine learning methods and
modern deep learning methods. SVM is ideal for analyzing gait data due to its ability
to handle high-dimensional features and separate complex gait patterns using kernel
functions. This is particularly advantageous when the dataset is limited, as it performs
well with smaller training sizes, which is often the case in clinical trials. RFs are chosen
because they provide robust performance by aggregating multiple decision trees, reducing
the risk of overfitting. RFs can capture nonlinear relationships in gait parameters and are
interpretable, allowing clinicians to determine which gait features (e.g., stride length, stride
asymmetry) have the greatest impact on classification. kNN offers a simple, instance-based
learning method that classifies patients’ gait by comparing them with similar gait profiles.
Its advantage is its intuitive nature, making it easy to understand and apply, particularly in
exploratory analysis where transparency is key. However, kNN can be computationally
demanding on large datasets, making it a useful benchmark for more scalable methods.
CNNs are used due to their state-of-the-art success in pattern recognition, particularly
with sequential and spatial data such as gait signals and video-based kinematics. They
automatically extract hierarchical features from raw gait data, reducing the need for manual
feature engineering. This makes CNNs effective in detecting subtle gait abnormalities
that may not be captured by manually constructed features. Comparing neural networks
(CNNs) with traditional models such as SVM, RF, and kNN highlights the performance
tradeoffs between interpretability, data requirements, and computational cost. This allows
for a balanced comparison of models that prioritize accuracy, interpretability, or simplicity.
This also reflects real-world clinical needs, where lightweight models may be preferred in
resource-constrained settings, while deep learning performs well in advanced laboratories.
Therefore, the selection of these four methods provides a comprehensive assessment of the
potential of AI in post-stroke gait analysis, bridging traditional and modern paradigms.

Visual Studio Code 1.104.0 (Microsoft, Redmond, WA, USA) was selected as the model
execution environment, and Python 3.13.7 (open source) was used as the programming
language.

3. Results

In total, over 80 models were developed. All of the tested algorithms, in their best
versions, exceeded the assumed accuracy threshold for their usefulness in gait analysis
(85%). The CNN model consisted of four convolutional layers, and a rectification linear unit
(ReLU) was used as the activation function in each layer. The highest accuracy achieved
was 91.88% (RMSE 0.001) (Table 3).
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Table 3. The final average results of the performance of the selected models.

Algorithm Accuracy [%] RMSE [-]

CNN 91.88 0.001
SVM 89.91 0.01
kNN 87.52 0.02
RF 85.41 0.02

Initial results indicate that DL models, particularly CNNs, outperform traditional ML meth-
ods in capturing complex gait patterns and providing reliable classification (Figures 4 and 5).
However, simpler models showed advantages in interpretability and computational efficiency.

Figure 4. Change in outcomes with model.

Figure 5. Change in the best model’ accuracy with epochs.

Per class metrics reveal strengths and weaknesses in specific patient subgroups. Cal-
ibration measures ensure that model results are clinically reliable, not just rank-based.
Confidence intervals indicate uncertainty and support fair model comparisons (Table 4).
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Table 4. Metrics for classification tasks (best model only).

Class Precision Recall F1 95% CI (F1)

1 91.12 91.12 91.88 0.88–0.94
2 91.02 91.02 91.56 0.88–0.94

Showing the variation in the LOSS curve during training is a clear and generally
acceptable way to illustrate convergence, stability, and potential overfitting for any AI
model. Below are sample loss curves for our three models, showing typical behavior
during training/validation. Figure 6 shows three best models, each with both training and
validation loss curves (Figure 6).

Figure 6. LOSS value curve variation chart.

4. Discussion

Over the last six years (2020–2025), five new articles have been observed on the use
of AI in gait analysis of stroke patients, with which our research results were compared.
Number of participants was between 100 and 157. A review by Peters et al. [45] found
that only 13 (3.67%) of the 354 articles met the inclusion criteria. Significant variation was
observed in their quality, reliability, and movement, participants, types of technology used,
and recommended gait parameters. Further research is needed to improve the accuracy of
devices and software (including AI-based software) for gait assessment among individuals
with altered gait after stroke. The use of intelligent insoles allowed us to determine
that of the 18 gait parameters studied, 14 were useful for distinguishing patients from
healthy individuals, and only 10 (55.55%) were related to stroke severity [46]. The obtained
detection rates of the initial and final foot contact with the ground at different sensor
positions were over 90% (recall ≥92%, precision ≥97%), but they did not refer to the same
practical gait parameters as in our study [47]. New algorithms translate into the connection
of exoskeletons for lower limb rehabilitation with rehabilitation assessment, making the
rehabilitation assessment process more objective [48]. AI-based assessments were consistent
with expert assessments, and expert-system synergy can improve diagnostic accuracy and
objectify treatment goals [49].

Literature analysis shows that the threshold for usefulness in gait analysis is 85%
accuracy, but solutions that achieve over 90% accuracy in laboratory conditions are becom-
ing increasingly common. Unfortunately, such accuracy is difficult to achieve in clinical
settings, where popular markerless methods rely on filming the patient’s gait over a short
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distance, which shortens the examination time and improves access to simple and rapid
patient diagnosis.

Previous literature reviews show that despite the advantages of clinical gait analysis,
including the portability and accessibility of data acquisition via wearable devices, further
studies are needed that monitor gait, including over long periods, among large numbers
of participants, and in natural walking conditions (and possibly other patterns, such as
running), to analyze actual gait patterns. This would also enable the use of retrospective
(historical) data and better planning of prospective studies to more accurately address
observed research gaps, including those specific to individuals and their subgroups (in-
cluding, for example, young stroke patients and elderly stroke survivors). Undoubtedly,
the development of a new generation of wearable devices collecting data for gait analysis
based on the AI methods presented in this article would be helpful in this regard. Addi-
tionally, this could provide data on gait quality that could not previously be determined
using traditional gait analysis methods, such as those performed in a gait laboratory. It
is necessary to develop prototypes of devices and software, validate them clinically, and
establish guidelines for the usability of wearable devices in linear gait analysis and the
validity, accuracy, and repeatability of gait quality measurements performed using different
devices and software [50].

This study is distinguished by its systematic comparison of different AI approaches
used to analyze gait in stroke patients, rather than focusing on a single algorithm. Unlike
previous studies, which often emphasize the performance of a single model, the compara-
tive framework provides insight into the strengths and weaknesses of multiple techniques.
A key breakthrough is the emphasis on clinically relevant gait parameters, which ensures
interpretability of results for rehabilitation professionals. The study also highlights the
feasibility of using a standardized 10 m gait test in conjunction with wearable sensors,
which increases reproducibility and potential for clinical implementation. Another novelty
is the demonstration of how performance varies with the choice of spatiotemporal features,
offering guidance for feature selection in future studies. The discussion highlights that
while accuracy is important, interpretability and integration into clinical processes are
equally crucial, a factor that has been less emphasized in previous work. This study moves
the field from the development of isolated models to a broader understanding of how to
optimally utilize AI in gait assessment after stroke.

Testing our gait models in real clinical conditions can be the hard part that decides
whether a paper prototype becomes a useful clinical tool. We proposed end-to-step plan
(design, metrics, analytics, deployment and regulatory checks) to validate and compare
multiple AI approaches for stroke-patient gait analysis in a clinical setting:

• Overarching study design: technical/bench testing, prospective observational valida-
tion, clinical impact trial;

• Participant selection & sample size (practical guidance): broad range of post-stroke
patients (from acute to chronic), varying severity (functional levels), assistive de-
vice users vs. independent walkers and comorbidities typical for clinic, sample size
guidance (algorithm internal validation, external validation);

• Data collection;
• Outcome measures: clinically meaningful outcomes, technical performance metrics;
• Evaluation metrics;
• Extended statistical analysis (within dataset, between model comparisons, agreement

and subgroup analysis;
• Blindig, bias and generalizability,
• Safety of patients and clinical workflow testing;
• Regulatory, ethical and data governance issues;
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• Practical logistics;
• Reporting and transparency.

4.1. Limitations of Previous Studies and the Current Study

Current research on AI-based clinical gait analysis in rehabilitation and physical
therapy for neurological patients, including stroke patients, has several limitations. Most
studies are conducted on small, homogeneous populations, limiting the generalizability of
results. Standardized protocols for data collection, feature extraction, and model evaluation
are lacking, leading to inconsistent results. Many AI models rely on laboratory-based
motion capture, which does not reflect real-world gait patterns. Longitudinal studies
are rare, making it difficult to assess the effectiveness of AI-based interventions over
time. Integration of multimodal data, such as wearable sensors, clinical assessments,
and video analysis, remains limited. Most models focus on classification rather than
providing practical insights for personalized therapy. The interpretability of AI results
is often insufficient, reducing clinician trust and clinical acceptance. Ethical and privacy
issues are often underestimated, particularly with regard to patient data security. Studies
often lack robust comparisons with conventional gait assessment methods, leaving their
added clinical value uncertain [51]. Studies rarely assess the cost-effectiveness or feasibility
of widespread implementation in routine rehabilitation settings [52].

The main limitations of this study include the relatively small sample size, which
may limit generalizability. The cohort consisted exclusively of stroke survivors; therefore,
there was no healthy control group available to allow for real-world baseline comparisons,
and norms were calculated from historical data and the literature. Models were trained
on aggregated gait parameters rather than raw sensor or video data, which reduces the
richness of the analysis. The cross-sectional design does not account for longitudinal
changes in gait recovery. External validation on independent datasets is lacking, limiting
conclusions regarding broader applicability.

4.2. Technological Implications

A comparative analysis of different AI approaches to analyzing gait in stroke patients
has important technological implications for healthcare and rehabilitation engineering.
First, it highlights the differences between AI methods, such as machine learning classifiers,
deep learning architectures, and hybrid models, in their ability to capture spatiotemporal
gait characteristics. Wearable sensors and motion capture systems generate large, high-
dimensional datasets, and the analysis demonstrates that AI can process this complexity
far beyond traditional biomechanical techniques. Deep learning models, particularly com-
pound neural networks (CNNs) and randomized neural networks (RNNs), show great
potential for automated feature extraction, reducing reliance on manually constructed
gait parameters. However, simpler machine learning approaches often offer greater inter-
pretability and lower computational costs, making them suitable for resource-constrained
clinical environments. The study suggests that data quality and volume are critical fac-
tors: while deep models perform well on large datasets, smaller datasets may favor AI
approaches based on ensemble learning or tensor learning. Integration with real-time
monitoring systems holds promise, suggesting that AI can enable continuous assessment
and adaptive therapy during patient rehabilitation. At the same time, challenges such as
model generalization to heterogeneous patient groups and robustness to sensor noise are
highlighted as key technological barriers [53]. The comparative analysis also highlights
the need for interoperable platforms that can combine gait data from different devices,
ensuring scalability and clinical utility [54]. These technological insights pave the way
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for AI-based gait analysis systems that are not only accurate but also clinically practical,
adaptive, and personalized for stroke rehabilitation [55].

4.3. Economical Implications

Comparative analysis of different AI approaches to gait analysis in stroke patients has
significant economic implications for healthcare systems and rehabilitation services. By
automating gait assessment, AI reduces reliance on time-consuming, manual assessments
by clinicians, lowering overall labor costs. Early and accurate detection of gait abnormali-
ties allows for the development of personalized rehabilitation plans, which can shorten
recovery times and reduce long-term treatment costs. Wearable AI systems based on
sensors are generally more cost-effective than traditional motion capture laboratories, de-
mocratizing access to advanced gait analysis technologies. From an economic perspective,
the scalability of AI-based platforms means hospitals and rehabilitation centers can serve
larger patient volumes without a commensurate increase in staffing and infrastructure
costs. At the same time, investing in more advanced deep learning systems can involve
high upfront costs for hardware, software, and data management infrastructure. Insurers
and healthcare policymakers can see long-term savings through lower readmission rates
and fewer complications, improving system-wide cost-effectiveness. However, disparities
may emerge between well-funded institutions that can afford advanced AI solutions and
smaller, resource-constrained clinics, potentially widening the economic gap in patient care.
Comparative analysis suggests that hybrid AI models, balancing accuracy and resource
requirements, can provide the best trade-off between cost and benefit in real-world applica-
tions. A well-chosen AI approach can transform gait analysis from a specialized, expensive
process into a widely available, cost-effective tool that reduces both individual and system
burdens in healthcare [56].

4.4. Societal Implications

Comparative analysis of different AI approaches to gait analysis in stroke patients has
broad societal implications, influencing the delivery of rehabilitation and long-term care.
AI-based gait analysis enables earlier intervention and personalized rehabilitation, improv-
ing patients’ quality of life and promoting a faster return to daily activities. By facilitating
gait assessment outside specialized laboratories, for example, through wearable sensors,
AI is helping to expand advanced rehabilitation to rural and underserved communities.
This democratization of healthcare technology reduces inequalities in access to effective
solutions for stroke recovery. Families and caregivers benefit because AI-based monitoring
provides continuous feedback, reducing the emotional and logistical burdens associated
with long-term stroke care. From a societal perspective, implementing these systems can
reduce pressure on healthcare systems by reducing hospitalization rates and freeing up
clinicians’ time for more critical cases. At the same time, concerns about privacy and the
ethical use of data in continuous gait monitoring underscore the need for responsible imple-
mentation. There are also cultural implications, as wider acceptance of AI in rehabilitation
could change public perceptions of the technology’s role in health and recovery. Potential
differences in adoption rates between wealthier and poorer regions underscore the need
for policies to ensure equitable access. AI-based gait analysis represents not only a clinical
advance but also a societal opportunity to increase the inclusiveness, independence, and
dignity of stroke survivors [57].

4.5. Ethical and Legal Implications

Comparative analysis of different AI approaches to gait analysis in stroke patients
raises significant ethical and legal implications that shape their clinical application. From
an ethical perspective, the use of AI must prioritize patient dignity and autonomy, ensuring
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that automated gait assessments do not replace, but complement, human clinical judgment.
Because gait data are sensitive biometric information, stringent privacy and data protection
measures must be implemented to comply with regulations such as GDPR and HIPAA.
Legal liability is complex: if an AI system misclassifies gait patterns, leading to incorrect
rehabilitation strategies, liability issues arise between clinicians, developers, and healthcare
providers. Transparency and explainability of AI models are ethical imperatives, as patients
and clinicians must understand how gait decisions are made to maintain trust. There is
also a risk of algorithmic bias, where models trained on heterogeneous datasets can lead to
unequal rehabilitation outcomes across different populations. Legally, medical AI systems
require regulatory approval and certification, and comparative analysis highlights that
different AI approaches may face different hurdles depending on their complexity and
interpretability. Ethical debates also include ensuring equal access, ensuring that advanced
gait analysis systems are not limited to wealthy clinics or regions. The collection and long-
term storage of gait data also raises concerns about secondary use and consent, requiring
legal safeguards against misuse [58]. Ethical responsibility and legal compliance are as
crucial as technical accuracy to ensure that AI-based gait analysis truly benefits stroke
patients in a safe, fair, and reliable manner.

4.6. Directions for Further Research

Key venues for future research on AI-based clinical gait analysis in rehabilitation and
physical therapy for neurological patients, including stroke patients, focus on improving
clinical utility and accessibility. Studies should include larger and more diverse patient
populations to increase the generalizability of results across age, gender, ethnicity, and im-
pairment. Establishing standard protocols for data collection, feature extraction, and model
evaluation would improve the reproducibility and comparability of studies [59]. Integrat-
ing multimodal data from wearable sensors, video recordings, and clinical assessments
could provide a more comprehensive understanding of gait patterns [60]. Studies should
explore gait monitoring in real-world and home settings to capture daily functioning, not
just laboratory settings [61]. Developing understandable AI models will increase clinicians’
confidence and facilitate clinical decision-making [62]. Longitudinal studies are needed to
assess the impact of AI-assisted interventions on recovery and rehabilitation outcomes over
time [63]. Personalizing therapy using AI predictions can optimize rehabilitation plans tai-
lored to individual patient needs [63]. Investigating cost-effectiveness and implementation
strategies will support broader clinical adoption [64,65]. Addressing ethical, privacy, and
regulatory challenges is essential for safe and responsible implementation. Collaboration
between engineers, clinicians, and patients will accelerate innovation and ensure that AI
tools meet real-world rehabilitation needs [66,67].

Future research should utilize larger public datasets that allow for more detailed
subgroup studies with more diverse sets of spatiotemporal and kinematic parameters,
as well as a larger set of neurological conditions. This will enable comparison of gait
analysis results in patients with different conditions and computational definition of gait
disturbance groups (reflected in parameter values) characteristic for individual conditions
(for earlier diagnosis than currently possible).

Future studies could also demonstrate the significance of changes in specific gait
parameters with disease phase/progression, to show which ones become more/less diag-
nostically relevant at different stages. This may require supplementing the dataset with
additional data (e.g., joint angles).

The pursuit of transparent and easily human-interpretable ML models has led to the
development of a group of techniques generally referred to as eXplainable Artificial Intelli-
gence (XAI). These techniques allow for the assessment of the contribution of individual
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input features to model outputs, improving their interpretability post hoc. This provides
insight into how the trained model uses individual input features to make predictions. This
paves the way for further model development and analysis by identifying the influence of
context, feature interactions, potential biases, or (in our case) clinically relevant patterns.
This could provide insight into the significance of gait parameters in future studies.

5. Conclusions

This study highlights the potential and shortcomings of AI-based gait analysis tools in
supporting clinical decision-making and planning personalized stroke rehabilitation. The study
results indicate a high probability of developing and implementing more accurate, advanced,
and broader solutions for gait analysis in stroke patients based on AI algorithms. The simple,
inexpensive, and accurate computational gait analysis tools examined in this article achieved
accuracy above 90%, providing a basis for their further development and testing.

This study highlights the potential of ML for classifying gait patterns and identifying
clinically relevant gait parameters. Together with XAI, this creates room for the develop-
ment of more interpretable and personalized diagnostic tools. This approach could become
part of preventive medicine, used in healthy patients or at very early stages of clinical
evaluation. As part of a periodic health assessment, it could be integrated into screening
programs, for example, for populations at particular risk of neurodegenerative diseases
or hidden microstrokes. It allows for the development of rapid, automated analysis of
gait data in large populations for a timely and scalable decision-making support system,
including in telerehabilitation.
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Abstract: Post-surgical complications are common complications following saphenectomy
surgery, and strategies to facilitate its resolution are essential for postoperative recovery.
This study evaluated the effects of adhesive elastic taping on edema control in patients
undergoing saphenectomy. A randomized controlled clinical trial was conducted with 40
patients of both sexes, divided into two groups: intervention (IG), which received taping
immediately after surgery combined with standard compression, and a control group,
which received standard treatment with compression stockings (CG). Assessments were
performed preoperatively and seven days after surgery, including limb volume (indirect
calculation), edema (dielectric constant analysis), Skin Elasticity Assessment (durometer),
pain (Visual Analog Scale—VAS), limb functionality (Lower Extremity Functional Scale—
LEFS), and ecchymosis area (Image J, version 1.51). Both groups showed a significant
increase in edema postoperatively (IG: p = 0.003; CG: p = 0.001). The intervention group
exhibited a trend toward volume reduction (p = 0.069), better functionality (p = 0.006)—skin
elasticity was assessed using a durometer—and fewer ecchymoses (p = 0.002). Only the
control group showed a significant increase in tissue firmness (p = 0.012). No significant
difference in pain was observed between groups (p = 0.203). The application of taping
demonstrated beneficial effects on postoperative functional recovery and ecchymosis
control following saphenectomy.

Keywords: functional bandaging; edema; varicose veins; kinesio taping

1. Introduction

The post-surgical recovery of patients undergoing saphenectomy can be significantly
affected by complications such as edema and ecchymosis, which delay rehabilitation and
impact clinical outcomes [1,2]. Although compression therapy with stockings is considered
the standard approach for managing these effects [3], new strategies are being investigated
to enhance edema reduction and provide a more efficient postoperative recovery.

Functional elastic bandaging, also known as taping, emerges as an innovative and
accessible alternative for surgical edema management, offering advantages in terms of cost-
effectiveness, applicability, and patient tolerance. This technique, based on the application
of an elastic adhesive cotton tape, is thermoactive and has elasticity similar to the skin,
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promoting a biomechanical effect that stimulates blood and lymphatic circulation by gener-
ating compression and decompression of capillaries during movement [4,5]. Additionally,
it may modulate exaggerated inflammatory responses in the tissue, contributing to a more
efficient healing process [6,7].

Taping has demonstrated beneficial effects, particularly in recovery control across
various surgical contexts, including plastic surgeries [8], third molar extraction [9,10] or-
thopedic procedures [11], post-mastectomy lymphedema [12,13], and venous insufficiency
symptoms [14]. Despite its growing use for different therapeutic purposes, its specific
effectiveness in the post-saphenectomy recovery process has yet to be explored.

The objective of this study was to evaluate the impact of taping on post-saphenectomy
recovery, analyzing its efficacy compared to conventional methods for postoperative event
management. This study aims to expand the use of taping as a complementary resource in
vascular disease recovery protocols, providing a practical and non-invasive alternative for
patients suffering from chronic venous insufficiency.

2. Materials and Methods

2.1. Ethical Aspects

The study was conducted in accordance with the Declaration of Helsinki and was
approved by the Human Research Ethics Committee of the Faculty of Medicine of Ribeirão
Preto—São Paulo—Brazil (FMRP/USP) under protocol number 5.596.054. Registered in
Clinical Trials under number 12241. Informed consent was obtained from all subjects
involved in the study.

2.2. Eligibility Criteria

Individuals of both sexes who underwent unilateral saphenectomy were included in
the study, with a mean age of 42 years. Non-inclusion criteria comprised patients diagnosed
with allergies, skin lesions, or ulcers in the limb being assessed.

2.3. Description of the Experiment

Participants were randomly allocated into two groups: one receiving standard com-
pression therapy and the other undergoing compression taping immediately after surgery.

The clinical trial was conducted in accordance with the guidelines of the Consolidated
Standards of Reporting Trials (CONSORT). One researcher was responsible for determin-
ing participant eligibility and conducting assessments using a standardized anamnesis
form. A second researcher was in charge of randomizing participants into their respective
groups and performing therapeutic procedures, while a third researcher analyzed the data,
remaining blinded to group allocation.

Patients were randomly assigned in small blocks of 5:5, meaning that every five partic-
ipants were allocated to each study group using sealed, opaque envelopes to ensure con-
cealed allocation. Randomization was performed through a lottery draw of the envelopes.

2.4. Conventional Postoperative Treatment

Patients assigned to the conventional treatment group underwent seven days of
compressive bandaging following surgery. Subsequently, they were instructed to wear
7/8-length elastic compression stockings with moderate compression (20–30 mmHg) for
24 h per day over a 7-day period. This approach aligns with standard postoperative proto-
cols aimed at minimizing edema, hematoma formation, and improving venous circulation.
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2.5. Taping Application

The experimental group received taping applied to the lower limb immediately post-
surgery. The technique involved elastic bandages measuring 20 cm and 15 cm, arranged in
a fish-scale pattern to optimize lymphatic and blood flow, using AKTive Tape® (Suzhou
SunMed, Suzhou, China). The active tension applied in the functional region of the bandage
was set at 80%, whereas the base and anchor sections (5 cm) were placed without tension
to allow physiological adaptation (Figure 1).

 

Figure 1. Image of the lower limb in the post-operative period of saphenectomy with taping application.

2.5.1. Evaluation Criteria

Both groups were monitored for postoperative edema, pain levels, and functional
recovery using validated assessment scales and imaging techniques. Measurements
were taken at baseline (pre-surgery) and at 7-day follow-up to compare the efficacy of
both treatments.

2.5.2. Edema Assessment

For edema assessment, a non-invasive method for quantifying water content at differ-
ent tissue depths was employed using the MoistureMeter D® (Delfin Technologies, Kuopio,
Finland). The dielectric constant (DC) of the skin generated a high-frequency electromag-
netic (EM) wave at 300 MHz, which was transmitted to the coaxial probe model S15. This
probe provides information related to the dermis, with a measurement depth ranging from
1.5 mm to 3 mm [15]. The DC of the tissue is proportional to water content, meaning that
higher readings indicate greater hydration levels [15,16].

Participants remained at rest for 5 min in a supine position on an examination table in
a temperature-controlled room (24 ◦C) before the procedure. The probe was positioned
perpendicularly to the skin with stable pressure, taking measurements at five points along
the medial region of the lower limbs.
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Lower limb perimetry was performed by the same evaluator, using a graduated
measuring tape in centimeters, with the participant in a supine position [17]. Measure-
ments were taken at the dorsum of the foot, ankle, and from this joint, five additional
measurements were recorded every 10 cm up to the inguinal region.

The limb volume was calculated based on perimetry data using an indirect method,
summing the approximate volume of six truncated cones according to the following
formula [18]: volume = (h) (C1 × C2 + C12 + C22)/12π

2.5.3. Skin Elasticity Assessment

Skin elasticity was assessed using the ElastiMeter® (Delfin Technologies, Kuopio,
Finland), a device that enables instantaneous measurements of elastic properties and
biophysical changes in the skin. For each evaluation point, five consecutive measurements
were performed, and the mean value of these readings was used to determine the Elastic
Support Index (ESI), expressed in N/m. Assessments were conducted at five distinct points
on the medial region of the lower limbs, with 10 cm spacing between them.

2.5.4. Pain Assessment

Pain was quantified using the Numerical Visual Scale (NVS), where a score of 0
represented no pain and a score of 10 indicated the worst imaginable pain [19]. The scale
was applied on the seventh postoperative day.

2.5.5. Lower Limb Functionality Assessment

The functionality of the lower limbs was assessed using the Lower Extremity Func-
tional Scale—LEFS [20], which measures musculoskeletal dysfunctions in this region. The
scale consists of 20 items, each scored on a scale from zero to four, with a maximum possible
score of 80. Patients completed the questionnaire, and the total score was obtained by
summing the responses to all 20 items. A minimum score of 0 indicates a reduced functional
level, while a maximum score of 80 represents high functionality [20,21]. The scale was
applied on the seventh postoperative day.

2.5.6. Ecchymosis Area Analysis

The ecchymosis area was assessed using Image J (Wayne Rasband at the National
Institutes of Health—NIH, Bethesda, MD, USA), version 1.51, 2018, an advanced image
analysis software that enables precise quantification of lesion dimensions. The tool allowed
for accurate measurement of the affected region by analyzing digital images and detect-
ing the boundaries of the ecchymoses. This methodology ensured objective evaluation,
minimizing potential biases and enhancing the reliability of the data collected.

2.5.7. Statistical Analysis

The sample size calculation was processed using SPSS software, version 20 (IBM,
Armonk, NY, USA). The sample size was determined based on the study conducted by
Aguilar-Ferrándiz et al. [14], considering the effect of taping on edema as the primary
outcome variable. A statistical power of 80%, a significance level of 5%, and potential
sample losses were accounted for, resulting in a required sample size of 20 volunteers
per group.

Statistical analysis was performed using SPSS software (version 20), applying non-
parametric statistical tests due to the nature of the data and the observed distribution.
For comparisons between more than two groups, the Kruskal-Walli’s test was applied.
For paired comparisons, the Wilcoxon test was used, while the Mann-Whitney test was
employed for comparisons between independent groups. The adopted significance level
was 5% (p < 0.05).
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3. Results

The following flow chart (Figure 2) presents the stages of the clinical trial, detailing
the process of participant selection, intervention, and analysis.

 
Figure 2. Study flow chart.

In Table 1, the analysis of tissue hydration in the lower limbs (MoistureMeter), shows
no statistically significant difference was observed between the Intervention group (IG)
and Control group (CG) at any of the evaluated time points (pre- and post-operative), both
in the limb where saphenectomy was performed (p = 0.387 and p = 0.285, respectively) and
in the limbs without saphenectomy (p = 0.745 and p = 0.839).

Table 1. Comparison of lower limb tissue hydration between the Intervention group (IG) and Control
group (CG) at pre- and post-operative time points.

MOMENT Group Mean Medien SD Mín Máx
p (Kruskal

Wallis)

SAF
PRE-OP

IG 29.42 29.76 5.04 17.70 37.91
0.387

CG 27.64 28.32 5.04 16.11 34.50

SAF
POST-OP

IG 32.90 34.26 5.79 17.13 44.29
0.285

CG 31.16 30.49 5.80 20.50 40.96

NO SAF
PRE-OP

IG 28.08 27.32 4.15 19.51 34.40
0.745

CG 27.10 29.05 5.01 16.16 34.19

NO SAF
POST-OP

IG 28.44 27.95 4.70 17.03 44.29
0.839

CG 28.40 31.65 5.38 18.41 38.49
SAF PRE-OP: Limb undergoing saphenectomy in the preoperative period. SAF POST-OP: Limb undergoing
saphenectomy in the postoperative period. NO SAF PRE-OP: Control limb in the preoperative period. NO SAF
POST-OP: Control limb in the postoperative period. SD: Standard deviation. IG: Intervention group. CG: Control
group. p < 0.05 indicates statistical significance. Unit of measurement for volume: cm3.

Similarly, the comparison of lower limb volume in Table 2 also showed no significant
differences between the groups at any of the analyzed time points (p > 0.05).
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Table 2. Lower limb volume—comparisons between groups in the preoperative and
postoperative periods.

MOMENT Group Mean Medien SD Min Max
p (Kruskal-

Wallis)

SAF
PRE-OP

IG 9316.77 9233.85 1393.81 6954.77 12,422.69
0.185

CG 9932.40 9924.84 1452.12 7511.37 12,787.42

SAF
POST-OP

IG 9393.12 9492.86 1279.74 7198.66 12,211.65
0.204

CG 10,004.80 9805.97 1629.31 7510.83 12,935.08

NO SAF
PRE-OP

IG 9217.15 9144.54 1249.96 6921.18 11,932.57
0.160

CG 9838.56 9791.84 1454.21 7469.07 12,759.05

NO SAF
POST-OP

IG 9234.61 9119.94 1172.23 7312.98 11,557.13
0.291

CG 9675.42 9885.49 1438.56 7383.17 12,094.63
SAF PRE-OP: Limb undergoing saphenectomy in the preoperative period. SAF POST-OP: Limb undergoing
saphenectomy in the postoperative period. NO SAF PRE-OP: Control limb in the preoperative period. NO SAF
POST-OP: Control limb in the postoperative period. SD: Standard deviation. IG: Intervention group. CG: Control
group. p < 0.05 indicates statistical significance. Unit of measurement for volume: cm3.

Table 2 showed a significant increase in postoperative edema in both groups (Interven-
tion Group: p = 0.003; Control Group: p = 0.001), with no significant differences between
them in the preoperative (p = 0.387) and postoperative periods (p = 0.285). Regarding
lower limb volumetry, as presented in Table 3, there was a trend toward a reduction in
lower limb volume in the intervention group (IG) between the pre- and post-intervention
periods (p = 0.069), although without statistical significance. In the remaining analyses, no
significant intragroup differences were observed. Intergroup analyses also did not reveal
relevant statistical differences between the pre- and post-intervention periods (p > 0.05).

Table 3. Instantaneous sin elasticity between GT and GC group at preoperative and postoperative
time points.

MOMENT Group Mean Medien SD Min Max
p (Krushal-

Wallis)

SAF
PRE-OP

IG 67.48 68.21 13.32 38.14 89.71
0.117

CG 61.45 57.14 12.71 45.29 86.00

SAF
POST-OP

IG 74.85 67.71 22.50 34.86 114.14
0.387

CG 71.59 60.92 25.59 39.86 144.43

NO SAF
PRE-OP

IG 65.96 66.57 15.08 37.71 99.29
0.417

CG 61.46 61.50 10.82 44.57 76.00

NO SAF
POST-OP

IG 70.25 70.85 15.67 38.57 92.43
0.262

CG 66.26 62.92 16.38 39.86 105.57
SAF PRE-OP: Limb undergoing saphenectomy in the preoperative period. SAF POST-OP: Limb undergoing
saphenectomy in the postoperative period. NO SAF PRE-OP: Control limb in the preoperative period. NO SAF
POST-OP: Control limb in the postoperative period. SD: Standard deviation. IG: Intervention group. CG: Control
group. p < 0.05 indicates statistical significance. Unit of measurement for volume: cm3.

The analysis of instantaneous skin elasticity using the Elastimeter (Table 3) showed
no significant differences between the Intervention group (IG) and Control group (CG) in
the preoperative and postoperative periods, both in limbs that underwent saphenectomy
(p = 0.117 and p = 0.387, respectively) and in those that did not (p = 0.417 and p = 0.262).

Table 4 presents the intergroup analysis of the variables ecchymosis, visual analog
scale (VAS) for pain, and lower extremity functional scale (LEFS). Regarding the presence
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of postoperative ecchymosis in the limb subjected to saphenectomy, a significant difference
was observed between groups (p = 002), with the intervention group (IG) showing a lower
mean ecchymosis value (0.085) compared to the control group (CG)—0.174.

Table 4. Comparison of the presence of ecchymosis, pain scale (VAS), and power extremity functional
scale (LEFS) between the intervention (IG) and control (CG) groups in the postoperative period
of saphenectomy.

Analyzed
Variables

Moment Group Mean Medien SD Min Max
p (Kruskal-

Wallis)

ECCHYMOSIS
SAF POST-OP

IG 0.085 0.050 0.109 0.006 0.510
0.002 *

CG 0.174 0.105 0.133 0.019 0.428

VAS
SAF POST-OP

IG 1.25 1.00 1.61 0 6
0.203

CG 1.65 1.00 1.34 0 4

LEFS
SAF POST-OP

IG 66.20 73.00 18.63 17 80
0.006 *

CG 58.60 59.00 11.81 32 79
IG: Intervention group. CG: Control group; SAF POST-OP: Limb undergoing saphenectomy in the postoperative
period. Significance level p < 0.05 *.

For pain assessment, the IG also exhibited a lower mean score (1.25) than the CG (1.65),
although this difference was not statistically significant (p = 0.203).

Finally, functional assessment of the lower limbs demonstrated a significant difference
between groups (p = 0.006), with the IG achieving a higher mean functional score (66.20)
compared to the CG (58.60), suggesting better functional recovery in patients who received
taping intervention.

In the comparison between the IG and CG groups, as shown in Table 5, no significant
difference was observed in pain intensity (VAS) between the groups (p = 0.203), although
the IG group showed a slightly lower mean (1.25 ± 1.62) compared to the CG group
(1.65 ± 1.35). On the other hand, lower extremity functionality, as measured by the Lower
Extremity Functional Scale (LEFS), was significantly higher in the IG group (66.20 ± 18.64)
than in the CG group (58.60 ± 11.82), with p = 0.006.

Table 5. Comparison between IG and CG groups on VAS and LEFS scales in the postoperative period.

Safenectomy Varable Moment Mean Medien SD Min Max
p

(Wilxocon)

IG MoistureMeter
PRE-OP 29.42 29.76 5.04 17.70 37.91

0.001 *
POST-OP 32.90 34.26 5.79 17.13 44.29

CG MoistureMeter
PRE-OP 27.64 28.32 5.04 16.11 34.50

0.003 *
POST-OP 31.16 30.49 5.80 20.50 40.96

IG Volumetria
PRE-OP 9316.77 9233.85 1393.81 6954.77 12,422.69

0.411
POST-OP 9393.12 9492.86 1279.74 7198.66 12,211.65

CG Volumetria
PRE-OP 9932.40 9924.84 1452.12 7511.37 12,787.42

0.881
POST-OP 10,004.80 9805.97 1629.31 7510.83 12,935.08

IG Elastimeter
PRE-OP 67.48 68.21 13.32 38.14 89.71

0.079
POST-OP 74.85 67.71 22.50 34.86 114.14

CG Elastimeter
PRE-OP 61.45 57.14 12.71 45.29 86.00

0.012 *
POST-OP 71.59 60.92 25.59 39.86 144.43

IG: Intervention group. CG: Control group; VAS = Visual Analog Scale for pain; LEFS = Lower Extremity
Functional Scale; PRE-OP: preoperative period. POST-OP: postoperative period. SD = Standard Deviation;
P25–P75 = 25th and 75th Percentiles. Mann–Whitney test used for between-group comparison. * Significance
level p < 0.05.
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4. Discussion

This study aimed to evaluate the effect of taping on the recovery of lower limbs
following unilateral saphenectomy. Studies have indicated that taping may assist in the
reorganization of tissue pressures and improvement of lymphatic circulation, thereby
supporting the management of postoperative complications [8,22–25]. However, its specific
effects in the postoperative period of saphenectomy are still not well established.

No significant differences were observed between the groups undergoing unilateral
saphenectomy in terms of edema control. This finding is likely due to the fact that both
groups received standard compression therapy, which is widely recognized for its efficacy
in managing postoperative edema [26,27]. Unlike compression stockings, taping primarily
exerts elastic traction forces rather than circumferential pressure or direct compression.

The absence of significant differences between groups regarding edema control with
the use of elastic adhesive bandaging was an expected finding, given the well-established
evidence supporting the superiority of conventional compression therapy. Compression
garments exert continuous circumferential pressure, which facilitates venous return, re-
duces capillary filtration, and promotes lymphatic drainage, mechanisms widely docu-
mented in the literature as effective in managing postoperative edema [28]. A clinical
trial [29] comparing elastic adhesive bandaging with compression stockings in patients
with chronic venous disease demonstrated that compression was significantly more ef-
fective in reducing edema, whereas taping showed more modest effects. Furthermore,
a systematic review on the use of taping for edema control found that studies reporting
positive outcomes are few, methodologically weak, and present notable limitations.

Although elastic adhesive bandaging is often perceived as a supportive intervention
for edema control due to its elastic traction, its mechanism of action differs substantially
from that of compression stockings [11]. Unlike the latter, bandaging does not provide
uniform circumferential pressure and instead relies on localized tension, which may be
insufficient to counteract the hemodynamic forces driving edema formation, particularly
in the acute postoperative phase

The analysis of instantaneous skin elasticity, measured by the Elastimeter, also did not
reveal significant differences between the intervention group (IG) and the control group
(CG), either in the operated or non-operated limbs, across the pre- and postoperative
periods. However, although statistical results did not reach the conventional significance
threshold (p < 0.05), the p-value (0.052) suggests a trend toward significance that warrants
further investigation. A significant difference was observed after seven days (p = 0.012).

The relatively small sample size (20 participants per group) may have limited the
ability to detect moderate effects, as suggested by near-significant p-values like 0.052 for
skin elasticity. This raises the possibility of a type II error, underscoring the need for future
studies with larger cohorts to confirm the clinical benefits of taping after saphenectomy.

The presence of edema seven days after saphenectomy remains a common and clin-
ically relevant occurrence. Even after the initial recovery period, interstitial fluid accu-
mulation may persist due to lymphatic injury, transient venous dysfunction, and local
inflammatory responses triggered by surgery [30]. This edema, even when subclinical, can
alter tissue biomechanics by increasing interstitial volume and compromising the integrity
of the extracellular matrix (ECM), thereby reducing its density and elasticity [31].

It is also important to consider additional hypotheses, such as the influence of indi-
vidual factors like pre-existing vascular conditions. Chronic venous insufficiency is one
of the leading causes of lower limb edema, resulting from increased capillary hydrostatic
pressure and vascular permeability, which facilitate fluid buildup in the interstitial space.
The severity of edema may vary according to individual clinical profiles, with venous
hypertension being a key determinant [32,33].
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In the present study, a significant reduction in ecchymosis was observed seven days
after surgery, consistent with previous findings in other surgical contexts that reported
positive outcomes related to ecchymosis modulation through taping [34]. These findings
reinforce the potential of taping in the reabsorption of blood extravasation, even though its
effects appear more peripheral than central in the affected area, corroborating the clinical
trial results.

Although this study did not show statistically significant results regarding pain re-
duction, Aguillar-Ferrandiz et al. [14] suggested that taping may exert a placebo effect on
pain. Therefore, taping is considered a promising therapeutic strategy in postoperative
rehabilitation, particularly for pain relief and improved functionality both observed in the
current study.

The improvements in LEFS scores and subcutaneous hemorrhage suggest clinically
meaningful effects of taping. The LEFS changes approach the established MCID of nine
points [20], and prior studies support taping’s role in reducing postoperative edema and
ecchymosis [8,35].

Another study also reported reductions in pain and increases in knee flexion range in
patients undergoing total knee arthroplasty, although the evidence quality remains low [36].
A similar effect was seen in post-thoracotomy patients [37], where taping significantly
reduced pain, improved respiratory function, and decreased analgesic consumption com-
pared to the control group. It was also effective in reducing pain and enhancing physical
tolerance in postoperative laparoscopic abdominal surgery, further supporting its role as an
adjunct in functional recovery. The timing of the postoperative period may also influence
the outcomes of this study. Significant improvements in ecchymosis, edema, and pain were
observed in liposuction patients at 7, 14, and 21 days postoperatively [8].

The findings of this study are limited to the acute phase of the inflammatory and
edematous process, which prevents assessment of tissue response progression in later
repair stages, suggesting the need for further research.

Evaluating therapeutic effects within the first seven days after saphenectomy car-
ries strong clinical relevance, as this period marks the peak of the acute inflammatory
response and postoperative edema formation. During this window, hemodynamic changes,
increased vascular permeability, and interstitial fluid accumulation can directly affect
limb mobility and raise the risk of secondary complications such as wound dehiscence
and infection. Investigating interventions capable of modulating this process early on
is therefore strategically valuable not only to accelerate functional recovery but also to
reduce postoperative care costs. Further studies are needed to evaluate the progression
of effects during later stages of tissue repair, as well as to investigate how comorbidi-
ties and age-related physiological differences may influence the effectiveness of taping in
postoperative recovery.

A limitation of this study was the inability to blind participants and therapists due
to the nature of the intervention, which may have affected subjective outcomes such as
pain. To minimize this bias, we employed concealed allocation through randomization and
standardized procedures, along with validated instruments for outcome assessment.

5. Conclusions

The study demonstrated significant effects of taping following saphenectomy, in-
cluding reduced ecchymosis and improved skin elasticity and lower limb functionality.
However, no statistically significant result was observed in relation to edema control.
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Abstract: Oncology physiotherapists frequently provide care for patients experiencing
severe immunosuppression. Exercise immunology, the science that studies the effects
of exercise on the immune system, is a rapidly evolving field with direct relevance to
oncology physiotherapists. Understanding oncology physiotherapists’ perspectives on
the subject of immune functioning is essential to explore its possible integration into clini-
cal reasoning. This study aimed to assess the perspectives of oncology physiotherapists
concerning immune functioning in oncology physiotherapy. For this qualitative research,
semi-structured interviews were performed with Dutch oncology physiotherapists. Results
were analyzed via inductive thematic analysis, followed by a validation step with partici-
pants. Fifteen interviews were performed. Participants’ ages ranged from 30 to 63 years.
Emerging themes were (1) the construct ‘immune functioning’ (definition, and associations
with this construct in oncology physiotherapy), (2) characteristics related to decreased
immune functioning (in oncology physiotherapy), (3) negative and positive influences on
immune functioning (in oncology physiotherapy), (4) tailored physiotherapy treatment, (5)
treatment outcomes in oncology physiotherapy, (6) the oncology physiotherapist within
cancer care, and (7) measurement and interpretation of immune functioning. In conclusion,
oncology physiotherapists play an important role in the personalized and comprehensive
care of patients with cancer. They are eager to learn more about immune functioning with
the goal of better informing patients about the health effects of exercise and to tailor their
training better. Future exercise-immunology research should clarify the effects of different
exercise modalities on immune functioning, and how physiotherapists could evaluate these
effects.

Keywords: physiotherapy; cancer; exercise-immunology; clinical reasoning
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1. Introduction

Exercise immunology, the science that studies the effects of exercise on the immune
system, is an emerging field that is gaining increasing attention in the field of oncology
physiotherapy [1,2]. Historically, physiotherapists working with patients with cancer have
primarily focused on physical functioning. Over time, the role of the physiotherapist has
broadened towards a movement specialist who also has a role in improving general health.
Research has shown that exercise can have significant immunological effects, which can
be an underlying mechanism for many health outcomes, although this area of research
remains relatively underexplored [2–4].

The immunological effects of exercise are dependent on the type and workload of
the training [2]. This implies that physiotherapists can differentially influence immune
functioning (IF) by adjusting the training’s frequency, intensity, timing, and type (also
known as FITT parameters). This is particularly relevant for physiotherapists working in
oncological rehabilitation, i.e., the multidisciplinary approach aimed at helping individuals
with cancer to manage and recover from the impairments caused by the disease and its
treatments [5]. Since cancer treatments often have immunosuppressive effects, the IF of
these patients can be more vulnerable. This means that oncology physiotherapists face the
challenge of finding the right balance regarding physically challenging patients without
overreaching. Knowledge regarding the optimal FITT parameters to support IF would
therefore contribute to optimization of physiotherapy treatment.

With a growing field of research regarding exercise immunology in oncology, the ques-
tion arises if and how this knowledge can be incorporated into the oncology physiotherapy
practice. Current guidelines do not provide guidance on this yet [6,7]. This lack of direction
presents clinical challenges, such as uncertainty in how to tailor exercise interventions to
support immune function. To integrate this subject into the clinical reasoning of oncology
physiotherapists, it is essential to understand the current role of IF in oncology physio-
therapy. Additionally, physiotherapists’ thoughts on this subject are crucial. Here, IF is
defined by the authors as the dynamic activity of the immune system, encompassing both
innate and adaptive mechanisms. It consists of a complex network of cells, tissues and
organs that protect the body from harmful internal and external influences, with the aim
of maintaining homeostasis and promote recovery [8,9]. This study aimed to assess the
perspectives of oncology physiotherapists on IF in oncology physiotherapy.

2. Materials and Methods

2.1. Design and Setting

A generic qualitative research design was adopted to explore participants’ experiences,
opinions, and ideas [10,11]. We did not aim to generate theory (as in grounded theory), nor
to explore lived experience in the phenomenological sense, but rather to identify patterns
of meaning across participants’ answers. The generic qualitative design offers a flexible
and pragmatic approach, which was suitable for our exploratory study on the perspectives
of oncology physiotherapists.

This study adheres to the Standards for Reporting Qualitative Research (SRQR) [12].
Semi-structured interviews were performed with primary- and secondary care oncology
physiotherapists in the Netherlands. Interviews took place in the work- or home-setting
of the physiotherapist, or via an online video meeting, between September 2021 and
March 2022.

2.2. Participants

Physiotherapists were recruited via purposeful sampling to ensure heterogeneity in
age, sex, and years of working experience. Inclusion criteria were (1) registered as oncology
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physiotherapist in the Dutch quality register, (2) treating patients with cancer or cancer
survivors on a monthly basis, (3) able to understand and speak the Dutch language.

An invitation for participation was spread within the professional network of the
researchers via social media channels, e-mail, and phone. Also, oncology physiotherapists
were invited via participants in the study (i.e., the snowball method). Eligible persons who
were interested in participating received an information letter about the study at least one
week before the interview took place. Before the onset of the interview, participants signed
informed consent. The ethical committee of the University of Applied Sciences Utrecht
approved this study protocol and waived further medical ethical review and approval
because The Medical Research Involving Humans Act (Dutch: WMO) did not apply to this
study (reference number 151-000-2021).

2.3. Data Collection

A topic list was developed by the research team (Supplementary Materials). Prior
to the first interview, the topic list, interview strategies and coding strategies were dis-
cussed with an independent external researcher with expertise on qualitative research
(peer debriefing).

Semi-structured interviews were conducted by AH (MSc, researcher, female) and
KJ (MSc, oncology physiotherapist, female). AH and KJ had educational training for
qualitative research, but no prior experience. Therefore, one pilot interview was performed
by KJ, which was not included in the analyses. The first five interviews were conducted
with an observer who was allowed to add questions, and discussed directly afterwards, to
improve interview techniques and reflexivity [13].

Before and during the interviews, as minimal information regarding current knowl-
edge on exercise immunology as possible was given, to prevent biasing the outcomes. An
interview started with a mutual introduction and explanation of the goal of the interview.
To avoid social desirable answering, it was emphasized that the objective was to explore a
wide range of ideas and viewpoints, and there were no right or wrong answers. Initial ques-
tions focused on the work setting and work experience of the participant. Next, participants
were asked to share their associations with IF. The rest of the interview included questions
such as the examples below, which were further elaborated on via in-depth questions:

• ‘Which parameters do you take into account when tailoring training?’
• ‘Does IF of the patient play a role in your clinical reasoning, and if so, how?’

2.4. Analysis

Face-to-face interviews were audio-recorded and online meetings were screen + audio
recorded. The recordings were verbatim transcribed manually by KJ and AH. Texts were
analyzed via inductive thematic analysis, involving open coding, axial coding, and selective
coding [14]. Coding was performed in Atlas.ti (version 23.0.6) [15].

The first three interviews were coded independently by the researchers KJ and AH.
Next, codes were compared and discussed until consensus was reached. All other inter-
views were coded by either KJ or AH. In an iterative process parallel to data collection,
codes were discussed and grouped (constant comparison) [16]. Codes of one interview
were reviewed by KV and RP to reach final consensus on the coding and to check for
personal biases in interpretation of the raw data. During two final sessions, themes were
identified based on the code groups. This process involved exploring the meaning and
context of codes within each group, by examining how codes were used across interviews,
and identifying relationships and patterns between codes. The naming and definition of
themes was based on a discussion to understand the underlying concepts represented by
each group of codes.
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Data collection stopped when theoretical saturation was reached, which was defined
as little to no new information (i.e., codes, themes, and links between codes) emerging from
newly collected data [17]. A summary of the outcomes was written, including anonymized
quotes from the interviews. This summary was sent per e-mail to all participants for a mem-
ber check; the participants were asked whether they recognized their own thoughts, and/or
they wanted to add or change anything to the summary. This input was incorporated in
the final analysis.

3. Results

In total, 25 oncology physiotherapists were approached to participate. Seven were
unable to participate because they lacked time and three did not respond. Eventually, fifteen
interviews were conducted. After thirteen interviews, the researchers observed that no
new codes were emerging anymore, and the data began to show strong consistency across
participants. To ensure theoretical saturation, two additional interviews were conducted,
which aligned with earlier findings and did not yield new insights. Based on this, it was
concluded that theoretical saturation was reached. Eleven participants responded to the
member check.

Demographic characteristics of the participants are shown in Table 1. The age of
the physiotherapists ranged between 30 and 63 years, and the working experience of the
oncology physiotherapists ranged between one and fourteen years. Twelve participants
were female and three were male, which is a good reflection of the Dutch oncology physio-
therapy. The majority (11/15) worked in primary care, the others (4/15) in secondary care
in a hospital. The duration of the interviews varied between 35 and 60 min. The results are
described below per theme, with exemplary quotes including the participant’s number in
squared brackets. Figure 1 provides an overview of the themes, and examples of codes.

Table 1. Demographic characteristics of the participants.

Participant ID Age (Years) Sex
Years of Experience
as Oncology
Physiotherapist

Years of Experience
as General
Physiotherapist

Setting

1 44 F 12 21 1

2 38 F 14 15 1

3 63 F 7 42 1

4 50 F 8 32 1

5 63 M 7 41 1

6 37 F 11 15 1

7 36 F 10 15 1

8 33 F 4 10 1

9 35 F 10 12 2

10 36 M 7 10 2

11 32 M 4 10 1

12 30 F 5 7 2

13 51 F 13 26 2

14 36 F 6 15 1

15 47 F 1 25 1
Note. F: female, M: male, Setting 1: primary care, Setting 2: secondary care.
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Figure 1. Overview of the identified themes and exemplary codes. Note. Codes are exemplary and
were selected because they occurred frequently and meaningfully across the dataset.

3.1. The Construct ‘Immune Functioning’

Participants associated IF with resistance against harmful influences on the human
body. Most of the participants described external influences such as pathogens, and some
also described harmful internal processes such as the development of cancer. Participants
also associated the immune system with loading capacity of the patient and the ability
to recover.

• “I see the immune system as the system that makes the body resistant against external
influences that may negatively influence health” [1]

• “. . .the immune system actually is one of the most important links in the whole
[treatment] trajectory. Related to recovery, but also to tumor activity.” [8]

IF and the immune system were described as multifactorial and dependent on many
different lifestyle factors. Participants put emphasis on different lifestyle factors.

• “I believe that the immune system is complex, and not to be described by one factor. I
think that many factors play a role, including nutrition, sleep and physical activity.” [9]

Two relationships were mentioned in the context of cancer and cancer treatment. First,
the development of cancer was related to the inability of the immune system to eliminate
cancer cells. Second, cancer treatment severely challenges the immune system, and during
cancer treatment the immune system is often suppressed.

3.2. Characteristics Related to Decreased IF

Participants linked decreased IF to developing diseases. Symptoms indicating this
were, amongst others, general malaise, fever, flu, and common cold symptoms. Participants
described slower recovery, more fatigue, decreased loading capacity, and decreased physical
fitness as characteristics of patients with decreased IF.

• “. . . and also, when people start to have a harder time performing their prescribed
exercises, or harder than usual” [14]

3.3. Negative and Positive Influences on IF

Many factors were mentioned for having a negative or positive influence on IF. These
included nutrition, sleep, stress, medical treatment, (physical) overload and underuse.
Participants each put emphasis on different factors, and whether or not they incorporated
this into their treatment plan.
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• “We often discuss the patients’ sleep quality. Bad sleep quality also weakens the
immune system.” [6]

• “When the training intensity is too high, for example what you see in elite sports, then
there is a chance that your immune functioning decreases.” [6]

Most participants believed that physical activity positively influences IF, and many
emphasized that they could not explain the mechanism behind this. Several participants
said that the right intensity of physical activity can positively influence the immune system
while physical overload may have a negative impact.

• “Studies have shown that physical activity can improve your immune system, so
physical activity is important, but how should you be physically active? Which
advices should we give our patients?” [3]

Several participants mentioned that physical activity can influence cancer develop-
ment, and recovery from cancer treatment. For example, physical training could positively
influence negative effects of treatment.

• “<immunosuppressive effect of treatments> are often an inevitable consequence of
treatment, but we can influence it. We cannot prevent it, but physical activity can
positively influence these consequences.” (. . ..) [4]

• “. . . The better the physical fitness before surgery, the better the chances that you
have some reserve capacity to improve your recovery. I think the immune system is
associated with this.” [9]

3.4. Tailored Physiotherapy Treatment

All participants emphasized the large heterogeneity between patients with cancer, and
the need to continuously tailor training parameters to the individual. Patients should be
tightly monitored and adaptations in the training schedule are often necessary because of
changing circumstances.

Various symptoms were mentioned as reason to adapt the training parameters or
training setting. Some symptoms were a reason to refrain from a training session: fever,
diarrhea or headache in case of a risk of brain metastasis. General malaise and fatigue
could be a reason to ‘take it easier’, which generally meant decreasing intensity of train-
ing or choosing another type of training such as strength training instead of endurance
training. All of just mentioned symptoms were specifically associated with reduced IF by
several participants.

• “For example, general malaise, slight fever, fatigue that is unrelated to the exertion,
those are things that I notice, and tell me that I have to be careful, because the immune
system might be vulnerable.” [3]

Other symptoms that prompted to downgrade intensity of training or take a small break
included pain, dizziness, dyspnea, heavy transpiration, a deviating heart rate, increased resting
heart rate, changes in blood pressure or saturation, and prolonged time to recovery after a
training session. The participants described their ‘gut feeling’ as one of the most important
reasons to adjust training. Explanations of what was meant by this ‘gut feeling’ or what
determined it, were for example “the way someone enters the room” or “a persons’ glance”.

Participants associated chemotherapy, immunotherapy, or stem cell transplantation
with suppressed IF. In these cases, more hygiene measures were taken during the training
to reduce infection risk. Some participants also decreased the intensity of the training,
or would choose strength training instead of endurance training. Some physiotherapists
would inform themselves about blood markers such as leukocyte numbers during these
medical treatments. Low leukocyte numbers were interpreted as suppressed IF and a
higher risk of infections, meaning that there was a need for more hygiene measures.
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3.5. Treatment Outcomes in Oncology Physiotherapy

Goals of the treatment were dependent on the patients’ personal context and wishes.
Treatment goals were generally aimed at improving physical functioning in daily life and
quality of life. IF was generally not seen as a treatment outcome, meaning that the oncology
physiotherapists did not aim to improve IF with their training.

• “<treatment goals> differ between individuals <. . .>. One person may have the goal
to be able to babysit its grandchild, a second wants to be able to do on hour of cycling
each day and a third is happy when able to take care of himself in and around the
house.” [14]

• “it is not the first thing that comes to mind, like, I would like to optimize the immune
system.” [6]

3.6. The Oncology Physiotherapist Within Cancer Care

The oncology physiotherapist was seen as someone who treats patients with complex
health problems, who continuously tailors exercise interventions to the individual patients’
needs and circumstances. Multidisciplinary collaboration was always seen as desirable for
oncology physiotherapists and all participants actively participated in a monodisciplinary
or multidisciplinary network for knowledge exchange and collaboration.

• “. . .you have to work together with other primary care specialists, get involved in the
networks, then you can treat your patient best.” [3]

Many participants emphasized that they had relatively frequent and close contact with
the patient. Because of this, monitoring the patients’ well-being was seen as an important
responsibility, as well as being a consultant for the patient.

• “We are of course also consultants for many issues that they experience. Sometimes
even more than their nurse because we see people two times per week.” [2]

This was especially the case for primary care physiotherapists. A hospital-based
physiotherapist emphasized in the response to the member check that this was not the case
in their work setting, since they spent less time with their patients.

3.7. Measurement and Interpretation of IF

Oncology physiotherapists saw potential value of assessing IF in order to better inform
their patients about the health benefits of exercise. Furthermore, they wished to further
tailor training parameters (type, frequency, intensity, duration, timing) such as knowing
the best timing or intensity to train during a chemotherapy treatment. They thought that
incorporating knowledge regarding exercise immunology would help them do so.

• “I would like to have some indicators, like, when should you challenge someone
with cardio or with strength training, or when is perhaps relaxation therapy the right
therapy for that moment [1]”

Participants were generally not familiar with measurement instruments for IF and
most lacked knowledge of interpretation of measures such as biomarkers in blood. If
a measurement instrument for IF would exist for the physiotherapist, they would need
knowledge to interpret the outcome and guidelines to tailor their training based on this
outcome. Lastly, a measurement instrument for IF should have additional value for the
patient in order to be valuable for oncology physiotherapy.

4. Discussion

This study assessed the perspectives of oncology physiotherapists on exercise im-
munology in oncology physiotherapy. Seven emerging themes were identified: the con-
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struct ‘immune functioning’, symptoms related to decreased IF, influences on IF, tailored
physiotherapy treatment, treatment outcomes in oncology physiotherapy, the oncology
physiotherapists within cancer are and measurement and interpretation of IF.

Participants’ definitions of and associations with the construct IF generally aligned
with current literature [8]. Interestingly, diverse opinions existed regarding the most
influential factors affecting IF and the physiotherapist’s role in addressing them: While
exercise, nutrition, stress, and sleep were commonly linked to IF, variations existed in how
these elements were integrated into clinical reasoning. Some participants discussed these
factors with patients, actively incorporating them into treatment plans. Notably, these
participants had often followed courses or did personal research on exercise immunology.
Others did not discuss the topic of IF with their patient since they did not feel confident
regarding their knowledge of the topic. This can be explained by the novelty of this subject
within physiotherapy. Existing Dutch and international oncology physiotherapy guidelines
lack guidance on integrating the immunological effects of exercise [6,7].

Previous research showed that the effects of exercise on the immune system interact
with other lifestyle factors [18–20]. This highlights the need for a multidisciplinary ap-
proach for treatment, as well as a better fundamental understanding of the interaction of
these effects. Interestingly, a recurring theme in this study was collaboration of oncology
physiotherapists in multidisciplinary networks and teams including, for example, nurses,
dieticians, and psychologists. This aligns with a growing recognition of the importance
of a comprehensive approach in healthcare for patients with cancer, addressing not only
physical function but also overall well-being and quality of life [21–23].

The findings also underscore the importance of a personalized approach in oncology
physiotherapy. The heterogeneity of patients with cancer undergoing cancer treatment
necessitates tailored exercise interventions that account for each patient’s unique circum-
stances and needs [7]. This approach reflects the core tenets of person-centered care,
which emphasize respect for patients’ values, preferences, and active participation in their
care [22,24]. Continuous tailoring is crucial due to significant variations in patients’ physi-
cal conditions between training sessions. Oncology physiotherapists play a pivotal role
in monitoring patients, adjusting training parameters (type, frequency, intensity, timing,
and duration), and making real-time decisions to optimize patient outcomes. Participants
recognized the potential value of incorporating exercise immunology into their clinical
reasoning to further enhance decision-making—such as optimizing the timing of training
sessions during chemotherapy—thereby reinforcing a dynamic, evidence-informed, and
person-centered model of care.

This study showed that oncology physiotherapists tailor their training based on vari-
ous factors, including patient-reported symptoms such as dizziness and pain, observations
such as changes in heart rate or color of the skin, as well as their ‘gut feeling’. Some com-
mon symptoms such as fever, fatigue, and pain were specifically associated with decreased
IF by participants. Importantly, IF was rarely utilized as parameter or outcome on itself.
Participants often emphasized that they were not familiar with a measurement instrument
for physiotherapists to assess and interpret IF. Future research should therefore explore
whether a non-invasive measure of IF could be a facilitator for oncology physiotherapists
to incorporate the subject IF in their clinical reasoning.

Study Limitations

A potential limitation of this study is the risk of selection bias. It is likely that people
with an interest in the topic of exercise immunology were more inclined to participate in
this study. To mitigate this, we used diverse recruitment channels and emphasized in the
invitation that prior knowledge or interest in IF was not required. Nonetheless, it is possible

130



Appl. Sci. 2025, 15, 8673

that the participants may not be fully representative of all oncology physiotherapists and
their perspectives may reflect a more favorable view of the integration of IF into their
practice. Also, the sample included only four physiotherapists from the secondary care
setting, which may have limited the inclusion of context-specific views relevant to hospital-
based oncology physiotherapy. Future research should aim to include a more diverse
sample, potentially through a mixed-methods approach—using surveys to reach a wider
audience, followed by interviews to explore perspectives in depth. The perspectives on this
subject could also be enriched by including a group with a broader spectrum of knowledge
and engagement with this topic.

5. Conclusions

In conclusion, this study provides valuable insights into the perspectives of oncology
physiotherapists on IF and the potential integration of this subject in their clinical reasoning.
The emphasis on personalized and comprehensive care for patients with cancer underscores
the crucial role of oncology physiotherapists. On the one hand, IF is currently not a
treatment outcome or training parameter, and some participants did not feel confident
(yet) to discuss the topic with their patient. On the other hand, this study highlights an
interest among physiotherapists in incorporating this subject into their practice. Oncology
physiotherapists recognized potential value of incorporating knowledge about exercise
immunology to better tailor training and better inform patients about the health benefits of
exercise, and they were eager to learn more about the topic. Future research should explore
the possibility to measure and interpret IF in oncology physiotherapy. Second, guidelines
and educational modules on IF in oncology patients and how to tailor training parameters
based on IF should be developed.
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Abstract: Health literacy improves informal caregivers’ knowledge and ability to pro-
vide care. The aim of this study is to analyze the impact of a group-based interven-
tion on the health literacy of informal caregivers of children with special health needs
(SHNs). The intervention focuses on movement, hydrotherapy, walking, and relax-
ation, with three evaluation stages. Participants included 34 informal caregivers of
children with SHNs, recruited at a Physical Medicine and Rehabilitation Service. We
collected sociodemographic data of the participants and measured their health liter-
acy through the short-form version of the European Health Literacy Survey Question-
naire (HLS-EU-Q16). Around 70% of the participants were female, with a mean age
of 41.06 ± 4.98 years, and nearly 85% were married or in a de facto union. About
26% were unemployed, and more than 65% had completed secondary education or
higher. The mean scores of the HLS-EU-Q16 were statistically significantly higher
throughout the intervention, with differences over the evaluation stages [F(2,56) = 75.55;
p < 0.05]. A structured, dynamic, and group-based intervention plan showed improvements
in the health literacy of the participants, with an increase in the percentage of participants
with sufficient and excellent levels of health literacy at the end of the intervention.

Keywords: informal caregivers; health literacy; physical activity

1. Introduction

According to UNICEF [1], children with special health needs (SHNs) are those with
health problems whose condition may include: (a) those who were born with a pathology
that affects their development; (b) those who have suffered a lifelong injury, infection
or nutritional deficiency that contributes to long-term dysfunction; (c) those who have
been exposed to environmental toxins that result in developmental delays; and (d) those
who have developed anxiety or depression as a result of limiting events. The increasing
prevalence of these situations has led to a rise in dependency cases within this population,
often requiring the dedicated support of informal caregivers [2].

In Portugal, the Statute of the Informal Caregiver (Law no. 100/2019, 6 September)
defines an informal caregiver as “the spouse, de facto partner or relative up to the fourth
degree of the person being cared for, who permanently accompanies and cares for him/her,

Appl. Sci. 2025, 15, 8544 https://doi.org/10.3390/app15158544
133



Appl. Sci. 2025, 15, 8544

lives in a shared residence, and does not receive any payment for professional activity or
the care provided to the person” [3].

The demanding nature of caregiving often leads to significant personal sacrifice. Infor-
mal caregivers frequently experience feelings of isolation and neglect their own well-being
and basic needs, which can result in considerable mental and physical health problems [4,5].
For these caregivers, enhanced knowledge and health literacy are crucial. Better-informed
caregivers are more capable of making conscious and well-considered decisions, ultimately
improving the quality of life for the individuals they care for [6]. Indeed, health literacy
is a topic of growing importance in public health and healthcare, recognizing its role in
empowering individuals to manage their health effectively [7,8].

In 2012, the European Health Literacy Consortium introduced a comprehensive defini-
tion of health literacy that states: “Health literacy is linked to literacy and entails people’s
knowledge, motivation and competences to access, understand, appraise, and apply health
information in order to make judgments and take decisions in everyday life concerning
healthcare, disease prevention and health promotion to maintain or improve quality of
life during the life course” [8]. Individuals with low health literacy often experience more
hospitalizations, increased emergency care usage, underutilization of preventive services,
difficulty interpreting health information, poorer health, higher mortality, and increased
healthcare expenditures [9,10].

Informal caregivers of children with SHN face multiple challenges that require special
knowledge to fulfill their role effectively. Providing them with social recognition and
appreciation is important to ensure they receive the necessary support for more effective
and sustainable care. It is essential to invest in their training and provide professional,
legal, and financial assistance [2].

Despite efforts to integrate informal caregivers into support systems and improve
the care they provide, significant gaps remain. A study on informal caregivers revealed
that 65% cited restrictions on their personal and social lives as a major challenge, followed
by health limitations (42%), lack of time (39%), and insufficient personal or technical
support (38%). Additionally, 33% reported financial difficulties, and 30% experienced
challenges in their relationship with the dependent person. Over 40% identified in-home
support, technical aids, and free time as their most pressing needs [11]. These unmet
needs underscore the necessity of developing targeted plans and strategies to address
them [12,13].

In the literature, most studies focus on caregivers of the adult population, and there is
a distinct lack of specific activity programs designed for informal caregivers of children
with SHNs. To bridge this gap and align with Portuguese informal caregiver guidelines, a
survey was conducted to identify the perceived needs and difficulties within this specific
population. This research directly informed the development of the intervention project
‘Cuide+ de Si’ (Take better care of yourself).

Through this program, it is expected that the informal caregiver will acquire knowl-
edge that promotes the improvement of their health literacy, benefiting both themselves
and their dependents. The intervention was designed to help caregivers develop greater
awareness of their physical and emotional state. By participating in activities, the connec-
tion between physical exercise and the production of neuromediators (such as endorphins,
serotonin, and dopamine [14]) promoted their overall well-being [15]. We aimed to en-
courage intentional adoption of practical self-care strategies (e.g., energy conservation
techniques, proper postures) and strengthen their ability to understand, apply, and share
health information, given the group dynamic. The intervention consists of a group-based
plan with thematic interventions—movement, hydrotherapy, walking, and relaxation. Ac-
cording to Mahindru et al. [15], physical activity has significant positive effects on mental
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health, including reducing anxiety and depression, boosting self-esteem, and improving
mood and general well-being. These factors create more favorable conditions for acquiring
new knowledge and developing the cognitive and emotional skills essential for health
literacy. Thus, by promoting caregivers’ emotional balance and well-being through physical
activity and relaxation, the intervention indirectly but significantly enhances their capacity
to comprehend and utilize health information more autonomously and consciously.

The primary objective of this study is to assess the impact of the intervention on the
health literacy of informal caregivers of children with SHN. Secondary objectives include
the characterization of informal caregivers based on their sociodemographic characteristics
and examination of the relationship between these characteristics and health literacy levels.

2. Materials and Methods

2.1. Type of Study and Data Source

The study is characterized as quasi-experimental, utilizing a single intervention group
to facilitate causal inference. Descriptive analysis was performed on the health literacy
levels of the study population, in addition to an exploration of their correlation with
sociodemographic data. Data collection occurred in 2024 within the Pediatrics Department
of the Physical Medicine and Rehabilitation Service at the North Rehabilitation Center,
which is part of the Local Health Unit of Vila Nova de Gaia/Espinho.

2.2. Study Population

The study population consisted of all informal caregivers of children admitted to this
unit. It included all informal caregivers of children admitted to the unit who agreed to
participate, ensuring everyone had an equal probability of inclusion. The inclusion criteria
were: the person cared for was aged 17 years or younger, and participants did not present
any physical activity-limiting pathology. The exclusion criteria were: the cared-for person
was aged 18 years or older, or the participant had any physical activity-limiting pathology.
Informed consent was obtained from all participants.

2.3. Procedures and Intervention Design

The design of the intervention was centered on four key areas:

i. Physical exercise (movement) that promotes changes in body structure and func-
tion, preventing various pathologies (e.g., diabetes, cardiovascular diseases), and
improving physical health, mental health, and quality of life [16–19];

ii. Hydrotherapy through physical exercise in water induces physiological changes
in body systems due to hydrostatic and hydrodynamic pressure. Benefits include
improved balance, motor coordination, and increased muscle strength [20,21];

iii. Beyond its sustainable component, walking improves the cardiovascular system and
increases flexibility, as noted by Schmidt et al. [21];

iv. Relaxation through less impactful, calmer interventions promotes whole-body work
focused on resistance, flexibility, and mental strength [22].

For the intervention’s implementation, approval was secured from the Clinical Board
of the North Rehabilitation Center and the Ethics Committee of the Local Health Unit of
Vila Nova de Gaia/Espinho (approval document no. CES 32/2024-1, dated 4 June 2024).

The questionnaires were administered in three stages: initial (S0), after 6 weeks of
the intervention (S1), and at the end of the program (S2), which was determined by the
dependent’s hospital discharge. At S0, participants also completed a sociodemographic
characterization form and informed consent.

The intervention was led by physiotherapists, with more than ten years of experience
working with children and their caregivers, and involved bi-weekly sessions organized
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into thematic cycles: one week of movement (physical exercise), one of hydrotherapy, one
of walking, and one of relaxation.

2.4. Measurement Instruments

To achieve the study’s objective, a questionnaire was developed to collect sociodemo-
graphic data from informal caregivers, including age, sex, employment status, education,
and marital status. It also gathered information about the cared-for person’s age, sex, and
relationship to the caregiver.

The European Health Literacy Survey Questionnaire (HLS-EU) was originally created
in 2012 [23]. A short-form version was developed in 2016 [7], the HLS-EU-Q16 [24], with
good internal consistency (Cronbach’s alpha = 0.89). We selected the HLS-EU-Q16 as the
health literacy assessment instrument for this population.

The HLS-EU-Q16 measures health literacy levels based on an individual’s self-
perception across three domains: healthcare, health prevention, and health promotion.
The classification of overall health literacy and the descriptive analysis of its dimensions
followed the methodology proposed by Sørensen et al. [23]. These domains are assessed
through 16 items [7], each with a response range from ‘very difficult’ to ‘very easy,’ in-
dicating the perceived difficulty of performing a specific task. The obtained values are
standardized according to Pelikan et al. [25], making the instrument scores range from
0 to 50 with the following levels, for total and for dimensions: inadequate from 0 to 25;
problematic from 25.1 to 33; sufficient from 33.1 to 42; and excellent from 42.1 to 50.

2.5. Data Analysis

After collecting the completed questionnaires, data were analyzed using IBM SPSS®

Statistics 29, with a significance level of 5% considered.
We performed a quantitative analysis of the responses. For both the sociodemographic

data and the questionnaires at each time point (S0, S1, S2), a descriptive analysis was con-
ducted, presenting frequencies, means, maximums, minimums, and standard deviations.

Regarding internal consistency, Cronbach’s alpha values between 0.70 and 0.79 were
considered acceptable, and values higher than 0.80 were deemed adequate [26,27].

Before conducting any parametric tests, we ensured that the necessary assumptions
were met. Normality was assessed using the Kolmogorov–Smirnov test for sample sizes (N)
of 30 or greater, and the Shapiro–Wilk test for N less than 30. Homogeneity of population
variances was verified using Levene’s test.

To compare the three evaluation stages (S0, S1, S2), we used the mean values of
the total scores. We initially verified the assumptions of normality and sphericity, then
performed an ANOVA for repeated measures. If statistically significant differences were
found between stages, a Sidak post hoc test was conducted.

Finally, to compare the results from each scale with sociodemographic data, we used
the Pearson correlation test for total scores (S0, S1, and S2) and age. The chi-square test was
applied to compare the categorized total scores (S0, S1, and S2) with the education level.

3. Results

3.1. Sample Size

During the collection stage, out of 38 informal caregivers with children hospitalized,
34 agreed to participate in the program. Of the 34 informal caregivers, all completed the
first two evaluation stages (S0 and S1), with 29 completing the third stage (S2).

On average, caregivers participated in the project for 14 weeks, with a maximum
duration of 29 weeks.
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3.2. Sample Characterization

Table 1 presents the sociodemographic data of the study population. Around 70% (N
= 24) of the sample were female, aged between 25 and 59 (41.06 ± 4.98) years, and 85.3%
were married or in a de facto union. Regarding employment status, 73.5% were employed.
All participants had some level of education, with 70.6% having completed secondary
education or higher.

Table 1. Sociodemographic data of informal caregivers.

Variables N (%)

Sex
Female 24 (70.6%)
Male 10 (29.4%)

Age Mean ± standard deviation 41.06 ± 4.98
Min–Max 25–59

Marital status

De facto union 5 (14.7%)
Married 24 (70.6%)
Divorced 3 (8.8%)
Widowed 2 (5.9%)

Employment status Employed 25 (73.5%)
Unemployed 9 (26.5%)

Education

Lower Secondary Education 3 (8.8%)
Upper Secondary Education 7 (20.6%)

Secondary Education 12 (35.3%)
Bachelor’s Degree 7 (20.6%)

Postgraduate 2 (5.9%)
Master’s Degree 2 (5.9%)
Doctoral Degree 1 (2.9%)

3.3. Results of the HLS-EU-Q16

The HLS-EU-Q16 presented a good internal reliability (Cronbach’s α = 0.759).
As demonstrated in Table 2, over the three evaluation stages, the scale scores showed

an increasing trend: S0 with an average score of 30.36, S1 with a value of 37.19, and S2 with
a value of 43.14.

Table 2. HLS-EU-Q16 scores at three evaluation stages.

Minimum Maximum Mean
Standard
Deviation

Stage 0 16.67 44.79 30.36 6.93
Stage 1 29.17 50.00 37.19 4.98
Stage 2 32.29 50.00 43.14 4.98

Stage 0: beginning of the intervention; Stage 1: 6 weeks after the beginning of the intervention; Stage 2: end of
the intervention.

Analyzing the health literacy levels, presented in Table 3, there was a continuous
increase over the three evaluation stages. Stage 0 was the only one where an inadequate
level was found, and there were mostly problematic levels of health literacy. Stage 1
predominantly presented ‘sufficient’ levels, and Stage 2 presented ‘excellent’ levels in more
than half of the sample.
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Table 3. Health literacy levels at three evaluation stages.

Health Literacy Levels
S0

N (%)
S1

N (%)
S2

N (%)

Inadequate 7 (20.6%) - -
Problematic 15 (44.1%) 7 (20.6%) 1 (3.4%)

Sufficient 10 (29.4%) 23 (67.6%) 11 (37.9%)
Excellent 2 (5.9%) 4 (11.8%) 17(58.6%)

S0: beginning of the intervention; S1: 6 weeks after the beginning of the intervention; S2: end of the intervention.

Regarding the three domains, it was observed that the healthcare domain consistently
exhibited the lowest health literacy levels across all stages (problematic at S0 and sufficient
at S1 and S2) when compared to the other domains. At Stages 0 and 2, the disease prevention
domain showed the highest average levels (sufficient and excellent, respectively), whereas
at Stage 1, the health promotion domain had the highest average (sufficient). These results
are presented in Table 4.

Table 4. Mean scores of health literacy for each domain, at three evaluation stages.

Health Literacy Domain
S0

Mean (sd)
S1

Mean (sd)
S2

Mean (sd)

Global health literacy 30.36 (6.93) 37.19 (4.98) 43.14 (4.98)
Healthcare 25.77 (9.80) 34.10 (8.51) 40.80 (6.26)

Disease prevention 34.51 (8.16) 38.73 (7.29) 45.06 (5.95)
Health promotion 33.21 (10.23) 40.69 (6.89) 44.83 (6.17)

sd: standard deviation; S0: beginning of the intervention; S1: 6 weeks after the beginning of the intervention;
S2: end of the intervention.

A repeated measures ANOVA test was performed, which revealed statistically sig-
nificant differences in health literacy levels between the evaluation stages [F(2,56) = 75.55;
p < 0.05]. The Sidak post hoc test further indicated statistically significant differences
(p < 0.001) between all stages. These statistical test results are presented in Table 5.

Table 5. Comparison of HLS-EU-Q16 scores between the three evaluation stages (based on estimated
marginal means).

Literacy (I) Literacy (J)
Mean

Difference (I − J)
Standard
Deviation

Sig.

S0
S1 −6.36 1.028 <0.001
S2 −12.21 1.092 <0.001

S1
S0 6.36 1.028 <0.001
S2 −5.86 0.845 <0.001

S2
S0 12.21 1.092 <0.001
S1 5.86 0.845 <0.001

S0: beginning of the intervention; S1: 6 weeks after the beginning of the intervention; S2: end of the intervention.

The remaining sociodemographic data did not correlate with the scales, indicating
that the characteristics of the present sample did not influence the scores obtained on each
scale. Furthermore, program duration also showed no correlation with the scale scores.

4. Discussion

The sociodemographic profile of informal caregivers in this study largely aligns with
the existing literature, particularly concerning sex, age, employment status, education level,
and their relationship with the dependent child.
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This study found that 71% of informal caregivers were women, consistent with the
literature indicating that caregiving is a highly gendered activity [28–33]. Despite universal
care needs and various gender equality initiatives, the distribution of caregiving tasks
remains disproportionate. Society continues to assign and associate the caregiving role
primarily with women [28,33]. This disparity acts as a barrier to gender equality and nega-
tively impacts women’s employment opportunities, especially at younger ages. Notably,
50% of women in this study remained employed while providing informal care, mirroring
findings in both Portuguese and other European populations [28,31–33].

While most reviewed studies report caregiver age in broad ranges (typically between
35 and 64 years [29–33]), the mean age of participants in this study was 41.06 ± 4.98 years,
falling in this range. Participants also showed a similar distribution between secondary
and higher education levels, consistent with data from the Caring for Informal Caregivers
Movement study [32]. We observed that the dependent individuals were minors with an
average age of 9 years, predominantly cared for by their parents, an observation consistent
with other studies [30,32].

Our intervention was designed to foster greater awareness of physical and emotional
well-being among caregivers through their participation in activities. They learn practical
self-care strategies (such as energy conservation techniques and proper posture) and
strengthen their ability to understand, apply, and share health information within a group
dynamic. This hands-on experience directly empowers caregivers to make informed
decisions for themselves and in the context of the care they provide.

As Mahindru et al. [15] highlight, physical activity significantly impacts mental health
by reducing anxiety and depression, boosting self-esteem, and improving overall mood
and well-being. These positive effects create a more receptive state for acquiring new
knowledge and developing cognitive and emotional skills essential for health literacy.
Therefore, by promoting emotional balance and well-being through physical activity and
relaxation, our intervention indirectly but significantly reinforces caregivers’ capacity to
comprehend and utilize health information more autonomously and consciously.

Health literacy was assessed using the HLS-EU-Q16, revealing a growing trend that in-
dicates continuous improvement in caregivers’ ability to understand and use health-related
information. The statistically significant differences in health literacy levels across the three
evaluation stages confirm the program’s effectiveness in promoting these improvements.
These differences underscore the importance of a targeted and structured intervention that
positively impacts caregivers’ capacity to manage children’s health conditions.

In the initial health literacy evaluation stage, most caregivers exhibited problematic
levels, aligning with the study by Pedro et al. [7]. However, other sources indicate that
health literacy levels in the general European and Portuguese population are generally
sufficient [34–36]. By the end of the intervention, health literacy levels were predomi-
nantly excellent, corroborating the systematic review by Walters et al. [37], which found
that educational programs targeting these populations increase health literacy, empow-
ering caregivers with fundamental skills and knowledge for managing the health of the
dependents.

According to Pedro et al. [7] and the HLS-EU Consortium [38], the healthcare domain
typically presents the highest levels of health literacy. This was not initially observed
in our study, where it yielded the lowest scores compared to other European countries.
However, a reversal of this trend was noted in the final evaluation stage. Although it was
the domain with the lowest scores, the post-intervention values became comparable to the
best observed values in other European countries [38].

Participants in our study consistently demonstrated a higher level of literacy in the
disease prevention domain across the three evaluation stages. This trend is not commonly
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reported in the analyzed literature [7,38]. Despite this, the values obtained are comparable
to the European average, even though Portugal is among the countries with the lowest
literacy index in this domain. Following the intervention, performance in this domain
remained the highest, even surpassing the European reference values [38].

Few studies on informal caregivers encompass a broad spectrum and greater vari-
ability of pediatric pathologies. This study aims to fill that literature gap by allowing all
informal caregivers of children admitted to the physical medicine and rehabilitation service
to join the program, regardless of the child’s pathology.

Being a caregiver is associated with poor mental health, which can negatively affect the
dependent child’s well-being, according to Bamber et al. [39]. These authors emphasize the
need for practical intervention plans directly involving caregivers to mitigate these potential
side effects. Additionally, Ferreira [11] and Sousa et al. [40] highlight the importance of
community intervention projects that aim to improve caregiver knowledge, promote social
support, and facilitate group dynamics, enabling informal caregivers to share experiences
and knowledge.

Häikiö et al. [41] point out another significant reason for increased health literacy:
informal caregivers, particularly those of children, frequently represent their dependents
in interactions with healthcare professionals. This leads to more frequent exchanges
of relevant information, thereby increasing their knowledge. This point is particularly
applicable to the informal caregivers in this study, as they are the primary contacts for the
multidisciplinary teams.

Low levels of health literacy are associated with a higher number of hospitalizations,
increased use of emergency services, less engagement in disease prevention and health
promotion, poor self-perceived health, and lower education levels, ultimately leading to a
decreased quality of life [11,12,42].

One aim was to determine the relationship between the assessed health literacy do-
mains and the sociodemographic characteristics of the sample. However, despite extensive
and sometimes inconsistent literature, only one correlation was found.

The intervention plan, due to its broad scope, allowed the monitoring of the different
characteristics of the informal caregivers, mitigating the challenges faced by them. Further-
more, it produced a statistically significant effect in improving their health literacy when
comparing the program’s initial and final stages.

Other studies should be developed following this work outline, trying to fix the
weaknesses discovered during the intervention, investigating whether informal caregivers
take their role consciously and voluntarily, and not for lack of another option, exploring
the sustainability of the effects obtained in the long term, and even extrapolating it to other
groups of informal caregivers.

5. Limitations

Regarding limitations, it is important to highlight the small sample size and variable
intervention duration—often due to the child’s clinical discharge—may limit the generaliz-
ability of our findings. The child’s evolving clinical status significantly impacted caregiver
participation, as their primary role was to provide assistance.

Furthermore, initial recruitment challenges, such as caregiver fatigue, emotional stress,
or communication barriers, may have introduced selection bias. While our multidisci-
plinary team’s intervention helped mitigate these hurdles, we were unable to systematically
quantify the reasons for non-participation.

Additionally, the direct relationship between literacy and well-being and quality of life
was not studied, which would have provided more information on how the intervention
effectiveness depends of health literacy.
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6. Conclusions

A structured group exercise and relaxation plan, by fostering body awareness and
exercise physiology, and its role in producing well-being, directly encourages self-care and
thus improves health literacy.

We recommend conducting further studies based on this design, addressing the
identified limitations. Future research should also explore the long-term sustainability of
the effects.
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Abstract: This study aimed to evaluate the feasibility of using serious games for the
(tele)rehabilitation of children with disabilities affected by the Ukrainian war. Additionally,
it provides requirements for technologies that can be used in war-affected areas. Structured
interviews and Likert scale assessments were conducted on-site and remotely with patients
of the tertiary care facility in Ukraine. All participants used the telerehabilitation platform
for motor and cognitive training. Nine serious games were employed, involving trunk
tilts, upper limb movements, and head control. By mid-September 2023, 186 positive
user experiences were evident, with 89% expressing interest in continued engagement.
The platform’s accessibility, affordability, and therapeutic benefits were highlighted. The
recommendations from user feedback informed potential enhancements, showcasing the
platform’s potential to provide uninterrupted rehabilitation care amid conflict-related
challenges. This study suggests that serious games solutions that suit the sociopolitical and
economic context offer a promising solution to rehabilitation challenges in conflict zones.
The positive user experiences towards using the platform with serious games indicate its
potential in emergency healthcare provision. The findings emphasize the role of technology,
particularly serious gaming, in mitigating the impact of armed conflicts on children’s well-
being, thereby contributing valuable insights to healthcare strategies in conflict-affected
regions. Requirements for technologies tailored to the context of challenging settings were
defined.

Keywords: gamification; telerehabilitation; war exposure; disabled children

1. Introduction

As of September 2023, it was estimated that due to the conflict, 6.2 million Ukrainian
citizens had become internally displaced persons and 4.2 million people had become
refugees, leaving the territory of Ukraine [1]. Approximately 23% of these individuals were
persons with disabilities; the available evidence indicates that the rights of refugee children
with disabilities are often disregarded and overlooked [2]. These children face severe risks
in their lives, including the inability to access treatment and educational services, isolation,
discrimination, and exposure to violence as they are forced to flee their homeland [3].

For youths with disabilities who remain in the country, the impact of the war is
even more traumatic. Many of these children indeed lack access to regular education and
care, putting them at risk of having their fundamental rights violated and being forcibly
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separated from their families and institutions [4]. Furthermore, there have been reports
of tragic cases where children have lost their lives—killed by the Russian army—due to
starvation and exposure to cold conditions. With 20% of Ukrainian territory currently
under Russian occupation, it is expected that more crimes will continue to be documented
until the war comes to an end.

While the primary conflict zones are concentrated in the eastern and southern regions
of Ukraine, no part of the country can be considered safe due to the ongoing risk of rocket
attacks and kamikaze drone missiles. Additionally, the impact of the war extends beyond
those children directly in harm’s way, affecting those indirectly through the pervasive
anxiety generated by the conflict in families, schools, and the mass media [5].

Elita Rehabilitation Center (ERC) is a tertiary care facility for children with neurological
disabilities in Lviv, a central city in western Ukraine. ERC is not limited to a specific region;
it provides treatment to children from all over Ukraine. Before the full-scale Russian
invasion, ERC could offer rehabilitation care to one thousand children annually, with a
medical staff consisting of more than 60 professionals, including physicians, physical and
occupational therapists, and medical nurses. In 2022, however, only 537 children could
access rehabilitation services, and the number of specialists working at ERC has reduced to
46. There are multiple reasons for this phenomenon: the high rate of people fleeing Ukraine
and coming to safer countries, the decreased financial well-being that forces healthcare
professionals to switch occupations, and the compulsory mobilization of the men liable for
military service, including medical staff [6].

As the conflict persists and related risks, such as a humanitarian crisis, financial
instability, and the threat of missile attacks in various parts of Ukraine, including Lviv,
continue to exist, there remains a shortage of clinical staff, making it challenging for
many families to access rehabilitation facilities; meanwhile, it is of paramount importance
to ensure the continuity of care to preserve the progress achieved during rehabilitation,
thereby maximizing the functioning of patients and, consequently, improving their quality
of life [7,8].

Games designed for more than just fun, known as serious games (SG), have proven
to help improve rehabilitation outcomes in wealthier countries [9]. These games use a
mix of therapeutic exercises and engaging gameplay to offer a new way of approaching
rehabilitation, which could be beneficial in addressing the challenges faced by the shortage
of rehabilitation specialists [10].

Research has indicated that computer games have the potential to reduce the re-
currence of intrusive traumatic memories in individuals who have post-traumatic stress
disorder [11]. Furthermore, the affordability of SG tailored for motor and cognitive training
presents an opportunity to address the health disparities faced by children with disabilities
in Ukraine and other regions with poor access to healthcare professionals [12].

Amidst the challenges posed by the ongoing conflict, the implementation of an online
gaming platform holds promise in alleviating barriers that impede the timely provision
of comprehensive rehabilitation care for children with disabilities. Therefore, this study
aims to assess the perception of Ukrainian children with disabilities and their families
regarding telerehabilitation with serious games during the Ukrainian conflict as well as its
feasibility. Additionally, requirements for technologies suitable for the war-affected regions
were defined.

This study examines the feasibility of telerehabilitation using serious games (SG) for
children with disabilities in a war-affected context, addressing two key research questions.
First, it investigates whether SG-based telerehabilitation is a viable therapeutic intervention
in such challenging environments. Second, it explores how children and their families
perceive the platform in terms of usability, accessibility, and therapeutic effectiveness.
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2. Materials and Methods

2.1. Approach

ERC has actively engaged in various international multidisciplinary projects aimed at
the continual advancement of SG [13]. This collaborative effort has culminated in develop-
ing Stasism, a comprehensive cost-effective social online SG platform designed to benefit
individuals with cerebral palsy and other movement disorders in different settings [14].
The Stasism platform strongly emphasizes inclusivity and accessibility, requiring only
readily available and affordable commercial hardware for use. All games are developed in
three dimensions (3D) using Unity, and MediaPipe framework is used to identify the body
movements. They provide both visual and auditory feedback to the player.

Briefly, this system has been developed to support personalized telerehabilitation
and telemonitoring for individuals requiring rehabilitation or continuous monitoring.
The platform collects and assesses relevant physiological, kinematic, and environmental
information by integrating diverse sensors and validated data analytic approaches. The
platform’s built-in diagnostic tools allow therapists to monitor patients’ performance
remotely. These tools include a static balance test using a balance board and performance
analytics (e.g., percentage of completed tasks, speed, and precision). Daily assessments of
patient progress are available to therapists and take 2–10 min to review.

It enables tailored rehabilitation activities according to individual requirements, per-
mits remote monitoring of patient advancement (e.g., balance assessment), and delivers
immediate feedback. In order to ensure the confidentiality of patient information and
protect their privacy, the platform ensures the secure transmission and storage of data. De-
scriptions and objectives of the SG used in this study are presented in Table 1; screenshots
of the SG are presented in Figure 1.

Figure 1. Screenshots of the serious games used in this study.
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For technical requirements, users need (i) a PC or laptop with Windows 10 or a later
version and, depending on the goals of their rehabilitation program, (ii) a standard web
camera, (iii) a balance board, and (iv) an internet connection. A minimum of 8 GB RAM
is required for proper functioning of the games. Game sessions should be organized in a
quiet room with enough space to make movements in a full range. Some games can be
controlled through swaying movements when the player uses a balance board in standing,
sitting, or kneeling positions. In contrast, other SG require movements of the trunk, head,
or upper extremities to capture objects (see Table 1). All SGs are designed to be played
independently, without assistance. The body parts and movements chosen to control the
character were based on the therapeutic goals established collaboratively with the child,
family, and physical therapist.

2.2. Patients

Children undergoing medical rehabilitation at ERC from May 2022 to September 2023
were invited to participate in testing the SG platform. Inclusion criteria encompassed
a history of developmental disability, motor or balance impairment, ability to maintain
independent sitting, an age range of 5 to 18 years, and residency in Ukraine at the onset
of the conflict on 24 February 2022. Exclusion criteria included uncontrolled seizures,
non-compliance with instructions, and technical incapability to utilize the platform for
home users.

2.3. Ethics

The use of the platform, including its testing and gathering of feedback, was approved
by the Local ethical commission in Truskavets, Ukraine. Families signed informed consent
forms and children verbally consented before any activities after the aims and procedure of
the study were explained. All the procedures were followed according to the regulations
established by the Clinical Research and Ethics Committee and the Helsinki Declaration of
the World Medical Association.

2.4. Procedure

All families with children at ERC eligible to use the Stasism platform were informed
about it through various channels, including email, social media, and in-person communi-
cation. Access to the platform’s games was free of charge to the families associated with
the center. For two weeks, participants had ten game sessions lasting 15 min.

The platform offered two usage modes:

(i) It could be utilized during standard rehabilitation sessions at ERC, with guidance and
supervision of the medical staff (Figure 2). The content of the session was a serious
game depending on the abilities, preferences, or therapeutic aim of the child. This
usage mode was suitable for families who currently lived in Ukraine and came for
rehabilitation in ERC.

(ii) Alternatively, physical therapists could use it with remote supervision; the therapist
created the training program in this option, and the child tried it remotely at their
home or institution (Figure 2). Remote supervision served families who fled away
from Ukraine and lived abroad.
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Figure 2. Sessions with the SG platform and example of home training program.

2.5. Metrics and Instruments

In order to gather comprehensive user feedback, we used questionnaires which were
given to the caregivers (i.e., parents and legal representatives) of the children who used
the SG platform. Assessment incorporated Likert scale (1–5 scale) responses to elucidate
insights regarding specific game experiences and overall impressions of the platform.
Families filled out the questionnaire in the presence and agreement of children. The
person who did not work with the family introduced the questionnaire to reduce social
desirability bias.

Semi-structured one-on-one interviews were conducted to further explore perceptions,
barriers, and facilitators associated with SG engagement. The interviews were carried out
by a seasoned researcher experienced in qualitative research and were audio-recorded. A
designated interview instructor guided the discussions; the main parts of the interview
were based on the survey lines. Every part started with the question the same as in the
survey, but the instructor initiated an open answer instead of a multiple-choice answer.

Following the Braun guidelines, thematic analysis was applied to the audio-recorded
interviews [15]. The data underwent description, summarization, and interpretation to
uncover broader implications.

Descriptive codes, derived from patterns within the data, were organized, with a
primary emphasis on identifying key themes emerging from the questionnaire responses.
These themes underwent discussion, revision, and validation by a second researcher,
ultimately receiving input and validation from the entire research team.
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3. Results

3.1. Patients’ Characteristics

A total of 320 children met the inclusion criteria, of whom 186 (58%) completed
the 2-week intervention and provided survey responses (Figure 3). Participants were
predominantly female (65%), with a mean age of 11 ± 2.2 years, and most resided in
Ukraine (89%), primarily in western regions (Table 2). The majority had spastic cerebral
palsy (65%) or developmental coordination disorders (24%).

Figure 3. Patients’ inclusion flowchart.

Table 2. Socio-demographic and clinical characteristics of the patients (SD—standard deviation).

Variables Values

Age, mean ± SD 11 ± 2.2 years
Gender, female 120, 65%

Place of residence
Ukraine (SG platform used on-site) 166, 89%

Western regions 76, 46%
Central and Northern regions 34, 20%
Eastern and Southern regions 56, 34%

Outside Ukraine (SG platform used online) 20, 11%
Diagnosis

Cerebral Palsy 121, 65%
Spastic Type 107, 88%
Ataxic Type 6, 5%

Dyskinetic Type 8, 7%
Developmental Coordination Disorders 45, 24%

Other Developmental Disabilities 20, 11%

Participation in the in-depth interview was voluntary, and 21 families (11%) expressed
their willingness to participate. The complete characteristics of the patients are presented
in Table 2, and the flowchart of patients’ inclusion is shown in Figure 3.
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3.2. Quantitative Analysis

The survey results demonstrated strong participant engagement and generally positive
perceptions of the serious games platform across multiple dimensions (Figure 4). Care-
givers reported overall high satisfaction with platform usability, with 89% (n = 166) rating
it as “easy” or “very easy” to use (Likert score ≥ 4). Importantly, 78% of respondents
(n = 145) noted that their children maintained high motivation to use the games
throughout the two-week intervention period, suggesting good engagement potential for
sustained rehabilitation.

Figure 4. Results of users’ experience on the use of serious games rehabilitation platform.

Game-specific analysis revealed notable variations in user ratings (Table 3). The
racing-themed game Crazy Racing emerged as the clear favorite, receiving the highest
scores for both enjoyment (4.6 ± 0.3) and perceived therapeutic benefit (4.2 ± 0.5). Qual-
itative comments associated these high ratings with the game’s intuitive controls (“He
understood immediately how to steer by leaning”), rewarding progression system, and
immediate visual feedback. In contrast, Up-You Go received significantly lower ratings
(enjoyment: 3.3 ± 0.8; benefit: 3.0 ± 0.9), with 18% of respondents (n = 34) specifically
citing technical issues like input lag as primary detractors.

Table 3. Serious game ratings for enjoyment and perceived therapeutic benefit.

Serious Games Enjoyment (Mean ± SD) Therapeutic Benefit (Mean ± SD)

Crazy Racing 4.6 ± 0.3 4.2 ± 0.5
Hungry Woo 4.2 ± 0.6 3.9 ± 0.7
Super Surfer 4.1 ± 0.4 4.0 ± 0.6

Hex 4.0 ± 0.5 3.8 ± 0.8
Roxer 3.8 ± 0.7 3.7 ± 0.8

Crusher 3.7 ± 0.7 3.6 ± 0.7
Paddle Waddle 3.5 ± 0.8 3.2 ± 0.9
Pongo Paddle 3.4 ± 0.9 3.1 ± 0.8

Up-You Go 3.3 ± 0.8 3.0 ± 0.9

We then conducted a Spearman correlation analysis which showed a moderate positive
correlation (ρ = 0.51, p < 0.01) between game enjoyment and perceived therapeutic benefit.
Feedback was analyzed per game; “Crazy Racing” and “Hungry Woo” were favorites, with
high ratings in enjoyment and improvement in balance and motor function.
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3.3. Qualitative Analysis

Participants shared a range of experiences regarding the diagnostic tools, the benefits
of the games, and their overall impressions. For qualitative interviews, six main themes
have been identified (see Table 4).

Table 4. Qualitative themes from interviews (n = 21).

Theme Frequency Illustrative Quote Implications

Engagement 100% “She asks to play every day—it’s
her favorite therapy now.”

High intrinsic motivation for
sustained use.

Recommendations 81%
“Add more games like Crazy

Racing—my child loves
the races.”

Preference for action-based,
reward-driven SG.

Therapeutic Perceptions 71% “His balance improved after 5
days with the board.”

Games perceived as adjunct
therapy.

Emotional Impact 62% “She laughed more after playing;
it distracted her from war stress.”

Potential psychosocial benefits
beyond motor gains.

Technical Barriers 57% “Power cuts interrupted sessions;
we needed offline options.”

Critical need for offline
functionality.

Diagnostic Tools 33% “The balance test was useful but
hard to calibrate at home.”

Demand for simplified remote
assessments.

For some, the diagnostic tools offered an effective starting point for engagement, with
one parent noting, “For us, it was useful because the child performed this remote kind of
testing firstly”. Many participants also highlighted the positive impact of the games on
their child’s mood and enjoyment. Parents appreciated the games as a source of joy, with
comments like, “Nice and funny game that cheers the kid up”, and expressed satisfaction
with the games’ therapeutic effect, with one parent observing, “Mood and balance of my
kid is improving because of the game”.

The games were also praised for their role in enhancing therapy enjoyment. One
parent shared that it had become their child’s “favorite therapy”, emphasizing the need for
such engaging interventions: “She needed something like that”. Another parent echoed
this sentiment, focusing on the games’ dual benefits of entertainment and relaxation, which
aligned with their goals for their child: “Games entertain and relax my child, and it’s my
main goal for him nowadays”.

Suggestions for improvement also emerged, with some participants calling for greater
variety to maintain engagement, such as one parent’s recommendation to “Add new
games for the camera, my child needs more”. These responses reflect an overall positive
reception, with diagnostic tools and games valued for their accessibility, emotional benefits,
and therapeutic potential, while also identifying areas for continued development. The
subsequent theme analysis, conducted under Braun’s standards, of the in depth-interview
provided a framework for interpreting the depth and complexity of these interactions.

Upon examining the evaluation tools and the direct feedback provided by the platform,
it became evident that all participants shared the same opinion regarding the usefulness
of these tools. This finding led to a demand for the development of more diagnostic
instruments based on SG.

The ease and effectiveness of the tool to assess static balance were praised, while the
problem of the dynamic balance tool was acknowledged, with some individuals expressing
a preference for a more direct calibration process for the balance board. Participants
expressed a need for website assistance to efficiently navigate and utilize these resources
at home.
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Exploring the preferences and complaints of the SG platform’s games revealed a
clear division. The extensive selection of games, characterized by varied visuals and
scenarios, received acclaim. However, the frequent technological malfunctions resulting in
delays and disruptions became a regular issue of worry. Despite the difficulties faced, the
mutual pleasure experienced by parents and children when gaming emerged as a notable
positive aspect.

Children responded favorably to certain Stasism games, including Crazy Racing,
Super Surfer, and Hungry Woo, expressing general approval of the gaming experience.
Parents reported positive improvements in motor function, namely enhanced balance and
walking, which they attributed to using the balance board and camera input.

The participants expressed their enthusiasm to explore game worlds further and
connect socially, affirming their strong support for continued employment of the SG
platform. When deciding on a fair fee for using the Stasism platform, participants pre-
ferred paying for the service while receiving strong assistance rather than dealing with
unwanted adverts.

Overall, the prevailing feeling towards the Stasism platform was positive in the larger
context of perceptions. The respondents rated their experience as highly positive, involving,
and advantageous, with youngsters displaying enthusiasm and notable improvements in
motor function.

During the analysis, recommendations and guidance for future enhancements be-
came apparent. Technical malfunctions necessitated immediate response, prompting
requests for user manuals, instructional films, and online assistance. Suggestions ad-
ditionally encompassed the elongation of training durations and the integration of trendy
gaming concepts.

4. Discussion

This study demonstrates the strong feasibility and acceptability of a serious game-
based telerehabilitation platform for children with disabilities in conflict-affected Ukraine,
with quantitative and qualitative findings highlighting high engagement, usability, and
perceived therapeutic benefits. Below, we contextualize our results and propose recommen-
dations for future implementation.

4.1. Main Results and Contributions of the Study

The research successfully validated the feasibility of serious game-based telerehabil-
itation for children with disabilities in active conflict zones, as evidenced by 186 active
users and a 58% adherence rate despite logistical constraints. Beyond implementation
success, qualitative feedback highlighted strong user acceptance, with families and chil-
dren reporting positive experiences regarding enjoyment, accessibility, and therapeutic
value—underscoring the platform’s suitability for high-stress environments.

This aligns with emerging evidence that digital health interventions can bridge service
gaps during emergencies, while extending these findings specifically to pediatric neuroreha-
bilitation. First, the study provides empirical proof that low-resource digital rehabilitation
tools can remain operational and effective amid instability while addressing real-world
barriers to care. Second, it enriches the literature with user-centered perspectives from
vulnerable populations, offering critical insights into engagement drivers and perceived
efficacy. Lastly, the work advances actionable design and technical guidelines to enhance
adaptability and scalability in conflict-affected regions, informing future innovations in
equitable healthcare delivery.

The quantitative results revealed substantial variability in user experience across
different game types, which carries important design lessons. Specifically, action-oriented
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games featuring clear goals and progression systems—particularly Crazy Racing and
Super Surfer—consistently scored highest for both enjoyment (mean ratings 4.1–4.6/5)
and perceived therapeutic benefit (3.9–4.2/5). In contrast, more repetitive or precision-
demanding games like Paddle Waddle and Up-You Go received markedly lower ratings
(3.3–3.5 for enjoyment). This pattern suggests that rehabilitation games for conflict zones
should prioritize intuitive, reward-driven mechanics that provide immediate positive
feedback, while minimizing complex motor demands that may frustrate unsupervised
users. The significant moderate correlation between enjoyment and perceived therapeutic
benefit (ρ = 0.51, p < 0.01) further reinforces established motor learning principles about
the importance of intrinsic motivation for adherence and outcomes.

4.2. Requirements for the Technologies in a War Conflict Setting

Before the war, the COVID-19 pandemic had already highlighted the necessity of
improving patient access to essential healthcare services for their well-being. The pandemic
expedited the swift growth of telemedicine on a global scale, transcending various cultures
and societies [16].

Concerning the military situation in Ukraine, the use of telemedicine has the potential
to provide cost-effective and accessible healthcare for a vulnerable population spread across
different locations having difficulties to reach rehabilitation facilities [17].

In light of the conflict and crisis, numerous additional factors must be considered to
ensure the delivery of high-quality telerehabilitation care:

(i) The equipment must be lightweight and not restrict the children’s movements, as it is
crucial for them to reach shelter quickly in the event of an air alarm.

(ii) The hardware and software should be energy-efficient, considering the possible
shortages caused by attacks on the infrastructure. Every family needs to use
energy prudently.

(iii) Technologies must be tailored for children with disabilities, and the context must
be considered, as many children are sensitive to loud, unexpected noises and bright
lights commonly found in commercial video games and services.

(iv) The hardware and software should be affordable for most families in a low- or middle-
income country affected by the war.

(v) Technologies should not be overly complex and should not require extensive clinical
and technical support, given the shortage of staff.

4.3. Feasibility of Use of Serious Games for Children with Disabilities in Ukraine

The impact of war on the population, but more specifically on children with disabilities,
is profound and far-reaching, encompassing a wide range of consequences, from direct
threats to life and health to a diminished quality of life, spanning immediate stress responses
to enduring psychological repercussions [18]. Similarly to in other emergencies, in war,
children with disabilities face heightened vulnerability and endure the effects of violence,
forced displacement, and prolonged chronic stress [2].

The foremost commitment of clinicians is to uphold the right of the patients to attain
the highest attainable standard of health. Responsibilities are escalating in tandem with
the ongoing conflict, as extensive damage continues to mount due to attacks on medical
facilities, shortages of healthcare supplies, and electrical power crises.

Recognizing the need to maintain contact with patients regardless of their current
locations, technologies were chosen as a means to achieve this goal. The Stasism platform
may serve as a conduit, offering access to a suite of SG under the remote supervision of
healthcare professionals. The key results of this study are the feasibility of implementing
such solutions despite the conflict and the shortage of healthcare professionals, as indicated
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by the high number (186) of patients treated and evaluated using the platform. Daily
assessments of patient progress via platform analytics require only 2 to 10 min, depending
on the clinical scenario, ensuring uninterrupted care delivery despite a lack of clinical
staff. Despite the limited training intensity, a majority of participants have expressed their
willingness to continue using the platform. Furthermore, the affordability of the platform
renders it accessible to families across various income levels.

An additional pivotal consideration is the fact that the population of this study are
children. Every child has an innate affinity for play, and we firmly believe that incorporating
SG into telerehabilitation will facilitate motor skill acquisition and cognitive training
through gamification [19]. Although the current study does not provide objective measures
to support this claim, there is substantiated evidence suggesting that SG interventions can
effectively alleviate symptoms of post-traumatic stress disorder, a condition frequently
observed in children exposed to military conflicts [20,21].

The results of this study indicated that the use of SG alone or in combination with
telerehabilitation is feasible even during war and conflicts. It is essential to acknowledge
some limitations associated with this research that require careful attention. First, the study
may be susceptible to sample bias due to its focus on children undergoing rehabilitation-
only at the ERC. This particular sample may not comprehensively depict the heterogeneous
population of children with disabilities in Ukraine, a country with vast socioeconomic
and regional disparities. Specifically, children who lack access to rehabilitation services
comparable to those offered at the ERC may experience different rehabilitation outcomes,
influencing the generalizability of the study’s findings. Moreover, the exclusion criteria,
which encompass the inability to access the platform due to technical limitations, may
add selection bias, potentially leading to the exclusion of children who could benefit from
telerehabilitation but are limited by factors such as unreliable internet connectivity or the
unavailability of the necessary devices. The applicability of the results may be restricted as
the study focuses exclusively on a specific rehabilitation facility in Lviv. The circumstances,
available assets, and perspectives in other areas of Ukraine, particularly those immediately
impacted by the fighting, may vary dramatically. For example, some children may be
adjusting to entirely new environments as displaced individuals or immigrants, while
others face the daily trauma and disruption caused by frequent airstrikes. Additionally,
many children with disabilities in Ukraine now struggle with access to essential goods
and services, including adequate housing, food, and medical care. In this context, having
reliable access to personal computers and the internet, which are prerequisites for engaging
in telerehabilitation, remains a substantial challenge for many families.

The effectiveness of telerehabilitation relies on the accessibility and dependability
of technology, and the potential obstacles or interruptions in internet connectivity, par-
ticularly in conflict-affected regions, have not been thoroughly investigated [22,23]. Fur-
thermore, the study lacks a comparison group, which limits the ability to determine if
the observed advantages—such as improved engagement, accessibility, and perceived
therapeutic benefits—are inherent to telerehabilitation with serious games or if they might
be similarly achievable in conventional, face-to-face rehabilitation settings. Without a
control group of children receiving in-person rehabilitation under comparable conditions,
it is challenging to isolate the specific impacts of the telerehabilitation platform.

The recognition of a scarcity of clinical personnel as a result of the conflict creates
apprehensions regarding the caliber of telerehabilitation services and the capacity to deliver
comprehensive treatment to children with impairments. The study lacks an in-depth
analysis of possible remedies or tactics to alleviate the repercussions of this personnel
deficit on service provision.
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Moreover, the dependence on self-reporting via surveys and interviews adds the
potential for response bias. Families and children may tend to give socially acceptable
answers, and the positive views expressed may not capture the full spectrum of experiences.

Finally, the study briefly acknowledges the psychological consequences of the conflict
on children with impairments [24]. However, it does not delve into the precise psychological
symptoms or potential psychological advantages of incorporating serious games into
telerehabilitation [25].

It is essential to overcome these constraints in order to improve the strength and
relevance of the study’s results for the broader group of disabled children in Ukraine
who are impacted by the current conflict. In the future, other aspects, such as sexual and
gender-based violence, should also be investigated, given the high prevalence in conflict
areas [26]. In addition, we plan to explore more the specific psychological symptoms
that tend to arise in children with disabilities during the war in Ukraine, as well as the
role of technologies to overcome these effects [27,28]. Presently, Ukraine grapples with
the profound impact of an all-encompassing war, the largest of its kind in Europe since
World War II [29]. Simultaneously, it provides a unique repository of practical knowledge
regarding managing colossal rehabilitation challenges during extraordinary times, insights
that are inevitably relevant to other cultures facing similar circumstances.

5. Conclusions

The study demonstrated the feasibility and acceptance of serious games for telerehabil-
itation in conflict settings. Among 186 children, 89% expressed willingness to continue use,
and many reported improvements in mood, balance, and functional mobility. Although
this feasibility study did not aim to quantitatively assess therapeutic efficacy, reported
therapeutic gains—based on caregivers’ and children’s perceptions—included improved
balance, enhanced walking, better mood, and increased engagement. These perceived
improvements support the platform’s relevance and usability in disrupted clinical contexts.
The platform, specifically created to facilitate customized telerehabilitation, demonstrated
its advantages through a 58% adherence rate and 89% of users expressing a desire to
continue. These findings support the use of serious games as a reliable, enjoyable, and
scalable tool for rehabilitation, particularly in conflict-affected regions where traditional
services are disrupted.

Ukraine is currently dealing with the significant consequences of the ongoing con-
flict. The knowledge and insights gained from handling rehabilitation difficulties during
exceptional conditions can be valuable for other areas confronting similar situations. The
study’s suggestions and factors to consider, such as the requirement for lightweight and
energy-efficient technology specifically designed for children with impairments, add to the
current discussion on enhancing healthcare services in conflict-affected regions.
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Abstract: Background: Hamstring strain injuries (HSIs) are among the most common and
recurrent injuries in sports involving high-speed running. While eccentric training has
demonstrated efficacy in reducing HSI risk, the role of sprint training as a preventive
strategy remains underexplored and often misinterpreted as solely a risk factor. Methods:
This review aimed to systematically map the available evidence on the role of sprint
training in hamstring injury prevention, identifying mechanisms, outcomes, and potential
synergies with other strategies. This scoping review was conducted following the Joanna
Briggs Institute’s methodology and reported in accordance with PRISMA-ScR guidelines.
Seven databases (PubMed, Scopus, Web of Science, Cochrane CENTRAL, SPORTDiscus,
CINAHL, and PEDro) were searched up to October 2024. Studies were included if they
involved adult athletes and examined the effects of sprint training, ≥80–90% maximal
sprint speed (MSS), on hamstring injury prevention, muscle architecture, or functional
outcomes. All databases were searched from inception to 15 October 2024, and the screening
and data-charting process was completed on 30 April 2025. Results: Twelve studies met
the inclusion criteria. Sprint exposure, when combined with eccentric strengthening and
biomechanical optimisation, led to injury reductions ranging from 56% to 94%. Eccentric
interventions produced fascicle length increases of up to 20% and strength gains of 15–
20%. Improvements in sprint technique and neuromuscular control were also reported.
Biomechanical risk factors, including pelvic tilt and hip extension deficits, were linked
to increased HSI risk. The most common eccentric protocols included Nordic Hamstring
Exercises (NHE), Razor Curls, and hip-dominant exercises, typically performed 1–2 times
per week for 4 to 8 weeks. Conclusions: High-speed sprint training, when properly
programmed and integrated into comprehensive preventive strategies, may enhance tissue
resilience and reduce HSI risk. Combining sprint exposure with eccentric strengthening and
technical coaching appears to be more effective than isolated interventions alone. Practically,
these results support the systematic inclusion of progressive high-intensity sprint exposure
in routine hamstring-injury-prevention programmes for field-sport athletes.

Keywords: posterior thigh strain; maximal sprint exposure; eccentric loading; muscle–
tendon adaptations; sports injury reduction
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1. Introduction

Hamstring strain injuries (HSIs) represent one of the most frequent and recurrent
musculoskeletal issues in sports that involve high-speed running and explosive actions,
such as football, rugby, athletics, and other field-based team sports [1–3]. These injuries
typically occur during sprinting, especially in the late swing phase, when the hamstring
muscles, particularly the biceps femoris long head (BFlh), are subjected to intense eccentric
contractions at long muscle lengths [4–10]. The clinical and economic impact of HSIs is
considerable, often leading to significant time lost from sport participation, diminished
performance, and elevated reinjury rates—reported in some contexts to be as high as
30% [11–15]. Traditionally, injury prevention programmes have focused on modifiable
risk factors such as eccentric hamstring strength, neuromuscular control, and muscle
architecture. Among these, the Nordic Hamstring Exercise (NHE) has emerged as a
prominent intervention, supported by studies showing a reduction of HSI incidence by up
to 65% in athletes who adhere to structured eccentric strengthening protocols [16–21].

Compared to generic resistance programmes, sport-specific training modalities—such
as targeted eccentric strengthening and high-speed running exposure—have shown su-
perior outcomes in reducing injury incidence. Structured sprint training offers a more
functional replication of in-game demands, supporting greater neuromuscular transfer and
ecological validity.

The widespread endorsement of eccentric training in international guidelines reflects
this evidence base. However, some authors have criticised the limited ecological validity of
such exercises, which may not adequately replicate the biomechanical and neuromuscular
demands encountered during high-speed running [17,22–26].

Indeed, sprinting activates the hamstring muscles in a highly specific and intense
manner, particularly at angular velocities and timing patterns that differ substantially
from those in resistance-based gym exercises [27–30]. Several electromyographic (EMG)
studies have confirmed that hamstring activity is greatest during the late swing phase
of sprinting, especially at intensities exceeding 80–90% of maximal sprint speed (MSS),
where peak muscle strain and fascicle lengthening are maximised [31–35]. This has led to
a re-evaluation of sprinting itself not only as a risk factor but also as a potential protective
stimulus, when appropriately dosed. Some studies have proposed a U-shaped relationship
between sprint exposure and injury risk [36–39]; while this is a compelling concept, it
should be considered hypothesis-generating given the limited number of available studies
and lack of dose–response modelling. The acute:chronic workload ratio (ACWR) model has
been proposed as a method to manage this balance, allowing for safe progression of sprint
exposure and potentially enhancing tissue tolerance [38–40]. As such, the integration of
sprint training may represent a novel paradigm shift in HSI prevention, aligning with sport-
specific demands while simultaneously targeting known physiological risk factors. Despite
these promising theoretical and practical arguments, the literature remains fragmented.
Studies vary widely in design, populations, and outcome measures, and there is currently
no consensus regarding the optimal volume, intensity, or timing of sprint training for injury
prevention purposes. Moreover, few reviews have systematically synthesised this evidence
or explored the multifactorial mechanisms through which sprint training may influence
hamstring resilience. A comprehensive mapping of the current evidence base is therefore
necessary to inform clinicians, coaches, and researchers.

The aim of this scoping review is to systematically map the available literature on
the integration of sprint training in the prevention of hamstring injuries in competitive
athletes. Specifically, the review investigates how sprint-based interventions affect eccentric
strength, fascicle length, neuromuscular control, and overall injury incidence in sports
characterised by intermittent high-speed running. By identifying patterns, gaps, and
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key findings, this review intends to provide an evidence-based foundation for future
research and practice, and to clarify whether sprinting—when programmed effectively—
can serve as a cornerstone of modern injury prevention strategies. We hypothesised
that regular exposure to sprinting at ≥80–90% MSS would be associated with a lower
incidence of hamstring strain injuries across athletic populations. This review synthesises
current evidence on injury incidence, muscle architecture, neuromuscular adaptations, and
practical implementation of sprint-based interventions.

2. Methods

This scoping review was conducted in accordance with the methodology outlined
by the Joanna Briggs Institute (JBI) for scoping reviews, which provides a structured
and systematic approach to mapping key concepts, evidence types, and research gaps
on a defined topic [41]. To ensure a clear and comprehensive reporting process, the
review followed the PRISMA Extension for Scoping Reviews (PRISMA-ScR) checklist [42].
Given the heterogeneity in study designs and outcome measures, a meta-analysis and
formal risk-of-bias assessment were not performed, consistent with current scoping review
methodology.

3. Review Question

The review aimed to answer the following research question:

What is the role of sprint training in the prevention of hamstring injuries in competitive athletes?

This question was structured using the Population–Concept–Context (PCC) frame-
work recommended by the JBI.

4. Eligibility Criteria

4.1. Population

Studies were included if they involved male or female competitive athletes aged
18 years or older, regardless of level (elite, sub-elite, or amateur), who engaged in sports
requiring sprinting or high-speed running. Sports commonly included football, rugby,
athletics, and other field-based activities with sprinting components.

4.2. Concept

The core concept under investigation was the use of sprint-based training protocols
as a preventive strategy for hamstring strain injuries (HSIs). This included any structured
intervention incorporating sprint exposure at intensities greater than or equal to 80% of
maximal sprint speed. Both isolated sprint training and sprint components integrated
within broader athletic programmes were eligible.

Primary outcomes considered included:

• Reduction in hamstring injury incidence or recurrence;
• Improvements in modifiable risk factors (e.g., eccentric strength, biceps femoris fascicle

length, neuromuscular control);
• Return-to-play timelines, fatigue tolerance, and sprint performance.

4.3. Context

Studies conducted in any sporting or rehabilitation context were considered. This
included professional or amateur sport settings, training camps, research facilities, or
rehabilitation centres, provided the interventions were applied in an athletic population.
Only articles in English or Italian were included due to reviewer language fluency. This is
acknowledged as a limitation in study generalisability.
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We included studies that investigated sprint training (≥80–90% MSS) as a primary or
adjunct intervention in hamstring strain injury (HSI) prevention, reporting on either injury
incidence or physiological/neuromuscular adaptations related to HSI risk.

5. Exclusion Criteria

Studies were excluded if they:

• Did not report specific interventions involving sprint training;
• Focused exclusively on post-injury rehabilitation without a preventive component;
• Included participants with prior surgical interventions to the hamstrings or lower

limb in the last 6 months;
• Targeted non-athletic or paediatric populations;
• Were not published in English or Italian;
• Did not report original data (e.g., editorials, opinion pieces, narrative reviews).

6. Search Strategy

A comprehensive literature search was carried out across seven electronic databases
to ensure a wide and inclusive mapping of studies addressing sprint training and its role in
hamstring injury prevention. The databases searched were:

• PubMed (MEDLINE)
• Scopus
• Web of Science
• Cochrane Central Register of Controlled Trials (CENTRAL)
• PEDro
• SPORTDiscus
• CINAHL

The search was performed on 30 October 2024. No limits were placed on publication
date or geographical origin. Only studies published in English or Italian were considered.

The search strategy was constructed using both controlled vocabulary (e.g., MeSH
terms) and free-text terms, and was tailored to the syntax and indexing of each database.
Keywords were chosen based on the Population–Concept–Context (PCC) framework and
were piloted before final execution. The main keywords included: “hamstring injury”,
“biceps femoris”, “posterior thigh”, “sprint training”, “high-speed running”, “maximal
sprint speed”, “injury prevention”, “rehabilitation”, “eccentric strength”, and “fascicle
length”. Full search strings are available upon request. Search terms were adapted slightly
for each database to optimise retrieval sensitivity based on specific indexing systems and
controlled vocabularies (e.g., MeSH in PubMed). These variations were necessary to ensure
comprehensive and relevant results across platforms.

7. Study Selection

The screening process was conducted in two distinct phases:

1. Title and abstract screening to identify potentially relevant studies;
2. Full-text review of selected articles to determine eligibility according to the PCC

criteria.

Two independent reviewers conducted both screening phases. Disagreements were
discussed until consensus was reached. When uncertainty remained, a third reviewer was
consulted. Specifically, if disagreement persisted after discussion, the third reviewer (DD)
acted as an independent arbitrator and his decision was considered final. All arbitration
decisions were documented and are summarised in the PRISMA flow diagram. This process
ensured transparency and reduced potential bias in study selection. Three reviewers were
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involved in the process. Two reviewers independently screened all records; disagreements
were resolved through discussion, and if consensus was not reached, a third reviewer acted
as an arbitrator.

The number of records at each stage of the process, including reasons for exclusion,
was documented using a PRISMA flow diagram, which is presented in the Section 9.

PubMed (MEDLINE)
(“Hamstring Muscles” [Mesh] OR hamstring* OR “biceps femoris” OR “poste-

rior thigh”)
AND (“Sprint Training” OR “High-Speed Running” OR “Maximal Sprint Speed” OR

“Speed Training”) AND (“Injury Prevention” OR “Risk Reduction” OR “Rehabilitation”
OR “Return to Play”)

Scopus
TITLE-ABS-KEY (“hamstring injury” OR “biceps femoris” OR “posterior thigh” OR

“hamstring strain”) AND TITLE-ABS-KEY (“sprint training” OR “high-speed running”
OR “explosive running” OR “maximal sprint speed”) AND TITLE-ABS-KEY (“injury
prevention” OR “rehabilitation” OR “eccentric strength” OR “fascicle length”)

Web of Science
TS = (“hamstring injury” OR “posterior thigh” OR “biceps femoris” OR “hamstring

strain”) AND TS = (“sprint training” OR “maximal sprint speed” OR “high-speed running”
OR “explosive sprinting”) AND TS = (“injury prevention” OR “functional outcome” OR
“eccentric training” OR “return to play”)

Cochrane CENTRAL
(“Hamstring Injury” OR “Hamstring Strain” OR “Posterior Thigh Injury”) AND

(“Sprint Training” OR “High-Speed Running” OR “Maximal Sprint Speed”) AND (“Injury
Prevention” OR “Rehabilitation” OR “Return to Play”)

PEDro
Title/Abstract: (“hamstring injury” OR “hamstring strain” OR “biceps femoris”) AND

(“sprint training” OR “high-speed running” OR “explosive running”)
SPORTDiscus
(hamstring* OR “biceps femoris” OR “posterior thigh”) AND (“sprint training” OR

“speed training” OR “high-velocity running” OR “maximal sprint speed”) AND (“injury
prevention” OR “risk factor*” OR “return to sport” OR “rehabilitation”)

CINAHL
(hamstring* OR “hamstring strain” OR “posterior thigh”) AND (“sprint training” OR

“high-speed running” OR “speed work”) AND (“injury prevention” OR “rehabilitation”
OR “neuromuscular performance”)

All retrieved references were imported into Zotero reference manager. Duplicate
records were automatically identified and manually verified for removal. Titles and ab-
stracts were screened for relevance, followed by full-text review for studies meeting in-
clusion criteria. The complete selection process is detailed in the PRISMA flowchart in
the Section 9. Data extraction was conducted independently by two reviewers and cross-
checked for accuracy by a third reviewer.

8. Data Extraction and Data Synthesis

Data were extracted using a structured table created in Microsoft Excel, piloted on
a sample of studies for consistency. The following variables were collected from each
included study:

• Author(s), year of publication, and country;
• Study design and sample size;
• Characteristics of the athlete population (age, sex, sport, level of competition);
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• Details of the sprint training protocol (frequency, intensity, volume, duration);
• Comparator (if any);
• Outcomes assessed (e.g., injury rate, fascicle length, eccentric strength);
• Key findings and conclusions.

A qualitative synthesis was performed, grouping studies according to intervention
characteristics and type of outcome. Descriptive statistics (e.g., frequency counts of out-
comes) were used to summarise patterns and highlight evidence trends. Due to het-
erogeneity in methodology and outcome measures, no meta-analysis was conducted.
Prior to synthesis, all outcomes were mapped into four predefined mechanistic categories:
(1) eccentric-strength adaptations, (2) muscle–tendon architecture, (3) neuromuscular con-
trol, and (4) sprint-specific biomechanical variables. Each study was independently coded
into one or more categories by both reviewers; coding discrepancies were resolved by
consensus or, when necessary, arbitration by the third reviewer. All extracted data were
independently cross-checked by a second reviewer to ensure accuracy. Frequency counts
and descriptive summaries were generated based on consensus agreement after double
data extraction.

9. Results

As presented in the PRISMA 2020 flow diagram (Figure 1), a total of 2409 records
were identified through database searches. After removing duplicates, 1850 records were
screened based on titles and abstracts, of which 1780 were excluded. Seventy full-text
articles were assessed for eligibility, and 58 were excluded for not meeting the inclusion
criteria. Ultimately, 12 studies were included in the final scoping review (Table 1).

Table 1. Summary of key studies evaluating sprint training interventions and hamstring injury
prevention.

Author(s),

Year
Population

Eligibility

Criteria

Experimental

Interven-

tion/Observed

Exposure

Control

Intervention/

Comparative

Exposure

Primary

Outcome

Secondary

Outcome(s)
Main Results

Duhig et al.,
2016 [24]

N = 51,
Age = 22.2 ± 3.4,
M = 51

Inclusion: elite
players;
Exclusion:
injured at
baseline

Training and
matches for
102 weeks
(2013–2014)

None HSI incidence

sRPE,
high-speed
distance > 24
km/h, GPS
tracking

Greater
high-speed
distances than
usual ↑ HSI risk;
absolute values
not associated

Malone
et al., 2017
[33]

N = 37,
Age = 24 ± 3,
M = 37

Inclusion: ≥2–3
field + 2
resistance/week;
Exclusion:
unavail-
able/injured

Season-long
training and
match
exposure

None
Lower limb
muscle injury
incidence

sRPE, MSS,
%MSS via GPS

≥95% MSS in
training ↓ injury
risk vs. 85%;
high chronic
loads ↑ tolerance
to sprint loads

Van den
Tillaar et al.,
2017 [5]

N = 12,
Age = 25 ± 6.2,
M = 12

Inclusion: male
sport students;
Exclusion: past
HSI, pain, illness

7
strengthening
exercises +
sprint

None
Peak EMG
activity

Joint angles,
sprint speed
(3D motion
capture)

Sprint → highest
BF, ST EMG;
NHE similar
activation angles
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Table 1. Cont.

Author(s),

Year
Population

Eligibility

Criteria

Experimental

Interven-

tion/Observed

Exposure

Control

Intervention/

Comparative

Exposure

Primary

Outcome

Secondary

Outcome(s)
Main Results

Colby et al.,
2018 [34]

N = 60,
Age = 23.3 ± 3.8,
M = 60

Inclusion: elite
≥18 yo, 3 years
active; Exclusion:
prior injury

Training and
matches across
2014–2016
seasons

None
Non-contact
injury
incidence

sRPE, sprint
distance, >85%
MSS exposure,
workload

Very low/high
sprint
exposure = ↑
injury vs.
moderate
(11–12 sessions);
low sprint
volume = ↑ risk

Freeman
et al., 2019
[35]

N = 28,
Age = 16.2 ± 1.3,
23M/5F

Inclusion: field
sport athletes
(14–18 yo), ≥4
field + 2
resistance/week

Sprint +
standard
training,
2x/week for
4 weeks

NHE +
standard
training,
2x/week for
4 weeks

Eccentric
hamstring
strength

Sprint speed,
acceleration,
soreness

↑ strength in
both groups;
moderate sprint
improvement in
sprint group

McGrath
et al., 2020
[43]

N = 33,
Age = 23.9 ± 3.9,
M = 33

Inclusion: elite
rugby players ≥
half season;
Exclusion: not
stated

6 months
training and
match
exposure

None
BF fascicle
length
(3 phases)

Eccentric
strength,
high-speed
exposure, MSS,
NHE duration

Modifiable
factors explain
90% fascicle
variability (43%
exposure, 44%
strength/tolerance)

Shah et al.,
2022 [44]

N = 58,
Age = 21.8 ± 4.6,
M = 58

Inclusion:
outfield players;
Exclusion: injury
history,
goalkeepers

Training and
matches across
0.5–1.5 seasons

None

Eccentric
hamstring
strength
(pre-post)

Sprint distance,
sprint count
>90% and
>95% MSS

↓ strength if >7–8
sprints/week
>90% MSS; no
total distance
link

Sancese
et al., 2023
[45]

N = 18,
Age = 20.9 ± 2.5,
M = 18

Inclusion:
university
footballers aged
18–25; Exclusion:
recent injury or
medication

Sprint training
+ standard
protocol
(2x/week,
4 weeks)

NHE +
standard
protocol
(2x/week,
4 weeks)

Eccentric
strength (pTE)

APT, H:Q,
RTD, sprint
mechanics

↑ pTE and torque
at 20◦/10◦ in
sprint group; ↑
RTD in sprint
group

Ripley et al.,
2023 [36]

N = 38, Age
≈22.2,
25M/13F

Inclusion: team
athletes (football,
rugby, etc.);
Exclusion: HSI
past 6 mo

NHE vs. sprint
vs. control for
7 weeks

Control:
resistance only

BF eccentric
strength and
architecture

Sprint/jump
performance,
strength

↑ in all groups;
greater in NHE >
sprint > control;
sprint group
improved sprint
the most

Buchheit
et al., 2023
[46]

N = 627,
M = 627

Inclusion: elite
players from 19
teams with full
data; Exclusion:
≥3 days injury
absence

Weekly sprint
exposure at
>85%, >90%,
>95% MSS

None
HSI incidence
during
matches

Timing of
>95% MSS
sprint before
match

↓ HSI when
>95% MSS sprint
2 days before
match; no
injuries recorded

Moreno-
Pérez et al.,
2024 [40]

N = 144
(EG = 37,
CG = 37),
Age = 27 ± 3,
M = 144

Inclusion:
top-division
footballers with 4
prior matches;
Exclusion:
goalkeepers

≥14 h/week
training + 1–2
matches

Matched
control group

HSI incidence
during
matches

Playtime,
total/high-
speed distance
(Mediacoach)

↓ exposure in 2
prior matches ↑
HSI risk; cut-offs
based on time
and distance
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Table 1. Cont.

Author(s),

Year
Population

Eligibility

Criteria

Experimental

Interven-

tion/Observed

Exposure

Control

Intervention/

Comparative

Exposure

Primary

Outcome

Secondary

Outcome(s)
Main Results

Edouard
et al., 2024
[39]

N = 177
(EG = 87,
CG = 90),
Age = 25.6 ± 5.1,
M = 177

Inclusion: elite
players;
Exclusion:
goalkeepers,
prior HSI or
conditions

Sprint-based
individualised
prevention
programme
(2021)

Historical
control (2019)

HSI incidence

Eccentric
strength, pelvic
ROM,
compliance

No significant
incidence
reduction;
reduced HSI
severity in
intervention
group

Legend: ACWR—Acute: Chronic Workload Ratio, BF—Biceps Femoris, BF lh—Biceps Femoris Long Head,
CMJ—Countermovement Jump, DOMS—Delayed Onset Muscle Soreness, EMG—Electromyography, HSI—
Hamstring Strain Injury, MA—Meta-Analysis, M1—Primary Motor Cortex, MPS—Myofascial Pain Syndrome,
MSS—Maximal Sprint Speed, NHC—Nordic Hamstring Curl, RCT—Randomised Controlled Trial, ROM—Range
of Motion, RTP—Return to Play, SAPS—Subacromial Pain Syndrome, SR—Systematic Review, TFL—Tensor
Fasciae Latae.

Figure 1. Preferred reporting items for systematic reviews and meta-analyses 2020 (PRISMA) flow-
diagram.

9.1. Reduction in Hamstring Injury Incidence

Twelve studies were included in this review, of which several directly assessed the
impact of sprint-based and eccentric training programmes on hamstring strain injury (HSI)
incidence.
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Among the most robust findings, Malone et al. [33] demonstrated that players who
reached ≥95% of their maximum sprint speed (MSS) at least once in training had a sig-
nificantly lower risk of muscle injury compared to those who only reached 85% (OR 0.12,
p = 0.001). Similarly, chronic training loads ≥4750 arbitrary units (AU) allowed athletes
to better tolerate high-speed volumes and maximal speed exposures, offering a protective
effect (OR: 0.22, p = 0.026).

Colby et al. (2018) [34] reported that both very low (0–8 sessions) and very high
(>15 sessions) exposures to >85% MSS sprinting were associated with higher injury risk
compared to moderate exposure levels (11–12 sessions).

In adolescent populations, Freeman et al. [35] found that both sprint and Nordic ham-
string training significantly increased eccentric strength, with a modest but non-significant
improvement in sprint performance in the sprint group.

In elite-level football, Buchheit et al. [46] found that sprint exposure >95% MSS per-
formed 2 days prior to match day was associated with a lower HSI incidence during games,
compared to exposure performed 3 days before.

Additionally, Moreno-Pérez et al. [40] observed that reduced match exposure in the
two previous games increased HSI incidence, highlighting the importance of consistent
high-speed load.

Finally, although Edouard et al. [39] did not report a statistically significant reduction
in HSI incidence with a multifactorial, individualised sprint-based programme, they did
observe a decrease in injury severity in the intervention group.

9.2. Increases in Eccentric Strength and Fascicle Length

Several studies evaluated the physiological adaptations related to eccentric or sprint-
based training.

McGrath et al. [43] showed that 90% of the variability in biceps femoris fascicle length
among elite rugby players could be explained by modifiable factors—specifically, chronic
exposure to >80% MSS and maximal eccentric strength.

Ripley et al. [36] demonstrated that both sprint and Nordic Hamstring Exercise (NHE)
groups showed significant improvements in eccentric strength and muscle architecture,
with the NHE group showing the largest gains.

Sancese et al. [45] found that 4 weeks of sprint training led to increases in peak
torque and torque production at short muscle lengths (10–20◦), a critical range for injury
prevention, along with functional improvements in the rate of torque development (RTD).

These findings support the notion that both sprint and eccentric training enhance not
only strength but also the architectural properties of hamstring muscles.

9.3. Improvements in Neuromuscular Control and Functional Performance

Training interventions also impacted functional performance and neuromuscular
control.

Ripley et al. [36] observed improvements in sprint performance and maximal lower
limb strength following both sprint and NHE-based protocols, with the sprint group
exhibiting the largest sprint-specific gains.

Although EMG data were not reported quantitatively, other included studies, such as
Van den Tillaar et al. [5], identified sprinting as eliciting the highest EMG activity in the
biceps femoris (BF) and semitendinosus (ST) muscles, suggesting a neuromuscular pattern
closely mirroring functional demands.

Such neuromuscular adaptations may explain the injury-protective effects and perfor-
mance improvements reported in sport-specific tasks.
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9.4. Sprint Mechanics and Injury Risk

Two prospective studies provided insight into sprint biomechanics and injury
mechanisms.

Colby et al. [34] found that extremely low or high exposure to sprinting >85%
MSS increases injury risk, indicating that optimal mechanical loading may follow a
non-linear pattern.

Although not in the current dataset, prior literature Edouard et al. [39] identified spe-
cific technical deficits—such as anterior pelvic tilt and reduced hip extension velocity—as
predictors of HSIs during the late swing phase of sprinting, when hamstring loading peaks.

These observations underscore that sprint training programmes should not only
include sufficient speed exposure but also address mechanical and technical quality.

9.5. Risk Factors and Theoretical Insights

The findings from this review align with previous conceptual frameworks proposed
by Sancese et al. [45]. These authors emphasised the role of previous injury, eccentric
strength asymmetries, inadequate pre-season loading, and neuromuscular inefficiencies as
key modifiable risk factors.

They also advocated for task-specific eccentric training that replicates the biome-
chanical demands of sprinting to elicit protective adaptations—an approach increasingly
supported by empirical data in both team sports and individual athletic populations.

A symbolic summary of the main preventive strategies and their expected physiologi-
cal or biomechanical outcomes is provided in Table 2. When combined, high-speed sprint
exposure, eccentric strengthening, biomechanical optimisation, and agility/flexibility work
converge toward a significant reduction in hamstring injury incidence.

Table 2. Symbolic summary of recommended actions and expected outcomes.

Recommended Action Expected Effect

Sprint exposure ≥90% MSS Sprint-specific adaptations and tissue resilience

+ Eccentric strengthening (e.g., Nordic Hamstring) ↑ Fascicle length and ↑ eccentric strength

+ Biomechanical coaching Improved running technique and ↓ mechanical load

+ Agility and flexibility training ↑ Neuromuscular control and movement efficiency

Combined implementation ↓ Hamstring injury incidence
Legend: ↑ = increases/enhances. ↓ = reduces/lowers.

To enhance interpretability and highlight the most relevant quantitative findings,
we summarised selected outcome data from primary studies that reported effect sizes,
confidence intervals, or p-values. Table 3 presents these results. Due to variability in
reporting formats, only a subset of the included studies could be represented quantitatively.

Table 3. Summary of key quantitative outcomes from included studies.

Study
Type of

Intervention
Participants

Outcomes
Measured

Key Results

Malone et al., 2017 [33] Sprint Exposure
(≥95% MSS)

37 elite male Gaelic
footballers Injury incidence OR = 0.27 (95% CI:

0.09–0.78)

Colby et al., 2018 [34] Sprint Exposure
(>85% MSS)

60 elite male
footballers HSI rate 56% injury reduction

(p = 0.01)
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Table 3. Cont.

Study
Type of

Intervention
Participants

Outcomes
Measured

Key Results

McGrath et al., 2020 [43] Sprint + Eccentric
Training

33 elite male rugby
players

Fascicle length
variation

90% explained by
exposure & strength
(p < 0.05)

Sancese et al., 2023 [45] Sprint Training 18 university male
footballers

Eccentric strength
(pTE)

14% increase in peak
torque (p = 0.02)

Ripley et al., 2023 [36] Sprint vs. NHE vs.
Control

38 team athletes
(25M/13F)

Strength & sprint
performance

NHE > Sprint >
Control for strength
(p < 0.05)

Buchheit et al., 2023 [46] Sprint Exposure
(>95% MSS)

627 elite male
footballers

HSI incidence
during matches

No injuries recorded
when sprint >95%
MSS occurred 2 days
pre-match

10. Discussion

This scoping review provides a comprehensive synthesis of current evidence con-
cerning the role of sprint-based training in the prevention of hamstring strain injuries
(HSIs) in competitive athletes. Traditionally regarded as a high-risk activity, sprinting
has now emerged as a potential protective factor when appropriately programmed and
integrated into broader neuromuscular conditioning frameworks. The reviewed litera-
ture demonstrates that sprint training, particularly at intensities exceeding 80–90% of
maximal sprint speed (MSS), elicits beneficial adaptations in muscle architecture, neuro-
muscular coordination, and functional movement patterns that collectively contribute to
injury resilience.

One of the most compelling findings was the consistent reduction in injury incidence
across multiple studies, with some reporting decreases of up to 94% following the imple-
mentation of multicomponent training programmes. For example, Malone et al. [33] and
Colby et al. [34] highlighted the importance of sprint exposure at ≥95% MSS in reducing
injury risk, while Freeman et al. [35] and Ripley et al. [36] demonstrated that combining
sprint and eccentric training enhanced strength and muscle architecture. These data sug-
gest that injury prevention is most effective when it mirrors the complex, high-velocity
demands of competition. The synergistic interaction of sprint, strength, and motor control
components likely facilitates both structural adaptations—such as increased biceps femoris
fascicle length—and functional gains in stride efficiency and dynamic control.

The physiological rationale underpinning these findings is supported by research
showing that sprinting provides a highly specific eccentric stimulus to the hamstring
muscles, particularly during the late swing phase. This phase is characterised by rapid
hip flexion and knee extension, resulting in significant strain on the biarticular hamstring
complex. Exposure to this movement pattern, especially under controlled and progressive
conditions, appears to enhance the tissue’s tolerance to stretch and load, possibly through
neural adaptations, sarcomerogenesis, and increased tendon stiffness. These adaptations
mirror those achieved with targeted eccentric strengthening, such as Nordic Hamstring
Curls (NHC), which have consistently been shown to improve eccentric strength and
muscle architecture.

However, the review also revealed that benefits are maximised when sprint training
is combined with strength-based interventions. Eccentric training, particularly exercises
involving long muscle lengths, has been shown to increase fascicle length by up to 20% and
reduce injury risk by as much as 70%, according to large-scale meta-analyses. The Razor
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Curl and assisted NHC, for instance, have demonstrated efficacy not only in improving
eccentric torque but also in producing long-term architectural changes in the biceps femoris.
Given that short fascicle length is a well-known risk factor for HSIs, these interventions are
essential components of any prevention protocol.

Biomechanics also plays a fundamental role in injury risk and prevention. The review
included studies demonstrating that athletes with altered sprint mechanics—such as ex-
cessive anterior pelvic tilt, delayed hip extension, or increased ground contact time—are
at significantly higher risk of sustaining HSIs. Edouard et al. [39] found that such biome-
chanical deviations were associated with a 2.8-fold increase in injury risk. This evidence
underscores the necessity of incorporating technique analysis and correction into preventive
strategies, ensuring that sprint exposure is both adequate and biomechanically sound.

Despite these encouraging findings, several methodological limitations should be
acknowledged. Firstly, the heterogeneity among included studies—with differences in
training protocols, outcome measures, follow-up durations, and athlete populations—
precluded a formal meta-analytical synthesis and limited direct comparability. Secondly, the
majority of studies were conducted in male athletes, particularly footballers and sprinters,
reducing generalisability to female athletes or sports with different sprinting demands (e.g.,
hockey, basketball, tennis). While heterogeneity across sports, training dosages, and athlete
levels (elite vs. amateur) was acknowledged, we did not formally quantify heterogeneity
due to the scoping nature of this review. Future meta-analyses could benefit from subgroup
analyses to explore these factors.

Thirdly, the long-term adherence, real-world feasibility, and cost-effectiveness of
prevention programmes were seldom addressed, which may limit clinical translation.
Additionally, adverse events such as delayed onset muscle soreness (DOMS) [47], fatigue,
or risk compensation behaviours during training were not consistently reported, leaving
open questions about the safety profile of high-intensity sprint programmes, especially
in previously injured individuals. A key limitation is the substantial heterogeneity in
participant profiles, sprint protocols, comparator interventions, and outcome definitions,
which precluded quantitative pooling and restricts the generalisability of our narrative
synthesis. Moreover, as 83% of the included cohorts involved male athletes, the applicability
of our findings to female performers remains largely uncertain.

An important consideration is the dose–response relationship between sprint exposure
and injury risk. The evidence points to a U-shaped curve: insufficient exposure may lead to
underprepared tissues, while excessive or poorly progressed loading may precipitate injury.
The application of the acute:chronic workload ratio (ACWR) model has been proposed
as a means of balancing exposure and recovery, though its predictive validity remains
debated. Future research should explore individualised workload monitoring using GPS,
force plates, or electromyography to better inform safe sprint training progression.

The limitations of this review include language restriction to English and Italian,
substantial heterogeneity in training protocols and outcome measures, and the predom-
inance of male athlete populations in the included studies. These factors may limit the
generalisability of findings and should be addressed in future research.

Few studies reported on delayed onset muscle soreness (DOMS), fatigue, or compen-
satory behaviours following sprint protocols—an area that warrants systematic investiga-
tion given its potential impact on training adherence and injury risk.

Finally, theoretical contributions from authors such as Sancese et al. [45] emphasise
the value of specificity in preventive interventions. Exercises that replicate the mechanical
and temporal demands of sprinting are more likely to induce protective adaptations
than generalised resistance training alone. This conceptual shift supports a paradigm
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in which sprinting is not simply tolerated in training but actively prescribed as part of
injury prevention.

While more high-quality trials are needed to refine protocols and expand applicability,
the current body of evidence supports the incorporation of progressive, technically sound
sprint training as a valuable component of modern HSI prevention. The integration of
sprint drills with eccentric and neuromuscular conditioning may not only reduce injury
rates but also enhance performance and tissue resilience in elite and sub-elite athletes.
Given the exploratory nature of this scoping review, no meta-analysis or formal risk of bias
assessment was conducted, in accordance with JBI recommendations. While this limits
the ability to draw definitive conclusions, it provides a comprehensive mapping of the
current evidence. Future systematic reviews incorporating meta-analytic methods and
quality assessments are necessary to quantify effect sizes, dose-response relationships, and
to guide evidence-based practice more robustly.

10.1. Synergistic Effects with Distal Kinetic-Chain Interventions

Forces generated during ground contact propagate along the entire lower-limb kinetic
chain. Consequently, distal segments such as the foot may modulate proximal hamstring
loading. Emerging evidence indicates that impaired foot biomechanics—e.g., reduced
mid-foot stiffness or altered fore-foot load distribution—can increase proximal muscular
demand by attenuating energy dissipation at push-off [48]. Interventions that improve
foot stability, intrinsic plantar-flexor strength, and fifth-metatarsal load distribution have
demonstrated favourable kinetic adaptations during the sprinting stance phase [48]. It
is therefore plausible that sprint training, when combined with targeted foot-stability
exercises (e.g., short-foot drills, resisted toe-flexion, sensorimotor balance work), provides
a complementary stimulus that further attenuates the risk of hamstring strain. Future
interventional studies should explore such integrative approaches.

10.2. Clinical Practice Implications

The findings of this review offer practical recommendations for sports medicine and
performance professionals aiming to reduce hamstring injury risk in competitive athletes.
Firstly, sprint exposure should be viewed not as a hazard to avoid but as an essential
neuromuscular stimulus, provided it is implemented progressively and technically correctly.
Training sessions should incorporate repeated sprint efforts at intensities ≥90% of MSS,
with careful attention to weekly sprint load and acute:chronic ratio progression.

Secondly, sprint training must not occur in isolation. It should be combined with eccen-
tric strengthening exercises—such as NHC, Razor Curl, or hip-dominant variations—which
are effective in increasing fascicle length and eccentric capacity. These modalities can be
periodised and alternated based on the phase of the season and the athlete’s training history.

Thirdly, attention to sprint mechanics is essential. Biomechanical inefficiencies should
be screened through video analysis or motion capture when available. Athletes exhibiting
risk markers such as poor hip extension velocity or excessive pelvic tilt should receive
targeted technical coaching and corrective exercises.

Fourthly, foot biomechanics should be optimised. Exercises that enhance intrinsic foot-
muscle strength, medial-arch control, and fifth-metatarsal load sharing—such as short-foot
holds, resisted toe curls, and proprioceptive single-leg stance—may reduce aberrant distal
mechanics that otherwise amplify proximal hamstring demand [48]. These drills can be
blended into warm-ups or neuromotor circuits surrounding sprint sessions.

Finally, injury prevention should be athlete-centred and context-sensitive. History of
prior injury, sport-specific demands, position, age, and neuromuscular asymmetries should
inform programme design. Integrating monitoring technologies (e.g., GPS, sprint timing
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systems, muscle function tests) into regular assessments may allow practitioners to detect
overload or maladaptation before injuries occur.

Overall, the current evidence encourages a paradigm shift in HSI prevention—
from avoidance of sprinting to its strategic inclusion as a cornerstone of injury-resilient
performance.

11. Conclusions

This scoping review highlights the preventive value of sprint-based training in reduc-
ing hamstring injuries among competitive athletes. When progressively and technically
implemented, sprint exposure—especially at ≥90% of the maximal sprint speed—can serve
as both a performance enhancer and an injury mitigation strategy. The most effective
interventions combine sprint work with eccentric strengthening, agility, and biomechanical
optimisation. Future research should aim to standardise protocols and extend findings to
more diverse athletic populations. These findings support the inclusion of sprint training
as a key component of hamstring injury prevention and inform evidence-based protocols
for sports practitioners.
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Featured Application: As a low-cost and simple strategy, cross-education can be incor-

porated early in anterior cruciate ligament rehabilitation to maintain musculoskeletal

strength, reduce pain and interlimb asymmetries, and improve dynamic stability.

Abstract: Anterior cruciate ligament reconstruction (ACLR) results in prolonged muscle
weakness, impaired neuromuscular control, and delayed return to sport. Cross-education
(CE), unilateral training of the uninjured limb, has been proposed as an adjunct therapy to
promote bilateral adaptations. This scoping review evaluated the functional and neuro-
plastic effects of CE rehabilitation post-ACLR. Following PRISMA-ScR and JBI guidelines,
PubMed, Scopus, Web of Science, and PEDro were searched up to February 2025. A
bibliometric analysis was also conducted to report keyword co-occurrence and identify
trends in this line of research. Of 333 screened references, 14 studies (price index: 43% and
low-to-moderate risk of bias) involving 721 participants (aged 17–45 years) met inclusion
criteria. CE protocols (6–12 weeks; 2–5 sessions/week) incorporating isometric, concentric,
and eccentric exercises demonstrated strength gains (10–31%) and strength preservation,
alongside improved limb symmetry (5–14%) and dynamic balance (7–18%). There is grow-
ing interest in neuroplasticity and corticospinal excitability, although neuroplastic changes
were assessed heterogeneously across studies. Findings support CE as a feasible and
low-cost strategy to complement early-stage ACLR rehabilitation, especially when direct
loading of the affected limb is limited. Standardized protocols for clinical intervention and
neurophysiological assessment are needed.
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1. Introduction

The anterior cruciate ligament (ACL) is one of the key ligaments that stabilize the knee,
connecting the femur to the tibia and controlling rotation during flexion and extension [1].
ACL injuries, which manifest as stretching or tearing, are common in sports involving rapid
movements, changes in direction, jumps, landings, and indirect or direct trauma to the
knee, such as in soccer, basketball, and American football [2–6]. It has been estimated that
the incidence of isolated ACL injuries is approximately 68.6 per 100,000 people per year,
but it can reach figures close to 227 per 100,000 in young populations [7,8]. Among athletes,
these numbers are usually higher but vary depending on age, sex, sport, type of exposure,
and level of participation [9–12]. In addition to the functional impact, these injuries entail
considerable economic costs, with an estimated USD 17,000 per anterior cruciate ligament
reconstruction (ACLR) procedure [13]. In the context of professional sports, particularly in
Europe, the incidence of ACL rupture is also significant among elite players, who often
return to competition after surgery in relatively short periods, though these vary between
leagues. For example, the average time to return to competition after surgery has been
reported as 193 days in the French league, while in the English Premier League, it extends
to 321 days. In contrast, the Italian, French, and German leagues show a faster recovery
compared to the English league [14].

ACLR is considered a fundamental intervention to facilitate a return to sports ac-
tivity [7,8,12,15]. However, after undergoing ACLR, it is common to observe decreased
muscle strength, loss of knee stability, and high pain perception, which can delay the
return to sport [16]. In fact, impaired muscle control often persists for up to two years
after surgery [17,18]. Therefore, implementing an efficient rehabilitation process is crucial
to reducing the risks associated with ACLR and improving functional outcomes [19,20].
These limitations have been documented in a recent systematic review, which shows that
return-to-sport rates after ACL reconstruction can be as low as 24% [19]. Supporting the
shortcomings of traditional rehabilitation approaches, these may be associated with incom-
plete recovery of muscle strength and neuromuscular control deficits (imbalance between
flexors and extensors of the knee) [21,22], delaying the recovery process and increasing the
risk of graft reinjury, additional injuries, and osteoarticular pathologies [20,23].

In this context, one of the proposed methods to optimize conventional rehabilitation is
training the muscles of the uninjured limb, a technique known as cross-education (CE) [24].
First described in 1894, cross-education (CE) refers to the phenomenon whereby unilateral
strength training induces bilateral neuromuscular adaptations [25]. Recently, CE has
gained attention for its potential to preserve strength and promote recovery in various
rehabilitation settings [26].

Regarding ACL rehabilitation, CE has demonstrated improvements in strength, kines-
thesia, and balance in as little as four weeks, which is relevant since musculoskeletal injuries
are associated not only with strength deficits but also with changes in the motor cortex and
other brain regions [27,28]. It is important to note that CE can be implemented through
various training modalities, including both isometric and dynamic exercises [29,30]. In
ACLR, it is essential to address not only peripheral changes but also central nervous system
alterations. Neuroplasticity, the brain’s ability to reorganize in response to external stimuli
or structural injuries, plays a key role in this process [31]. In this scenario, CE has shown
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positive effects by inducing adaptations in the untrained limb through central mechanisms
linked to neuroplasticity [32].

Despite the demonstrated therapeutic potential of CE in ACL rehabilitation, signifi-
cant gaps remain in understanding its neuroplastic mechanisms and their impact on the
functional recovery of the untrained contralateral limb. Although CE has shown relevant
potential for transferring functional improvements, the associated neuroplastic mecha-
nisms are not yet clearly defined. Indeed, while there is consensus on the efficacy of
CE, standardized protocols or application guidelines for ACL rehabilitation have yet to
be established [33].

This lack of understanding, along with the absence of standardization, hinders the
effective integration of CE into rehabilitation protocols, limiting the optimization of func-
tional recovery and neurological adaptation [25,33–36]. Addressing these gaps through
critical evaluation of measurement tools could contribute to shortening rehabilitation times,
reducing reinjury risk, and prevent persistent functional deficits, thereby facilitating a safer
and more effective return to physical and sports activities. The aim of this scoping review
was to examine the available scientific evidence on the functional and neuroplastic effects
of CE during ACL rehabilitation.

2. Materials and Methods

2.1. Protocol Registration

Given the conceptual diversity and methodological variability observed in CE pro-
tocols and outcome measures, a scoping review design was chosen over a traditional
systematic review to better map the current evidence and identify knowledge gaps relevant
to ACLR. For the development of this scoping review, we implemented the guidelines
of the Preferred Reporting Items for Systematic Reviews and Meta-Analysis for Scoping
Reviews (PRISMA-ScR) [37]. In accordance with Joanna Briggs Institute (JBI) guidelines
for scoping reviews [38], we optimized the core methodology throughout the key stages
(from problem formulation and literature search to evaluation, analysis, and presentation
of findings) to systematize the review process and strengthen scientific rigor [39]. The
protocol for this scoping review has been published on Figshare to make it publicly ac-
cessible and avoid unnecessary duplication of analysis for the same study objective (doi:
10.6084/m9.figshare.24268927).

2.2. Eligibility Criteria

The inclusion criteria for this scoping review were as follows: (i) experimental, obser-
vational, or theoretical articles, including randomized controlled trials, longitudinal studies,
case studies, integrative reviews, systematic reviews, and meta-analyses; primary studies
had a minimum follow-up period of six weeks, and secondary studies complied with
PRISMA or COCHRANE guidelines or were registered in PROSPERO; (ii) peer-reviewed
articles published up to the current date; (iii) publications written in English or Span-
ish; (iv) full-text availability; and, (v) articles reporting on the effects of anterior cruciate
ligament rehabilitation through unilateral training or CE. Studies were excluded if they
(i) were not original research (e.g., Editorials, commentaries, notes, theses), (ii) lacked a
full-text version, (iii) involved participants with comorbid conditions unrelated to ACL
injury, (iv) used combined interventions without isolating CE effects, or (v) presented
unclear methodology.
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2.3. Information Sources

PubMed, Scopus, Web of Science, and PEDro were selected to examine the available
literature. Additionally, further articles were manually searched in Google Scholar or
through snowballing.

2.4. Search Strategy

Based on the Population–Concept–Context (PCC) framework, the research question
guiding this review was: What are the functional and neuroplastic effects of CE-based
rehabilitation in individuals with ACL injury [38]? Database searches were conducted using
specific algorithms: PubMed and Scopus: “Anterior cruciate ligament” OR “anterior cruciate
ligament reconstruction” AND “cross-education” OR “cross exercise” OR “ unilateral strength
training” OR “cross training” OR “cross transfer” OR “strength transfer” OR “contralateral
strength training”; Web of Science: (“Anterior cruciate ligament” OR “anterior cruciate ligament
reconstruction”) AND (“cross-education” OR “ unilateral strength training” OR “cross training”
OR “cross transfer” OR “strength transfer” OR “contralateral strength training”); and PEDro:
1. “Anterior cruciate ligament”; 2. Anterior cruciate ligament AND cross-education; 3. Anterior
cruciate ligament AND contralateral strength training. The database search was conducted
between December 2024 and February 2025.

2.5. Selection and Data Collection Process

Two of the authors (J.D.Q. and J.D.A.) conducted independent searches in the selected
databases. Publications that met the inclusion criteria were selected to proceed with the
analysis and synthesis phases. A table was designed to report the results and compare
key findings, including study type, design, objectives, intervention, procedures, and their
main findings. Discrepancies will be identified and resolved through discussion with
other authors if necessary (J.M.V., A.R-J., and D.A.B.). Based on best practices and previous
studies by the DBSS Research Division [40,41], we assessed the obsolescence of the literature
by calculating Price’s index, defined as the ratio of references published within the past
five years to the total number of references. The study selection was carried out during the
months of February and April 2025.

2.6. Risk of Bias Assessment

The risk of bias was assessed according to the type of studies, based on the critical
appraisal tools for evidence synthesis from JBI available on their website (https://jbi.global/
critical-appraisal-tools, accessed on 5 February and 1 March 2025), and then graphically
illustrated using Cochrane’s RevMan 5.4 software.

2.7. Bibliometric Analysis

Trends in the field of CE were examined using VOSviewer v1.6.19 software to conduct
bibliometric visualization. The first step involved performing a search in the Scopus
database using the keyword: “cross-education” OR “cross education.” Subsequently, an
overlay map based on the co-occurrence of authors’ keywords over the last 5 years was
created to identify potential trends in this line of research. Minimum requirements for
reporting bibliometric reviews of biomedical literature were considered [42].

3. Results

3.1. Study Selection

After running the search algorithms with Boolean operators (filtered by date and
language), 333 references were retrieved. After removing duplicates from the publications,
219 studies remained. However, upon evaluating the titles and abstracts, only 28 potentially
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eligible publications were selected, of which 14 were subsequently excluded based on
our pre-established criteria, resulting in a total of 14 studies that met the predefined
requirements, with a price index of 43% [17,18,23,24,43–52]. Figure 1 shows a flow diagram
of the literature search.

Figure 1. PRISMA flow diagram. ** Excluded because of duplication across databases.

3.2. Risk of Bias Within Studies

The methodological quality of the selected clinical trials is presented in Figure 2, while
the risk of bias of the selected systematic review is presented in Figure 3.

Figure 2. Summary of the risk of bias in the included clinical trials. Weighted bar chart of the
distribution of risk of bias judgments.
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Figure 3. Summary of the risk of bias in the included systematic review. Weighted bar chart of the
distribution of risk of bias judgments. No color indicates no risk of bias in that category.

The methodological quality of the selected case study is presented in Figure 4.

Figure 4. Summary of the risk of bias in the included case study. Weighted bar chart of the distribution
of risk of bias judgments. No color indicates no risk of bias in that category.

3.3. Results of Individual Studies

The main characteristics and results of the selected studies are shown in Table 1.
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Twelve randomized controlled clinical trials (RCTs), one case study, and one systematic
review with meta-analysis were included, totaling 721 participants, reduced to 637 after
removing duplicates of participant samples across different studies by the same author.
The sample primarily consisted of young adults, aged between 17 and 45, with a BMI of
21 to 25. The interventions lasted between 6 and 12 weeks, with 2 to 5 sessions per week,
focusing on unilateral training of the contralateral non-injured leg. The protocols included
isometric and dynamic exercises with progressive loads [24,46,47,50], and some studies
used electromyography (EMG) to monitor neuromuscular activation and physiological
adaptations [43,51]. A low-to-moderate risk of bias was detected across the articles.

The studies employed various assessment tools, such as isokinetic dynamometry,
stability and balance tests, and pain perception scales. Muscle strength, range of motion
(ROM), and knee function were also evaluated. The results showed significant improve-
ments in strength and function of the untrained contralateral limb, particularly in quadri-
ceps strength and functional symmetry. Additionally, a gradual recovery of strength was
observed in the operated leg, along with improvements in functionality and dynamic
balance. However, the variability in results highlights the need to standardize protocols
and measurement tools to optimize the clinical application of CE in ACL rehabilitation.

Regarding neuroplasticity, only one study [44] directly evaluated central adaptations
using neurophysiological tools such as fMRI, TMS, and H-reflexes, reporting significant
increases in cortical and spinal excitability following eccentric CE. Additionally, other
studies indirectly addressed neuroplasticity through changes in EMG activity, postural
control, and motor coordination [43,51], suggesting functional improvements potentially
mediated by central nervous system adaptations.

3.4. Bibliometric Analysis

A bibliometric analysis of keyword co-occurrence in articles on CE was conducted,
using VOSviewer to outline the state of the art in this emerging field. This approach allows
for the identification of trends, conceptual relationships, and knowledge gaps, facilitating
an understanding of how CE is researched and applied in neuromuscular training and
rehabilitation. In the resulting map, each node represents an author keyword, where the
size reflects its co-occurrence frequency, the thickness of the links indicates the strength of
the relationships, and the color denotes conceptual clustering (Figure 5).

The results highlight the prominence of CE (149:226) in the literature, particularly
in relation to resistance training (57:112) and rehabilitation (30:63), supporting its use
for improving strength through unilateral training. The strong association with strength
(46:86) and interlimb transfer (19:48) underscores its relevance in the functional recovery
from injuries, including those of the anterior cruciate ligament (5:7). Additionally, the
growing interest in terms such as neuroplasticity (7:23) and corticospinal excitability (8:20)
demonstrates that CE not only enhances strength but also induces beneficial neurological
changes for recovery. Although the application of EC in clinical contexts, such as stroke
rehabilitation (4:6), is expanding, areas like mirror therapy (5:9) and assessment through
motor-evoked potentials (4:9) remain less explored, opening new opportunities to optimize
its implementation using neuromuscular activity quantification methods, such as elec-
tromyography (22:50) and H-reflex (6:15). These findings not only reinforce the potential
applicability of CE in post-surgical rehabilitation and muscle function improvement but
also establish a foundation for future research integrating clinical and neurophysiological
approaches, which could contribute to the standardization of CE rehabilitation protocols.
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Figure 5. Visualization map of keyword co-occurrence from studies on cross-education (CE) in
rehabilitation, generated with VOSviewer. Each node represents an author keyword; the size of
the node reflects its frequency of appearance, while the thickness of the connecting lines indicates
the strength of co-occurrence between terms. The color of each node corresponds to a conceptual
cluster, allowing visualization of thematic groupings (e.g., strength, neuroplasticity, rehabilitation).
This map highlights CE’s strong association with unilateral training, neuromuscular recovery, and
emerging interest in cortical excitability, suggesting evolving priorities in the scientific exploration of
CE applications. Available online: https://tinyurl.com/2485baur (accessed on 27 March 2025).

4. Discussion

This scoping review aimed to synthesize the scientific evidence on the functional
and neuroplastic effects of cross-education (CE) interventions during the rehabilitation
after anterior cruciate ligament reconstruction (ACLR). Overall, the results show that CE
can play a complementary role in postoperative recovery after ACLR, particularly in the
early phases of rehabilitation when direct loading on the affected limb must be limited.
Most of the selected studies were randomized controlled trials [17,18,23,45–48,50,51], along
with one quasi-experimental study [43], a case study [44] and a systematic review with
meta-analysis [24]. These investigations were primarily conducted in young, physically
active adults undergoing different ACLR surgical techniques. Generally, the interventions
focused on unilateral training of the contralateral limb to assess its influence on muscle
strength, balance, functional performance, and neuromuscular activation.

Notably, several clinical trials repeatedly reported that CE in ACLR helps preserve or
improve quadriceps strength in the affected limb, especially during early postoperative
rehabilitation. This finding was observed between weeks 8 and 26 post-surgery in some
studies [17,46–49,51]. These interventions involved moderate-to-high-intensity eccentric or
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isometric contractions. Similarly, improvements were seen in functional parameters such as
limb symmetry, dynamic balance, and postural control, reinforcing CE’s potential clinical
value as an adjunct tool in neuromuscular recovery. Conversely, discrepancies were noted
between studies, particularly those using less intensive protocols or featuring delayed CE
implementation. For example, two controlled trials by Zult et al. [49] found no significant
effects of CE on neuromuscular function or functional recovery compared to conventional
rehabilitation, suggesting that outcomes may largely depend on implementation timing,
contraction type, and stimulus intensity, as per the available literature.

To evaluate these effects, studies employed a variety of objective and subjective tools.
Objective measures included isokinetic dynamometry, surface electromyography, and func-
tional tests such as the Single-Leg Hop Test, Star Excursion Balance Test, and Balance Error
Scoring System. Subjective measures included knee function scales like the International
Knee Documentation Committee (IKDC) [53], the Knee Injury and Osteoarthritis Outcome
Score (KOOS) [54], the Lysholm Knee Scoring Scale (Lysholm) [54], and the Hughston Clinic
Knee Scoring System (HCKS) [55]. Additionally, some studies, particularly those conducted
in non-ACL contexts, used advanced neurophysiological techniques such as TMS, fMRI,
or transcranial direct current stimulation to investigate potential cortical reorganization
mechanisms associated with CE.

From a functional perspective, most of the included studies reported significant
improvements in quadriceps strength of the operated limb, limb symmetry, hamstring-to-
quadriceps (H:Q) ratio, postural control, and performance in various functional tests. These
adaptations were particularly evident between weeks 8 and 26 after surgery. Interventions
incorporating high-intensity eccentric or isometric contractions of the contralateral limb
were effective in attenuating muscle strength deficits [46,48]. For example, Harput et al. [17]
demonstrated that high-intensity eccentric CE produced greater quadriceps strength gains
(+31%) compared to concentric CE or conventional rehabilitation. Conversely, Zult et al. [18]
found no significant improvements when CE was performed with lower intensity or
delayed in the postoperative timeline, highlighting that both the load magnitude and
timing of implementation are key determinants of clinical outcomes.

Regarding neuroplastic effects, direct evidence in ACLR populations is scarce. Only the
case series by Lepley et al. [44] employed a CE-based intervention and their study provided
relevant data by analyzing the relationship between quadriceps motor unit properties and
corticospinal excitability in ACLR patients. Their results showed that lower discharge
rates and poor motor unit recruitment were associated with reduced excitability in the
primary motor cortex. These findings support the idea that postoperative functional deficits
may be mediated not only by peripheral factors but also by central mechanisms, which
could be modulated through strategies like CE. Nevertheless, most studies in this area
come from research on healthy individuals or those with different neurological conditions,
such as stroke or unilateral immobilization. These studies provide additional evidence on
potential neurophysiological mechanisms of CE, including increased primary motor cortex
excitability, reduced intracortical inhibition, and functional changes in interhemispheric
connectivity [56–58].

Collectively, the findings of this scoping review support the potential of CE as a
complementary tool in designing postoperative ACL rehabilitation programs, particularly
in early phases where direct training of the affected limb is limited. The possibility of
preserving or even improving muscle strength and functional performance through stimuli
applied to the non-injured limb could help reduce inactivity time, mitigate neuromuscular
asymmetries, and optimize readiness for progressive return to loading. From a clinical
standpoint, these results position CE as a viable option within individualized rehabilitation
protocols, especially in contexts where careful load progression is needed.
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Similarly, the identified methodological limitations, along with the scarce evidence on
neuroplasticity in ACLR populations, underscore the need for future research incorporating
direct neurophysiological techniques. Standardizing intervention protocols and assessing
CE effects at different postoperative stages would be beneficial. Additionally, expanding
the study population to include women, less physically active individuals, and patients
with different graft types would improve the clinical applicability of findings. Exploring
the long-term impact of CE, as well as its combination with other therapeutic modalities,
could represent a promising research avenue in rehabilitation.

4.1. Limitations and Future Directions

While this scoping review highlights clinically valuable insights, several limitations
inherent to the available evidence must be acknowledged. First, several studies featured
small sample sizes (n < 30), limiting statistical power and generalizability. Significant
heterogeneity exists across included studies regarding sample characteristics (age, sex,
graft type, physical activity level), intervention protocols (contraction types, duration,
postoperative phase for CE initiation), and outcome measures (e.g., use of isokinetic
vs. isotonic testing, different timepoints). This variability along with a relatively low
price index (<50%) complicates direct comparisons and hinders standardized clinical
recommendations. We advocate for an individualized, multisystem approach that considers
prior knowledge and workload (external/internal loads), as these factors critically influence
both injury prevention and management [40,59]. Second, despite observed functional
improvements, direct evidence of CE’s neuroplastic effects in ACLR populations remains
scarce. Only one study evaluated cortical structure and corticospinal excitability, leaving a
key gap in understanding the neurophysiological mechanisms behind these adaptations.
Most neuroplasticity data derive from healthy subjects or other neurological conditions,
limiting generalizability. Further, inconsistent use of standardized measures for strength,
neuromuscular activation, and knee function risks methodological bias and confounds
result interpretation. Some trials also exhibited moderate bias due to unblinded designs or
lack of active controls, potentially compromising internal validity.

Future research should prioritize the following:

• Advanced neurophysiological techniques (fMRI, TMS, evoked potentials) in real-
world ACLR rehabilitation settings;

• Standardized CE protocols tested across rehabilitation phases, graft types, and
fitness levels;

• Larger samples with greater inclusion of women and recreational athletes, plus longi-
tudinal designs to assess long-term effects;

• Investigation of CE combined with adjunct therapies (e.g., neuromuscular stimula-
tion [60], blood flow restriction [61,62], nutritional interventions [63,64]).

4.2. Practical Recommendations

This scoping review offers clinically relevant insights for post-surgical ACL reconstruc-
tion rehabilitation. CE emerges as a particularly safe, effective, and cost-efficient strategy
during early rehabilitation when direct training of the affected limb is limited by pain,
inflammation, or overtraining risks. Research demonstrates that single-limb strength train-
ing, particularly moderate-to-high intensity isometric or eccentric contralateral exercises,
can improve quadriceps strength in the operated leg, reduce muscle atrophy, enhance limb
symmetry, and support progressive return to exercise.

These interventions show benefits when applied 2–5 times weekly over 6–12 weeks,
with functional improvements observable within eight weeks post-surgery. CE proves
especially valuable in sports reconditioning programs where maintaining neuromuscular
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symmetry and minimizing downtime are critical for athletes. Importantly, these protocols
can also benefit less active individuals when properly adapted to their functional capacity,
injury type, and rehabilitation stage.

5. Conclusions

Rehabilitation protocols following ACL reconstruction (ACLR) should address more
than just structural recovery, given the significant neurobiological changes accompanying
the injury. These alterations lead to persistent muscle weakness, knee dysfunction, and
maladaptive neuroplasticity. Cross-education (CE) has emerged as an effective intervention
to counteract these maladaptive neuroplastic, functional, and morphological changes. The
collective evidence analyzed in this scoping review supports the potential role of CE in
preserving strength and improving functional outcomes during the early stages of ACLR
rehabilitation. However, the limited use of neuroplastic assessment tools (e.g., fMRI, TMS,
H-reflex) in current studies restricts our understanding of CE’s central adaptations. Future
research should prioritize neuroimaging and other advanced techniques to clarify the
neurobiological mechanisms of CE.
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Abstract: Introduction: Mental health problems in children and adolescents are a grow-
ing public health concern. Aerobic physical activity has been identified as a promising,
accessible, and low-cost intervention to promote psychological well-being. Methods: This
systematic review and meta-analysis was conducted following PRISMA 2020 guidelines
and a pre-registered PROSPERO protocol. We searched PubMed, Scopus, Web of Science,
and CINAHL for randomized controlled trials published until December 2024, with no
language restrictions. Eligibility criteria included interventions based on aerobic physical
activity among children and adolescents (5–18 years) reporting outcomes on mental health
(e.g., depression, anxiety, self-esteem, mood, resilience). Methodological quality was as-
sessed with the PEDro scale. Results: From 828 initial records, 21 studies met the inclusion
criteria and 19 were included in the meta-analysis. The trials, conducted in diverse coun-
tries and settings, applied structured aerobic interventions (e.g., running, dancing, cycling,
active games) with durations of 6–30 weeks. The pooled results showed significant im-
provements in depression, anxiety, self-esteem, and stress, with the largest effects observed
in stress reduction and self-esteem enhancement. Conclusions: Aerobic physical activity
appears to be an effective and feasible strategy to improve mental health in children and
adolescents. Its integration into school and community programs is recommended as a
preventive and complementary approach to traditional treatments.

Keywords: aerobic training; children; adolescents; self-esteem; anxiety; depression;
systematic review; meta-analysis

1. Introduction

Mental health during childhood and adolescence has become a growing public health
priority worldwide. It is estimated that around one in seven adolescents, approximately
166 million young people between 10 and 19 years old, suffer from a mental disorder,
with emotional problems, such as anxiety and depression, being the most common [1].
Specifically, anxiety affects approximately 4.4% of children between 10 and 14 years old
and 5.5% of adolescents between 15 and 19 years old, while depression has a prevalence of
1.4% and 3.2%, respectively, in those same age groups [2]. These internalizing disorders are
associated with a variety of negative consequences, including poor academic performance,
social isolation, emotional dysfunction, and, in the most severe cases, suicidal ideation and
self-harm [3].

In the Spanish context, the data reflect an equally alarming situation. According to a
recent report by UNICEF Spain [4], 41% of adolescents report having had or believed they
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had a mental health problem in the past year. Similarly, a study coordinated by seven Span-
ish universities indicates that more than 1.5 million adolescents between the ages of 12 and
18 present significant emotional symptoms, and more than half are undergoing psycholog-
ical or pharmacological treatment. These data coincide with hospital records showing a
sustained increase in pediatric psychiatric admissions over the past two decades [5]. This
growing incidence underscores the urgent need to establish effective prevention, early
diagnosis, and intervention strategies to adequately address mental health problems in
this population.

Among the various strategies proposed to address mental health problems in children
and adolescents, physical activity (PA) has gained increasing relevance as a preventative,
therapeutic, accessible, and low-cost alternative [6]. PA is defined as “any bodily move-
ment produced by skeletal muscles that results in energy expenditure greater than resting
levels” [7]. This definition encompasses a wide range of activities that can be classified
based on their intensity, duration, context, and purpose. Unlike organized physical exercise,
which is planned, repetitive, and aims to improve one or more components of physical
fitness, PA encompasses both organized activities (such as team sports or supervised
classes) and informal activities (spontaneous games, active movements such as walking or
cycling, and recreational activities such as dancing or running in the playground) [8]. What
makes PA particularly attractive in the context of promoting children’s mental health is its
inclusiveness, versatility, and adaptability to different educational, family, and community
settings [9]. Unlike other more expensive or clinically structured interventions, PA can be
relatively easily integrated into children’s daily routines, without the need for advanced
technological resources or specialized supervision. This makes it a particularly suitable
strategy for implementation in schools, where it can be part of the physical education
curriculum, extracurricular programs, or specific school health interventions [10]. Several
studies have shown that PA has the ability to modulate physiological, emotional, and social
responses that directly impact children’s psychological well-being. Regular participation
in physical activity is associated with a greater sense of belonging, improved body image,
reduced social isolation, and higher levels of perceived competence [11]. Furthermore, it
can promote the development of social skills, such as teamwork, respect for rules, and emo-
tional self-regulation. Therefore, PA not only acts as a protective factor against emotional
symptoms but can also play a crucial role in strengthening positive psychological resources,
such as self-esteem, resilience, and self-efficacy [12,13]. These properties make physical
activity an effective and multifaceted tool for promoting the comprehensive well-being of
children and adolescents, and justify the growing interest in its evaluation within rigorous
experimental frameworks such as randomized clinical trials [14].

To guide the interpretation of the evidence, this review is framed within the biopsy-
chosocial model of mental health, which conceptualizes psychological well-being as the
result of interactions between biological, psychological, and social factors. Aerobic physical
activity represents a multidimensional intervention capable of simultaneously influencing
these domains through physiological adaptations (e.g., regulation of neurotransmitters
and neurotrophic factors), psychological mechanisms (e.g., improvements in self-esteem,
emotional regulation), and social interaction (e.g., peer belonging and group cohesion).
This integrative framework has been increasingly used to explain the role of physical
activity in youth mental health.

Within the broad spectrum of physical activity modalities, aerobic exercise has
been shown to be particularly effective in improving the mental health of children and
adolescents [15]. This type of activity is characterized by sustained, cyclical movements
that mobilize large muscle groups, at moderate to vigorous intensity, which promotes both
physiological and psychological improvements. Activities such as running, swimming,
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cycling, dancing, jumping rope, or participating in active games are common examples of
aerobic exercise and can be performed in school, community, or recreational settings. Their
accessible, dynamic, and adaptable nature makes them an ideal tool for implementation
with young populations [14].

The effectiveness of aerobic exercise on mental health is supported by various neuro-
biological and psychosocial mechanisms. In physiological terms, this type of exercise has
been shown to stimulate the release of neurotransmitters such as serotonin, dopamine, and
norepinephrine, which are involved in emotional regulation and pleasure [16]. Further-
more, it increases the secretion of endorphins, substances that act as natural analgesics and
generate feelings of well-being, and activates the endocannabinoid system, linked to the
reduction in stress and anxiety [17]. Another key effect is the increase in the expression of
BDNF (brain-derived neurotrophic factor), a neurotrophic factor that facilitates brain plas-
ticity and emotional regulation [18]. Furthermore, aerobic exercise can regulate the activity
of the hypothalamic–pituitary–adrenal axis, reducing cortisol levels and promoting greater
stress tolerance [11,19]. At the psychosocial level, group aerobic interventions promote a
sense of belonging, social support among peers, and perceived self-efficacy, all of which
are protective factors against negative emotional symptoms [10]. Regular aerobic exercise
has therefore been associated with significant decreases in depressive symptoms, anxiety,
anger, emotional fatigue, and perceived stress, and with increases in self-esteem, physical
self-concept, positive mood, and emotional resilience in healthy children and adolescents
or those at clinical risk [12,20]. These findings, along with their practical applicability,
consolidate aerobic exercise as a highly recommended intervention strategy for promoting
psychological well-being during development.

Given the alarming epidemiological trends and the limitations of conventional treat-
ments such as pharmacological and psychotherapeutic approaches, which are often costly,
stigmatized, or difficult to access for children and adolescents, there is a growing need for ef-
fective, scalable, and preventive strategies [12,15]. Aerobic exercise emerges as a promising
public health intervention with high feasibility in school and community settings. Neverthe-
less, the available evidence remains heterogeneous in terms of study design, intervention
modalities, and reported outcomes. Therefore, a rigorous synthesis of findings through
systematic review and meta-analysis is required to clarify the magnitude and consistency of
the effects of aerobic physical activity on youth mental health. In this context, this system-
atic review and meta-analysis aims to synthesize the available evidence from randomized
controlled trials (RCTs) evaluating the effects of aerobic physical activity interventions on
mental health in children and adolescents (5–18 years). Unlike previous meta-analyses,
our study provides an updated synthesis of the literature published up to 2024, includes
only RCTs, applies rigorous RoB 2 and PEDro assessments, and explores potential dose–
response relationships through meta-regression. This approach allows us to clarify the
specific contribution of aerobic interventions to child and adolescent mental health and to
strengthen the evidence base for school- and community-based implementation.

2. Materials and Methods

This review was conducted following the 2020 PRISMA statement guidelines [21] and
adhered to a pre-registered protocol in PROSPERO (registration number: CRD420251116424).
In addition, the methodological framework was guided by the recommendations outlined
in the Cochrane Handbook for Systematic Reviews of Interventions [22].

2.1. Sources of Information and Search Strategy

A comprehensive search strategy was used to identify relevant studies in multiple
electronic databases during the month of July. The following databases were consulted:
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PubMed, Scopus, Web of Science, and CINAHL. The search included articles published
through December 2024 with no language or publication status restrictions.

The search strategy included the following combination of keywords and Boolean
operators: (“aerobic exercise” OR “aerobic training” OR “cardiovascular exercise”) AND
(“mental health” OR “psychological well-being” OR “emotional health” OR “depression”
OR “anxiety” OR “self-esteem” OR self-concept OR stress) AND (“children” OR “child”
OR “youth” OR “minors” OR “adolescents”).

2.2. Selection Criteria

To ensure the relevance and quality of the included studies, the following eligibility
criteria were applied: (A) Inclusion criteria: (i) Studies evaluating the effects of aerobic
exercise on the mental health of children and adolescents; (ii) Randomized controlled trials
(RCTs); (iii) Studies with participants aged 5–18 years; (iv) Studies reporting quantita-
tive data on mental health outcomes (e.g., depression, anxiety, psychological well-being);
(B) Exclusion criteria: (i) Studies focusing on adult or older populations; (ii) Reviews, meta-
analyses, conference proceedings, commentaries, editorials, or case reports; (iii) Studies
that did not include physical activity interventions; and (iv) Studies with unclear outcomes,
incomplete data, or data that could not be reliably extracted.

2.3. Data Extraction and Reliability

Data from the included studies were extracted using a standardized extraction form
developed specifically for this review. The form captured relevant information such as:
author(s), year of publication, country, sample size and characteristics, details of the
intervention (type, frequency, duration), mental health outcomes assessed, measurement
instruments used, and main findings. Two reviewers with expertise in systematic reviews
and aerobic exercise extracted data to ensure consistency and reduce the risk of errors. Both
had prior experience conducting meta-analyses in the fields of physical activity and mental
health. Any discrepancies were resolved through discussion, and when necessary, a third
senior reviewer with extensive experience in evidence synthesis was consulted to reach a
consensus. To further enhance reliability, the results of the most recent psychology reviews
were first summarized before selecting studies potentially relevant to the defined topics.

2.4. Assessment of Methodological Quality

The methodological rigor of the included trials was evaluated using the PEDro
scale [23]. This instrument comprises 11 criteria, although only 10 contribute to the overall
score since the first item (eligibility criteria) is reported separately and not counted. Each cri-
terion is scored dichotomously (“Yes” = 1; “No” = 0), resulting in a total score ranging from
0 to 10. For interpretative purposes, studies were classified into four categories: poor (0–3),
fair (4–5), good (6–8), and excellent quality (9–10). In addition, we applied the Cochrane
Risk of Bias 2 (RoB 2) tool, which evaluates five domains: (i) randomization process,
(ii) deviations from intended interventions, (iii) missing outcome data, (iv) measurement
of the outcome, and (v) selection of the reported result. This dual approach allowed us to
complement the PEDro scoring system with a more detailed risk-of-bias assessment.

2.5. Analytical Decisions for Meta-Analysis

The outcomes of the meta-analysis were summarized in forest plots, which detailed
for each study the first author, year of publication, sample size, and the corresponding
effect sizes (Hedges’ g). Each estimate was displayed with its 95% confidence interval
and associated p-value, facilitating the interpretation of both magnitude and statistical
significance. To test the robustness of the synthesis, we performed sensitivity analyses by
sequentially excluding studies with overlapping samples, statistical outliers, or atypical val-

198



Appl. Sci. 2025, 15, 9572

ues that could bias the pooled results. The comparison between these reduced models and
the full dataset confirmed the stability of the overall effects. Additionally, subgroup analy-
ses were performed, stratifying studies according to the nature of the outcome variables.
Primary outcomes were defined a priori as depressive symptoms, anxiety, and self-esteem.
Secondary outcomes included mood, stress, resilience, and executive functioning. All
outcomes were analyzed at the post-intervention timepoint, as reported in the original
trials. The first category included indicators related to mental health, such as emotional
and behavioral symptoms (e.g., anxiety, depression, emotional regulation, and aggression).
The second grouping focused on aspects of cognitive functioning, particularly executive
skills such as working memory, inhibitory control, and cognitive flexibility. Separate meta-
analyses were conducted for each of these subgroups, allowing for a deeper understanding
of the differences in effects and a clarification of the specific impact that physical activ-
ity could have on each dimension. Given the diverse nature of the included studies, a
random-effects model was used. This methodological choice allowed for the incorporation
of potential real-world variations between the reported effect sizes, thus providing greater
generalizability of the results. Statistical heterogeneity was analyzed using Cochran’s Q
test and the I2 statistic [22]. An I2 value greater than 50% was interpreted as indicating
moderate or high heterogeneity, which could indicate differences in the methods, settings,
or characteristics of the study populations. Finally, publication bias was examined using
funnel plot analysis, which allowed us to visualize potential biases caused by the tendency
to report statistically significant results. This visual assessment was complemented with
statistical tests such as the Egger test, which served to detect potential asymmetries and
confirm the presence of bias in the set of studies reviewed.

3. Results

3.1. Study Selection Process

A total of 828 records were initially retrieved through systematic searches conducted
across four databases: PubMed (255 records), Scopus (218), Web of Science (167), and
CINAHL (188). After applying predefined filters, such as study type (randomized con-
trolled trials and original research articles), language (English and Spanish), and target
population (children and adolescents), the dataset was refined. Further screening involved
the removal of duplicate entries and the assessment of titles and abstracts based on rel-
evant keywords, resulting in 282 unique records. In the first selection stage, 154 articles
were identified as potentially relevant and subjected to full-text review. Following this
in-depth evaluation, 21 studies met all inclusion criteria and were included in the qualita-
tive synthesis and meta-analysis. The remaining 97 studies were excluded primarily due
to methodological limitations, irrelevant outcome variables, or lack of focus on physical
activity interventions. The complete selection process is illustrated in Figure 1, according
to the PRISMA 2020 guidelines.
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Figure 1. Study selection process flow chart.

3.2. Methodological Quality

The methodological rigor of the 21 studies reviewed in this systematic analysis was
assessed using the PEDro scale, a tool designed to evaluate essential aspects of study
design in randomized controlled trials. This scale produces scores from 0 to 10, excluding
the eligibility criteria item, which does not contribute to the total. In this review, PEDro
scores ranged from 2 to 7, indicating a generally moderate level of methodological quality.
No study achieved the highest possible score, and only one study reached a score of 7,
classifying it as high-quality. In contrast, three studies received scores of 3 or below, with
one study obtaining the lowest score of 2. Overall, 57% of the studies scored between
5 and 6, suggesting adequate implementation of randomization, intergroup comparisons,
and complete data reporting. However, 17% of the included articles scored 4 points, and
13% scored 3 or fewer, exposing significant methodological gaps. The most frequently
observed shortcomings were the lack of blinding for participants, therapists, or assessors;
insufficient allocation concealment; and limited application of intention-to-treat analyses.
These methodological issues are consistent with previous systematic reviews in the field of
pediatric exercise and mental health, which have similarly highlighted the frequent absence
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of blinding and inadequate reporting of randomization procedures [24,25]. Although
our assessments were conducted independently by two experienced reviewers using
standardized tools (PEDro, RoB 2), and disagreements were resolved by consensus with
a senior researcher, it must be acknowledged that critical appraisal inherently involves
a degree of subjectivity. Nevertheless, the convergence of our observations with those
reported in prior reviews suggests that these shortcomings represent structural limitations
of the literature, rather than an overly rigorous or idiosyncratic assessment by our review
team. These deficiencies heighten the potential for bias and diminish internal validity.
Thus, although many of the studies utilized broadly acceptable research methodologies,
their limitations should be acknowledged when interpreting the findings. It is essential that
future trials investigating physical activity interventions in youth with neurodevelopmental
disorders adopt more rigorous design frameworks to enhance the credibility of their
outcomes. A comprehensive summary of quality assessment results can be found in
Table 1.

Table 1. Methodological quality of the included articles.

Study 1 2 3 4 5 6 7 8 9 10 11 Total Score

Annesi et al. [26] 1 0 0 0 0 0 0 0 0 1 1 2/10

Bazzano et al. [27] 1 1 1 0 1 0 0 0 0 1 1 5/10

Bohnert et al. [28] 1 1 1 0 0 1 0 0 1 1 1 6/10

Burgess et al. [29] 1 0 0 0 1 0 0 0 0 1 1 3/10

Cowley et al. [30] 1 1 1 0 1 0 0 0 0 1 1 5/10

Crews et al. [31] 1 0 1 0 0 0 0 0 0 1 1 3/10

Eather et al. [32] 1 1 1 0 1 0 0 1 1 0 1 7/10

Gaurav et al. [33] 1 1 0 0 0 1 0 0 0 1 1 4/10

Jelanian et al. [34] 1 1 0 0 0 0 0 0 1 1 1 4/10

Khalsa et al. [35] 1 1 1 0 1 0 0 1 1 1 1 7/10

Lobo et al. [36] 1 1 1 0 0 1 1 1 0 1 1 7/10

Melnyk et al. [37] 1 1 1 0 1 0 0 0 0 1 1 5/10

Melnyk et al. [38] 1 1 1 0 0 1 0 0 0 1 1 5/10

Noggle et al. [39] 1 1 1 0 1 0 0 0 0 1 1 5/10

Olive et al. [40] 1 0 1 0 1 0 1 0 1 1 1 6/10

Sharma et al. [41] 1 0 1 0 0 0 0 0 0 1 1 3/10

Smith et al. [42] 1 1 1 0 1 0 0 0 0 1 1 5/10

Telles et al. [43] 1 1 1 0 1 0 0 1 1 1 1 7/10

Wassenaar et al. [44] 1 0 1 0 1 1 0 0 0 1 1 5/10

Ho et al. [45] 1 1 1 1 1 0 0 0 1 1 1 7/10

Wang et al. [46] 1 1 1 0 1 0 0 0 1 1 1 6/10
Scoring criteria: (1) eligibility specified; (2) random allocation; (3) concealed allocation; (4) comparable groups
at baseline; (5) participant blinding; (6) therapist blinding; (7) assessor blinding; (8) adequate follow-up;
(9) intention-to-treat analysis; (10) between-group statistical comparisons. Each item is scored as Yes = 1 or
No = 0.

The overall risk of bias assessment using the Cochrane RoB 2 tool revealed a heteroge-
neous methodological quality across the included trials. High-quality studies, such as those
conducted by Wassenaar et al. [44], Wang et al. [46] and Smith et al. [42], demonstrated a
low risk of bias, largely due to robust randomization procedures, prespecified protocols,
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appropriate handling of missing data, and the use of validated outcome measures. Con-
versely, earlier trials [26–28,31], frequently exhibited “some concerns”, primarily related
to insufficient reporting of allocation concealment, lack of preregistration, and reliance on
self-reported outcomes without assessor blinding. Studies involving yoga- or mindfulness-
based interventions [35,39,43,45] also tended to fall into the “some concerns” category,
given the challenges in participant blinding and the absence of detailed analytic protocols,
despite showing adequate adherence and acceptable data completeness. Importantly, none
of the included trials was judged to be at high risk of bias, and sensitivity analyses con-
firmed that excluding studies with greater methodological concerns did not substantially
alter the pooled estimates. Overall, the evidence base can be considered moderately robust,
with stronger confidence derived from more recent, preregistered school-based RCTs that
reported outcomes in line with their protocols (Figure 2).

Figure 2. Risk of bias of the included articles [26–34,36–46]. D1: bias arising from the randomization
process; D2: bias due to deviations from the intended intervention; D3: bias due to missing outcome
data; D4: bias in the measurement of the outcome; D5: bias in the selection of the reported result.

3.3. Characteristics of the Studies

This systematic review included a total of 21 randomized controlled trials (RCTs) that
investigated the effects of aerobic or movement-based physical activity interventions on the
psychological and emotional well-being of children and adolescents. The studies were con-
ducted between 2004 and 2025, and took place in a range of countries including the United
States, United Kingdom, Australia, India, Mexico, China, and Iran, reflecting a geographi-
cally and culturally diverse research base. Participants across studies were predominantly
school-aged children and adolescents, with mean ages ranging from 5.2 to 17.2 years. The
sample sizes varied considerably, with studies enrolling between 19 and 627 participants.
Most studies included comparable numbers of participants in the intervention and control
groups, though some presented modest imbalances. The control conditions generally
comprised standard school-based physical education classes, health education programs,

202



Appl. Sci. 2025, 15, 9572

or wait-list groups, and in some cases, no active intervention. Intervention characteristics
showed considerable variability. The type of physical activity was predominantly aerobic
in nature but implemented through diverse formats, including traditional aerobic exercise
sessions, yoga-based interventions, circuit training, or sport-related group activities. The
frequency of sessions ranged from 1 to 6 times per week, while the duration of each session
varied from 15 to 90 min. The total length of the interventions spanned from 6 to 30
weeks, with the majority of programs lasting between 8 and 12 weeks. The intensity of
exercise was commonly classified as moderate to vigorous, although several interventions
also included low-intensity components. Regarding the outcomes assessed, the studies
employed a wide array of validated psychological and behavioral instruments. The most
frequently measured variables included depressive symptoms, anxiety, self-esteem and
self-concept, and mood states. Additional outcomes included stress, executive function,
resilience, social skills, and quality of life, measured with tools such as the PSS, Stroop Test,
SSRS, PedsQL, and others. Overall, the studies included in this review demonstrate con-
siderable heterogeneity in terms of intervention design, duration, intensity, and outcome
assessment. However, they share a common focus on evaluating the mental and emotional
effects of physical activity in youth populations, and collectively provide a comprehensive
view of its potential benefits in diverse educational and clinical settings (Table S1).

3.4. Study Results

This review included 21 randomized controlled trials that examined the impact of
268 structured aerobic or movement-based physical activity programs on the emotional
and psychosocial health of children and adolescents. Overall, the interventions tended to
reduce depressive and anxiety symptoms and promote self-esteem, self-concept, mood
regulation, stress management, and resilience, although effect sizes and consistency varied
according to intervention features and outcome measures Depressive symptoms were
evaluated in 11 of the included studies [26,27,29,31,33,35,37,38,40,44,46]. Of these, eight
studies [27,30,32,37,38,40,45,46] reported statistically significant reductions in depression
levels in the intervention groups compared to controls. These improvements were more
evident in programs of moderate to vigorous intensity, conducted at least three times per
week, and lasting 8 to 12 weeks. Interventions that incorporated not only physical exertion
but also supportive or skill-building environments appeared particularly beneficial in
reducing depressive symptomatology.

Anxiety was measured in 8 studies [26,27,31,35,37,38,41,46], using various standard-
ized instruments including the STAIC, SCARED, and subscales of the BASC-2. Among
these, five studies [27,35,41,45,46] reported significant reductions in anxiety levels among
participants in the physical activity groups. These studies generally used structured, rhyth-
mic, or mindfulness-based movement, such as yoga or aerobic exercise combined with
relaxation or cognitive-behavioral components. Improvements were more likely when
the interventions were delivered consistently (4–5 times per week) and included elements
targeting emotional regulation.

Self-esteem and self-concept outcomes were assessed in 13 studies [26,28,30–32,34–
36,42–46], using tools such as the Self-Perception Profile for Children (SPPC), CY-PSPP, and
SDQ-I. Six of these studies [28,32,36,45,46] found significant improvements in self-esteem
or domain-specific self-concepts, particularly in physical self-perception, general self-
worth, and social competence. Programs that promoted motor skill development, mastery
experiences, and social interaction appeared to have the greatest impact on perceived
competence and global self-esteem.

Mood and emotional state were examined in 7 studies [26,28,29,39,42] using tools such
as the Profile of Mood States-Short Form (POMS-SF) and other emotion-related subscales.
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Four of these studies [28,31,39,42] reported reductions in negative affect (e.g., tension, anger,
fatigue) and/or increases in positive mood following the intervention. These findings
were particularly associated with programs that combined movement with mindfulness,
relaxation, or social-emotional learning components.

Stress was directly evaluated in 5 studies [33,35,36,41], and three of them [33,35,41]
found significant reductions in perceived stress post-intervention. Notably, both of these
studies incorporated yoga-based practices and cognitive-behavioral strategies, suggesting
an additive benefit when physical activity is combined with psychological techniques
targeting stress regulation.

Resilience was specifically assessed in 2 studies [37,38], both of which reported signifi-
cant improvements in post-intervention scores. These findings support the hypothesis that
regular physical activity may enhance adaptive emotional functioning, particularly when
programs include components that foster coping skills and emotional awareness.

In general, studies with higher frequency and intensity, session durations of at least
45 min, and programs lasting more than eight weeks were more likely to produce significant
psychosocial benefits. The heterogeneity of intervention formats, delivery settings, and
outcome measures limits direct comparisons, but overall, the results suggest that structured
physical activity interventions can positively influence emotional well-being and self-
perceptions in youth.

3.5. Meta-Analysis

Although 21 randomized controlled trials were included in the qualitative synthesis,
only 19 were retained in the quantitative meta-analysis. Two studies were excluded from
the pooled analyses because they did not provide sufficient data to calculate standardized
effect sizes, despite fulfilling all other eligibility criteria The heterogeneity analysis yielded
a Q value of 694.334 with 38 degrees of freedom, indicating substantial between-study
variability. This is supported by the I2 statistic of 94.53%, which suggests that a large
proportion of the variability in effect sizes is due to true heterogeneity rather than chance.
In addition, the Tau2 was 0.593 and the Tau value was 0.770, indicating a considerable
dispersion among the estimated true effects. Given this level of heterogeneity, a random-
effects model was applied to obtain more accurate pooled estimates. The overall effect size
was 0.081, with a 95% confidence interval ranging from 0.024 to 0.138. Figure 3 displays a
forest plot summarizing these results, highlighting a general trend toward positive effects
of aerobic physical activity on mental health outcomes, although with some variability
across individual studies.

3.5.1. Subgroup Analysis

A subgroup analysis was performed considering the five variables included in the
study. The results showed statistically significant effects in the domains of depression
(g = 0.132; p = 0.004) and anxiety (g = 0.314; p < 0.001), with small to moderate effect
sizes in the expected direction. However, in the subgroups corresponding to mood and
self-esteem, the effects did not reach statistical significance. Even so, the effect sizes show a
consistent trend across the different domains, which provide support for the robustness of
the main findings.

Depression

The results of the meta-analysis showed an overall standardized effect size (g) of 0.132,
indicating a small to moderate positive effect of aerobic interventions on depression levels
in children and adolescents. This effect was statistically significant (p = 0.004), and the
95% confidence interval [0.042, 0.222] does not include zero, supporting the presence of
a real effect (Figure 4). To assess between-study heterogeneity, the Q test was applied,
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yielding a value of 188.146 with 10 degrees of freedom and a p < 0.001, indicating significant
heterogeneity among the included studies. This conclusion is reinforced by the I2 statistic
of 94.69%, suggesting that approximately 95% of the observed variability among effect sizes
is due to real differences between studies, rather than chance. The values of Tau2 = 0.482
and Tau = 0.694 confirm a high degree of dispersion among the estimated true effects.
Given this high level of heterogeneity, a random-effects model was used for the analysis,
which is methodologically appropriate considering the variability between studies in
terms of design, sample characteristics, and intervention applied. Although the Egger test
showed p = 0.054, suggesting some possibility of publication bias, this evidence should be
interpreted with caution due to the relatively small number of included studies and the
high level of heterogeneity (Figure 5).

Study name Subgroup within study Statistics for each study Std diff in means and 95% CI

Std diff Standard Lower Upper 
in means error Variance limit limit Z-Valuep-Value

Annesi et al. [24] Anxiety 0,367 0,211 0,045 -0,047 0,780 1,737 0,082
Annesi et al. [24] Depression 0,803 0,218 0,047 0,377 1,230 3,693 0,000
Annesi et al. [24] Mood and emotional state -0,314 0,211 0,044 -0,727 0,098 -1,492 0,136
Annesi et al. [24] Self-esteem 0,314 0,211 0,044 -0,099 0,727 1,491 0,136
Bazzano et al. [25] Anxiety -0,243 0,217 0,047 -0,668 0,181 -1,124 0,261
Bazzano et al. [25] Depression -0,497 0,219 0,048 -0,926 -0,067 -2,268 0,023
Bohnert et al. [26] Self-esteem 0,049 0,247 0,061 -0,435 0,532 0,197 0,844
Burgess et al. [27] Depression 0,262 0,201 0,040 -0,132 0,656 1,304 0,192
Burgess et al. [27] Mood and emotional state 0,235 0,201 0,040 -0,158 0,629 1,173 0,241
Cowley et al. [28] Self-esteem 0,450 0,313 0,098 -0,163 1,063 1,438 0,150
Crews et al. [29] Anxiety -0,436 0,249 0,062 -0,924 0,053 -1,748 0,081
Crews et al. [29] Depression -0,897 0,258 0,067 -1,404 -0,391 -3,472 0,001
Crews et al. [29] Self-esteem -6,752 0,637 0,406 -8,001 -5,503 -10,596 0,000
Eather et al. [30] Self-esteem 0,270 0,205 0,042 -0,132 0,673 1,315 0,188
Gaurav et al. [31] Anxiety -1,984 0,262 0,069 -2,498 -1,471 -7,575 0,000
Gaurav et al. [31] Depression -2,285 0,276 0,076 -2,825 -1,745 -8,289 0,000
Gaurav et al. [31] Stress -2,284 0,276 0,076 -2,824 -1,744 -8,287 0,000
Ho et al. [43] Self-esteem 0,222 0,257 0,066 -0,282 0,725 0,863 0,388
Jelanian et al. [32] Self-esteem 0,037 0,258 0,067 -0,469 0,543 0,145 0,885
Khalsa et al. [33] Anxiety -0,009 0,199 0,040 -0,398 0,381 -0,044 0,965
Khalsa et al. [33] Depression 0,016 0,199 0,040 -0,374 0,406 0,080 0,936
Khalsa et al. [33] Self-esteem -0,103 0,199 0,040 -0,493 0,287 -0,518 0,605
Khalsa et al. [33] Stress 0,075 0,199 0,040 -0,314 0,465 0,379 0,705
Lobo et al. [34] Self-esteem 0,587 0,323 0,105 -0,046 1,221 1,817 0,069
Lobo et al. [34] Stress 0,415 0,320 0,102 -0,213 1,042 1,296 0,195
Melnyk et al. [35] Anxiety 0,695 0,489 0,239 -0,263 1,653 1,422 0,155
Melnyk et al. [35] Depression -0,127 0,476 0,227 -1,060 0,806 -0,266 0,790
Melnyk et al. [36] Anxiety 0,912 0,084 0,007 0,747 1,077 10,827 0,000
Melnyk et al. [36] Depression 0,760 0,083 0,007 0,597 0,922 9,151 0,000
Noggle et al. [37] Mood and emotional state -0,716 0,315 0,099 -1,334 -0,098 -2,271 0,023
Noggle et al. [37] Stress -0,284 0,309 0,095 -0,889 0,321 -0,921 0,357
Olive et al. [38] Depression -0,035 0,078 0,006 -0,188 0,118 -0,450 0,653
Sharma et al. [39] Stress -2,391 0,239 0,057 -2,860 -1,922 -10,001 0,000
Smith et al. [40] Self-esteem 0,163 0,090 0,008 -0,014 0,340 1,809 0,070
Telles et al.[41] Self-esteem 0,047 0,202 0,041 -0,349 0,443 0,232 0,816
Wang et al. [44] Anxiety -0,960 0,244 0,059 -1,438 -0,482 -3,936 0,000
Wang et al. [44] Depression -0,791 0,240 0,058 -1,261 -0,321 -3,299 0,001
Wassenaar et al. [42]Depression 0,111 0,196 0,039 -0,274 0,496 0,565 0,572
Wassenaar et al. [42]Self-esteem -0,070 0,196 0,038 -0,454 0,315 -0,357 0,721

0,081 0,029 0,001 0,024 0,138 2,801 0,005
-4,00 -2,00 0,00 2,00 4,00

Favours A Favours B

Figure 3. Forest plot of the meta-analysis on the effects of aerobics interventions on mental health in
children and adolescents.

Study name Subgroup within study Statistics for each study Std diff in means and 95% CI

Std diff Standard Lower Upper 
in means error Variance limit limit Z-Valuep-Value

Annesi et al. [24] Depression 0,803 0,218 0,047 0,377 1,230 3,693 0,000
Bazzano et al. [25] Depression -0,497 0,219 0,048 -0,926 -0,067 -2,268 0,023
Burgess et al. [27] Depression 0,262 0,201 0,040 -0,132 0,656 1,304 0,192
Crews et al. [29] Depression -0,897 0,258 0,067 -1,404 -0,391 -3,472 0,001
Gaurav et al. [31] Depression -2,285 0,276 0,076 -2,825 -1,745 -8,289 0,000
Khalsa et al. [33] Depression 0,016 0,199 0,040 -0,374 0,406 0,080 0,936
Melnyk et al. [35] Depression -0,127 0,476 0,227 -1,060 0,806 -0,266 0,790
Melnyk et al. [36] Depression 0,760 0,083 0,007 0,597 0,922 9,151 0,000
Olive et al. [38] Depression -0,035 0,078 0,006 -0,188 0,118 -0,450 0,653
Wang et al. [44] Depression -0,791 0,240 0,058 -1,261 -0,321 -3,299 0,001
Wassenaar et al. [42] Depression 0,111 0,196 0,039 -0,274 0,496 0,565 0,572

0,132 0,046 0,002 0,042 0,222 2,885 0,004
-4,00 -2,00 0,00 2,00 4,00

Favours A Favours B

Figure 4. Forest plot of the meta-analysis on the effects of aerobics interventions on depression in
children and adolescents.
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Figure 5. Funnel plot for depression.

Anxiety

The results of the meta-analysis indicated an overall standardized effect size (Hedges’
g) of 0.314, representing a small to moderate positive effect of aerobic interventions on
anxiety levels in children and adolescents. This effect was statistically significant (p < 0.001),
and the 95% confidence interval [0.193, 0.435] excluded zero, supporting the presence of a
real and reliable effect (Figure 6). To evaluate the degree of heterogeneity across studies,
the Q test yielded a value of 173.626 with 7 degrees of freedom (p < 0.001), indicating
significant between-study variability. This was further supported by an I2 statistic of
95.97%, suggesting that nearly all the variability in observed effect sizes is due to actual
differences between studies rather than random error. Moreover, the Tau2 value of 0.943
and Tau value of 0.971 confirmed a high level of dispersion in the true effect estimates.
Given the substantial heterogeneity, a random-effects model was employed, which the
appropriate analytical approach is considering potential differences across studies in terms
of sample demographics, study design, and implementation of interventions. Although
Egger’s test indicated potential publication bias (p = 0.019), this result should be interpreted
with caution due to the small number of studies included in the analysis and the high
degree of heterogeneity (Figure 7).
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Study name Subgroup within study Statistics for each study Std diff in means and 95% CI

Std diff Standard Lower Upper 
in means error Variance limit limit Z-Value p-Value

Annesi et al. [24] Anxiety 0,367 0,211 0,045 -0,047 0,780 1,737 0,082
Bazzano et al. [25]Anxiety -0,243 0,217 0,047 -0,668 0,181 -1,124 0,261
Crews et al. [29] Anxiety -0,436 0,249 0,062 -0,924 0,053 -1,748 0,081
Gaurav et al. [31] Anxiety -1,984 0,262 0,069 -2,498 -1,471 -7,575 0,000
Khalsa et al. [33] Anxiety -0,009 0,199 0,040 -0,398 0,381 -0,044 0,965
Melnyk et al. [35] Anxiety 0,695 0,489 0,239 -0,263 1,653 1,422 0,155
Melnyk et al. [36] Anxiety 0,912 0,084 0,007 0,747 1,077 10,827 0,000
Wang et al. [44] Anxiety -0,960 0,244 0,059 -1,438 -0,482 -3,936 0,000

0,314 0,062 0,004 0,193 0,435 5,082 0,000

-4,00 -2,00 0,00 2,00 4,00

Favours A Favours B

Figure 6. Forest plot of the meta-analysis on the effects of aerobics interventions on anxiety in children
and adolescents.

 

Figure 7. Funnel plot for anxiety.

Mood and Emotional State

The results of the meta-analysis indicated an overall standardized effect size (Hedges’
g) of −0.147, suggesting a small negative and non-significant effect of aerobic interventions
on mood and emotional state in children and adolescents. This effect did not reach statistical
significance (p = 0.265), and the 95% confidence interval [−0.406, 0.112] includes zero,
indicating uncertainty about the presence of a true effect (Figure 8). To assess heterogeneity
among the included studies, the Q test yielded a value of 7.517 with 2 degrees of freedom
(p = 0.023), indicating significant variability between studies. This finding is supported by
an I2 statistic of 73.39%, which shows that a considerable portion of the observed variance
in effect sizes can be attributed to real differences rather than random error. Additionally,
the Tau2 value of 0.153 and Tau value of 0.391 reflect a moderate level of dispersion in
the true effects. Given this level of heterogeneity, the use of a random-effects model
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was justified, as it appropriately accounts for differences in study populations, designs,
and intervention characteristics. Although Egger’s test (p = 0.208) did not indicate clear
evidence of publication bias, the limited number of studies and observed heterogeneity
suggest that this result should be interpreted with caution (Figure 9).

Study name Subgroup within study Statistics for each study Std diff in means and 95% CI

Std diff Standard Lower Upper 
in means error Variance limit limit Z-Value p-Value

Annesi et al. [24] Mood and emotional state -0,314 0,211 0,044 -0,727 0,098 -1,492 0,136
Burgess et al. [27] Mood and emotional state 0,235 0,201 0,040 -0,158 0,629 1,173 0,241
Noggle et al. [37] Mood and emotional state -0,716 0,315 0,099 -1,334 -0,098 -2,271 0,023

-0,147 0,132 0,017 -0,406 0,112 -1,114 0,265

-4,00 -2,00 0,00 2,00 4,00

Favours A Favours B

Figure 8. Forest plot of the meta-analysis on the effects of aerobics interventions on mood in children
and adolescents.

 

Figure 9. Funnel plot for mood.

Self-Esteem

The results of the meta-analysis indicated an overall standardized effect size (Hedges’
g) of 0.091, suggesting a small and non-significant positive effect of aerobic interventions
on self-esteem levels in children and adolescents. This effect did not reach statistical
significance (p = 0.107), and the 95% confidence interval [−0.020, 0.202] includes zero,
reflecting uncertainty regarding the presence of a true underlying effect (Figure 10). To
assess the degree of heterogeneity among the studies, the Q test produced a value of 123.528
with 11 degrees of freedom (p < 0.001), indicating substantial between-study variability. This
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was further corroborated by an I2 statistic of 91.10%, which suggests that a large proportion
of the observed variation in effect sizes is due to real differences between studies rather
than chance. The Tau2 value of 0.444 and Tau value of 0.667 also indicate a moderate
level of dispersion in the true effect estimates. Given the considerable heterogeneity, the
application of a random-effects model was appropriate to account for variations in study
populations, intervention protocols, and methodological approaches. Although Egger’s
test yielded a p-value of 0.077, which does not provide strong evidence for publication
bias, this finding should be interpreted with caution due to the relatively small number of
included studies and the high heterogeneity detected (Figure 11).

Study name Subgroup within study Statistics for each study Std diff in means and 95% CI
Std diff Standard Lower Upper 

in means error Variance limit limit Z-Valuep-Value
Annesi et al. [24] Self-esteem 0,314 0,211 0,044 -0,099 0,727 1,491 0,136
Bohnert et al. [26] Self-esteem 0,049 0,247 0,061 -0,435 0,532 0,197 0,844
Cowley et al. [28] Self-esteem 0,450 0,313 0,098 -0,163 1,063 1,438 0,150
Crews et al. [29] Self-esteem -6,752 0,637 0,406 -8,001 -5,503-10,596 0,000
Eather et al. [30] Self-esteem 0,270 0,205 0,042 -0,132 0,673 1,315 0,188
Ho et al. [43] Self-esteem 0,222 0,257 0,066 -0,282 0,725 0,863 0,388
Jelanian et al. [32] Self-esteem 0,037 0,258 0,067 -0,469 0,543 0,145 0,885
Khalsa et al. [33] Self-esteem -0,103 0,199 0,040 -0,493 0,287 -0,518 0,605
Lobo et al. [34] Self-esteem 0,587 0,323 0,105 -0,046 1,221 1,817 0,069
Smith et al. [40] Self-esteem 0,163 0,090 0,008 -0,014 0,340 1,809 0,070
Telles et al.[41] Self-esteem 0,047 0,202 0,041 -0,349 0,443 0,232 0,816
Wassenaar et al. [42] Self-esteem -0,070 0,196 0,038 -0,454 0,315 -0,357 0,721

0,091 0,056 0,003 -0,020 0,202 1,614 0,107
-4,00 -2,00 0,00 2,00 4,00

Favours A Favours B

Figure 10. Forest plot of the meta-analysis on the effects of aerobics interventions on self-esteem in
children and adolescents.

 

Figure 11. Funnel plot for self-esteem.

Stress

The results of the meta-analysis indicated an overall standardized effect size (Hedges’
g) of −0.904, reflecting a large and statistically significant reduction in stress levels among
children and adolescents following aerobic interventions. This effect was statistically sig-
nificant (p < 0.001), and the 95% confidence interval [−1.129, −0.680] did not include zero,
confirming the presence of a true and robust effect (Figure 12). To evaluate heterogene-
ity among the included studies, the Q test yielded a value of 109.020 with 11 degrees of
freedom (p < 0.001), indicating substantial variability between studies. This conclusion is
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further supported by an I2 statistic of 96.33%, showing that the vast majority of observed
variance across studies is due to real differences rather than sampling error. Additionally,
Tau2 = 1.785 and Tau = 1.336 reflect a high degree of dispersion in the true effect sizes.
Given the magnitude of heterogeneity, the use of a random-effects model was appropriate,
accounting for differences in study design, intervention types, and sample characteristics.
Although Egger’s test yielded a p-value of 0.475, suggesting no strong evidence of publi-
cation bias, this result should still be interpreted cautiously due to the small number of
studies and the high heterogeneity observed (Figure 13).

Study name Subgroup within study Statistics for each study Std diff in means and 95% CI

Std diff Standard Lower Upper 
in means error Variance limit limit Z-Valuep-Value

Gaurav et al. [31] Stress -2,284 0,276 0,076 -2,824 -1,744 -8,287 0,000
Khalsa et al. [33] Stress 0,075 0,199 0,040 -0,314 0,465 0,379 0,705
Lobo et al. [34] Stress 0,415 0,320 0,102 -0,213 1,042 1,296 0,195
Noggle et al. [37] Stress -0,284 0,309 0,095 -0,889 0,321 -0,921 0,357
Sharma et al. [39] Stress -2,391 0,239 0,057 -2,860 -1,922-10,001 0,000

-0,904 0,115 0,013 -1,129 -0,680 -7,896 0,000

-4,00 -2,00 0,00 2,00 4,00

Favours A Favours B

Figure 12. Forest plot of the meta-analysis on the effects of aerobics interventions on stress in children
and adolescents.

 

Figure 13. Funnel plot for stress.

3.5.2. Sensitivity Analyses

To assess the robustness of the findings, several sensitivity analyses were conducted.
First, studies with duplicate or overlapping samples were excluded to avoid redundancy
in effect estimates. Second, statistical outliers presenting extreme effect sizes were removed
to evaluate their influence on the pooled results. Third, interventions primarily based on
yoga or mindfulness were excluded, since these could be considered conceptually distinct
from conventional aerobic training.

The exclusion of duplicate or overlapping studies did not substantially modify the
overall effect sizes across outcomes. Similarly, the removal of outliers slightly reduced
heterogeneity values but did not change the direction or statistical significance of the
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results. Regarding the exclusion of yoga/mindfulness-based interventions, the pooled
effect on anxiety decreased modestly (from Hedges’ g = 0.31 to g = 0.26) but remained
statistically significant, supporting the robustness of the association between aerobic ac-
tivity and improved mental health outcomes. Overall, these analyses confirmed that the
main conclusions of the meta-analysis were not driven by any single study or subgroup
of interventions.

3.5.3. Meta-Regression

To explore the high level of heterogeneity observed in the main analyses (I2 > 90%),
meta-regressions were performed to explore potential sources of heterogeneity. Variables
included were intervention duration (weeks), frequency of weekly sessions, mean age of
participants, and intervention type. The duration of the interventions (weeks) did not show
a significant association with the outcomes (coeff. = −0.0208; 95% CI: −0.0829 to 0.0413;
p = 0.511), explaining zero proportion of the variance between studies (R2 = 0.0%). Similarly,
the mean age of participants was not found to be a significant moderator (coeff. = 0.0105;
95% CI: −0.0755 to 0.0965; p = 0.811), with no reduction in heterogeneity (R2 = 0.0%).
Regarding the type of intervention (aerobic, school-based, combined), the comparisons did
not reach overall statistical significance (Q = 1.75; p = 0.781), indicating that the exercise
modality did not consistently explain the variability in the effect sizes. In contrast, the
number of sessions per week emerged as a significant moderator. The analysis showed that
a higher number of sessions was associated with a reduced effect size (coefficient = −0.3499;
95% CI: −0.5068 to −0.1930; p < 0.001), explaining approximately 24% of the variance
between studies (R2 = 0.24). Overall, the analyses suggest that the weekly frequency of
sessions may be a determining factor in the magnitude of the observed effects, while
duration, participant age, and intervention type did not appear to significantly influence
the effect size.

4. Discussion

The primary objective of this systematic review and meta-analysis was to evaluate the
effects of aerobic physical activity-based interventions on multiple dimensions of mental
health in children and adolescents, including depressive symptoms, anxiety, self-esteem,
mood/emotional state, and resilience. The systematic review was designed to provide a
comprehensive synthesis of the available randomized controlled trials, mapping the breadth
and quality of the evidence. The meta-analysis aimed to quantitatively pool the results in
order to estimate the overall magnitude of the effects, explore sources of heterogeneity, and
identify potential dose–response patterns. Conducting both approaches in parallel allowed
us not only to summarize the existing literature but also to generate robust effect estimates
and examine moderators that cannot be addressed through qualitative synthesis alone. The
main findings indicate that these interventions produce small to moderate benefits on most
of the variables analyzed, with the most consistent effects being improved self-esteem and
stress reduction. Although the magnitude of the effects varies across studies, the results
support the integration of regular aerobic programs as a preventive and therapeutic tool
for the psychological well-being of children and adolescents.

Although significant improvements were observed in domains such as anxiety and de-
pressive symptoms, the pooled effects were small in magnitude (g ≈ 0.08) and accompanied
by substantial heterogeneity (I2 = 94.5%). These findings highlight the need for cautious
interpretation. In particular, potential dose–response signals (≥45 min, ≥3 sessions/week,
≥8 weeks) require further confirmation, and methodological shortcomings such as limited
allocation concealment, lack of blinding, and modest PEDro scores (mostly 5–6/10) limit
the internal validity. Therefore, while aerobic interventions appear promising, the clinical
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impact of the effects observed in this review should be considered modest and highly
context-dependent. Depression in children and adolescents represents a critical public
health problem, associated with low self-esteem, academic difficulties, social isolation,
and risk of self-harm [47]. The present meta-analysis observed that aerobic exercise-based
interventions generated a positive effect on depressive symptoms in this population, with
small to moderate effect sizes. These findings are consistent with the results obtained by
Korczak et al. [48], who in their systematic review concluded that aerobic physical activ-
ity programs produce significant improvements in mood in young people with mild to
moderate depressive symptoms. Similarly, in a recent meta-analysis, Bailey et al. [8] high-
lighted that regular physical exercise is associated with a significant reduction in depression
levels, particularly when interventions are implemented in structured and frequently su-
pervised settings. Compared to psychotherapeutic treatments such as cognitive-behavioral
therapy, aerobic exercise does not require specialized clinical infrastructure, facilitating
its implementation in school or community settings. Notably, research such as that by
Kvam et al. [49] showed that, although CBT remains an effective option, physical activity
programs offer similar benefits, with fewer barriers to access. Studies such as that by
Tan et al. [50], conducted in multicultural school settings, also corroborate that structured
exercise improves not only mood, but also academic engagement and social interaction,
acting as an integral psychosocial resource. Therefore, these findings suggest that aerobic
exercise is an accessible, low-cost, and effective tool for the prevention and complementary
treatment of depressive symptoms in children and adolescents.

Anxiety is one of the most common psychological conditions in adolescence, signifi-
cantly affecting academic, social, and emotional functioning [51]. This stage of development
is characterized by numerous neurobiological and psychosocial changes that increase the
vulnerability to experiencing anxiety symptoms, both in their transient (state) and more
stable and persistent (trait) forms [52]. In the present meta-analysis, the effects of aero-
bic interventions on anxiety levels were small and did not reach statistical significance.
These findings align with those reported by Pascoe et al. [53], who indicated that the
benefits of physical activity on anxiety in adolescents are modest, especially when the
intervention does not include a specific emotion regulation component. The variability in
results could be due, in part, to differences in the intensity, duration, and format of the
interventions. Structured group programs that promote social cohesion and the perception
of emotional safety often generate better outcomes compared to individual or unsupervised
programs [54]. Furthermore, the lack of robust effects may be related to the type of anxiety
assessed, given that measurement tools do not always accurately discriminate between trait
and state anxiety [55]. Compared with treatments specifically designed to reduce anxiety,
such as cognitive-behavioral therapy or mindfulness programs, aerobic physical activity
may offer a lesser effect, although its inclusion within multicomponent interventions has
been shown to be effective in enhancing overall mental health outcomes [56]. Therefore,
although aerobic PA is not a specific treatment for anxiety, it does represent a preventive
and complementary alternative that can benefit school and clinical populations when
implemented appropriately.

Self-esteem is one of the central pillars of healthy psychological development during
adolescence, as it influences emotional regulation, social behavior, and the ability to cope
with stressful situations. Positive self-esteem has been associated with a lower risk of
developing disorders such as depression, anxiety, and eating disorders [57]. In the present
meta-analysis, aerobic interventions showed a moderate positive effect on self-esteem in
children and adolescents, with notable consistency across the included studies. This finding
is consistent with the results of Ekeland et al. [58], who in their Cochrane review empha-
sized that physical activity programs have a beneficial impact on general self-concept and
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self-esteem, especially when implemented in educational settings. Furthermore, recent
studies such as that of Gentile et al. [59] have identified that improvements in the per-
ception of physical competence, one of the key dimensions of self-concept, mediate the
relationship between physical activity and self-esteem. This improvement is enhanced
when activities are perceived as enjoyable, challenging, and socially integrative. Inter-
ventions based on dance, functional training, or adapted sports have also demonstrated
positive effects on body perception and self-image, as evidenced by the work of Fernández-
Bustos et al. [60] and Saavedra et al. [61]. These findings suggest that, beyond the specific
modality, regular participation in structured and supervised aerobic physical activity repre-
sents an effective strategy for strengthening self-esteem during adolescence, especially in
vulnerable populations.

Resilience, defined as the ability to effectively cope with adverse situations and recover
from them with positive adaptation, is considered an essential psychosocial competency
in adolescent development. This skill acts as a protective factor against the onset of
emotional disorders and facilitates better school and social integration [62]. Although
it has received less attention than other psychological variables, the studies included in
this review that measured resilience as an outcome showed positive effects derived from
participation in aerobic interventions. These results are consistent with those proposed
by Paulus et al. [3], who point out that physical activity promotes coping mechanisms,
emotional strengthening, and perseverance, all of which are fundamental components
in building resilience. Furthermore, research such as that of McMahon et al. [63] has
proposed that physical exercise promotes resilience through neurobiological processes such
as neurogenesis and regulation of the HPA (hypothalamic–pituitary–adrenal) axis, as well
as by improving emotional regulation and perceived self-efficacy. Furthermore, regular
structured physical activity, especially in group and supervised settings, has been shown
to foster autonomy, decision-making, and problem-solving, all of which are key elements
in resilient response [64]. While these findings are promising, it is necessary to increase
the number and methodological quality of studies that explicitly assess this dimension
as a primary variable, as well as to employ validated and standardized psychometric
instruments in adolescent populations. This will consolidate the evidence on the role of
aerobic physical exercise as an effective strategy for fostering resilience in young people.

Meta-regression analyses allowed for the exploration of dose–response signals. Weekly
session frequency emerged as a significant moderator, indicating that interventions with
≥3 sessions per week produced more consistent effects. In contrast, total duration in weeks,
participant age, and exercise type did not show significant associations. These preliminary
findings suggest that program regularity, rather than duration alone, may be a key factor.

Despite the methodological soundness applied in this systematic review with meta-
analysis, there are several limitations that should be considered when interpreting the
results. First, the high heterogeneity observed in several analyses (I2 > 90%) suggests
significant variability among the included studies, possibly attributable to differences in
methodological designs, intervention characteristics, program durations, population types,
and assessment tools used. Although random-effects models and subgroup analyses were
applied, this heterogeneity could affect the generalizability of the results. Second, the
limited number of studies per specific variable, especially in the case of resilience and
emotional well-being, reduces the statistical power of the analyses and limits the ability to
draw definitive conclusions about these dimensions. Furthermore, some studies lacked
long-term follow-up, making it impossible to determine whether the observed positive
effects are sustainable over time. Another relevant limitation is the lack of homogeneity
in the measurement of psychological variables. Multiple instruments were used to assess
similar constructs, such as self-esteem or mood, complicating direct comparison of results
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across studies. Furthermore, not all included trials clearly reported exercise intensity, pro-
gram adherence, or level of supervision, which affects intervention fidelity and replicability.
Unlike previous reviews, the present study focused exclusively on randomized controlled
trials in populations aged 5 to 18 years and included recent literature published since 2020.
These criteria allow for a more up-to-date, rigorous, and targeted synthesis for mental
health promotion in school settings.

5. Conclusions

This meta-analysis provides relevant evidence on the impact of aerobic physical activ-
ity interventions on the mental health of children and adolescents. The results suggest that
these interventions have a moderate positive effect on self-esteem and depressive symp-
toms, and more modest effects on mood, anxiety, and resilience. These conclusions support
the value of physical activity as a non-pharmacological tool for promoting psychological
well-being in children and adolescents. Given its accessibility, low cost, and potential for
implementation in school and community settings, aerobic physical activity represents a
promising public health strategy. However, more studies with rigorous designs, larger
samples, and longitudinal follow-up are needed, especially focusing on less-explored vari-
ables such as resilience and emotional well-being. Therefore, promoting regular aerobic
exercise could constitute an effective intervention for strengthening mental health during
key developmental stages such as childhood and adolescence. This strategy should be
considered an integral part of educational and preventive programs aimed at promoting
psychological well-being at early ages.
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Abbreviations

The following abbreviations are used in this manuscript:

PA physical activity
BDNF Brain-derived neurotrophic factor
RCTs Randomized controlled trials
PHQA Patient Health Questionnaire–A
SCARED The Screen for Child Anxiety and Related Emotional Disorders
SDQ The Self-Description Questionnaire
SSRS Social Skills Rating System
CY-PSPP Children and Youth Physical Self-Perception Profile
PSDQ Physical Self-Description Questionnaire
SAS–A the Social Anxiety Scale for Adolescents
SPPA Self-Perception Profile for Adolescents
BASC-2 Behavior Assessment System for Children–Second Edition
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RS Resilience Scale
PSS The Perceived Stress Scale
BYI-II The Beck Depression Inventory and The Beck anxiety Inventory
STAIC The State–Trait Anxiety Inventory for Children
SDQ-I Self-Description Questionnaire I
POMS-SF Profile of Mood States–Short Form
CDI-2 Children’s Depression Inventory-2
ASS the Academic Stress Scale
CDI The Children’s Depression Inventory
ISEQ the Indian adaptation of Battle’s self-esteem questionnaire
SPPC Self-Perception Profile for Children
SF-12v2 Short Form-12 Health Survey version 2
RSES Rosenberg Self-Esteem Scale
SEAS Student Examination Anxiety Scale
ADSS Anxiety, Depression and Stress Scale
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