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The single-leg sit-to-stand test is valid and reliable for assessing lower limb

performance and asymmetry in international cross-country skiers

Miirsit Ceyhun Birinci, Yiicel Makaraci, Buket Sevindik Aktas, Gokhan Atasever, Juan D Ruiz-Cardenas

ABSTRACT

Objective: To evaluate the validity and test—retest reliability of single-leg sit-to-stand
(SLSTS) performance metrics derived from a mobile application in elite cross-country

skiing (XCS) athletes.
Design: Cross-sectional, repeated-measures.
Setting: Laboratory, field.

Participants: 22 international-level XCS athletes (13 females, 9 males; median age: 18
yrs).

Main outcome measures: SLSTS rising time, velocity, power, and inter-limb asymmetry
were collected across two sessions separated by three days. Isokinetic knee extension
peak torque and countermovement jump (CMJ) height were assessed to establish
convergent and construct validity, respectively. Reliability was determined using
intraclass correlation coefficients (ICCz,1) and coefficient of variation (CV). Validity was

assessed using Pearson correlations.

Results: SLSTS metrics demonstrated good inter-day reliability (ICCs;; = 0.81-0.89; CV
= 6.1-9.9%) for both limbs, with no differences in inter-limb asymmetry between
sessions. These metrics showed moderate convergent validity (|r] = 0.34-0.54) with
isokinetic peak torque, and moderate—strong construct validity (|r] = 0.46—0.75) with CMJ
height. Notably, the strength of the associations with CMJ height was comparable to those
observed between isokinetic torque and CMJ height (Steiger’s Z-test, p > 0.05).

Conclusion: The app-based SLSTS is a reliable and valid alternative for assessing lower-
limb performance and asymmetry in elite XCS athletes when laboratory-based

assessments are not feasible.

Keywords: Cross-country skiing; isokinetic assesment, lower extremity; mobile app;

rehabilitation; symmetry
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1. Introduction

Cross-country skiing (XCS), first featured in the 1924 Chamonix Winter
Olympics, is an Olympic endurance sport characterized by high physical, physiological,
biomechanical, and technical demands (Stoggl et al., 2018). These demands involve
coordinated use of both upper and lower limbs under varying intensities, durations, and
environmental conditions, mostly at moderate altitude and in cold environments
(Sandbakk and Holmberg, 2014). Although XCS is fundamentally an endurance-based
sport, the relative importance of endurance capacity, strength, and power varies according
to race distance, terrain profile, and competition format. While aerobic capacity
predominates in longer-distance events, neuromuscular qualities such as lower-limb
strength and power are critical during high-intensity race segments, including starts,
sprint finishes, uphill skiing, and rapid accelerations, which are strongly influenced by

skiing technique and terrain characteristics (Sandbakk and Holmberg, 2017).

Modern XCS comprises two main techniques, classical and skating, and includes
various race formats (e.g., pursuit, mass start, relays) and race distances (e.g., 30-50 km),
in which both male and female athletes compete (Zoppirolli et al., 2020). Due to its
outdoor nature, factors such as terrain gradient and skiing speed influence muscular
recruitment, particularly in the lower extremities (Losnegard, 2019). While optimal
performance in both techniques requires harmonious upper-lower body movement
patterns, the skating technique tends to be more asymmetrical in nature, whereas the
diagonal stride of the classical technique requires symmetrical usage of both sides of the

body (Bjorklund et al., 2017).

In XCS, lower-limb force output plays a significant role in actions such as push-
off during strides and glides, sprinting, uphill propulsion, and rapid accelerations (Stoggl
et al., 2011). A recent systematic review analyzing 12 studies indicated that both upper-
and lower-limb muscle strengths are important contributors to XCS performance (Stoggl
and Holmberg, 2022). Although the symmetry between the lower limbs has been
consistently linked to better athletic performance outcomes (see review by Bishop et al.,
2018a; Fox et al., 2023), this relationship requires cautious interpretation in skiing
disciplines (Stoggl et al., 2013). Evidence from alpine skiing suggests that a symmetrical
technique may enhance performance, supporting the use of symmetry-focused strategies
in training (Supej et al., 2020). However, given the substantial biomechanical and

technical differences between alpine skiing and XCS, findings from one discipline should
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not be directly generalized to the other. These gaps highlight the need for discipline-
specific research and emphasize the importance of developing functional assessment
tools that can evaluate both lower-limb performance and inter-limb asymmetries in XCS
athletes. In addition to performance implications, clinically meaningful levels of
asymmetry may also increase the risk of lower-limb injuries, particularly anterior cruciate
ligament (ACL) ruptures, which often require prolonged rehabilitation and may result in
long-term functional limitations (Padua et al., 2015; Nielsen et al., 2020). Consequently,
the early detection and monitoring of inter-limb asymmetries are crucial for both
performance optimization and injury prevention, offering valuable insight for coaches,
strength and conditioning professionals, and healthcare practitioners (Hughes et al.,

2020).

Isokinetic dynamometers are widely considered the gold standard for assessing
unilateral lower-limb performance and detecting inter-limb asymmetries in athletes
(Menzel et al., 2013). However, their high cost and limited accessibility often hinder their
use in routine athletic monitoring. For this reason, several field-based tests such as the
standing heel-rise, single-leg hopping, and countermovement jump (CMJ) are commonly
used as practical alternatives to evaluate lower-limb performance and asymmetry in
sports settings (Smiley et al., 2024). Despite their utility, these tests may not be suitable
during early rehabilitation stages due to their high physical demands (Davies et al., 2020).
In contrast, the single-leg sit-to-stand (SLSTS) test has emerged as a simple and effective
method for assessing lower-limb strength, particularly quadriceps function, and inter-
limb asymmetry, without imposing excessive physical stress (Al Amer et al., 2018;
Waldhelm et al., 2020). The SLSTS typically involves measuring either the number of
repetitions performed in 30 seconds or the time taken to complete five repetitions
(Thongchoomsin et al., 2020; Waldhelm et al., 2020). However, assessing strength or
power output is especially important in the context of athletic performance and injury
prevention, and these variables are more accurately quantified using force plates. For
example, Makaraci et al. (2023) demonstrated that SLSTS-derived variables such as time,
force, and sway, measured via a piezoelectric force plate, are reliable indicators of lower-
limb performance in trained male athletes and shows significant correlations with
unilateral CMJ performance. Despite their benefits, force plates necessitate technical
proficiency, considerable time, and significant financial and logistical resources, thereby

reducing their feasibility for routine use in applied sports environments.
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To address these limitations, we developed and validated a mobile application that
analyzes the SLSTS using high-speed video technology (Ruiz-Cérdenas et al., 2018;
Makaract et al., 2024). This app delivers valid and reliable kinetic and kinematic
parameters from a single sit-to-stand maneuver (Ruiz-Cardenas et al., 2018; Ruiz-
Cérdenas et al., 2023), enabling a precise evaluation of SLSTS performance and inter-
limb asymmetry comparable to data obtained from piezoelectric force plates (Makaraci
et al., 2024). Given its unique movement pattern and the convenience of mobile-based
assessment, the SLSTS represents a promising tool for application in XCS contexts,
particularly when access to specialized equipment is limited and athletes face time
constraints resulting from intensive training schedules. Beyond XCS, the SLSTS may
also be applicable to other sports characterized by unilateral lower-limb force production
and neuromuscular control, such as ski jumping and related winter sport disciplines

(Cross et al., 2021).

Therefore, the primary aim of this study was to evaluate the test-retest reliability
of SLSTS performance metrics (time, velocity, and power) and inter-limb asymmetry
derived from our mobile app. A secondary aim was to assess the convergent and construct
validity of these variables by examining their associations with isokinetic knee extension
torque and CMJ performance in international XCS athletes. We hypothesized that the
App-derived SLSTS performance metrics would demonstrate at least moderate test-retest
reliability (intraclass correlation coefficient [ICC] > 0.50), and would significantly

correlate with both isokinetic measures and CMJ performance indicators.
2. Methods
2.1 Research Design

A repeated-measures (inter-day) design was employed to evaluate the test—retest
reliability of the SLSTS variables derived from our mobile app, including rising time,
vertical velocity, and vertical power, in international XCS athletes. During the initial
laboratory visit (Session 1), demographic and anthropometric data were collected. In the
same session, a brief familiarization trial was conducted to ensure proper adaptation to
the SLSTS movement pattern for both legs and to minimize potential learning effects.
Although the participants were high-level competitive athletes, the SLSTS movement is

not commonly performed in sport-specific contexts, which justified the need for
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familiarization prior to the main testing sessions to ensure reliable test-retest

measurements.

In the following week, SLSTS performance was measured across two main
sessions (Sessions 2 and 3) using the Sit fo Stand App (Lite version 1.0) installed on an
iPhone 14 Pro (Apple Inc., USA). A minimum interval of three days was maintained
between the two testing days to evaluate inter-day reliability. Additionally, isokinetic
testing was performed on both the dominant and non-dominant legs to assess convergent
validity. Construct validity was evaluated using the CMJ test, measured with the
OptoJump system, to compare App-derived variables with established performance
metrics, conducted 48 hours after the second SLSTS session. The schematic

representation of the experimental setup for the study procedures is shown in Figure 1.
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All assessments were conducted by the same researcher (XXX, first author of the
study), who is affiliated with the XXXX Ski Federation. To ensure consistency across
sessions, participants performed all testing procedures wearing their own running shoes.
They were instructed to refrain from any moderate- to high-intensity physical activity for
at least 24 hours before each session to minimize fatigue and standardize testing
conditions. Additionally, participants were advised to maintain their habitual dietary
routines and consume adequate fluids on all testing days to support optimal performance

and hydration (Makaraci et al., 2023).
2.2 Participants

Sample size estimation was performed using G*Power 3.1, based on the study’s

objectives. The largest calculated sample size among the analyses was adopted as the
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minimum required to ensure adequate statistical power. For assessing test—retest
reliability of SLSTS test performance metrics (i.e., time, velocity, and power), a two-
tailed test with a minimum acceptable reliability (p,) of 0.50 and an expected reliability
(p.) of 0.88 (Makaraci et al., 2024) indicated a required sample size of 18 participants. To
examine convergent and construct validity with isokinetic variables and jump height, a
required sample size of 14 participants was yielded by a minimum expected correlation

of p=0.70 for a two-tailed test (Thongchoomsin et al., 2020).

Participant recruitment began with a formal meeting with the managers of the
XXXX Ski Federation to identify suitable candidates. Following this, face-to-face
meetings were conducted with eligible athletes. A total of twenty-two uninjured, mixed-
gender international XCS athletes (n = 13 females, n = 9 males; median age: 18 years)
agreed to participate in the study on a voluntary basis. All participants were members of
the national XCS team and were actively competing at the international level. Given their
extensive training background and competition experience, they were well-acquainted
with standard strength and conditioning protocols. According to the classification by
McKay et al. (2021), these athletes met the criteria for “international-level” status,
defined as individuals competing on a national team at international events, a group that
represents approximately 0.0025% of the global population. Participants were between
17 and 23 years of age. The dominant limb for each athlete was determined as the leg
they would naturally use to kick a ball, following the method described by Makaraci et

al. (2023). Baseline characteristics of the participants are provided in Table 1.

INSERT TABLE 1 HERE

Participants were eligible for the study if they had no current musculoskeletal
injuries and regularly participated in training sessions with their club and/or national team.
Participants were excluded if they experienced any pain or discomfort during testing, had
a lower-limb disability or functional limitation, or had undergone lower-limb surgery
within the past 12 months. Additionally, the menstrual cycle phase of female athletes was
monitored, and testing was scheduled accordingly to avoid the premenstrual and menstrual
phases, which may influence performance outcomes (Makarac1t et al., 2024). All

participants were thoroughly informed about the study’s purpose, procedures, including
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the duration of each session and the types of physical tests, and potential risks. Written and
verbal informed consent was obtained prior to participation, with parental consent
additionally secured for athletes under 18 years of age. The study protocol was approved
by the Ethical Review Board of XXXXX XXXXX University (Approval ID: 03-2025/34)

and conducted in accordance with the Declaration of Helsinki.
2.3 Single-Leg Sit to Stand (SLSTS) Test

Prior to performing the SLSTS test, femur length (cm) was measured using a
flexible, inelastic tape. Femur length was defined as the distance between the superior
aspect of the greater trochanter. Participants then completed a standardized 10-minute
warm-up consisting of active and passive stretching exercises and SLSTS movement

rehearsals.

The test began with participants seated on an adjustable chair without armrests, feet
flat on a hard surface. Chair height was adjusted to ensure 90° knee flexion of the tested
leg, while the non-tested leg was lifted just above the floor to maintain correct positioning,
following the protocol (Makaract et al., 2024). Participants were instructed to rise as
quickly as possible to a fully standing position with full knee extension on their preferred
(tested) leg, keeping hands on hips. Each trial was visually monitored to ensure strict
adherence to test instructions. The researcher concluded and recorded the correctly
executed trials. The test was performed on both dominant and nondominant legs, with
three trials each leg. The best values for rising time, vertical velocity, and vertical power
were used for analysis. Trials were separated by 30-second rest periods. Participants
repeated the second trial (retest) after at least three days under identical testing conditions

to assess reliability.

A smartphone (iPhone 14 Pro, iOS 18.3) mounted horizontally on a 0.7-m-high
tripod positioned 3 m to the participant’s right or left side recorded all trials at 240 frames
per second. Recordings were analyzed using the Sif to Stand App (Lite version 1.0) by an
independent observer blinded to both isokinetic and CMJ outcomes. A visual marker was
placed on the participant’s greater trochanter to identify the rising phase, defined as
starting when the marker moved forward and upward beyond a reference square on the
app screen and ending when it reached its highest vertical point (see Figure 1 in Makarac1
et al., 2024). The elapsed time during this phase was recorded as the rising time. The app

automatically calculated vertical velocity (m/s) as vertical displacement (i.e., femur
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length) divided by rising time, and vertical power relative to body mass (W/kg) using the

validated regression equation:
Vertical power (W/kg) = 2.773—6.228 x t + 18.224 x d

Where t is the rising time as calculated by the two selected frames and d is the femur
length which is matched with the vertical displacement when the participant is seated at
90 degrees of knee joint (Orange et al., 2020; Ruiz-Cérdenas et al., 2018; Ruiz-Céardenas
et al., 2023).

Inter-limb asymmetry in rising time, vertical velocity, and power during the SLSTS

was calculated using the formula proposed by Bishop et al. (2018b):

(Stronger limb — Weaker limb)
Symmetry = Stronger limb * 100

2.4 Isokinetic Assessment

Prior to isokinetic testing, all participants completed a standardized warm-up
protocol consisting of 5 minutes of submaximal cycling on a stationary ergometer,
followed by self-selected dynamic stretching exercises targeting the lower extremities.
As the final component of the warm-up, participants performed several submaximal
familiarization trials using the isokinetic dynamometer at the testing angular velocities
(60°/s and 180°/s) to prepare neuromuscular function for maximal effort. Isokinetic knee
extensor peak torque was assessed using an ISOMED 2000 isokinetic dynamometer (D.&
R. Ferstl GmbH, Hemau, Germany). The dynamometer was calibrated according to the
manufacturer’s specifications by a one of the study researchers with over five years of
experience in isokinetic testing to ensure consistent and accurate measurements. Verbal
and visual instructions were provided to each participant before testing commenced

(Baumgart et al., 2021).

Participants were seated on the dynamometer with the hip flexion angle set at 70°,
a position found to be optimal for allowing full range of motion during knee extension
while maintaining participant comfort and stabilization. The trunk, pelvis, and tested limb
were securely stabilized using Velcro straps and padded bands at the shoulders, waist,
distal thigh, and femur to minimize extraneous movements. Testing was performed on
both the dominant and non-dominant legs unilaterally in a randomized order. Concentric
knee extension peak torque was assessed at angular velocities of 60°/s and 180°/s, with a

minimum rest period of 2 minutes between velocity conditions to minimize fatigue. The
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range of motion was set between 10° and 100° of knee flexion, and gravity correction
was applied for each limb in accordance with standard procedures. Participants were
instructed to exert maximal effort throughout the testing and received strong verbal
encouragement during each trial. In addition, real-time visual feedback was provided via
the computer screen connected to the dynamometer to enhance motivation and effort
consistency (Lategan, 2012). Each participant completed five maximal repetitions at each

velocity, and the highest peak torque value was selected for further analysis.
2.5 Countermovement Jump (CMJ) Test

Following a general warm-up lasting approximately five minutes, which included
dynamic stretching and mobility exercises targeting the major muscle groups of the lower
extremities, participants proceeded to the main testing phase. They were instructed to
perform bilateral CMJ with maximal effort during each trial. In accordance with
standardized guidelines, participants dipped to a visually assessed knee flexion angle of
approximately 90°, then immediately extended upward without pausing at the bottom of
the movement to optimize explosive force production (Comyns et al., 2023). To eliminate
the influence of arm swing, hands were kept firmly on the hips throughout all phases of
the jump. Any extraneous movements such as swinging or shifting the legs outside the
intended countermovement were prohibited and closely monitored by a member of the

research team.

CMJ performance was recorded using the Optojump Next system (Microgate,
Bolzano, Italy), which consists of two parallel photoelectric bars (each measuring 100 X
4 x 3 cm, 1.5 kg) positioned on the floor with the transmitter and receiver units facing
each other. The system detects flight time by measuring interruptions in the light beams
during take-off and landing, and calculates jump height using validated algorithms
(Glatthorn et al., 2011). The units were connected to a computer via USB, and data were
collected and analyzed using the manufacturer’s software (Optojump software interface).
Each participant completed three successful CMJ trials, with a passive rest period of 30
seconds between attempts to reduce fatigue. The mean jump height from the three trials

was used for statistical analysis.
2.6 Statistical Analyses

Statistical analyses were performed using JASP software version 0.19.3 (JASP

Team, Amsterdam, Netherlands) and a custom spreadsheet implemented in Microsoft
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Excel 365 (Microsoft Corp., Redmond, WA, USA). To determine the reliability of the
SLSTS test variables (rising time, vertical velocity, and power) derived from the app
across two separate sessions, the I[CCs two-way mixed effects absolute agreement (ICC;1)
was calculated as a measure of relative reliability. The ICC;,;; was interpreted as poor
(<0.5), moderate (0.50—0.74), good (0.75-0.89), or excellent (> 0.90) (Koo and Li, 2016).
Absolute reliability was addressed using the coefficient of variation (CV) and the Bland—
Altman analysis. Additionally, the minimal detectable change at the 95% confidence level
(MDCys) was calculated using the formula SEMagreement X V2 % 1.96. Differences in inter-
limb asymmetry between test sessions were assessed using paired-sample t-tests. Cohen’s
d was reported as an estimate of effect size and interpreted as trivial (0—0.2), small (>0.2—
0.6), moderate (>0.6—1.2), and large (>1.2) effects.

To assess convergent validity between the SLSTS variables and isokinetic knee
extensor peak torque measures, as well as concurrent validity with CMJ performance, the
Pearson’s correlations were calculated and interpreted as weak (< 0.30), moderate (0.30
to < 0.60), strong (0.60 to 0.80), or almost perfect (> 0.90) (Hopkins et al., 2009). To
compare the strength of the correlations between SLSTS variables and isokinetic
measures with jump performance, Steiger’s Z-test was applied, considering the nested
structure of the data due to repeated measures from each participant. Statistical

significance was set at p <.05.
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3. Results
3.1 Inter-day Reliability of the SLSTS Variables

The dominant limb showed good reliability for rising time (ICCa,1: 0.813; 95% CI:
0.6-0.92), vertical velocity (ICCz,1: 0.83; 95% CI: 0.64—0.93), and vertical power (ICCa,1:
0.87; 95% CI: 0.72—-0.95). The coefficient of variation was 7.3%, 8.9%, and 6.1%,
respectively. Likewise, the non-dominant limb showed good reliability for rising time
(ICC2,1: 0.82; 95% CI: 0.62—0.92), vertical velocity (ICCz,1: 0.85; 95% CI: 0.67-0.94),
and vertical power (ICCz,1: 0.89; 95% CI: 0.76—0.95) with coefficient of variation slightly
higher for time (8.9%), velocity (9.9%), and power (6.8%) compared to the dominant
limb. No evidence of systematic bias was observed during the SLSTS test in any of the
App-derived variables (rising time, velocity, and power), irrespective of limb dominance
(Table 2). Moreover, inter-limb asymmetry did not differ across sessions with trivial

effect sizes (Table 3).

INSERT TABLE 2 HERE

INSERT TABLE 3 HERE

3.2 Convergent Validity of the SLSTS variables with Isokinetic Measures

Moderate correlations were found between the SLSTS variables derived from the
app (rising time, vertical velocity and power) and isokinetic knee extension torque at both
60°/s and 180°/s, for both the dominant and non-dominant limbs. Rising time showed
inverse correlations with knee extension peak torque at 60°/s (r = —0.44 and —0.54; p <
0.05) and at 180°/s (r =—0.45 and —0.34; p < 0.05), for the dominant and non-dominant
limbs, respectively. Vertical velocity was positively correlated with peak torque at 60°/s
for dominant (r = 0.37; p = 0.04) and non-dominant limb (r = 0.44; p =0.02), and at 180°/s
only for the dominant limb (r = 0.37; p = 0.04), while the non-dominant limb showed a
non-significant trend (r = 0.31; p = 0.08). Vertical power also showed significant
correlations at 60°/s (r = 0.48; p < 0.05) for both limbs, and at 180°/s for the dominant
limb (r = 0.43; p < 0.05), but not for the non-dominant limb (r = 0.28; p = 0.107).

11
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3.3 Construct Validity of the SLSTS Variables and Isokinetic Measures in

Relation to Jump Performance

SLSTS variables derived from the app were significantly associated with jump
height. In the dominant limb, strong correlations were observed for rising time (r =—0.70;
p <0.001), velocity (r = 0.74; p < 0.001), and power (r = 0.75; p < 0.001). In the non-
dominant limb, the associations were slightly weaker, showing moderate correlations for
jump height with rising time (r = —0.53; p = 0.013), velocity (r = 0.46; p = 0.035), and
power (r=0.52; p=0.016).

Similarly, isokinetic variables were also associated with jump height. Knee
extension peak torque showed associations at 60°/s (r = 0.69; p < 0.001) and 180°/s (r =
0.57; p=0.007) for dominant limb, and at 60°/s (r = 0.56; p = 0.008) and 180°/s (r=0.51;
p = 0.017) for non-dominant limb. Moreover, the strength of the associations between
isokinetic variables and jump height did not significantly differ from those observed
between SLSTS variables and jump height (Steiger’s Z test, p > 0.05). Finally, inter-limb
asymmetry was not associated with jump performance in either the SLSTS or the

1sokinetic variables.

4. Discussion

The main findings of this study indicate that the SLSTS test, assessed via a mobile-
based application, provides reliable and valid measures of lower-limb performance in
international-level XCS athletes. Specifically, SLSTS-derived metrics of rising time,
velocity, and power demonstrated good-to-excellent test-retest reliability and showed
significant associations with isokinetic knee extensor peak torque and CMJ performance.
These results support the construct and convergent validity of the SLSTS as a functional
assessment of neuromuscular performance. Importantly, the simplicity and accessibility
of the mobile-based SLSTS make it a practical tool for routine athlete monitoring,
offering potential value for tracking lower-limb function, identifying inter-limb
asymmetries, and informing return-to-training or return-to-competition decisions when

access to laboratory-based equipment is limited.
4.1 Reliability of the SLSTS Variables: Results from App-Based Testing

In many sports, the optimization of sport-specific performance outcomes has been
closely associated with lower extremity function. Moreover, the presence of asymmetries

in the lower limbs can limit the effective application of force and thus negatively impact

12
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performance (Fox et al., 2023). Due to the inherent nature of winter sports, and more
specifically XCS, certain movements such as strides, glides, sprinting, and rapid
accelerations are directly influenced by the interaction of forces within the lower
extremities (Stoggl et al., 2013). Consequently, in situations where traditional field-based
functional performance tests are not feasible, alternative assessments conducted under
controlled conditions may offer more reliable insights into neuromuscular function and
power production (Bucher et al., 2023). Notably, no specific tests have yet been
developed or validated to assess lower-extremity strength and power specifically within
the context of XCS athletes. Although the Sit to Stand App was originally designed to
assess bilateral lower-limb performance (Ruiz-Céardenas et al., 2018), recent evidence
supports its use for unilateral assessments as well. Specifically, it has demonstrated high
test—retest reliability (ICC = 0.88—0.92) across three consecutive sessions (48 hours apart)
in trained female adults during SLSTS testing, with inter-limb asymmetry remaining
stable across sessions (Makaraci et al., 2024). Our results extend these findings to
international-level XCS athletes, showing good test-retest reliability (ICC = 0.81-0.89)
regardless of limb dominance, and consistent inter-limb asymmetry measures between

sessions.

Previous studies have also reported excellent reliability for repetition-based SLSTS
protocols (Thongchoomsin et al., 2020; Waldhelm et al., 2020). For example, Waldhelm
et al. (2020) showed high test-retest reliability (ICC = 0.87-0.94) for both the 30-second
and the five-repetition SLSTS protocols in healthy young adults. While these approaches
offer valuable functional insight, they typically rely on simple repetition counts or total
completion time. In contrast, the present study evaluated kinetic and kinematic variables
(rising time, velocity, and power) extracted from a single SLSTS movement using a
mobile app. Although these biomechanical variables provide a more nuanced assessment
of unilateral lower-limb function, they are also more susceptible to biological variability
and technical measurement error, which can make achieving high test-retest reliability
more challenging. Nevertheless, our findings demonstrate that these variables can be
consistently and reliably measured in elite endurance athletes using accessible, mobile-
based technology. This supports the feasibility of integrating high-resolution SLSTS
metrics into performance monitoring and asymmetry evaluation protocols, particularly
when laboratory-grade equipment is unavailable. Furthermore, previous validation

studies have shown that rising time, velocity, and power data obtained from the app

13
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during the SLSTS test exhibit excellent agreement with force plate measurements, the
gold standard in performance assessment (Maloney and Fletcher, 2021), with correlation
coefficients > 0.95 and ICC values ranging from 0.96 to 0.97 (Makarac1 et al., 2024).
These findings suggest that the mobile app may offer a viable complement to laboratory-

based assessments for monitoring lower-limb performance in field settings.

In addition to providing reliable data, the SLSTS test, which serves as a functional
performance assessment for trained athletes (Makaraci et al., 2023), has also been
reported as a potential clinical marker for monitoring postoperative recovery in
individuals following ACL reconstruction (Nielsen et al., 2020). When assessing strength
imbalances, unilateral performance tests are generally more sensitive and precise than
bilateral assessments, as they minimize compensation effects, better replicate unilateral
task demands, and provide a more detailed understanding of limb-specific neuromuscular
capacity (Bishop et al., 2018b; Thongchoomsin et al., 2020). Our findings revealed that
the SLSTS test variables exhibited good inter-day reliability (Table 2). Notably, these
results were consistent regardless of leg dominance, further underscoring the app’s
reliability across limbs (Table 3). Importantly, MDCos ranged from 5.5% to 9.5%,
depending on the variable analyzed (rising time, velocity, and power), indicanting that
changes surpassing these thresholds are likely to reflect genuine improvements rather
than random measurement variation. This reinforces the test’s potential usefulness for
monitoring meaningful functional changes, particularly in early rehabilitation phases.
Supporting this, Kamiike et al. (2023) found that incorporating progressive SLSTS
exercises in a home-based rehabilitation program after ACL reconstruction led to greater
gains in knee extension and flexion peak torque and functional performance compared to
standard care. Taken together, these findings support the potential utility of the app-based
SLSTS as a reliable monitoring tool for athletic performance and suggest it may also hold
promise in rehabilitation contexts. However, future studies are needed to evaluate its

responsiveness and clinical applicability in post-injury recovery programs.

This is particularly relevant in ski-based sports, where lower-limb strength and
asymmetries have been associated with performance outcomes and injury risk in previous
research. Jordan et al. (2018) reported that adolescent alpine ski racers and ski cross
athletes showed lower eccentric deceleration impulse and decreased systematic lower
limb stiffness during CMJ compared to elite and reconstructed skier groups. These

findings suggest specific targets for training interventions, such as improving eccentric
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strength and addressing asymmetries, to enhance performance and reduce injury risk.
Additionally, ski racers with a history of ACL reconstruction displayed increased bilateral
asymmetry indices in kinetic impulse during specific phases of CMJ and squat jump (SJ)
movements, particularly in the concentric phase of CMJ and mid-to-late phases of SJ,
when compared to uninjured peers (Jordan et al., 2015). Such asymmetries may
detrimentally affect performance and elevate the risk of re-injury or new injuries.
Therefore, tools that provide valid, reliable, and accessible assessment of limb-specific
strength and asymmetry may be especially valuable in this population. Our findings
further support the SLSTS test as a practical tool for this purpose, particularly within the
context of XCS.

4.2 Convergent and Construct Validity of the SLSTS Test Variables

Due to the outdoor and endurance-based nature of XCS, the extensive involvement
of the lower extremities plays a crucial role in neuromuscular activation and,
consequently, skiing speed (Losnegard, 2019). Double poling, one of the most commonly
used techniques in XCS, demands explosive power from the lower limbs, particularly at
the hip, knee, and ankle joints, to enhance propulsion and efficiency, contrary to its
reputation as an upper-body-dominant technique (Stoggl et al., 2011). This highlights the
critical importance of lower extremity functional power in modern XCS. Our findings
confirmed the moderate correlation between the SLSTS variables (i.e., rising time,
velocity, and power) and isokinetic knee extension torque at both 60°/s and 180°/s, for
both the dominant and non-dominant limbs. Carlsson et al. (2012) examined the
relationship between competition performance and the results of seven different
physiological tests, including isokinetic knee extension peak torque and vertical jump
performance, in 12 national-level male XCS athletes. The findings indicated that
performance demands may vary depending on the type of race. The authors concluded
that, particularly for skiers competing in long-distance events, the selection of specific
test parameters and the use of regression models are more appropriate for identifying key
performance indicators. We assessed convergent validity with the isokinetic testing, a
commonly used laboratory-based method for evaluating lower extremity muscle strength
(Parraca et al., 2022). Therefore, the SLSTS test variables analyzed in our study may be
used for determining lower extremity power of XCS athletes as well as competition

performance.
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Lower-limb maximal force production and power output are fundamental physical
attributes across many sports and are commonly evaluated using vertical jump tests, such
as the CMJ (Cross et al., 2021). Vertical jump performance is particularly useful for
identifying neuromuscular deficits, including those related to ACL injury or reinjury, as
it allows for the direct comparison of mechanical muscle function and inter-limb
asymmetries (Paterno et al., 2007). In this context, Jordan et al. (2015) emphasized that
vertical jump tests (e.g., CMJ and SJ) offer valuable insights into functional asymmetries
during stretch-shortening cycle muscle actions, movements that are not only essential in
alpine skiing but also are highly relevant for XCS athletes. Given the dynamic and
cyclical loading patterns involved in XCS, especially under conditions of fatigue,
monitoring vertical jump performance (i.e. jump height) can serve as both a performance
indicator and a neuromuscular screening tool. Supporting this perspective, Makaraci et
al. (2023) reported a correlation between force plate-derived metrics (i.e., STS time and
postural sway velocity) related to the SLSTS test and CMJ performance (i.e., mean
power, force, and velocity) in trained male athletes. Their findings suggest that the SLSTS
test may have broader implications for evaluating functional performance in sport-
specific contexts. Similarly, Stoggl et al. (2011) identified positive associations between
SJ performance and peak velocity in key XCS sub-techniques, including G3 skating,
double poling, and diagonal stride, among elite male athletes, with correlation
coefficients (r value) ranging from 0.55 to 0.75. These relationships underscore the value
of jump-based assessments in evaluating lower-limb force production relevant to XCS-
specific performance. Our findings further support the construct validity of this approach.
Specifically, the SLSTS test variables, derived from a mobile app, were significantly
correlated with jump height, showing stronger associations for the dominant leg and
moderate associations for the non-dominant leg. This is a notable observation, as the
dominant limb is generally characterized by superior force output and postural stability,
especially under fatigue-induced conditions common in prolonged XCS bouts (Cignetti

etal., 2010).

Importantly, Steiger’s Z-test revealed no significant differences in the strength of
associations between App-based and isokinetic variables in relation to jump height (p >
0.05). These results indicate that our mobile app is not only a valid assessment tool but
also a practical and less resource-intensive alternative to traditional laboratory-based

methods (e.g., isokinetic dynamometry) for evaluating lower-limb neuromuscular
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function in athletic populations. The broader utility of the SLSTS test itself is further
supported by recent evidence showing that SLSTS performance reflects knee muscle
strength and inter-limb asymmetry as measured by isokinetic devices (Kamiike et al.,
2023). Our findings extend this understanding by confirming the reliability and validity
of App-derived SLSTS variables in XCS athletes. Notably, inter-limb asymmetry was not
significantly associated with jump performance, regardless of whether it was assessed
using the App or isokinetic device. This suggests that, in this population, performance
monitoring should prioritize overall functional capacity rather than asymmetry alone.
However, it is worth considering that the high mechanical demands inherent in certain
sport-specific movements may reduce the sensitivity of asymmetry-based assessments,
particularly in the early stages of injury rehabilitation (Buckthorpe and Della Villa, 2021).
While previously validated applications such as My Jump2 and COD Timer have
demonstrated feasibility in assessing jump performance and change-of-direction ability
(Barbalho et al., 2020; Bishop et al., 2022), the Sit to Stand App may offer a unique
advantage. Specifically, its reliance on a closed kinetic chain movement sets it apart from
other commonly used tests such as unilateral hopping, CMJ, or drop jumps which are
based on open kinetic chain or plyometric actions (Davies et al., 2020). This
biomechanical distinction may enhance the App’s applicability for evaluating lower-limb
function and symmetry during both performance monitoring and early rehabilitation

phases.
4.1. Limitations

Several limitations of this study should be acknowledged. First, the sample
comprised a mixed-gender group of international-level XCS athletes. While this provides
insight into a high-performance and relatively underrepresented population, it precludes
gender-specific analyses and limits conclusions regarding potential sex-related
differences in SLSTS performance and asymmetry. Second, the findings may not be
directly generalizable to athletes competing at lower performance levels or to individuals
undergoing rehabilitation following sports-related injuries, as neuromuscular demands
and functional capacity may differ in these populations. Future studies should therefore
examine the applicability of the SLSTS in sex-specific cohorts, across different

competitive levels, and in clinical or post-injury contexts.
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5. Conclusion

Our findings demonstrate that the SLSTS test is a reliable tool for assessing lower-
limb function in international mixed-gender XCS athletes. We also confirmed the
feasibility of using a mobile app to accurately measure rising time, vertical velocity,
power, and lower-limb asymmetry during SLSTS performance. The App-derived
variables showed strong correlations with established gold-standard measures, including
isokinetic assessment (peak torque during knee extension) and vertical jump
performance, supporting their concurrent and construct validity. Overall, these results
highlight the potential of the SLSTS test as an accessible and practical alternative for
performance monitoring and rehabilitation in XCS athletes. Given the known sex-related
differences in neuromuscular control, muscle function, and fatigue responses, future
research should include sufficiently powered samples of both male and female athletes to

explore possible sex-specific differences.
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722 Tables

723 Table 1. Sample characteristics (n = 22)

Mean (SD) Minimum Maximum
Age (years)* 18 (17-18) 16 23
Female (%) 12 (57%) - -
Right dominance (%) 20 (95%) - -
Height (m) 1.66 (0.07) 1.57 1.84
Body mass (kg) 59.8 (8.4) 42 80
Femur length (m) 0.51 (0.03) 0.45 0.57
SLSTS—derived variables
Dominant limb
Rising time (s) 0.883 (0.19) 0.592 1.425
Vertical velocity (m/s) 0.607 (0.13) 0.365 0.913
Vertical power (W/kg) 6.636 (1.36) 3.374 8.929
Non-dominant limb
Rising time (s) 0.866 (0.19) 0.567 1.246
Vertical velocity (m/s) 0.628 (0.17) 0.394 0.935
Vertical power (W/kg) 6.746 (1.59) 3.863 9.112
Isokinetic peak torque
Dominant limb
Knee extension 60°/s (N-m/kg) 3.13 (0.49) 2.17 4.1
Knee extension 180°/s (N-m/kg) 2.2(0.32) 1.69 2.77
Non-dominant limb
Knee extension 60°/s (N-m/kg) 2.97 (0.37) 2.25 3.63
Knee extension 180°/s (N-m/kg) 2.16 (0.23) 1.71 2.71
Jump height (m) 0.34 (0.09) 0.193 0.544

724  Notes. “Data reported as median and interquartile range due to absence of normality. Single-leg sit-to-
725  stand (SLSTS)-derived variables is reported for session 1.
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726  Table 2. Bland-Altman analysis and the minimal detectable change (MDCos) for the

727  single-leg sit-to-stand test variables

Dominant limb Non-dominant limb

Bias  +1.96SD -1.96SD MDCsos Bias  +1.96SD -1.96 SD MDCos

Rising time 0.08 0.07
) -0.018 0.195 -0.232 (9%) 0.026 0.246 -0.194 (8%)
Vertical velocity 0.06 0.06
(m/s) 0.016 0.165 -0.134 (9%) -0.014 0.158 -0.187 (9.5%)
Vertical power 0.43 0.37
(W/ke) 0.114 1.445 -1.218 (6.5%) -0.199 1.162 -1.56 (5.5%)

728  Notes. SD: Standard deviation. The minimal detectable change is expressed as absolute and percentage
729  of change (%).
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730
731

732
733

Table 3. Comparison of inter-limb asymmetry in the single-leg sit-to-stand test variables

across test sessions

Inter-limb asymmetry Session 2 Session 3 A Sessions (95% CI) Cohen’s d
Rising time (%) 21.5(20.9) 17.2 (15.13) 437 (-4.2t0 13) 0.2
Vertical velocity (%) 153 (12.4) 13.1(10.1) 2.16(-3.1t0 7.4) 0.18
Vertical power (%) 12.7 (10.4) 10.9 (7.8) 1.82(-3.1t0 6.7) 0.16

Notes. Data are reported as mean and standard deviation (SD), along with 95% confidence intervals (95%
CI) for the differences.
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