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Abstract
Background

This study aimed to examine associations between frontal plane knee projection angle (FPPA) during a
single-leg squat and dynamic balance, agility, and ankle dorsiflexion mobility in adolescent female
volleyball players.

Methods

Observational, cross-sectional, correlational study. A volleyball academy in izmir, Tiirkiye. Sixty-six
adolescent female volleyball players (median age, 13.0 years; range, 10-19 years). FPPA was assessed
using two-dimensional video analysis. Dynamic balance, agility, and ankle dorsiflexion mobility were
evaluated using the Lower Quarter Y-Balance Test, T-Test, and Weight-Bearing Lunge Test, respectively.

Results

FPPA was not significantly associated with the Y-Balance composite score (ril = -0.169; 95% CI, - 0.393
t0 0.071; p=0.174), T-Test time (rll = -0.158; 95% Cl, - 0.393 to 0.088; p = 0.205), or Weight-Bearing
Lunge Test value (il = -0.093; 95% Cl, - 0.341 to 0.162; p = 0.456). FPPA group differences were
nonsignificant (Hedges’ g = 0.02-0.34), and the regression model had low explanatory value (F = 1.380;
p = 0.245; adjusted R2 = 0.028). Height was modestly associated with FPPA after Holm—Bonferroni
correction (rll = 0.346; adjusted p = 0.032), but this was a secondary exploratory finding.

Conclusions

FPPA was not related to the assessed functional outcomes. The height association should be
interpreted cautiously because biological maturation was not assessed and the wide age range may
have introduced developmental heterogeneity. FPPA should not be used as a stand-alone functional
screening measure. Adequately powered studies incorporating maturation assessment and study-
specific measurement reliability are needed.

Trial registration

ClinicalTrials.gov, NCT07711236. Registered on 07 June 2026. Available at
https//clinicaltrials.gov/study/NCT07711236

Background
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Young athletes’ development is influenced by growth- and maturation-related biomechanical changes
and sports injuries [1]. Volleyball demands speed, strength, and explosive power through repeated
jumping, landing, blocking, spiking, and rapid changes of direction [2]. Despite being a non-contact sport,
volleyball has a considerable injury burden, with the ankle, knee, and shoulder among the most frequently
affected anatomical regions. Knee injuries, particularly those involving the patellofemoral joint and
anterior cruciate ligament, are an important concern in female athletes [3-5]. Patellofemoral joint and
anterior cruciate ligament (ACL) injuries are particularly prominent [6], with most ACL injuries occurring
through non-contact mechanisms. Adolescent female athletes are especially vulnerable because of
anatomical, hormonal, and neuromuscular differences [3]. During this period, increased knee abduction
angles and moments and reduced knee flexion during landing have been reported [7, 8]. Rapid growth
and biological maturation may further compromise knee neuromuscular control when motor control and
coordination do not adapt as rapidly as the musculoskeletal system [9]. These changes may also impair
movement quality, dynamic balance, and overall neuromuscular performance [10]. Therefore, early
identification of biomechanical indicators and related functional performance parameters associated
with knee injury risk is clinically important in adolescent female volleyball players.

Non-contact volleyball injuries are multifactorial and may involve hormonal, biomechanical, anatomical,
and psychological factors [11]. Lower-extremity biomechanics are particularly relevant to anterior
cruciate ligament injury and patellofemoral pain [12]. Within this context, dynamic knee valgus (DKV) is a
three-dimensional movement pattern characterized by hip internal rotation and adduction, knee
abduction and internal rotation, anterior tibial translation, ankle eversion, and foot pronation [13]. DKV is
considered an important risk factor for anterior cruciate ligament injury and patellofemoral pain [1].
Puberty-related changes in knee mechanics may further increase the relevance of assessing DKV in
adolescent female athletes [9]. Therefore, evaluating frontal-plane knee mechanics associated with DKV
may help identify biomechanical characteristics that predispose adolescent female volleyball players to
knee injury.

Although three-dimensional (3D) motion analysis is the gold standard for assessing knee kinematics and
kinetics, its cost, spatial requirements, and analytical complexity limit large-scale clinical screening [11,
14]. Two-dimensional (2D) methods offer a more accessible alternative for evaluating tasks such as the
single-leg squat (SLS) [15]. Jamaludin et al. [14] reported good concurrent validity and reliability between
2D and 3D measurements during SLS tasks performed at 45° and 60° in physically active women.
Kingston et al. [16] similarly found good reliability for 2D frontal-plane SLS measurements but
emphasized their use as clinical screening tools rather than direct equivalents of 3D analysis. In
adolescent female volleyball players, 2D SLS assessment may also provide information complementary
to 3D analysis [17]. These findings support 2D SLS assessment as a practical method for examining
frontal-plane knee control.

Lower-extremity biomechanics reflect kinetic-chain interactions among the hip, knee, and ankle;
therefore, frontal plane projection angle (FPPA) may be related to other functional parameters. Restricted
ankle dorsiflexion may limit anterior tibial translation during closed kinetic-chain movements, promote
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compensatory frontal- and transverse-plane motion, and influence knee valgus mechanics [1, 18].
Dynamic balance may also be associated with FPPA because single-leg postural control and frontal-
plane knee alignment involve similar neuromuscular demands, although evidence in young athletes
remains inconsistent. Wilczynski et al. [1], for example, found no significant association between
modified Star Excursion Balance Test performance and FPPA during single-leg squat and landing tasks.
Although dynamic balance and agility are included in injury-related screening models for young female
volleyball players, studies examining these variables together with FPPA remain limited [10]. Their
combined assessment may therefore clarify the biomechanical and functional interactions underlying
lower-extremity control.

Although two-dimensional FPPA measurement during the single-leg squat has demonstrated clinical
validity and reliability [14], evidence regarding its relationships with functional parameters remains
limited and inconsistent, particularly in adolescent female volleyball players [1, 17]. Therefore, this study
aimed to assess FPPA using two-dimensional video analysis during the single-leg squat and examine its
relationships with dynamic balance, agility performance, and ankle dorsiflexion mobility in this
population. It was hypothesized that FPPA would be significantly associated with dynamic balance,
agility performance, and ankle dorsiflexion mobility, with lower FPPA values reflecting better functional
performance and greater dorsiflexion mobility.

Methods
Study Design

This observational, cross-sectional, and correlational study examined the associations of frontal plane
knee projection angle (FPPA) with dynamic balance, agility performance, and ankle dorsiflexion mobility
in adolescent female volleyball players. No intervention was administered, and all variables were
assessed by the same researcher during a single session under standardized field conditions. FPPA was
evaluated using two-dimensional video analysis during the single-leg squat [19], dynamic balance using
the Y-Balance Test [20], agility using the T-Test [21], and ankle dorsiflexion mobility using the Weight-
Bearing Lunge Test [22]. Assessments were scheduled to minimize disruption to the athletes’ training.

Written informed consent was obtained from all participants; additional written consent was obtained
from the parents or legal guardians of participants younger than 18 years.

Participants

The sample comprised adolescent female volleyball players who regularly trained at AB Volleyball
Academy in izmir and voluntarily agreed to participate. Participants were recruited through convenience
sampling. An a priori correlation-based power analysis conducted using G*Power version 3.1, with a two-
tailed significance level of a=0.05, 80% power (1 - = 0.80), and an expected moderate-to-large
correlation of r =0.35, indicated a minimum sample size of 62 participants. To account for missing data,
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invalid measurements, and attrition, 70 athletes were recruited. Four participants were not included in
the analyses because their assessments could not be completed according to the standardized protocol;
therefore, data from 66 participants were analyzed (Fig. 1).

Inclusion criteria:

1. Female sex and age between 10 and 19 years.
2. Regular participation in volleyball training at least three days per week.
3. Having reached menarche [7].

Exclusion criteria:

1. A lower-extremity injury within the previous six months.

2. A history of lower-extremity surgery.

3. Use of medication that could affect balance, attention, or physical performance.

4. A neurological, orthopedic, or systemic condition that could affect physical performance.

Withdrawal criteria:

1. Occurrence of any injury during the study.

2. Development of pain, dizziness, excessive fatigue, or discomfort during the assessments.

3. Inability to complete the assessments according to the standardized protocol or the presence of
incomplete data.

Outcome Measures

Data on participants’ age, height, body mass, and body mass index (BMI) were collected. To standardize
the test results, the dominant lower extremity was defined as the leg the participant preferred to use
when kicking a ball [23]. The primary study variable was the frontal plane projection angle (FPPA)
assessed during the single-leg squat test. Dynamic balance, agility performance, and ankle dorsiflexion
mobility were considered secondary measures. This classification was adopted to structure the primary
research question and define the statistical analysis plan more clearly.

Frontal Plane Projection Angle (FPPA)

FPPA was assessed using SparkMotion software [23]. It was calculated from the angle between a line
connecting the anterior superior iliac spine (ASIS) to the midpoint of the patella and a line connecting the
patellar midpoint to the midpoint between the medial and lateral malleoli; this angle was subtracted from
360°. Values = 195° were descriptively classified as increased FPPA. Frontal-plane video was recorded
using an iPad mounted on a tripod 3 m from the participant and 1 m above the floor. Participants
performed the single-leg squat with their arms crossed and a metronome-controlled tempo (2-s descent
and 2-s ascent), reaching the deepest position possible while maintaining balance. FPPA was measured
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at this position. After three practice trials, five consecutive squats were recorded, and the third recorded
trial was analyzed [19, 24].

T - Test

Agility was assessed using the T-Test. Four cones were arranged in a T-shaped course, with the central
cone (B) positioned 9.14 m from the starting cone (A) and cones C and D placed 4.57 m to the right and
left of cone B, respectively. Starting from cone A, participants sprinted to cone B, shuffled laterally to
touch cones C and D, returned to cone B, and backpedaled to cone A [25]. Time was recorded using a
photocell timing system. After two familiarization trials, participants completed three valid trials
separated by 3-min rest periods, and the fastest time was used for analysis [21, 25]. The T-Test course
was arranged using four cones, and performance time was recorded using a photocell timing system

(Fig. 3).
Y-Balance Test

Dynamic balance was assessed using the Lower Quarter Y-Balance Test (YBT-LQ), a standardized test
that measures reach distances in the anterior, posteromedial, and posterolateral directions while
maintaining single-leg balance [26]. Reach distances were recorded to the nearest 0.5 cm using the Y-
Balance Test kit. Limb length was measured from the anterior superior iliac spine (ASIS) to the most
distal point of the medial malleolus, and reach distances were normalized to limb length. After six
practice trials, participants completed three valid trials in each direction; invalid trials were repeated, and
the mean value for each direction was used in the analysis. The composite score was calculated as the
sum of the three directional reach distances divided by three times the limb length and multiplied by 100
[20, 27].

Weight — Bearing Lunge Test (WBLT)

Ankle dorsiflexion mobility was assessed using the Weight-Bearing Lunge Test (WBLT). Participants
faced the wall in a tandem stance, with the great toe and heel midline of the tested foot aligned
perpendicular to the wall and the heel of the rear foot raised. With their hands on the wall, participants
advanced the front knee until it touched the wall without lifting the heel of the tested foot. The tested
foot was progressively moved away from the wall in 1-cm increments, and the greatest valid distance
between the great toe and the wall was recorded in centimeters. Three valid trials were performed for
each lower extremity, and their mean was used in the analysis. Trials involving heel lift, evident lower-
extremity compensation, or loss of the required position were repeated [22, 28].

Data Collection

All measurements were completed by the same researcher on the same day during a single session.
Participants first completed a demographic information form, and the dominant lower extremity was
identified. To minimize the potential effects of fatigue, assessments were administered in the following
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order: FPPA, YBT-LQ, WBLT, and T-Test. Familiarization and recorded trials were conducted according to
the test-specific protocols described above. A 2-min passive rest period was provided between tests.
The assessment was discontinued if participants experienced pain, dizziness, excessive fatigue, or
discomfort.

Statistical analysis

Continuous variables were assessed graphically and using the Shapiro-Wilk test and are presented as
mean + standard deviation (SD) or median (interquartile range [IQR]), as appropriate. BMI was calculated
as body mass in kilograms divided by height in metres squared. Associations of FPPA with the Y-Balance
composite score, T-Test time, and WBLT were specified as the primary correlation family. Associations
with directional Y-Balance scores and anthropometric variables were considered exploratory. Spearman's
rank correlation coefficients (r_s) were calculated with paired-bootstrap 95% confidence intervals based
on 20,000 resamples. The Holm method was applied separately to the three primary correlations and the
eight exploratory correlations. As a sensitivity analysis, the Holm method was also applied across all 11
correlations in a single family. Multiple linear regression was used to examine age, BMI, Y-Balance
composite score, T-Test time, and WBLT as correlates of FPPA. Model fit was summarised using Rz and
adjusted R?% multicollinearity was assessed using variance inflation factors (VIFs). Because residual
normality was not fully supported, HC3 heteroscedasticity-consistent standard errors and confidence
intervals were used for coefficient-level inference. A post hoc exploratory model examined the height-
FPPA association after adjustment for age and BMI. Statistical significance was set at p < 0.05;
exploratory findings were interpreted cautiously.

Results

Data from 66 adolescent female volleyball players were analysed. Median age was 13.0 years (IQR,
12.0-14.0; range, 11-18 years). Mean height, body mass, and recalculated BMI were 160.24 + 9.59 cm,
50.02 + 8.98 kg, and 19.39 * 2.54 kg/m?, respectively. Median FPPA was 196.5° (IQR, 187.3-201.0°).
Mean Y-Balance composite score, T-Test time, and WBLT value were 68.59 + 11.52%, 12.82 + 1.64 s, and
9.50 + 3.57 cm, respectively (Table 1).

FPPA was not significantly associated with the Y-Balance composite score (r_s = -0.169, 95% CI -0.385 to
0.062; p=0.174), T-Test time (r_s =-0.158,95% CI -0.388 to 0.078; p = 0.205), or WBLT (r_s =-0.093,95%
Cl-0.328 t0 0.151; p = 0.456). All three primary correlations remained nonsignificant after Holm
correction (all adjusted p = 0.523) and after the global Holm sensitivity correction across all 11
correlations (all adjusted p = 1.000; Table 2). The confidence intervals were compatible with small
associations in either direction but did not support the hypothesised moderate relationships.

Among the exploratory correlations, height showed a positive association with FPPA (r_s = 0.346, 95% Cl
0.108 to 0.560; p = 0.004). This association remained significant after correction within the eight
exploratory tests (adjusted p = 0.036) and was borderline after the global Holm correction across all 11
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correlations (adjusted p = 0.049). Limb length was positively associated with FPPA before correction
(r_s =0.255,95% CI 0.021 to 0.466; p = 0.039) but not after correction. No significant corrected
associations were observed for age, body mass, BMI, or the directional Y-Balance scores (Table 3).
These exploratory findings should not be interpreted as evidence of a developmental or causal effect.

The prespecified multivariable model including age, BMI, Y-Balance composite score, T-Test time, and
WBLT was not statistically significant using conventional inference (F[5,60] = 1.380, p = 0.245; R2 = 0.103;
adjusted R? = 0.028). The conclusion was unchanged with HC3 robust inference (Wald F=1.115,p =
0.362), and none of the individual variables was significantly associated with FPPA (Table 4). VIF values
ranged from 1.072 to 1.513, indicating no important multicollinearity.

In the post hoc exploratory model, height remained positively associated with mean FPPA after
adjustment for age and BMI (B = 0.507° per cm, HC3 95% CI 0.128 to 0.886; p = 0.010; model R2 = 0.124,
adjusted R? = 0.082). However, the height coefficient was not statistically significant in median
regression (B = 0.346, 95% CI -0.126 to 0.818; p = 0.148), indicating that the result was model-dependent
and should be treated as hypothesis-generating rather than confirmatory.

A sensitivity analysis recalculating the Y-Balance composite score directly from the three directional
reaches and limb length produced the same overall interpretation. The FPPA-Y-Balance association
remained small and nonsignificant (r_s =-0.195; p = 0.117), and the multivariable model remained
nonsignificant (F[5,60] = 1.460, p = 0.217; R? = 0.108; adjusted R2 = 0.034).

Table 1

Participant Characteristics (n = 66)
Variable Mean £ SD or Median (IQR)
Age (years) 13.0 (12.0-14.0)
Height (cm) 160.24 +9.59
Body mass (kg) 50.02 +8.98
BMI (kg/m?) 19.39+2.54
FPPA (°) 196.5 (187.3-201.0)
Y-Balance composite score (%) 68.59 + 11.52
T-Test (s) 12.82+1.64
WBLT (cm) 9.50 +3.57

Note. BMI: body mass index; FPPA: frontal plane projection angle; IQR: interquartile range; SD: standard
deviation; WBLT: Weight-Bearing Lunge Test.

Page 8/21



Table 2
Primary Associations of FPPA With Functional Outcomes

Variable r_s Bootstrap 95% Raw Holm p Global Holm
Cl p p
(primary
family) (11 tests)
Y-Balance composite -0.169 -0.385t00.062 0.174  0.523 1.000
score
T-Test time -0.158 -0.3881t00.078 0.205 0.523 1.000
WBLT -0.093 -0.328t0 0.151 0.456  0.523 1.000

Note. CI: confidence interval; r_s: Spearman's rank correlation coefficient; WBLT: Weight-Bearing Lunge
Test.

Table 3
Exploratory Associations of FPPA With Directional Y-Balance and Anthropometric Variables
Variable r_s Bootstrap 95% Raw p Holm p Global
Cl Holm p
(exploratory
family) (11 tests)
Y-Balance anterior -0.009 -0.242 t0 0.235 0.946 1.000 1.000
Y-Balance 0.217 -0.011 t0 0.431 0.080 0.464 0.697
posteromedial
Y-Balance -0.011 -0.259 t0 0.236 0.930 1.000 1.000
posterolateral
Age 0.212 -0.028 t0 0.435 0.087 0.464 0.697
Height 0.346 0.108 to 0.560 0.004 0.036 0.049
Body mass 0.219 -0.013 10 0.432 0.077 0.464 0.697
BMI 0.016 -0.221 t0 0.251 0.897 1.000 1.000
Limb length 0.255 0.021 to 0.466 0.039 0.272 0.389

Note. BMI: body mass index; Cl: confidence interval; r_s: Spearman’s rank correlation coefficient.
Directional labels follow the raw spreadsheet and must be verified against the original assessment
forms before submission.
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Table 4
Multivariable Linear Regression Model for FPPA

Variable B HC3 95% CI Standardised B HC3 p VIF

Age 0.962 -0.999 to 0.129 0.330 1.513
2.922

BMI -0.116 -1.396 to -0.024 0.857 1.072
1.164

Y-Balance composite -0.120 -0.451 to -0.115 0.468 1.167

score 0.210

T-Test time -1.040 -3.210 to -0.142 0.342 1.476
1.130

WBLT -0.584 -1.589 to -0.173 0.250 1.160
0.422

Note. Conventional model: F(5,60) = 1.380, p = 0.245, R? = 0.103, adjusted R? = 0.028. HC3 robust joint

test: Wald F=1.115, p = 0.362. BMI: body mass index; Cl: confidence interval; VIF: variance inflation

factor; WBLT: Weight-Bearing Lunge Test.

Table 5

Post Hoc Exploratory Model of Height and FPPA
Variable B HC3 95% CI Standardised B HC3p VIF
Height (cm) 0.507 0.128 to 0.886 0.404 0.010 1.919
Age (years) -0.630 -3.055t0 1.796 -0.084 0.606 1.958
BMI (kg/m?) 0.086 -1.208 to 1.379 0.018 0.895 1.028
Note. Model R? = 0.124, adjusted R? = 0.082; conventional F(3,62) = 2.930, p = 0.041; HC3 robust joint
test: Wald F = 3.430, p = 0.022. This model was post hoc and did not include a direct measure of
biological maturation.

Discussion

This study examined whether frontal plane projection angle (FPPA) during the single-leg squat was
associated with dynamic balance, agility, and ankle dorsiflexion mobility in adolescent female volleyball
players. The primary analyses did not provide evidence of moderate associations between FPPA and the
Y-Balance composite score, T-Test time, or Weight-Bearing Lunge Test (WBLT), and all three associations
remained nonsignificant after both the prespecified Holm correction and the global correction across all
correlation tests. The multivariable model also had low explanatory value, and its interpretation was
unchanged when heteroscedasticity-consistent HC3 inference was used. Height showed a positive
exploratory association with FPPA, but this finding was borderline after the global multiplicity correction
and was not supported by median regression. Accordingly, the functional null findings are the principal
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results of the study, whereas the height finding should be treated as hypothesis-generating rather than
confirmatory.

The absence of an association between FPPA and Y-Balance performance extends previous evidence to
adolescent female volleyball players. Wilczynski et al. [1] similarly found no significant relationship
between frontal-plane knee alignment and modified Star Excursion Balance Test performance during
single-leg tasks in young male football players. In physically active adolescent females, Bulow et al. [29]
also reported that Y-Balance scores provided limited information regarding lower-extremity kinematics.
Y-Balance reach performance is influenced by several task requirements, including ankle dorsiflexion, hip
flexion, and multiplanar postural strategies [30], whereas FPPA represents a two-dimensional estimate of
frontal-plane knee alignment at a specific point of the single-leg squat. Therefore, the two assessments
may emphasize different components of lower-extremity function and should not be considered
interchangeable. The formula-based sensitivity analysis for the Y-Balance composite score produced the
same overall interpretation, supporting the stability of this primary finding.

FPPA was also not associated with T-Test performance. The T-Test integrates forward sprinting, lateral
shuffling, backward running, acceleration, deceleration, and movement coordination, and is commonly
used to characterize change-of-direction performance in female volleyball players [21, 31]. In contrast,
FPPA was obtained during a controlled single-leg squat and does not reproduce the speed, external
loading, or directional demands of the T-Test. Straub and Powers [32] reported that two-dimensional
FPPA had only limited ability to predict frontal-plane knee moments during stepping, landing, and
change-of-direction tasks, while Gomes et al. [33] showed that dynamic knee valgus may vary according
to change-of-direction demands. These findings support a task-specific interpretation: change-of-
direction performance and single-leg squat FPPA may provide complementary rather than redundant
information. Future work should use synchronized frontal-plane assessment during standardized cutting
and deceleration tasks when examining the relationship between knee alignment and agility
performance.

The lack of association between FPPA and WBLT should be interpreted in the context of inconsistent
previous evidence. A systematic review and meta-analysis reported an association between reduced
ankle dorsiflexion and dynamic knee valgus [34], and studies in asymptomatic adults and men reported
relationships between dorsiflexion mobility and FPPA [35, 36]. Conversely, Hassan et al. [18] found no
significant relationship between ankle dorsiflexion and FPPA in participants with patellofemoral pain or
healthy controls. Da Costa et al. [37] further demonstrated that passive ankle dorsiflexion does not
necessarily correspond to the dynamic dorsiflexion strategy used during the single-leg squat.
Differences in population, task, and measurement approach may contribute to these contrasting
findings. The present result does not indicate that ankle mobility is irrelevant to lower-extremity
mechanics; rather, it indicates that isolated WBLT performance was not closely coupled with FPPA in this
sample.
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The prespecified regression model, comprising age, BMI, Y-Balance composite score, T-Test time, and
WBLT, explained little of the variability in FPPA, and none of the included variables was independently
associated with FPPA. This conclusion remained unchanged with HC3 robust inference. The low
adjusted R? indicates that the selected field-based measures did not constitute a comprehensive
explanatory model of frontal-plane knee alignment. Variables not measured in the present study may
account for additional variability. Jamaludin et al. [38] reported significant relationships between knee
frontal-plane angle and non-dominant hip extensor strength (r = - 0.56, p = 0.02) and dominant hip
adductor strength (r = - 0.51, p = 0.04) during a 45° single-leg squat among physically active females
without excessive dynamic knee valgus. Among females with excessive dynamic knee valgus, knee
frontal-plane angle for both legs was significantly related to non-dominant hip abductor strength during a
60° single-leg squat [38]. In adolescent female volleyball players, Sahin et al. [39] found moderate
positive correlations between Beighton score and peak knee valgus during double-leg vertical-jump
landing (r=0.487, p = 0.014), single-leg drop landing (r = 0.478, p = 0.016), and single-leg squat (r = 0.439,
p = 0.028). Because hip strength and generalized joint hypermobility were not assessed in the present
study, their contributions to FPPA variability cannot be determined from the current data.

Height was positively correlated with FPPA in the exploratory analyses. The association remained
significant when the eight exploratory correlations were corrected as a separate family, but it was only
borderline when all 11 correlations were corrected together. Height also remained associated with mean
FPPA after adjustment for age and BMI using HC3 robust linear regression, whereas the corresponding
median regression coefficient was not statistically significant. This model dependence reduces
confidence in the robustness of the finding. Previous studies have described associations of stature,
growth, or maturation with lower-extremity alignment and knee mechanics [7, 8, 40, 41], but biological
maturation was not directly assessed in the present study. The observed height-FPPA association
therefore cannot be attributed to maturation, changes in center-of-mass position, or a developmental
mechanism. It should be considered an exploratory signal requiring confirmation in larger studies with
direct maturation measures.

From a clinical and field-assessment perspective, the present findings indicate that Y-Balance
performance, T-Test time, and WBLT should not be used as proxies for FPPA during the single-leg squat
in adolescent female volleyball players. Two-dimensional FPPA can provide a practical estimate of
frontal-plane knee alignment, but its interpretation remains task specific and does not substitute for
broader assessment of strength, trunk and pelvic control, movement strategy, or sport-specific
deceleration mechanics [14, 16, 17, 38]. Because injury occurrence was not measured prospectively, the
current data also do not support conclusions regarding injury prediction. The contribution of the study is
therefore not the identification of a single screening determinant, but the demonstration that commonly
used field tests and single-leg squat FPPA appear to capture only partially overlapping aspects of lower-
extremity function in this population.

Limitations
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This study has several limitations. First, the cross-sectional design precludes causal or developmental
inference and does not permit evaluation of injury prediction. Second, the sample-size calculation was
based on an expected correlation of r = 0.35, whereas the observed primary correlations were small. The
study was therefore not adequately powered to exclude small associations, and the confidence intervals
should be considered alongside the nonsignificant p values. Third, participants were recruited by
convenience from a single volleyball academy, and the findings may not generalize to male athletes,
other sports, symptomatic athletes, or players at different competitive levels.

Fourth, FPPA was measured by a single assessor, and no study-specific intra-rater or inter-rater reliability
analysis was available. Consequently, the magnitude of assessor-related measurement error could not
be quantified, despite the known assessor and task sensitivity of two-dimensional FPPA measurement
[14, 16, 23]. Fifth, hip strength and generalized joint hypermobility were not assessed, although both have
been associated with knee frontal-plane angle or peak knee valgus during single-leg squat tasks in
physically active females and adolescent female volleyball players [38, 39]. Sixth, the broad age range of
the analysed sample (11-18 years) probably included athletes at different stages of biological
maturation, but maturation status and time since menarche were not directly measured. This limits
interpretation of the exploratory height association. Seventh, all assessments were completed in one
session and in a fixed order, with the T-Test administered last; cumulative fatigue or within-session
variation may therefore have influenced performance. Finally, FPPA was derived from a two-dimensional
single-leg squat assessment and should not be generalized to three-dimensional knee mechanics or to
landing, cutting, and high-velocity sport tasks.

Conclusions

FPPA during the single-leg squat was not significantly associated with dynamic balance, agility
performance, or ankle dorsiflexion mobility in adolescent female volleyball players after correction for
multiple testing. The observed associations were small, although small effects cannot be excluded with
the present sample size. These field-based functional tests should therefore not be interpreted as
substitutes for task-specific assessment of frontal-plane knee alignment. The positive association
between height and FPPA was exploratory, borderline under global multiplicity correction, and model
dependent; it does not support causal or maturation-related conclusions. Larger studies incorporating
direct biological maturation measures, proximal neuromuscular variables, task-matched movement
analysis, and study-specific assessor reliability are needed.
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Flow diagram of participant enrollment, assessment completion, and final analysis.

§

Representative two-dimensional assessment of the frontal plane projection angle during the single-leg
squat. FPPA was determined from the alignment of the anterior superior iliac spine, midpoint of the patella,
and midpoint between the medial and lateral malleoli using SparkMotion software.
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Figure 3

T-Test setup used to assess agility performance. The course consisted of four cones arranged in a T-shaped
configuration, and completion time was recorded using a photocell timing system.
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