
lable at ScienceDirect

Physical Therapy in Sport 60 (2023) 47e53
Contents lists avai
Physical Therapy in Sport

journal homepage: www.elsevier .com/ptsp
Reliability of the running vertical jump test in female team sport
athletes

Brooke Jenner a, b, *, Carmel Nottle a, b, Julie L. Walters a, b, Steven W. Saunders c,
Anthony S. Leicht d, Robert G. Crowther a, b

a UniSA: Allied Health and Human Performance, University of South Australia, 5001, Adelaide, Australia
b Alliance for Research in Exercise, Nutrition & Activity (ARENA), University of South Australia, 5001, Adelaide, Australia
c Saunders Physiotherapy, 5000, Adelaide, Australia
d Sport and Exercise Science, James Cook University, 4811, Queensland, Australia
a r t i c l e i n f o

Article history:
Received 23 October 2022
Received in revised form
6 January 2023
Accepted 7 January 2023

Handling Editor: Dr L Herrington

Keywords:
Reliability
Female
Landing
* Corresponding author. UniSA: Allied Health and
sity of South Australia, 5001, Adelaide, Australia.

E-mail addresses: Brooke.Jenner@mymail.unisa.e
Nottle@unisa.edu.au (C. Nottle), Julie.Walters@unisa.
saundersphysiotherapy.com.au (S.W. Saunders),
(A.S. Leicht), Robert.Crowther@unisa.edu.au (R.G. Cro

https://doi.org/10.1016/j.ptsp.2023.01.005
1466-853X/© 2023 Elsevier Ltd. All rights reserved.
a b s t r a c t

Injury rates to the lower limb have increased over the past 40 years, coinciding with increases in female
sport participation rates. Sport specific tests such as the running vertical jump (RVJ) are utilised for injury
risk profiling, however the test-retest reliability is unknown.
Objectives: The aim of this study was to investigate the test-retest reliability of the thorax, pelvis and
lower limb joint angular kinematics and kinetics for the RVJ test in female team sport athletes.
Design: Three-dimensional motion capture with force plate integration was utilised as participants
performed five trials on each limb on three separate days.
Setting: Testing occurred in a biomechanics laboratory.
Participants: Thirty-four females (Australian Rules Football ¼ 15, Netball ¼ 12, Soccer ¼ 7) participated in
this study.
Main Outcome Measures: Intraclass correlation coefficients (ICC), effect sizes and typical errors (TE) of
segment and joint angular kinematics and kinetics were calculated.
Results: Poor to excellent reliability (ICC ¼ �0.12 e 0.92), small to large effect sizes (0.00e0.90) and TE
(0.02e289.24) were observed across segment and joint angular kinematics and kinetics.
Conclusions: The RVJ test is recommended when analysing ground reaction forces and joint angular
kinematics in female team sport athletes.

© 2023 Elsevier Ltd. All rights reserved.
1. Introduction

Over the past 40 years, female participation rates across all
levels of sport have increased, possibly contributing to increasing
injury rates (Hecht& Arendt, 2014). Injuries result inmultiple costs,
such as rehabilitation, financial, long-term health, time-loss from
work/education and sport (Hecht & Arendt, 2014). One of the most
prevalent and devastating lower limb injuries is the rupture of the
anterior cruciate ligament (ACL) where females are 9.2 times more
likely than males to injure the ACL (Arundale et al., 2018; Fox et al.,
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2020). This gender disparity may be due to a number of factors such
as an increased Q-angle, muscle imbalances and the dynamic knee
valgus pattern (hip adduction, hip internal rotation, knee abduc-
tion, knee internal or external rotation and ankle eversion)
(Alentorn-Geli et al., 2009; Carreiro & Lower, 2009; Hewett et al.,
2005). Dynamic knee valgus, often observed in jumping/landing
and change of direction-based sports, has been identified as a ‘high-
risk’ action that contributes to lower limb injuries, such as soft
tissue or joint injuries (Alentorn-Geli et al., 2009; Chinnasee et al.,
2018; Hewett et al., 2005). To understand this movement pattern
and identify those at greatest risk of injury, functional movement
tests have been utilised. For example, biomechanical movement
patterns within sport specific scenarios, such as the drop/depth
jump, countermovement jump, change of direction, running ver-
tical jump (RVJ) and/or hop tests have been the subject of investi-
gation (Alentorn-Geli et al., 2009; Chinnasee et al., 2018; Hewett
et al., 2005).
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Fig. 1. Laboratory set-up for the running vertical jump test.
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The drop/depth jump was previously the most common func-
tional movement test utilised within the sport setting to determine
injury risk, focusing on the knee valgus position (Collings et al.,
2019; Hewett et al., 2005). Previous investigation has seen intra-
class correlation coefficients (ICC) as high as 0.98 for variables such
as peak left and right hip flexion angle, indicating excellent test-
retest reliability (Beardt et al., 2018; Ford et al., 2003; Mok et al.,
2016). However, some reported reliability data may have been
influenced by the design of the study. For example, small sample
size (e.g. five participants), only two testing sessionswith limited or
no familiarisation potentially increasing the learning effect, and
only performing reliability analysis on limited variables such as,
between knee distance at maximum valgus (Ford et al., 2003) and
knee or hip joint angular kinematics (Beardt et al., 2018; Mok et al.,
2016). There is limited reliability data for all segment and joint
angular kinematics, and joint ground reaction force (GRF) kinetics.
Additionally, although the drop/depth jumpwas initially thought to
provide some useful information regarding lower limb landing
mechanics and potential for risk analysis, recently its usefulness
has been questioned for assessment of injury risk such as the ACL
injury, as it does not replicate the loading or movement patterns
exhibited in dynamic sport situations (e.g. not multidirectional,
unilateral or unanticipated, and from a standing start) (Beardt et al.,
2018; Collings et al., 2019; Krosshaug et al., 2016). More multi-
directional sport specific tests, such as the unanticipated change
of direction and RVJ, have been increasingly examined (Chinnasee
et al., 2018). The RVJ provides insight into an athlete's ability to
jump and land unilaterally whilst reaching for an overhead object
such as a ball (Morgan et al., 2014), and mimics sport specific sce-
narios (e.g. a marking action in Australian Rules Football (ARF) or
catching a ball in Netball). Only six studies, to the authors knowl-
edge, have investigated the RVJ test, where male and female team
sport athlete populations such as Netball and ARF have been
examined (Chinnasee et al., 2018; Dempsey et al., 2012; Fox et al.,
2017; Fox, Bonacci, & Saunders, 2020; Morgan et al., 2014; Tai
et al., 2018). To date, no studies have reported the test-retest reli-
ability (consistency of a measure over multiple time points), and/or
measurement error of this test, leaving questions regarding its
potential clinical and high-performance sporting value or use.
Confirming the test-retest reliability of the RVJ would give practi-
tioners knowledge of the typical variability between sessions, and
usefulness of the RVJ in injury risk assessment or return to sport
protocols.

Therefore, the aim of this study was to identify the test-retest
reliability of the thorax, pelvis and lower limb joint angular kine-
matics and kinetics for the RVJ test in female team sport athletes.
Due to the variability of segment and joint angular kinematics and
kinetics in previous RVJ investigations (Chinnasee et al., 2018;
Dempsey et al., 2012; Fox et al., 2017; Fox, Bonacci, & Saunders,
2020; Morgan et al., 2014; Tai et al., 2018), it was hypothesised
that the RVJ test-retest reliability would be moderate (ICC �0.5).

2. Methods

2.1. Participants

Thirty-four, female, team sport athletes (ARF ¼ 15, Netball ¼ 12,
Soccer ¼ 7) with a mean age ± standard deviation (SD) of
24.1 ± 4.2 yrs, height of 1.68 ± 0.08 m, and body mass of
67.8 ± 11.5 kg were recruited from South Australian sporting clubs
(recreational to semi-professional). Based on prior work that re-
ported an effect size of 0.3 for knee joint internal and external
rotation kinematics (Chinnasee et al., 2018), a priori power analysis
(G*Power v3.1, Düsseldorf, Germany) indicated a sample size of 20
was required (effect size 0.3, p < 0.05, power 0.8) to determine
48
moderate reliability of tests (ICC �0.5) (Chinnasee et al., 2018).
Inclusion criteria for participants included: aged between 16 and
35 yrs; minimum of 1 yr playing experience in their respective
sport; no current or previous ACL injury; no history of lower ex-
tremity surgery; no current musculoskeletal injuries, chronic pain,
or systemic condition; and no concussion within the 14 days prior
to testing. Additionally, participants were screened via Stage 1 of
the Exercise and Sports Science Australia Exercise Pre-Screening
form to confirm their health status (Exercise and Sports Science
Australia, 2019). This study was approved by the Human Research
Ethics Committee with written informed consent obtained from all
participants and/or a parent/legal guardian.

2.2. Experimental design

This study followed a repeated-measures cohort design. All
testing was conducted during the pre-season period at a biome-
chanics laboratory. Participants completed three familiarisation
sessions and three RVJ testing sessions to assess test-retest reli-
ability (Hopkins et al., 2001). Due to the complexity of the RVJ test,
three familiarisation sessions were conducted to minimise learn-
ings effects and maximise familiarity and performance. The same
investigator conducted each session to ensure consistent testing
conditions and protocols. Each familiarisation and testing session
were performed a minimum of 48 h apart, and participants were
encouraged not to perform any strenuous physical activity 24 h
prior to each session. Participants were instructed to wear minimal
skin-tight clothing (e.g. sports bra and tight shorts) to minimise
interference with reflective markers.

2.2.1. Familiarisation
The familiarisation sessions consisted of five RVJ trials per limb

in accordance with the testing procedures (e.g. consistent entry
velocity, foot placement, etc.). A dynamic warm-up was conducted
prior to the RVJ trials, including 20 high knee skips, 10 leg swings
(flexion/extension), 2 � 10 m runs at 50% of maximal speed,
2 � 10 m runs at 75% of maximal speed and 25 jumping jacks
(modified from Manson et al. (2014)). A YardStick (Swift YardStick,
Swift Performance, QLD, Australia) was used to determine the
participants maximum RVJ height for both limbs. The highest result
from the five trials within each familiarisation sessionwas recorded
for each limb as the participants 100% maximum RVJ height. Based
upon this familiarisation protocol, the football was suspended at
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90% of each participant's maximum RVJ height for the subsequent
RVJ testing sessions (mean height 2.28 ± 0.12 m) (Fig. 1) (modified
from Chinnasee et al., 2018).

2.3. Protocol

Upon arrival at the first familiarisation session, the participant's
height and mass were measured using a wall mounted stadiometer
(SECA 216, Seca, NY, USA) and scales (TANITA DR-953 Inner Scan,
Tanita, Tokyo, Japan), respectively. The dominant limb was deter-
mined by asking each participant which leg they would kick a ball
with (Walsh et al., 2012). The same warm-up as described for the
familiarisation sessions was completed prior to testing.

2.4. Instrumentation

Reflective markers (38 � 14 mm) and additional clusters (2
thigh and 2 shank) were positioned on bony landmarks of the
participants (upper, trunk, pelvis and lower body) based on the 6
degrees of freedom (6DOF) and IOR models (Fig. 2) (Cappozzo et al.
1995, 1997; Leardini et al., 2011). ASICS shoes (GT-2000, model 8)
and socks were provided to every participant for standardisation.
Twelve MX40þ VICON cameras captured movements at 200 Hz
using the VICON Nexus software (v2.10, VICON, Oxford, UK) and
were synchronised with two Kistler force plates (400 � 600 mm &
400 � 900 mm) (Kistler, Kistler Instruments Australia, VIC,
Australia) recording at 2000 Hz. Prior to testing, cameras were
calibrated following the VICON Nexus guidelines (Vicon Motion
Systems, 2020). Fusion Timing Gates (Smartspeed, Fusion Sport,
QLD, Australia) were positioned 3 and 4 m from the force platforms
to calculate entry velocity (Fig. 1) (Sankey et al., 2020). Once
reflective markers and clusters were attached, a static and range of
motion (ROM) trial were captured at the commencement of each
session, to calibrate and label reflective markers as recommended
by VICON Nexus guidelines (Vicon Motion Systems, 2020). The
Fig. 2. Reflective marker and cluster (thigh & shan
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ROM trial consisted of 10 x hip flexion/extensions, 10 x hip
abduction/adductions, 10 x hip circumduction's and 10 x knee
flexion/extensions for each limb.

2.4.1. Marker placement reliability
The primary investigator applied all reflective markers and

undertook reliability of marker placement through two methods.
Firstly, the primary investigator marked the location of the marker
landmarks using a pen to the same participant on 10 different days.
A co-investigator then marked the location of the landmarks to the
same participant and the difference (mm) between landmarks was
measured. Before commencement of testing, the primary investi-
gator was required to have a difference of less than 5 mm for all
marker locations on the final three consecutive days. Secondly,
reflective marker placement using the static trials for each partic-
ipant across sessions one, two and threewere exported fromVICON
Nexus. The difference (mm) between selected lower body markers
(e.g. greater trochanter, femoral lateral epicondyle, femoral medial
epicondyle, head of fibula, lateral malleolus, medial malleolus, and
tibial tuberosity) across the first 100 frames for the three vectors (X,
Y, Z) were calculated for the left and right limbs. The mean differ-
ence for sessions one, two and three were used for statistical
analysis.

2.4.2. RVJ test
Participants completed 10 x RVJ trials during each session, five

on each limb. The order of limb trials was completed in a rando-
mised order for each session, determined via a Random List
Generator (Randomness and Integrity Services Ltd, Dublin, Ireland)
computer program, to reduce anticipatory effects. Participants were
required to run 7 m and pass through two timing gates at a
standardised velocity of 14e16 km/h (4e6 m/s) (Chinnasee et al.,
2018). They were instructed to complete a single limb jump off
the first force plate to reach a suspended ball, landing on the ipsi-
lateral limb on the second force plate (Fig. 1) (Chinnasee et al.,
k) placement based on 6DOF and IOR models.
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2018). To be considered as a valid trial, the participant was required
to run within the correct velocity range and land with the correct
limb completely on each force plate. Participants were given a
maximum of seven attempts to complete one trial successfully;
where participants failed after seven attempts, the trial was reat-
tempted at the end of the session. A minimum rest period of 1 min
was provided between trials.
3. Data analysis

Static, ROM and RVJ trials were reconstructed and labelled, and
gaps filled in VICON Nexus (v2.10.2, VICON, Oxford, UK) with C3D
files exported for processing in Visual3D (v6.0, c-motion, MD, USA).
Functional joint centres (hip and knee) were calculated using the
ROM trials in Visual3D (C-Motion, 2020). A fourth order zero-lag
low-pass Butterworth filter with 15 Hz cut-off frequency was
used to smooth marker trajectory data. GRF (Fx, Fy, Fz), segment
angular kinematics (thorax and pelvis) and joint angular kine-
matics (ankle, knee and hip) and joint kinetics (moment and power
for the ankle, knee and hip) for the three axes of rotation
(X ¼ medial-lateral; Y ¼ anterior-posterior; Z ¼ longitudinal) were
calculated. The thorax segment was defined as the axial rotation
component of thorax motion relative to pelvis motion, otherwise
known as ‘X-Factor’ in golf (Hume et al., 2005). Two key events
were determined; initial contact (INC), defined as vertical GRF
>10 N, and initial impact (INI), defined as 100 ms after INC
(Norcross et al., 2013). Data was collected at these two time points
for statistical analysis. Peak GRF metric for all three axes was
exported for each trial. The data for the GRF, segment and joint
angular kinematics and joint kinetics across the five trials were
averaged for each session.
4. Statistical analysis

All statistical analyses were conducted using IBM SPSS Statistics
software version 25 (IBM Corp, NY, USA). Mean and SD for RVJ
testing sessions were calculated. All data was inspected through
boxplots, identifying outliers in the dataset which were checked
and corrected (if manual input error occurred). The Shapiro-Wilk
goodness of fit test was used to check normality of the datasets.
Data was not normally distributed for the right trial thorax and
pelvis segment angular kinematics. Therefore, differences between
sessions (e.g. 1 vs. 2, 1 vs. 3, 2 vs. 3) for right limb RVJ trial segment
kinematics were identified through the Friedman non-parametric
and post-hoc Wilcoxon signed-rank tests. Repeated measures
ANOVA and post-hoc, pairwise comparisons with a Bonferroni
correction identified between-session differences (e.g. 1 vs. 2, 1 vs.
3, 2 vs. 3) for all other segment and joint kinematic and kinetic data,
presented in the supplementary material tables. Test-retest reli-
ability of reflective marker placement and all kinematic and kinetic
data was assessed through ICC3,1 where values < 0.50 were inter-
preted as poor, 0.50e0.75 as moderate, 0.75e0.90 as good and
>0.90 as excellent (Portney & Watkins, 2009). Effect size (ES)
(thresholds set as small ¼ 0.2, moderate ¼ 0.6, large ¼ 1.2, very
large ¼ 2.0 and nearly perfect ¼ 4.0) and typical error (TE) were
calculated to represent magnitude of difference between sessions,
and magnitude of error, respectively (Hopkins, 2015; Smith &
Hopkins, 2011). TE was calculated by dividing the SD of the differ-
ence score by square root 2 (Hopkins, 2015). Mean and between-
session (e.g. 1 vs. 2, 1 vs. 3, 2 vs. 3) ICC and TE are presented
(Tables S1eS13). The significance level was set at p < 0.05 for all
analyses.
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5. Results

All participants completed the testing protocol successfully
without reporting pain or discomfort. Right limb dominance was
reported by 91.0% of participants (31), whereas left limb dominance
was reported by 9.0% of participants (3). Only one participant was
unsuccessful in completing a valid trial during a testing session,
exceeding the seven attempts allowed. This trial was repeated at
the end of the testing session and successfully completed. Each
session consisted of 10 RVJ trials where on average, 2.2 trials were
failed in session 1, 1.4 trials were failed in session 2 and 0.7 trials
were failed in session 3.

5.1. Marker reliability

Primary investigators’ mean test-retest reliability of marker
placement for the left and right limbs was moderate to good
(ICC¼ 0.73e0.80) wheremean TEwas lower for the vectors Yand Z,
and higher for X (Tables S1 and S2).

5.2. Reliability at INC

5.2.1. Segment angular kinematics
Mean test-retest reliability at INC of the left limb RVJ thorax and

pelvis segments demonstrated poor to moderate ICCs (0.20e0.52)
for all axes of rotation. No differences were found between sessions
for the thorax in all three axes. Pelvic obliquity (Y) was 10.3� greater
in session one compared with session two (p ¼ 0.01) and pelvic
rotation (Z) was 12.2� greater in session one compared with session
two (p ¼ 0.02). The thorax and pelvis mean TE were lower for the
medial-lateral and anterior-posterior axes, and higher for the lon-
gitudinal axis with small ES (0.00e0.13) (Table S3).

Mean test-retest reliability at INC of the right limb RVJ thorax
and pelvis segments demonstrated poor to moderate ICCs
(0.34e0.57) for all axes of rotation. No differences were found be-
tween sessions for the thorax in all three axes. Pelvic rotation (Z)
was 13.0� greater in session one compared with session two and
6.4� greater in session three compared with session two (p ¼ 0.01).
The thorax and pelvis mean TE were lower for the medial-lateral
and longitudinal axes, and higher for the anterior-posterior axis
(Table S4).

5.2.2. Joint angular kinematics
Mean test-retest reliability at INC of the left limb RVJ ankle, knee

and hip joints demonstrated moderate to good ICCs (0.53e0.86) for
all axes of rotation. Ankle inversion (Y) was 2.6� greater in session
one compared with sessions two and three (p ¼ 0.01). No differ-
ences were found between sessions for the knee joint in all three
axes. Hip flexion (X) was 4.3� greater in session one compared with
session two (p ¼ 0.01). The ankle, knee, and hip joint mean TE were
lower for the longitudinal and anterior-posterior axes, and higher
for medial-lateral axis with small ES (0.00e0.19) (Table S5).

Mean test-retest reliability at INC of the right limb RVJ ankle,
knee and hip joints demonstrated poor to excellent ICCs
(0.27e0.92) for all axes of rotation. No differences were found be-
tween sessions for the ankle, knee, and hip joints in all three axes.
The ankle, knee, and hip joint mean TE were lower for the longi-
tudinal and anterior-posterior axes, and higher for medial-lateral
axis with small ES (0.01e0.05) (Table S5).

5.2.3. Joint kinetics
Mean test-retest reliability at INC of the left limb RVJ peak GRF

demonstrated good ICCs (0.83e0.87) for all axes of rotation. Session
1 GRF was 220.4 N greater than session two, and 251.6 N greater
than session three in the medial-lateral axis (p ¼ 0.01). The GRF
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mean TE were lower for the longitudinal and anterior-posterior
axes, and higher for the medial-lateral axis with small ES
(0.05e0.19). Mean test-retest reliability at INC of the right limb RVJ
peak GRF demonstrated good to excellent ICCs (0.82e0.91) for all
axes of rotation. Session 1 GRFwas 180.2 N greater than session two
in the medial-lateral axis (p ¼ 0.03), and session two was 15.5 N
greater than session three in the anterior-posterior axis (p ¼ 0.03).
The GRF mean TE were lower for the longitudinal and anterior-
posterior axes, and higher for the medial-lateral axis with small
ES (0.08e0.13) (Table S6).

Mean test-retest reliability at INC of the left and right limb RVJ
joint moments demonstrated poor ICCs (left �0.12 e 0.36,
right �0.02 e 0.37). No differences were found between sessions
for the ankle, knee, and hip joint moments in all three axes. The
joint moment mean TE were lower for the longitudinal axis and
higher for the medial-lateral and anterior-posterior axis with small
ES (0.00e0.06) (Table S7).

Mean test-retest reliability at INC of the left and right limb RVJ
joint powers demonstrated poor to moderate ICCs (left �0.01 e

0.16, right �0.02 e 0.58). No differences were found between ses-
sions for the ankle, knee, and hip joint powers in all three axes. The
joint power mean TE were lower for the medial-lateral and longi-
tudinal axes, and higher for the anterior-posterior axis with small
ES (0.00e0.50) (Table S8).

5.3. Reliability at INI

5.3.1. Segment angular kinematics
Mean test-retest reliability at INI of the left limb RVJ thorax and

pelvis segments demonstrated poor to moderate ICCs (0.28e0.74)
for all axes of rotation. No differences were found between sessions
for the thorax in all three axes. Pelvic obliquity (Y) was 15.0� greater
in session one compared with session two (p ¼ 0.02) and pelvic
rotation (Z) was 19.0� greater in session one comparedwith session
three (p ¼ 0.05). The thorax and pelvis mean TE were lower for the
medial-lateral and anterior-posterior axes, and higher for the lon-
gitudinal axis with small ES (0.01e0.11) (Table S9).

Mean test-retest reliability at INI of the right limb RVJ thorax
and pelvis segments demonstrated poor to moderate ICCs
(0.34e0.70) for all axes of rotation. Thorax obliquity (Y) was 4.3�

greater in session one compared with session two, and 2.2� greater
in session three compared with session one (p ¼ 0.04). Pelvic
rotation (Z) was 16.8� greater in session one comparedwith session
two and 13.5� greater in session three compared with session two
(p ¼ 0.05). The thorax and pelvis mean TE were lower for the
medial-lateral and longitudinal axes, and higher for the anterior-
posterior axis (Table S10).

5.3.2. Joint angular kinematics
Mean test-retest reliability at INI of the left limb RVJ ankle, knee

and hip joints demonstrated moderate to good ICCs (0.59e0.76) for
all axes of rotation. No differences were found between sessions for
the ankle and knee joints in all three axes. Hip flexion (X) was 6.3�

greater in session one compared with session two, and session two
was 4.2� lower than session three (p ¼ 0.01). The ankle, knee and
hip mean TE were lower for the longitudinal and anterior-posterior
axes, and higher for the medial-lateral axis with small ES
(0.00e0.20) (Table S11).

Mean test-retest reliability at INI of the right limb RVJ ankle,
knee and hip joints demonstrated poor to moderate ICCs
(0.42e0.79) for all axes of rotation. No differences were found be-
tween sessions for the ankle, knee, and hip joints in all three axes.
The ankle, knee and hip mean TE were lower for the longitudinal
and anterior-posterior axes, and higher for the medial-lateral axis
with small ES (0.00e0.04) (Table S11).
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5.3.3. Joint kinetics
Mean test-retest reliability at INI of the left and right limb RVJ

ankle, knee and hip joint moments demonstrated poor to good ICCs
(left 0.01e0.62, right 0.00e0.80) for all axes of rotation. No differ-
ences were found between sessions for the ankle, knee, and hip
joints in all three axes. The ankle, knee and hip mean TE were lower
for the longitudinal and anterior-posterior axes, and higher for the
medial-lateral axis with small ES (0.00e0.04) (Table S12).

Mean test-retest reliability at INI of the left and right limb RVJ
ankle, knee and hip joint powers demonstrated poor to moderate
ICCs (left 0.00e0.41, right 0.12e0.72) for all axes of rotation. No
differences were found between sessions for the ankle, knee and
hip joints in all three axes. The ankle, knee and hip mean TE were
lower for the medial-lateral and longitudinal axes, and higher for
the anterior-posterior axis with small ES (0.01e0.05) (Table S13).

6. Discussion

The aim of this study was to investigate the test-retest reliability
of segment and joint angular kinematics and kinetics for the RVJ
test in female team sport athletes where moderate reliability (ICC
�0.5) was hypothesised. Contrary to our hypothesis, poor to
excellent test-retest reliability was identified for segment and joint
angular kinematics (ICC ¼ 0.20e0.92) and kinetics (ICC ¼ �0.12 e

0.80) across the three axes of rotation with small ES (0.00e0.50)
and TE ranging from 0.02 to 289.24, across segment and joint
angular kinematics and kinetics. The RVJ test may be of limited use
by practitioners when analysing the thorax and pelvis segment
angular kinematics, joint moments and powers at INC and INI for
injury risk assessment in female team sport athletes, due to lower
reliability and higher TE outcomes. Therefore, it is recommended to
utilise this test when investigating GRF and joint angular kine-
matics of the hip, knee and ankle at INC and INI, due to higher
reliability and lower TE outcomes. These conclusions can assist in
the informed selection of injury risk profiling tests for different
clinical or high-performance sport populations.

Previously, the drop/depth jump was considered one of the
most important functional movement tests in identifying dynamic
knee valgus, considered a marker of injury risk (Hewett et al.,
2005). With excellent test-retest reliability reported for this
assessment repeatedly, it was relied on for important clinical and
high-performance sport analyses (Beardt et al., 2018; Ford et al.,
2003; Mok et al., 2016). However, the drop jump task is not sport
specific and may not be relevant for injury risk assessment such as
the ACL injury (Collings et al., 2019; Krosshaug et al., 2016). For
example, Kristianslund and Krosshaug (2013) determined poor
correlation of knee abduction moments to the sidestep cutting task
where knee moments were six times higher than those during the
drop jump. With the RVJ test being recent in examination, this is
the first study to identify the TE and test-retest reliability of the
assessment. In comparison to TE observed during the drop jump
test, some similar outcomes can be seen. Mok et al. (2016) inves-
tigated the drop jump in female Handball and Soccer athletes
where excellent reliability was observed for all variables. At INC, TE
of the right knee flexion/extension angle for the drop jump was
2.40� (Mok et al., 2016) and RVJ test 3.00�. At INC, TE of the right
knee abduction/adduction angle for the drop jump was 1.11� (Mok
et al., 2016) and RVJ test 2.51�. At INC, TE of the right knee internal/
external rotation angle for the drop jump was 1.58� (Mok et al.,
2016) and RVJ test 6.23�. Further, some similar reliability out-
comes between the drop jump test and RVJ can be observed,
particularly for the knee joint angular kinematics (Beardt et al.,
2018; Mok et al., 2016). Beardt et al. (2018) investigated the drop
jump in female Volleyball athletes where ICCs as high as 0.98 were
reported. At INC, reliability of the right and left knee flexion angle
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for the drop jump was 0.88 and 0.76 (Beardt et al., 2018) and RVJ
test 0.63 and 0.67, respectively. At INC, reliability of the right and
left hip flexion angle for the drop jump was 0.92 and 0.94 (Beardt
et al., 2018) and RVJ test 0.39 and 0.53, respectively. Therefore,
when comparing specific kinematics of the drop jump and RVJ test,
it is obvious the RVJ is not as reliable as the drop jumpwhere TE are
similar. Lower reliability outcomes were observed specifically for
the RVJ trunk and pelvis segment angular kinematics, joint powers,
and moments at both INC and INI time points. This may be due to
the complexity of the task itself, the laboratory set up or variability
of the testing population.

Previous investigation of the RVJ functional movement test has
been performed for athletic male (Dempsey et al., 2012; Fox et al.,
2017; Fox, Bonacci, & Saunders, 2020; Morgan et al., 2014; Tai
et al., 2018) and female populations (Chinnasee et al., 2018)
where no test-retest reliability was reported. Despite this lack of
reliability reporting, some similar kinematic and kinetic outcomes
to the current study were observed by Chinnasee et al. (2018) and
Morgan et al. (2014), investigating female field hockey and male
ARF athletes, respectively. Chinnasee et al. (2018) investigated the
RVJ, unplanned sidestep, single leg drop jump and single leg
countermovement jump in one testing session. Compared to the
current study, the dominant limb hip (mean difference X ¼ 7.0,
Y ¼ �22.1, Z ¼ �24.9�), knee (mean difference X ¼ �5.2, Y ¼ �0.2,
Z ¼ 22.0�) and ankle (mean difference X ¼ �10.0, Y ¼ �19.8,
Z ¼ �24.5�) joint angular kinematics at INC differed. Additionally,
the dominant limb hip (mean difference X ¼ 0.3, Y ¼ �0.7,
Z ¼ 0.8 N m/kg), knee (mean difference X ¼ 8.2, Y ¼ 0.6,
Z¼�0.4 Nm/kg), and ankle (mean difference X¼ 0.3 Nm/kg) joint
moments at INI differed compared with the current study. Morgan
et al. (2014) investigated the RVJ within one testing session,
reporting angular kinematics and joint moments for the right limb.
Compared to the current study, the right hip (mean difference
X ¼ �7.9, Y ¼ 14.8, Z ¼ 2.0�), knee (mean difference X ¼ �7.6,
Y ¼ �0.7, Z ¼ 1.4�) and ankle (mean difference X ¼ 4.5�) joint
angular kinematics at INI differed. Additionally, the right hip (mean
difference X¼ 1.4, Y¼�0.7, Z¼ 0.4 Nm/kg), knee (mean difference
X ¼ 7.2, Y ¼ 1.1, Z ¼ �0.5 N m/kg), and ankle (mean difference
X ¼ 1.4 N m/kg) joint moments at INI also differed. The differences
in kinematics and kinetics between the current and prior RVJ in-
vestigations may be due to differences in testing protocols (e.g.
number of sessions, number of trials, familiarisation) or population
(e.g. competition level, sport, training age, gender).

The knee joint moments were previously reported as important
variables when investigating injury risk, particularly the ACL injury
(Alentorn-Geli et al., 2009; Hewett et al., 2005). Injuries such as
these occur during dynamic, multi-planar movements where ki-
nematic and kinetic movement patterns across the three axes of
rotation contribute in someway to the injury, for example dynamic
knee valgus (Alentorn-Geli et al., 2009). The anterior-posterior axis,
particularly for the knee joint, has been extensively investigated
where previous ‘high-risk’ thresholds (>8.4 N m/kg at INC (Hewett
et al., 2005) and þ1.6 SD above the mean (Chinnasee et al., 2018))
have been proposed for the female athlete population. Hewett et al.
(2005) determined this ‘high-risk’ threshold from the drop vertical
jump test in female Soccer, Volleyball, and Basketball athletes
through a prospective study design. In contrast, Chinnasee et al.
(2018) performed the RVJ test (named single-leg jump-landing)
in female Field Hockey athletes, determining ACL injury risk clas-
sification based on peak knee abduction and internal rotation
moments. Based on outcomes that exceeded proposed ‘normal’
variability thresholds, prior studies have categorised these athletes
as ‘high-risk’ for prospective injury (Chinnasee et al., 2018; Hewett
et al., 2005). Caution must be advised when reviewing ‘high-risk’
thresholds from research that has not clearly identified the test-
52
retest reliability of assessment protocols. In the current study,
knee moments at INI demonstrated poor to moderate test-retest
reliability (0.02e0.72) with some TE up to four times the mean.
This demonstrates that for the RVJ test, kneemoments demonstrate
poor to moderate reliability and therefore may not be reliable in
determining injury risk. The current study has extended prior work
by highlighting the normal variability of RVJ segment and joint
angular kinematics and kinetics for the female athlete population
with a blanket ‘high-risk’ threshold proving inappropriate and
potentially inaccurate. The variability from additional factors such
as equipment and protocol set-up errors must also be taken into
consideration during injury risk assessments.

Prior studies analysing the RVJ have not included familiarisation
sessions to reduce potential learning effects, or ROM trials to
determine joint centres or marker placement reliability (Chinnasee
et al., 2018; Dempsey et al., 2012; Fox et al., 2017; Fox, Bonacci, &
Saunders, 2020; Morgan et al., 2014; Tai et al., 2018). These as-
pects of methodological design may influence the kinematic and
kinetic data, (e.g. performing one testing session may not provide a
true representation of an individual's movement patterns). The
current study aimed to address these methodological concerns by
including three familiarisation sessions, three testing sessions for
the reliability analysis, and reporting reliability outcome measures
(e.g. ICCs, ES and TE). Additionally, ROM trials were performed and
marker placement reliability were conducted. Marker placement is
a primary source of between-session variability due to soft tissue
artefact (i.e. movement of muscle, fat and skin beneath markers
causing displacement) and human error (Cappozzo et al., 1995;
Gorton et al., 2009). In the current study, the primary investigator
exhibited moderate to good reliability (Tables S1 and S2) with ki-
nematic and kinetic differences between sessions likely due to
intra-subject variability rather than marker placement errors.
These aspects of methodological design must be considered and
minimised to accurately interpret the degree of individual vari-
ability between sessions, and subsequent use of the RVJ for injury
risk profiling. Therefore, despite the inclusion of three familiar-
isation sessions, variable test-retest reliability, ES and TE were
detected across a multitude of kinematic and kinetic variables. This
demonstrates that the RVJ test may be of limited use by practi-
tioners when analysing the thorax and pelvis segment angular ki-
nematics, joint moments and powers at INC and INI in this female
team sport athlete population.

This is the first study to assess the RVJ test and utilise three
familiarisation sessions, three testing sessions, report marker
placement reliability outcomes and normative data for the female
team sport athlete population. A limitation of the current study is
the variable competition level across the female athletes which
may influence the outcomes of this study. Future investigations are
directed to compare sports, movement patterns, competition level
and strength profiles of female athletes. Identifying these in future
research will broaden the current normative data for the female
team sport athlete population, and determine what, if any value
they offer in injury risk profiling, rehabilitation monitoring and
return to sport protocols.

7. Conclusion

To our knowledge, this is the first study to utilise familiarisation
sessions, three testing sessions and report reliability outcomes for
the RVJ test. It provided an accurate representation of the variability
within the kinematic and kinetic profiles for the female athlete
population within a sport-specific task. The RVJ test may be of
limited use by practitioners when analysing the thorax and pelvis
segment angular kinematics, joint moments and powers at INC and
INI in female team sport athletes, due to lower reliability and higher
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TE outcomes. Therefore, it is recommended to utilise this test when
investigating GRF and joint angular kinematics of the hip, knee and
ankle at INC and INI, due to higher reliability and lower TE out-
comes. These conclusions can assist in the informed selection of
injury risk profiling tests for different clinical or high-performance
sport populations.
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