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Abstract

The Crossover Hop Test is a Functional Performance Test (FPT), which is used to demonstrate the leg muscles
strength and performance, and evaluate symmetry between lower limbs, while evaluating the hop distance. Hop
tests have been shown to be reliable for both injured and active subjects. The current study aims to establish the
between days reliability of 2-Dimensional (2D) video analysis measuring knee valgus angles (frontal plane projection
angle; FPPA) during each landing whilst undertaking a crossover hop test. Nine recreational male athletes (age
33.89 ± 3.96, height 170 ± 8.59 cm, weight 86.94 ± 20.86 kg) participated in the experiment. Each individual
performed three repetitions of the cross over hop test, for both legs, and then repeated the same test seven days
later. Results showed from the four landings that the first and third, for both legs demonstrated excellent Intraclass
Correlation Coefficient (ICC) values for FPPA between days, while good to excellent ICC values for FPPA of the
second landing and moderate ICC values for FPPA for the fourth. Standard Error Measurement (SEM) scores
ranged from 1.04° to 2.42° for the right FPPA during the four landings, while the range of SEM values for the left
FPPA were from 0.82° to 2.08°. The landing strategy adopted by participants, as defined by FPPA, would appear to
be consistent between sessions. Hence, researchers and clinicians will be able to use crossover hop tests, which
incorporate 2D video analysis, to assess simultaneously the limbs' performance functionality and the valgus angle of
the knee. Therefore, this will save the athletes' and researchers' time, which will subsequently reduce the amount of
fatigue resulting from over testing.
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Introduction
It has been documented that a variety of different knee injuries,

including anterior cruciate ligament (ACL) injuries, have been caused
through a direct linkage to the valgus or abducted position of the knee
[1,2]. A significant injury risk has also been related to the patella
femoral joint, when the knee valgus angles become increased [3].
Hence, it has been viewed as necessary to assess the knee valgus angle
by using one of several screening tests in the research literature. For
instance, this has included the tasks of drop landing [4], the drop
vertical jump [2,5,6], the single-leg squat (SLS) [3,7], and the single-leg
landing (SLL) [8].

The majority of these studies have used 3 -dimensional (3D) motion
analysis to measure the biomechanics of lower limbs, which are
generally perceived to be the gold standard for this form of
experiment. Alternately, the analysis through 2D video, to quantify the
nature of the knee valgus angle in athletes, as well as the general
population (whether injured or not), has also been previously used
during SLS, SLL [6,7], the drop vertical jump and step landing tasks
[9,10]. Furthermore, 2D video analysis may be advantageous in
athletics’ training evaluation and active programs of intervention,
which will assist frontal-plane dynamic knee valgus reduction. This is
due to 2D video analysis is easy to use, portable and cheaper than 3D
motion analysis [10].

A crossover hop test is an individual form of the FPT, which is
frequently implemented in both clinical and field environments in
order to detail athletes’ progression in training programs, as well as to
measure recovery levels for post-lower limb injury or surgery [11].
Munro and Herrington [11] previously reported excellent reliability of
the distance jumped during the test. No study has presented data on
the landing strategy (knee valgus angle) adopted during these tests. So
it would appear an investigation into the reliability of knee valgus angle
measurements (FPPA) during a crossover hop test using a 2D video
analysis could be pertinent, to begin to understand landing strategy
during this frequently used FPT.

The establishing of this screening method’s reliability will permit
both practicing clinicians and researchers to confidently administer
the crossover hop test as a proven technique to assess knee valgus
angles, alongside measuring the functional performance. Subsequently,
this single-test development will save both athletes and researchers
time, as well as reduce the amount of fatigue resulting from
unnecessary over testing. The aim of the study is to measure the
consistency of landing strategy (FPPA) whilst undertaking the cross
over hop across two separate sessions.

Methods
The current study was formulated to establish the between days

reliability of 2D video analysis in providing knee valgus angle
measurements during a crossover hop test.
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Subjects

Nine recreational male athletes (age 33.89 ± 3.96, height 170 ± 8.59
cm, weight 86.94 ± 20.86 kg) participated voluntarily in the study, and
they were all current students at university. It was a prerequisite for
participation that participants were injury free in the six month period
prior to the study, and have also never had any lower limb surgery. The
participants had to be recreational athletes, who are defined as those
who participate in physical activity for at least 30 minutes, three times
a week. In addition, each individual had to provide written consent
before joining the experiment, which was then approved by the
Research and Ethics Committee at the University of Salford.

Procedures

For each participant, measurements were separately taken on both
legs during the performance of crossover hop tests, through the use of
a 2D video analysis. In order to establish the between days reliability,
subjects were asked to repeat the same test seven days later [12,13]. To
avoid any differences that may occur as a result of different shoes,
participants were instructed to wear the exact footwear from the
previous time they attended [12]. Additionally, each participants was
informed not to undertake any form of exercise during the pre-24 hour
period to the crossover hop test, as well as refraining from eating or
drinking in the hour prior to the test [12].

Markers were attached prior to the commencement of the testing
procedure to both legs of each participant. The same researcher placed
all the markers on the participants. Markers were placed at the
midpoint of the femoral condyles to approximate the center of the knee
joint, midpoint of the ankle malleoli for the center of the ankle joint,
and on the proximal thigh along a line from the anterior superior iliac
spine to the knee marker. The midpoints were determined using a
standard tape measure, and all markers were placed by the same
experimenter. These markers were used in order for FPPA of the knee
to be determined from digital images using Quintic software package
(9.03 version 17).

All the participating individuals were instructed to perform 3
practice trial repetitions on both legs in order to become accustomed
to the test. Following this, they performed 3 recorded trials for both
legs. To record the test, a digital video camera (Sony Handycam DCR-
HC37) was aligned to the level of the participant’s knee, with the
positioning being 2.5 m from the final practice trial landing mark, and
set on a perpendicular axis in relation to the frontal plane of the knee.
The track was encoded for every single meter and the calibration was
done in each encoded meter by using a calibration frame sized (1 m ×
1 m) to ensure that every individual landing was applied within the
calibrated area (Figure 1).

Participants were asked to stand on the test limb, facing the video
camera, and then requested to hop forward 4 times, alternately
crossing the 15-cm-wide line and landing on same limb (as illustrated
in Figure 2 for the right leg). This procedure was repeated by each
individual 3 times for each leg, with a full one minute recovery period
in between demonstrations. Subsequently, the mean score of the
maximum knee valgus angle were calculated for each leg, as well as the
maximum crossover hop distance being measured through the use of a
tape measure. Therefore, from the findings, the mean value of the
participant’s knee valgus angle value from all three trials was formatted
for the experimental analysis. Likewise, an ICC value was formed from
the between days reliability of this method.

Figure 1: Illustration of calibration method.

Figure 2: Illustration of Crossover hop test.

Statistical analysis

The SPSS of Windows 16.0 (SPSS Inc, Chicago, IL) was utilized for
statistical analysis. In order to assess the relative and absolute
reliability, the ICC model (3,k) was used in conjunction with the SEM
as well as Confidence Intervals, with a significance value of P < 0.05.
The ICC classification that was formulated to documents the value
ranges were as follows: poor = 0.4 or less, fair to good = 0.4-0.75;
excellent = exceeding 0.75 [14]. The SEM was obtained by taking the
square root of the mean square error from the analysis of variance.

Results
Table 1 presents the statistics for the participants’ knee valgus angles

mean recordings, which were documented during performing the
crossover hop test. Table 2 highlights ICCs with 95% CI means, and
SEM values for each individual landing of both legs during the
undertaking of the crossover hop test. Firstly, between days ICC values
measured for the initial landing were excellent during the test (ICCRT
= 0.943; ICCLT = 0.952). Secondly, that table showed excellent ICCs for
the second landing of the right leg, while it was remarked as ‘fair to
good’ in the second left leg landing. Thirdly, the third landing for both
legs reported excellent ICCs. Finally, one of the expected results was
that moderate ICCs during the fourth landing for both legs, which
were the final landing during the crossover hop test. In addition, SEM
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values can also be seen in Table 2, and ranged from 1.04° to 2.42° for
the right knee valgus through the four landings, while the range of
SEM values for the left knee valgus was from 0.82° to 2.08°.

 
1st landing 2nd landing 3rd landing 4th landing

RT LT RT LT RT LT RT LT

Mean 18.41 8.57 9.32 6.07 18.82 9.25 9.51 8.22

SD 7.28 6.32 4.99 2.78 5.88 6.03 3.71 3.46

MAX 33.16 24.61 18.85 9.76 29.06 19.61 16.95 13.8

MIN 9 3.47 3.04 2.06 10.38 1.83 3.99 3.91

Table 1: Average knee valgus during cross over test.

Variables
Between-days ICC
(95% CI) Absolute
agreement

Mean SEM

RT knee valgus (1st landing) 0.94 (0.61 to 0.99) 18.41 2.42

RT knee valgus (2nd landing) 0.86 (0.44 to 0.97) 9.32 1.56

RT knee valgus (3rd landing) 0.81 (0.2 to 0.96) 18.82 1.83

RT knee valgus (4th landing) 0.51 (0.24 to 0.88) 9.51 1.04

LT knee valgus (1st landing) 0.95 (0.78 to 0.99) 8.57 2.08

LT knee valgus (2nd landing) 0.69 (0.25 to 0.93) 6.07 0.82

LT knee valgus (3rd landing) 0.86 (0.40 to 0.97) 9.25 1.9

LT knee valgus (4t landing) 0.59 (0.23 to 0.91) 8.22 0.96

Table 2: Between days ICC, Mean, and SEM values for 2D variables
during cross over hop test.

Discussion
The dynamic knee valgus during common athletic tasks has been

postulated as a risk factor for knee injuries [15,16], and can be assessed
using a number of different screening tests [2,4,7,8]. The majority of
previous investigations have recorded and assessed the lower limb
kinematics through a 3D video. However, recent studies have started to
incorporate 2D video analysis, due to its availability and ease of use
[10]. The validity of 2D video analysis assessment for FPPA, compared
with 3D analysis, has previously been established [3,17] so the method
does provide a viable alternative. There has been a lack of the reliability
data from 2D video analysis when measuring variables, such as the
knee valgus angle during a horizontal hop for distance, and in the
crossover hop test, despite them forming the core of many return to
sport criteria.

The current study’s principle objective has been to evaluate the
between days reliability of 2D video analysis of FPPA on each of the 4
landings during crossover hop tests, with the analysis of FPPA being
shown to be reliable by good or excellent ICC values. These results
provide addition evidence about 2D video analysis reliability, the
practical use of this method will be enhanced for the future.

The current study’s findings highlight that moderate ICCs during
the 4th landing for both legs, which were the final landing during the
crossover hop test (ICCRT = 0.51; ICCLT = 0.59), showing that the

FPPA during the final landing was the most inconsistent, this might be
related to fatigue and requires further study. Similarly, the right leg
showed noticeably increased FPPA on the 1st and 3rd landings, this
may relate to poor control of motion in that particularly direction by
that limb, again this requires further study to clarify the exact reasons.

It remains unclear whether age or participant’s degree of physical
fitness can influence FPPA. Thus, the findings may not be transferrable
between professional competing athletes, injured individuals, or to
differentiate between adolescents and older people, which creates the
necessity for continual research through different populations.

Practical Applications
Most of previous studies measuring knee valgus angle (FPPA)

involved several types of tests or landing tasks. This is the first study to
assess FPPA during landing whilst undertaking a frequently used FPT
such as crosses over hop. The strong reliability and relatively low SEM
may make it possible for researchers to use one task, such as a
crossover hop test to assess knee valgus angles and the functional
performance at the same time, which will ultimately save athletes and
researcher’s time, as well as create fatigue reduction from over testing.
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