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Background and Purpose

Anterior cruciate ligament injuries are prevalent among the athletic population, imposing
a heavy economic burden, and the risk of re-injury. Most current biomechanical screening
tasks are performed in the sagittal plane, and there is a need for more screening tools that
assess sports specific movements in the frontal plane. The purpose of this study was to
determine the reliability of and examine differences between sexes in the performance of
the Lateral Bound Test (LBT).

Materials/Methods

Each subject performed three trials of a LBT which included jumping laterally from one
leg over a hurdle and landing on the opposite leg. Two cameras were placed six feet from
the landing marker. Maximum dynamic knee valgus using the frontal plane projection
angle and knee flexion angle at initial contact and maximal knee flexion were measured
upon landing leg using 2D video analysis software. Additionally, video of 10 individuals’
trials were analyzed twice with one week between the analyses to obtain intra-rater
reliability while 12 participants were retested one week later to determine test-retest
reliability.

Results

Thirty healthy subjects, 16 males, 14 females participated. Intra-rater reliability was
determined to be excellent for all variables (ICC>0.96). In contrast, the test-retest
reliability had greater disparity. Test-retest reliability ranged from poor (ICC = 0.47) to
excellent (ICC > 0.90). Significant differences existed between the sexes, including males
being significantly taller, weighing more, and demonstrating greater bilateral dynamic
knee valgus (p < 0.05). No significant differences existed between sexes for knee flexion
angles.

Conclusion

The new LBT had excellent intra-rater reliability for assessing dynamic knee valgus and
initial and maximum knee flexion angle when performing a functional movement in the
frontal plane. Furthermore, males landed with more dynamic knee valgus than females
which is contradictory to what has been observed with functional screening tools
performed in the sagittal plane.
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Level of Evidence
3b (reliability study)

INTRODUCTION

There are 80,000-250,000 anterior cruciate ligament (ACL)
injuries per year, 70% of which are non-contact injures.!
Of all knee ligament injuries involving surgery in a five-
year epidemiological study, 80% involved the ACL and 65%
of the ACL injuries requiring surgery were the result of a
sport/recreational incident.2 ACL injuries also bear a heavy
economic and social burden with the cost of an ACL injury
estimated at $38,121 in a lifetime, and $7.6 billion dollars
across the US annually.3 Likewise, conservative treatment
can cost an individual $88,583 throughout their life and
$17.7 billion in the US annually.3 Also, there is a high risk
for development of osteoarthritis following an ACL injury,
which leads to added expenses for treatment and interven-
tions.3 Along with direct expenses, ACL injury can have a
major indirect cost to society including decreased produc-
tivity, disability, and lost wages3 and the average time off
for an acute reconstruction is 56.9 days and 88.5 days for a
delayed reconstruction.*

There are various reports on the incidence of ACL in-
juries in males and females. When observing the general
population, males constitute the majority of ACL injuries
but this has been attributed to males being more likely to
participate in athletic tasks known to injure the ACL such
as cutting, jumping and contact sports as compared to fe-
males.2 When examining ACL injuries in the perspective of
the athletic population, there is a strong agreement that fe-
males are at higher risk* with numerous studies reporting
that females have approximately three to nine times greater
risk of injury than males.5 Hootman et al.® evaluated sports
injuries occurring in 15 NCAA sports over a 16 year period
and found 5,000 of 182,000 were ACL injuries, or 2.7%. Ac-
cording to their study, the three sports with the highest
incidence for ACL injury were women’s’ sports, including
gymnastics, soccer, and basketball.6

There are several anatomical and biomechanical risk fac-
tors associated with ACL injuries. Anatomically, a decrease
in femoral notch width, a decrease in concavity depth of the
medial tibial plateau, an increase in posterior-inferior-di-
rected slope of tibial plateau, and generalized joint laxity
have been noted in persons who have sustained an ACL in-
jury.” Biomechanically, decreased knee flexion, increased
knee valgus, tibial rotation, hip adduction, and hip internal
rotation during landing and/or cutting maneuvers are fre-
quently observed during ACL injury episodes.” Collectively,
these movements are termed “dynamic knee valgus.”” This
dynamic knee valgus, along with the anatomical risk fac-
tors, is more frequently demonstrated in women and may
help explain why there is a much higher rate of ACL injuries
in women as compared to men.” Compared to female soccer
players, female basketball players typically have more body
mass, are taller, and demonstrate larger ground reaction
forces with jumping and landing activities —all of which are
factors that increase the risk of an ACL injury.8?

With an initial ACL injury comes an increased risk for re-
injury of the ligament. It is reported that up to 33% of in-

dividuals who previously suffered an ACL injury sustained
a second ACL injury within two years following ACL recon-
struction.10 Although a second ACL tear is less common
than an initial rupture, young athletes who return to sport
following an initial ACL injury are at approximately 30 to
40 times greater risk of sustaining an ACL injury during
sport compared to those who have not had a previous ACL
injury.!! Second ACL tears can occur due to graft failure
and contralateral ACL rupture, and the risk factors for these
tears include young age, sex, and return to sport.10-12 Inad-
equate rehabilitation and participation in high-risk sports
such as soccer, basketball, football, or skiing are some fac-
tors that may lead to graft failure or contralateral ACL in-
jury.11 It is reported that 29.5% of athletes suffered a second
ACL injury within two years of return to sport, with 20.5%
tearing the intact contralateral ACL and 9.0% rupturing the
ACL graft.10

Increased dynamic knee valgus motion during the impact
phase of jumping and cutting tasks are key predictors for
ACL injuries.!3 Dynamic knee valgus is a combined move-
ment of the lower extremity during an activity which in-
cludes hip adduction and internal rotation, knee abduction
and tibia internal rotation!4 or the medial displacement of
the knee. !5 Therefore, biomechanical pre-injury screenings
can be performed to identify individuals who may be at
risk for ACL injuries. Currently, one of the most common
screening tools is assessing lower extremity mechanics dur-
ing the drop vertical jump (DV]) assessment, which requires
a high level of dynamic neuromuscular control.!3 While the
DV] test demonstrates high reliability (ICC greater than
0.93), this movement doesn’t accurately represent the more
common mechanisms of injury for ACL tears—which in-
cludes cutting, landing and/or pivoting in the frontal
plane.13

Another common screening test is the single leg (SL)
squat assessment. This activity objectively shows changes
in lower extremity alignment in athletes as they progress
toward return to jumping or cutting sports.!® The amount
of dynamic knee valgus displayed during a SL squat is re-
flective of the individual’s associated hip strength and neu-
romuscular control. Although the SL squat test may identify
hip weakness that predisposes an athlete to an ACL in-
jury,16 the SL squat does adequately mimic jumping or cut-
ting as seen in high-risk sports such as basketball and soc-
cer where the majority of ACL injures occur during landing
and change of direction movements, respectively.8 For this
reason, there needs to be a stronger emphasis on a frontal
plane dynamic activity, rather than the DV] and SL squat, to
effectively screen athletes for potential ACL injury.

During return to sport decision-making there are several
different factors that need to be assessed—such as range
of motion, strength, pain, self-reported questionnaires and
functional performance.l? Currently, functional tests com-
monly used include the single leg hop, triple hop, crossover
hop and 6-m hop for time.!” With all functional perfor-
mance tests, the examiner is observing quality of move-
ment, signs of patient apprehension, and most importantly
limb symmetry. While these tests should be included in a
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return to sport assessment, the evidence on their ability to
accurately indicate if the athlete is able to return safely is
lacking.1” Furthermore, the functional tests listed only as-
sess movement in the frontal plane. Therefore, there is a
need for dynamic tests which assess neuromuscular control
in the frontal plane which may assist in determining if an
athlete is ready to return to sport with minimal risk of re-
injury.

One functional test that does utilize frontal plane move-
ments is the medial and lateral triple hop test for distance.
This test is used for both ACL prevention and return to sport
assessment in athletes and mimics the original triple hop
test, but hopping is performed in the frontal plane rather
than the sagittal.®18 The most limiting aspect of this test,
however, is that a single-leg hop is rarely a movement per-
formed in sport. Basketball players specifically, are more in-
volved in movement such as lateral shuffling and cutting.8
While these motions do require single-leg movement, they
involve transition of single leg stance on one leg to single
leg stance on the contralateral leg, unlike hopping.1?

ACL injuries are a growing issue, as they occur commonly
in the athletic population and the consequences can be both
costly and timely. A test is needed which incorporates dy-
namic movement in a frontal plane functionally similar to
shuffling and cutting. Therefore, the purpose of this study
was to determine the reliability of and examine differences
between sexes in the performance of the Lateral Bound Test
(LBT). It was hypothesized that the LBT will be reliable and
females will demonstrate increased dynamic knee valgus
and decreased knee flexion at both initial contact and max-
imal depth.

METHODS
PARTICIPANTS

Thirty subjects, healthy, non-athletes were recruited. Par-
ticipants were excluded if they participated in any sport at
the collegiate level or if they had sustained an injury in the
prior three months that required medical attention and/or
resulted in a decrease in activity for greater than three days.
Informed verbal and written consent as well as participant
demographics and injury history were taken prior to test-
ing. This study was approved by the University of South Al-
abama’s Institutional Review Board.

PROCEDURE

The participants performed a five-minute warm-up which
included walking or jogging at their own preferred pace.
Markers were then placed at the greater trochanter, lateral
joint line of the knee, lateral malleolus, the anterior thigh
midway between the anterior superior iliac spine (ASIS)
and mid patella, anterior joint line of the knee and at the
anterior ankle between the tibia and fibula. To normalize
bounding distance, each participant’s leg length was mea-
sured using the distance between the ASIS and the medial
malleolus. Then a target "X’ was place on the landing sur-
face which was a force plate, however, kinetics were not as-
sessed in this study. Static knee valgus posture was assessed
by having the participant stand on a single leg before they
performed the LBT. The participant was then instructed to

jump from the starting position on one leg, over a 10-inch
(25.4 cm) hurdle which was placed approximately 2 to 6
inches (5.08 to 15.2 cm) from the starting leg and land on
the target with the opposite leg. The target was placed lat-
erally of the starting leg to limit movement in the anterior
and posterior directions and a hurdle was used to ensure the
participant attained a significant amount of vertical move-
ment. Two practice trials and three testing trials were per-
formed for each leg with the landing leg being considered
the tested leg. Rather than classifying limb as right or left,
dominant/non-dominant extremity was used with the dom-
inant lower extremity determined by the extremity selected
by the participant when asked “what leg they would select
to kick a soccer ball as hard as they could.”

The average of the three trials was used for data analysis.
Two 60 Hz video cameras, one anterior and one lateral of
the participant, were placed 6 ft (1.82 m) from the landing
target at a height of 18 inches (45.7 cm) from the ground.
The camera placed lateral to the participant camera was
used to assess initial and maximum knee flexion angle dur-
ing the landing, while the camera placed anterior to the
participant was used to assess knee valgus angle. Video
software (Dartfish Motion Analysis Software) was used to
determine initial (Figure 1a) and maximum knee flexion an-
gle (Figure 1b) and dynamic knee valgus via the Frontal
Plane Projection Angle (FPPA) (Figure 2). For true dynamic
knee valgus, the static FPPA was subtracted from the FPPA
obtained during landing from the lateral bound. Only knee
kinematics were used in this study to minimize time needed
for data processing, therefore results could be obtained
quickly in a clinical setting. Twelve of the participants were
randomly selected and asked to return for a retest a week
after of the initial trial. One trial for ten participants were
randomly selected for intra-rater reliability with the pri-
mary investigator performing video analysis on two occa-
sions, seven days apart.

STATISTICAL ANALYSIS

To determine the intra-rater and test-retest reliability of
the Lateral Bound Test, Intraclass Correlation Coefficients
(ICC) were performed while independent t-tests were used
to compare differences between sexes in dynamic knee val-
gus and knee flexion angles. A p-value of 0.05 was used for
all statistical analyses.

RESULTS

Sixteen males and 14 females above the age of 18 partici-
pated in this study (males 23.6 * 1.58, females 22.9 = 1.22
years of age). Descriptive statistics from both sessions and
all participants were used to determine intra-rater and test-
retest reliability for each of the six variables as well as ICC
values (Table 1). Intra-rater reliability was determined to be
excellent for all variables with ICC values all greater than
0.96. In contrast, the test-retest reliability had greater dis-
parity. Dominant knee flexion at initial contact exhibited
poor reliability (ICC = 0.47), two measurements had fair re-
liability, maximum non-dominant knee valgus (ICC = 0.74
and ICC = 0.71, respectively), maximum non-dominant
knee flexion, (ICC = 0.88) was found to have good reliability
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Table 1. Descriptive Statistics (Mean * SD) and Intra-rater and Test-Retest Reliability

Intra-Rater Test-Retest

15t Rating 2"d Rating ICCy,4 S1 S2 ICC34
Max D Valgus (°) -1.83+5.02 -1.19+4.42 0.96 -2.26+4.18 -1.81+5.23 0.92
D Knee Flexion IC (°) 22.7+4.42 23.1+5.00 0.99 23.9+4.79 23.3+£2.97 0.47
Max D Knee Flexion (°) 345+4.72 34.4+4.66 0.96 36.0+8.58 36.2+6.46 0.90
Max ND Valgus (°) -2.35+4.90 -271+4.46 0.97 -3.46+5.64 -1.61+3.01 0.74
ND Knee Flexion IC (°) 20.8+4.46 21.4+4.44 0.96 23.6+5.10 21.1+4.72 0.71
Max ND Knee Flexion (°) 30.0+6.89 30.1+£6.96 0.98 33.1+7.76 33.6+9.34 0.88

ICC: D: Dominant leg; ND: Non-Dominant leg; Intraclass correlation coefficient; IC: Initial contact; Max Valgus: Maximum valgus or minimum varus recorded during landing from
initial flatfoot to stoppage of movement with negative being a valgus measurement and positive being a varus measurement; SD: Standard deviation; S1: Session one; S2: Session two.

Table 2. Descriptive statistics (Mean * Standard Deviation) and differences between sexes.

Males (n = 16) Females (n = 14) p-value
Age (years) 23.6+1.58 229+1.22 0.17
Height (m) 1.80+£0.07 1.63+0.07 <0.01
Weight (kg) 84.2+15.8 60.2+9.25 <0.01
D Max Valgus (°) -3.59+4.18 0.34+3.17 0.01
D Knee Flexion IC (°) 22.1+5.49 23.1+4.21 0.56
D Max Knee Flexion (°) 32.7+9.81 31.6+5.56 0.69
ND Max Valgus (°) -3.06+5.63 0.51+4.18 0.05
ND Knee Flexion IC (°) 23.2+4.90 22.9+4.52 0.87
ND Knee Flexion (°) 31.7+7.54 32.1+7.38 0.87

Bold values indicate significant at 0.05 D: Dominant leg; ND: Non-dominant leg; Max Valgus: Maximum valgus or minimum varus recorded during landing from initial flatfoot to
stoppage of movement with negative being a valgus measurement and positive being a varus measurement; SD: Standard deviation; IC: Initial contact.

and two tests, maximum dominant knee valgus (ICC = 0.92)
and maximum dominant knee flexion (ICC = 0.90) were
shown to have excellent reliability.

Means and standard deviations as well as sex-related dif-
ferences are displayed in Table 2. Significant differences
between sexes were noted for height, weight and bilateral
maximum dynamic knee valgus. Males were significantly
taller, weighed more, and exhibited greater dynamic knee
valgus on both the dominant and non-dominant lower ex-
tremity upon landing from the lateral bound, while on av-
erage females landed with a slightly knee varus posture on
both extremities. There were no significant differences with
the degrees of knee flexion on initial contact or maximum
knee flexion on either leg when comparing between sexes.

DISCUSSION

The purpose of this study was to determine the reliability
and differences in performance between sexes of a new test,
the LBT, which assesses the quality of landing mechanics
in the frontal plane. The hypothesis was partially supported
by the results as the lateral bound test was found to be re-
liable but sex differences in landing mechanics were not
accurately predicted. The lateral bound test was found to
have excellent intra-rater reliability, but test-retest reliabil-
ity ranged from poor to excellent. Males surprisingly dis-
played significantly greater landing knee valgus than fe-

males although the difference may not be clinically relevant
since the findings were less than 4°.

Compared to other studies of similar tests, the LBT had
better intra-rater reliability statistics in the current re-
search. McKeown et al. reported moderate intra-rater relia-
bility when screening with a similar test where female semi-
professional football players performed a maximum lateral
bound and a qualitative scoring system was used to assess
performance.20 These lower reliability measures could be
due to the subjectivity of their study, as the scoring crite-
ria relied on categorical observations opposed to objective
numerical data. Hip/knee/ankle alignment, depth, balance/
control, and power positioning in landing were assessed and
scored from one to three - one being poor execution of the
task and three being perfect execution of the task.20

There are several other studies on examining the relia-
bility of functional screens with similar results. Herrington
et al. reported good intra-rater reliability when performing
2D assessment of dynamic knee valgus during a single leg
squat screen and a single leg hop landing screen on active
and healthy individuals.2! Redler et al. assessed ACL injury
risk in young athletes via the drop vertical jump based on
normalized knee separation distance, reporting it to have
moderate reliability.! The LBT demonstrated excellent in-
tra-rater reliability most likely due to the highly objective
nature of the study as well as the rater’s experience with the
software.
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Several other studies examined the test-retest reliability
of other functional screens and they had comparable results
when assessing dynamic knee valgus angles.21,22 Herring-
ton et al. reported the single leg squat and single leg hop
screening tests to have good reliability (ICC= 0.79-0.87) be-
tween sessions as well.2l Werner et al. demonstrated good
to excellent test-retest reliability when assessing frontal
plane projection angles during the single leg squat
(ICC=0.84), single leg hop (ICC=0.82), and drop jump
(ICC=0.96) using 2D video analysis.22 It is possible that
some of these tests demonstrated a greater test-retest relia-
bility due to the fact that the components of the tests, such
as single leg squat, were movements with which the sub-
jects were more familiar, or had more practice performing
since they may be included in an exercise program.

While the intra-rater reliability of this test was found
to be excellent, due to high variability within subjects, the
test-retest reliability for some measurements were less con-
sistent. This may be due to participants not landing on the
target for every attempt which may be due to many factors
such as length of the target or poor athletic performance
since the participants were not competitive athletes. The
researchers in the current study observed that when a sub-
ject landed past the target, they exhibited increased knee
valgus. This could have contributed to the participant hav-
ing difficulty controlling their pelvis and having excessive
lateral movement when landing past the target. Further-
more, the average knee valgus (FPPA) decreased in in ses-
sion two, indicating that there may have been a learning ef-
fect in which the subjects became more familiar with the
task and were able to improve their landing mechanics in
session two by concentrating more on the mechanics.

As expected, there were significant differences by sex
noted for height and weight. Males landed with more dy-
namic knee valgus (bilaterally) which is not a common find-
ing in functional screens performed in the sagittal plane.
In a study using the drop vertical jump, female high school
basketball players demonstrated significantly increased dy-
namic knee valgus as compared to males.23 Furthermore,
females demonstrate greater knee valgus angles during a
single leg squat test, as well as higher rectus femoris muscle
activation, both of which can add to the stress on the ACL
during jumping, landing, and cutting activities.24 Pappas et
al. reported that regardless of bilateral or unilateral land-
ings, females tend to land with greater knee valgus as com-
pared to males.25 Since females often display greater
quadriceps activation during jumping and landing activities
in the sagittal plane, this greater quadriceps activation may
increase knee stability and actually be beneficial in control-
ling knee valgus motion while performing the LBT in the
frontal plane.24.26 Therefore, males potentially have greater
control on knee dynamic valgus in the sagittal plane with
an increase in proximal hip stabilizing muscle activation,
whereas females have greater control in the frontal plane
with an increase in quadriceps muscle activation.2426 An-
other explanation is that in the current study the initial sta-
tic knee valgus measurement was subtracted from the max-
imum knee valgus measurement in order to determine the
participants dynamic knee valgus during landing during the
LBT The greater dynamic knee valgus shown by males, as
compared to other studies, could be reflective of other stud-

Figure 1. Knee flexion angle during landing from
Lateral Bound Test. A. Top figure, shows initial
flexion angle B. Bottom figure, show maximum
flexion angle.

Figure 2. Frontal plane projection ankle during
landing from Lateral Bound Test

ies not taking account of an initial static knee valgus mea-
surement to determine the amount of knee valgus displayed
dynamically during landings.

One limitation of this study was the inability to analyze
inter-rater reliability as there was only one person who was
trained to perform the video analysis. A second limitation
was the inability to move the hurdle, therefore, shorter sub-
jects were closer to the hurdle than taller subjects, but all
participants stated they were able to perform the bound
comfortably and aberrant techniques were not observed.
The height of the hurdle remained constant and was not
standardized to the height of each participant making it an-
other limitation to the study. Having an adjustable hurdle
and a more dynamic testing location would allow for stan-
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dardization of the hurdle height and location in reference to
the participant. Finally, the cameras used to record the tri-
als captured 60 frames per second. However, a camera capa-
ble of capturing greater number of frames per second could
have allowed the recording of more accurate measurements,
specifically at knee flexion during initial contact.

Future studies of the LBT should include comparisons
of athletes and non-athletes, athletes of different sports,
athletes of different competitive levels, and athletes with
and without previous lower extremity injury such as those
recovering from ACL reconstruction. These future studies
would help provide normative data and determine if the
LBT could be used as a predictor of lower extremity injury
or as a return to sport assessment. Last, different landing
lengths, shorter and greater than the leg length or maximal
distance bounded should be examined in order to determine
if using the participants’ leg length is truly the best distance
to observe dynamic knee control in the LBT. This this may
be more specific to athletes where bounding the distance of
their leg length may not be challenging enough to identify
impaired landing mechanics.

CONCLUSION

The results of this study indicate that the LBT has excellent
intra-rater reliability and varying test-retest reliability
when used in healthy non-athletes. Additional research
should be performed to determine validity. Unlike other
tests assessing dynamic knee valgus in the sagittal plane,
the current results indicate that males had statistically
greater dynamic knee valgus compared to females during
landing and no statistically significant difference in knee
flexion angles.
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