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ABSTRACT
Time-efficient screening of lower extremity biomechanics to identify potential injurious movement
patterns is crucial within athletic medicine settings. When considering biomechanical risk factors for anterior
cruciate ligament injuries, several screening tests have been used to assess dynamic knee valgus. Current
methods involving 3-dimensional motion capture systems are considered gold standard for such assessment;
however, these methods are time consuming and require expensive materials. This study investigated the
use of 2-dimentional kinematic evaluation during a standardized vertical jump athletic assessment to screen
for potential lower extremity risk of injury. 50 collegiate athletes, 25 male and 25 female, from various sports
participated in the study. The vertical jump was chosen because it is a common performance evaluation test that
is regularly performed several times a year, providing consistent opportunities for screening while not creating
additional obligations for the student athletes. Results showed that the 2-dimentional evaluation method had
strong correlations (P<0.0001) with the gold standard 3-dimensional evaluation, suggesting that an accelerated
2-dimentional screening process can be used as a first step to screen for potential injurious lower extremity
movement patterns.

INTRODUCTION
Time-ef icient screening of lower extremity (LE) biomechanics to detect potential
injurious movement patterns is crucial within athletic medicine settings. When
considering biomechanical risk factors for anterior cruciate ligament (ACL) injuries,
several screening tests have been used to assess dynamic knee valgus. Current
methods involving 3-dimensional (3D) motion capture systems are considered gold
standard for such assessment; however, these methods are time consuming and
require expensive materials. Since observational assessments have been reported to
be moderately reliable [1] and sensitive [2], 2-dimentional (2D) techniques have been
used to evaluate LE biomechanics and objectively quantify risk factors of ACL injuries.
The amount of 2D motion of the knee joint in the frontal plane during dynamic tasks
has been assessed with different populations, including young [3,4] and collegiate [5]
athletes. Sigward and colleagues [6] investigated the association between 2D knee
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separation distance (KSD) and the average between right and left (i.e., bilateral average)
knee valgus angles at peak knee lexion during the drop landing task and found that
half of the variance observed in knee frontal plane angle could be explained by the 2D
data after controlling for the participants’ stance width. This inding further supports
the use of 2D technique to facilitate time-ef icient lower extremity assessments to
promote health and safety for athletes at risk for ACL injuries.
A number of double-limb and single-limb landing tasks are generally used in the
literature, along with side-step cutting to different angles [7], for the assessment of
dynamic knee valgus, including the drop jump (e.g., [8], drop landing (e.g., [9], and
single-leg landing (e.g., [10]). Recently, Cesar and colleagues [11] have shown that
the vertical jump task exhibits similar lower extremity mechanics regarding the
knee valgus collapse than the drop jump task. In fact, knee joint valgus angle and
internal adductor moment observed during vertical jump were strongly correlated
with the angle and moment observed during the drop jump task (r=0.93 and r=0.82,
respectively). Since vertical jump is a task consistently used across sport settings to
assess athletic performance [12-14], utilizing such jumping maneuver concurrently
for the assessment of potential risks of lower extremity injuries should enhance
preventive interventions. Thus, verifying the sensitivity of the 2D assessment during
vertical jump for the screening of dynamic knee valgus is warranted for its use in both
clinical and sports performance settings.
While most studies utilize individuals with demonstrable valgus (e.g., [15]), it is
not clear how sensitive the screening of 2D knee frontal plane motion would be with
individuals exhibiting a more neutral alignment of the lower extremity. Moreover, a
varus knee joint position has been detected in male athletes during different jumplanding tasks [16], which is a position also known to place injurious stress to the ACL
ibers [17,18]. Therefore, the objective of our study was to detect the strength of the
relationship between the 3D and 2D frontal plane knee motion during the vertical jump
task of an athletic cohort including male and female participants exhibiting a large
range of frontal plane motion (i.e., valgus and varus). Knee frontal plane excursions
are usually larger in one joint compared with the other side [19]. Since most studies
investigating the 2D KSD utilize the average angle obtained from both knees (e.g., [6]),
we also investigated the relationship between the KSD and each knee joint. It was
hypothesized that 3D bilateral average and unilateral frontal plane knee joint data
would be negatively correlated with 2D KSD in the vertical jump task.

METHODS
Subjects

Ethical guidelines were followed and ethical approval for the study was granted
by the University of Nebraska-Lincoln’s Institutional Review Board (number 14863).
Fifty (25 females) National Collegiate Athletic Association (NCAA) Division I studentathletes (basketball, football, volleyball, gymnastics) participated in this crosssectional study. Average (±standard deviation) age, height, and mass were 19.33±1.33
years, 183.58±13.52 cm, and 88.11±21.74 kg, respectively. Participants were healthy
at the time of data collection with no history of lower extremity or trunk injuries in
the previous 6 months. Exclusion criteria involved previous injury that resulted in
ligamentous laxity at the hip, knee, or ankle joints, and presence of any medical or
neurologic condition (e.g., concussion) that would impair the current ability to perform
athletic maneuvers.
Procedures

Upon arrival study procedures were explained to each student-athlete and informed
consent and parental assent were obtained before participation. Prior to testing,
participants warmed up for approximately 7 minutes with drills involving jogging and
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dynamic stretching to full range of motion under the supervision of the team’s strength
and conditioning coach.
Re lective kinematic markers were then placed on each student-athlete. Twentythree markers were placed over anatomical landmarks of the participants’ pelvis and
lower extremity segments: bilaterally over the distal end of second and ifth metatarsal
bones (on the shoe), heel (on the shoe), medial and lateral malleoli, tibial tuberosity,
medial and lateral epicondyles of femur, a marker placed above the patella (one third
of the distance between patella and anterior superior iliac spine), greater trochanters,
iliac crests, and one marker over L5-S1 junction. Marker set-up can be seen in igure 1.
An eleven-camera motion analysis system (Qualisys®, Gothenburg, Sweden) was used
to capture the 3D and 2D kinematic data sampled at 250Hz.
For the experimental task, participants performed the vertical jump as described
previously [11]. Brie ly, they were instructed to stand with their dominant hand
closest to the Vertec device (Power Systems, Knoxville, TN), feet placed shoulderwidth apart, and arms raised overhead. After holding this posture for one second,
participants were instructed to perform a single counter-movement and jump straight
vertically to reach maximal height by targeting the highest possible vane on the Vertec
with their dominant hand. The depth of the counter-movement was not controlled and
each participant performed the counter-movement to their comfort. This task was
performed 3 times.
Data analysis

Kinematic data were processed in Visual3D™ (C-Motion, Inc., Rockville, MD,
USA) and custom Matlab (Math Works, Natick, MA, USA) codes were used to identify
variables used in this study. Marker trajectory data were iltered using a fourth order
Butterworth low-pass ilter with a 10 Hz cut-off frequency.
For the kinematic 3D data, local coordinate systems for the body segments (pelvis,
thighs, shanks, and feet) were derived from the standing calibration trial taken prior
to the vertical jump. Six degrees-of-freedom of each segment was determined from
the segment’s kinematic triad by transforming the triad of markers to the position
and orientation of each segment determined from the standing calibration trial. Joint
kinematics (angles) were calculated using a joint coordinate approach [20].
Four markers were used to calculate the 2D kinematic data: lateral epicondyle
of femur and greater trochanter, bilaterally. KSD was calculated (in centimeters) as
distance (in centimeters) in the frontal plane between the markers attached to right
and left lateral epicondyles of the femur. To account for the effects of body type,
KSD was normalized to the distance (in centimeters, Equation 1) in the frontal plane
between the markers attached to right and left greater trochanters (intertrochanteric
distance). The marker con iguration used for the calculation of the normalized KSD
(nKSD) is provided in igure 1.
nKSD 

Knee Separation Distance
Intertrochanteric Distance

(1)

Both 3D and 2D data considered for statistical analysis were derived from the
software Qualisys and Visual3D, and collected at peak knee lexion angle. 3D data
consisted of the average of both right and left knee joint frontal plane angles (i.e.,
bilateral average), and individual frontal plane angles for the right and left knee joints.
The following convention was used to report knee frontal plane data at peak knee
lexion: positive (+) valgus angle and negative (-) varus angle. All three trials were
considered per participant.
Statistical analysis

Six trials (3 males and 2 females) were not considered for statistical treatment as the
marker placed on the lateral epicondyle of the femur was occluded. A total of 144 trials
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were used and descriptive statistics at the time of peak knee lexion were calculated
and expressed as mean, standard deviation, minimum and maximum values. Pearson
correlation coef icient (r) was calculated to examine the relationship between 3D and
2D knee frontal plane motion at the time of peak knee lexion. Observed power (OP,
1-β) was calculated to verify the strength of the inferences regarding the statistical
treatments. A linear regression analysis was performed on the 3D knee joint frontal
plane bilateral average to examine the association of the combined joint angle on the
2D nKSD. When both variables were evaluated separately (right and left 3D knee joint
frontal plane angle), multiple linear regression was performed to examine the impact
of each variable on nKSD. Statistical analyses were performed with IBM SPSS Version
22 statistical package, with signi icant levels set a priori at α=0.05.

RESULTS
Detailed demographics of our participants can be seen in table 1.
Descriptive statistics for 2D nKSD and 3D knee joint frontal plane angles are
provided in table 2.
Signi icant negative correlation (r=-0.655; P<0.001; OP>0.99) was detected
between nKSD and 3D frontal plane angle bilateral average when using the Pearson
correlation (Figure 2). Signi icant negative association was observed when performing
a linear regression (r=0.654; P<0.001; F1,142=106.4). The following is the resulting
prediction equation:
3Dangle  20.8  (16.0 * nKSD )

(2)

In addition, signi icant negative correlations (P<0.001) were detected between
nKSD and 3D frontal plane angle of the left (r =-0.650; OP>0.99; Figure 3A) and right (r=-

Figure 1: Three-dimensional (3D) kinematic marker setup. Markers used for the 2D calculation (intertrochanteric
distance and KSD) are circled.

Table 1: Participant’s characteristics.
Sport

Sample (sex)

Age (yrs)

Mass (kg)

Height (m)

BMI (kg/m2)

Basketball

11 (m)

19.6

93.2

1.94

24.7

Football

14 (m)

20.4

109.2

1.89

30.0

Volleyball

12 (f)

20.2

83.0

1.84

24.6

Soccer

5 (f)

19.2

75.5

1.81

23.1

Gymnastics

8 (f)

19.8

60.7

1.62

23.3

m=male; f=female.
Table 2: Descriptive statistics for the variables of interest. (+) valgus angle and (–) varus angle.

Published: March 21, 2017

Mean

Std. Deviation

Minimum

Normalized Knee Separation Distance

1.04

0.18

0.65

Maximum
1.47

Average Frontal Plane Angle (°)

4.12

4.46

-8.66

11.58

Left Knee Frontal Plane Angle (°)

4.27

5.40

-9.34

18.28

Right Knee Frontal Plane Angle (°)

3.98

4.68

-9.08

13.44
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0.497; OP>0.99; Figure 3B) knee joints when using the Pearson correlation. Signi icant
negative association was observed when performing a multiple linear regression, most
heavily predicted by the left knee (r=0.669; Left P<0.001; Right P= 0.011; F2,141=57.1).
The following is the resulting prediction equation:
nKSD  1.15   0.0182 * Left 3Dangle    0.0076 * Right 3Dangle 

(3)

DISCUSSION
Efforts to enhance preventive measures against ACL injuries have increased in the
past decades as this injury is highly detrimental to the individual on and off the court/
ield. An effective screening mechanism is warranted to maintain athletes’ health and
well-being by preventing potential injuries to the knee joint. The indings of our study
support that 2D assessment of movement in the frontal plane, while performing a
vertical jump, could be used as a substitute for the 3D assessment when this technique
is not available. Combining the simpler 2D screening (compared to the more expensive
and time consuming 3D method) with a standard athletic performance evaluation,
such as the vertical jump, could provide a valuable approach in screening for athletes
that are at a higher risk of lower extremity injury.
In agreement with our hypothesis, we found a strong relationship [21] between
3D bilateral average and 2D (nKSD) knee joint motion in the frontal plane during
the vertical jump task. The negative correlation between nKSD and the 3D variables
indicates that lower nKSD values were demonstrative of valgus angles while a larger
nKSD indicated a more neutral or varus angles. These results corroborate previous
studies supporting the use of 2D assessment in athletic environments as relationship
of 2D data measures with valgus angles were reported optimistically [6,5,22]. Our
study contributes to this body of literature by providing a full range of frontal plane
motion (i.e., valgus and varus angles) during a routinely performed jumping task.

Figure 2: Relationship between three-dimensional (3D) bilateral average of knee joint frontal plane angle and knee
separation distance normalized by intertrochanteric distance (nKSD).

Figure 3: Relationship between knee separation distance normalized by intertrochanteric distance (nKSD) and 3D
left (A) and right (B) knee joint frontal plane angle.
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Our study is the irst to evaluate the 2D analysis of the vertical jump task with the
purpose of screening for potential lower extremity injurious movement patterns. The
vertical jump is a maneuver regularly used in current protocols to evaluate athletic
performance [12]. It is done several times during pre-season and within the athletes’
season to assess individual responses to training regimens. The use of this task
simultaneously for the evaluation of ACL risk of injury would broaden athletes’ safety
while constantly testing their performance capabilities. Since the 2D analysis was
strongly correlated with the 3D assessment, it is suggested that the 2D analysis of the
vertical jump could be a feasible alternative for clinicians and athletic medicine staff to
intensify preventive care when 3D assessments cannot be conducted. Moreover, when
considering the athlete contact time restrictions delimited in the United States by the
National Collegiate Athletic Association, the use of the 2D nKSD evaluation during
regular performance testing periods, can provide a time-ef icient assessment for a
large number of athletes that otherwise may have not been screened for a risk of lower
extremity injury.
Certain limitations to our study should be considered when interpreting our
indings. First, participants were asked to maintain their feet aligned with their hip
before performing the vertical jump. However, in order to not interfere with the
athletes’ performance, we were not able to control the motion of their feet (i.e., repositioning) during their counter-movement. This could in luence the relationship
between the markers used for 2D calculations at peak knee lexion, resulting in
nKSD≥1. Future studies should determine whether incorporating stance width into the
nKSD calculation [6] could provide more robust correlations during the vertical jump
task. Second, although the precise contribution remains unknown, knee lexion angle
can contribute to the resultant 2D frontal plane knee angle measure when the femur
is internally rotated. Thus, larger valgus estimates from frontal plane projections
are expected when the femur is in such a position. This observation suggests that 2D
measurements should be considered with care when precise descriptions of knee
valgus magnitudes are necessary. Lastly, we measured 2D knee separation distance
from coordinate measures of re lective markers using high-speed motion capture
cameras. This technique has been used in previous research studies to determine
differences in knee valgus motion during drop landings. However, clinical screening
of knee separation distance typically relies on still frame photos taken from standard
video camera recordings. Therefore, the association between 2D knee separation
distance measured clinically and actual 3D lower extremity angles may result in less
accurate measures of knee separation distance than those reported in the current
study.
In conclusion, this study provided an innovative approach towards preventive
measures in a cohort of collegiate athletes. The 2D screening process can be used as
a irst step to assess potential injurious lower extremity movement patterns during a
jumping task that is ubiquitously performed across different age groups and athletic
environments. The vertical jump task is also regularly performed several times a year,
providing consistent opportunities for coaches and trainers to monitor the progression
of intervention protocols. Future work should investigate the development of mobile
applications to quickly detect nKSD thresholds during vertical jump to provide the
athletic medicine staff with valuable information to maintain athletes’ safety and
wellbeing across training regimens.
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