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Purpose: The aim of this study was to establish the concurrent validity and reliability of four
different two-dimensional (2D) video-based techniques for quantifying frontal plane knee
kinematics during a 40 cm double-legged drop jump.

Participants and methods: A convenience sample of 16 healthy participants (nine males and
seven females; age: [mean * standard deviation] 25.5%2 years; body mass index: 24.3312.98 kg/
m?) participated in this investigation. A total of five trials during a 40 cm drop jump maneuver
with a countermovement jump were used as the functional task. Four knee valgus measures,
such as two different frontal plane projection angle measures, knee-to-ankle separation ratio
(KASR), and knee separation distance (KSD), were measured using 2D and three-dimensional
(3D) systems. To generalize to the greater population of possible evaluators, the testers per-
forming the biomechanical analyses were three novice physical therapists. Intra- and intertester
intraclass correlation coefficients (ICCs) were estimated for 2D analysis variables. ICCs were
estimated for all measures between systems to determine concurrent validity of the 2D system.
Results: All four 2D measures showed good to excellent reliability (ICC: 0.89-0.99). KASR
and KSD showed excellent correlation (ICC: 0.96; 95% CI: 0.82—0.98 and ICC: 0.94; 95% CI:
0.90-0.96, respectively) with the 3D system, while both methods of frontal plane projection
angle showed poor to moderate correlation (ICC: 0—0.57) with the 3D system.

Conclusion: 2D KASR and KSD measures are cost effective, reliable, and highly correlated
with the same measures using 3D techniques for the evaluation of knee valgus.

Keywords: Dartfish, Vicon, motion analysis, correlation

Introduction

Knee injuries have one of the highest incidences among lower extremity injuries, with
anterior cruciate ligament (ACL) and patellofemoral pain syndrome being the most
common among individuals participating in sports and recreational activities.! The
ACL is the most frequently injured ligament of the knee, with ~300,000 new cases
per year in the USA.? Patellofemoral pain syndrome is one of the most common lower
extremity musculoskeletal disorders, affecting between 15% and 45% of the active
adult population.>* Prevention of these disorders is essential. The mechanisms and
risk factors associated with both disorders have been widely investigated, with the
greatest risk factors being abnormal joint biomechanics, deficient neuromuscular
control, and malalignment of the lower extremity.” Dynamic knee valgus (DKV) is
described as altered hip and knee kinematics in the frontal and transverse planes during
weight-bearing activities.*” DKV encompasses a movement pattern characterized by
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excessive femoral adduction, femoral internal rotation, knee
abduction, and external tibial rotation.®!! An excessive DKV
during bilateral or unilateral landing activities and during the
stance phase of gait has been reported to be associated with

9-11

ACL injuries’ ! and patellofemoral joint injuries.’

Three-dimensional (3D) motion analysis is considered as
the gold standard to measure and identify potential mecha-
nisms and risk factors for knee injuries during functional
tasks.'? Hewett et al’ reported that knee abduction angles
quantified with 3D motion analysis techniques at the begin-
ning of the athletic season predict ACL injury risk in female
athletes with high sensitivity (78%) and specificity (73%).
One of the most frequently used testing tasks for the assess-
ment of DKV is a drop vertical jump (DVJ) due to its high
within-session reliability values for kinematic (intraclass
correlation coefficient [ICC] =0.93—-0.99) and kinetic (ICC
=0.66-0.93) variables."”® Nonetheless, 3D camera motion
analysis systems have several disadvantages, such as sub-
stantial financial investment to acquire all the necessary
equipment, lack of portability, large space requirement for
placement of the equipment, detailed preparation of the
subject, time-consuming data collection and data analysis,
and advanced technical skills and knowledge to manage the
computer software.'* Therefore, all these factors make this
technology difficult to use as an injury-prevention screening
tool in the daily clinical practice or on the sports field.

The use of two-dimensional (2D) motion analysis video
systems could help in closing the gap between laboratory
measures and the athlete by allowing testing in the athlete’s
playing field. Frontal plane knee motions can quantify DKV
using 2D motion analysis video systems.”!*12!5 Recently,
new studies have proposed 2D motion analysis methods
to screen for DKV. Mizner et al'® have recommended the
frontal plane projection angle (FPPA; r>=0.15) and the knee-
to-ankle separation ratio (KASR; r’=0.35) as a potential
proxy instead of 3D motion kinematics for assessing DKV.!¢
Willson and Davis’ reported a correlation between the FPPA
and hip adduction (r=0.32—0.38) and knee external rotation
(r=0.48-0.55) during a single-leg squat, concluding that the
FPPA during single-leg squats may be a useful clinical mea-
sure for identifying DKV. Given the concern of a constant
relationship among 2D DKV and 3D measures in the frontal
plane, McLean et al'”7 compared frontal plane kinematics
between 2D and 3D systems during a side step (r*=0.58) and a
side jump (1’=0.64) in collegiate basketball players, reporting
good consistency among systems. Recently, another method
to measure FPPA using a 2D analysis system (Dartfish™,
Dartfish Inc., Fribourg, Switzerland) has been developed and

recommended.'® This new method differs from the original
method in that the fulcrum of the angle is set at the ankle
joint instead of the knee, eliminating the need for markers at
the anterior superior iliac spine (ASIS).'® Other 2D measures
used to identify DKV during functional tasks are the KASR
and the knee separation distance (KSD). The KASR has
been recommended as the best method of screening athletes
at risk for knee injury,'¢ while the KSD measures have been
identified as being a good predictor of knee abduction angles
during functional tasks.'?

If the 2D measures of frontal plane kinematics, such as the
FPPA, KASR, and KSD, correlate with the 3D camera motion
capture measures, their use as a cost-effective injury-prevention
screening tool in everyday clinical practice and sports settings
is warranted. Therefore, the purposes of this study were as
follows: 1) to establish the interrater and intrarater reliabilities
for each of the 2D measures and 2) to correlate different 2D
motion analysis techniques for quantifying FPPA, KASR, and
KSD against 3D camera motion capture measures during a
double-legged 40 cm drop jump. It was hypothesized that all
2D measures would exhibit good to excellent (ICC >0.80) inter-
rater and intrarater reliabilities and that the correlation between
2D and 3D measures would be good to excellent (ICC >0.80).

Participants and methods

Participants

Sixteen healthy physically active participants from the colle-
giate community (nine males and seven females; age: [mean +
standard deviation] 25.5%2 years; height: 1.68+0.1 m; mass:
68.59+11.76 kg; body mass index: 24.3312.98 kg/m?; leg
dominance: 81% right and 19% left) volunteered to par-
ticipate in this study. They reported to the biomechanics
research laboratory for a single testing session after signing
an informed consent form. The Institutional Review Board
of University of Puerto Rico approved this study. Inclusion
criteria comprised of 1) age range from 21 years to 30 years
and 2) self-reported capacity of performing jumps with two
legs. Exclusion criteria included 1) any neuromusculoskeletal
conditions affecting walking or jumping, 2) back or lower
extremity pain or surgery, 3) injuries to the back and lower
limbs in the past 6 months, and 4) self-reported pregnancy.

Testing procedures

Male participants were required to wear only shorts (mid-
thigh level), low ankle socks, and low ankle tennis shoes.
Female participants were required to wear a sport bra, shorts
(mid-thigh level), low ankle socks, and low ankle tennis
shoes. Participants were allowed their preferred tennis shoes
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to prevent any pain at landing that could alter their landing
mechanics. Participants were required to use the same tennis
shoes in both sessions. After informed consent procedures,
anthropometric measurements for each subject according to
Vicon™ (Vicon Motion Systems Inc., Denver, CO, USA)
plug-in-gait model followed.!*?* Anthropometric measures
included height (cm), weight (kg), distance between ASIS
(mm), and bilateral knee width (mm), ankle width (mm),
and leg length (mm). We measured weight and height using
a calibrated scale and stadiometer, while joint width and
leg length were measured in supine with an anthropometer
(Lafayette Instrument Co., Lafayette, IN, USA) and measur-
ing tape, respectively. Each subject practiced the DVJ three
times to familiarize themselves with the testing procedures.
After practice trials, we placed 15 retroreflective markers
on participants based on Vicon plug-in-gait model. Markers
were placed at the second sacral vertebra (between posterior
superior iliac spines) and bilaterally at ASISs, lateral femoral
epicondyles, mid-thigh (between lateral femoral epicondyles
and greater trochanters), lateral malleoli, mid-shank (between
lateral femoral epicondyles and lateral malleoli), posterior
calcaneal tuberosity, and second metatarsal phalangeal joint.
Each subject performed seven measured trials of the DVJ with
2>1 minute of rest between trials. The purpose of measuring
seven trials was that previous research has reported that five
trials are needed for reliable measurements for knee valgus.?!
Therefore, in case there were instrumentation issues requiring
the elimination of trials, collecting seven trials allowed us to
gather sufficient trials to acquire the five good ones needed
for analyses. The specific procedure performed for the DVJ
has been described elsewhere.?!*? Briefly, each subject stood
on the 40 cm platform with arms across their chest waiting
for the verbal command to jump. After receiving the verbal
command to jump, participants dropped from the platform
when they felt ready to do so. At landing, participants spent
the minimum amount of time in contact with the floor by
performing a maximal vertical jump, attempting to touch the
ceiling of the laboratory.

Instrumentation

The instruments used in this study were a 3D Vicon™
motion analysis system (Vicon Motion Systems Inc.;
120 Hz sampling rate) and a 30 Hz commercial camcorder
time synchronized by a trigger mechanism. Before any data
collection sessions, we calibrated the equipment, follow-
ing recommendations provided by the manufacturer. After
space calibration, a static trial with the participant standing

in a T-position followed. The camcorders were located in a
standardized position and height for every subject; 1.82 m
in front (perpendicular) and 2.43 m to the side of the landing
area to get a direct view of frontal (front view) and sagittal
plane (side view) knee motions. A 435.9 mm *x368.8 mm
pressure mat (Tekscan Inc., Boston, MA, USA) was located
in front of the drop box with the purpose of serving as a
reference object for the 2D video analysis system. For two
of the 2D methods (KSD and KASR), where distance mea-
sures were needed, a standard distance is required to serve
as reference for the Dartfish™ software.

Data reduction

3D data

We integrated all the data using Vicon Nexus 1.7™ software
(Vicon Motion Systems Inc.). Frontal plane projection angles
and distance between femoral epicondyles and lateral mal-
leoli landmarks were derived from the trajectory of retrore-
flective markers using a second-order Butterworth filtering
process in order to obtain the outcome measures of FPPA,
KASR, and KSD. Knee and shank motions’ first, second,
and third rotations were defined in the sagittal, frontal, and
transverse planes, respectively. Pelvis-to-thigh (hip joint),
thigh-to-shank (knee), and shank-to-foot (ankle) local frame
unit vectors served as the local reference frames using Euler
angle calculations. We recorded FPPA, KASR, and KSD at
peak knee flexion during the first landing immediately after
stepping off from the drop box. In order to extract data for
the KSD, such distance was obtained on the following two
different time frames: first, during initial contact of both
feet and, second, when peak knee flexion on the sagittal
plane was observed. We defined initial contact in the 2D and
3D systems as the first frame in which ground contact was
observed. We considered peak knee flexion for both systems
as the maximum angle between the thigh and shank segments
during the ground contact phase. In Vicon Nexus 3D motion
analysis system, FPPA, KASR, and KSD measures were
acquired using the functions “projected angles” and “distance
between” and selecting the desired segments and retrore-
flective markers. For the FPPA, we considered the angula-
tion between the thigh and shank segments. For the KASR
and KSD, we considered the markers at the lateral femoral
epicondyles and lateral malleoli. Once we introduced this
function, the system automatically calculated the projected
angle or distance between the selected markers, based on the
subject’s anthropometric measurements, subject’s calibration,
and system calibration (global coordinate system).
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We imported data recorded at 30 Hz with the commercial
camcorder to Dartfish™ Pro Suite Software (Dartfish Inc.,
Switzerland) for conversion to still images. Dartfish™ soft-
ware obtained all four outcome measures: methods 1 and 2
of FPPA, KASR, and KSD. Three different members of the
research team calculated all Dartfish™ measurements on two
different occasions separated by 1 week. Both times, each
tester performed the entire process for all trials, from estab-
lishing reference points (initial contact and peak knee flexion)
to the calculation of outcomes of interest. Each research
member was blinded to measures of the other two members.
Testers were novice Dartfish™ users and underwent a 4-week
training to use the software. Dartfish™ software calculated
FPPAs using two different techniques.

FPPA — method |

We established FPPA as the angulation exhibited by the sub-
ject in Figure 1A.” The body landmarks used as referenced
for this angulation were the ASIS, mid-patella, and midpoint
between both malleoli (medial and lateral) at the distal tibia.
Another important landmark identified was a midpoint in the
thigh, placed in a straight line connecting the ASIS with the
mid-patella. This landmark was used in those trials where the
ASIS could not be identified due to excessive trunk flexion at
landing. We obtained this measure when the subject reached
peak knee flexion during the ground contact phase. For the 2D
video system, we defined peak knee flexion as the one frame
before the subject started to increase knee extension in order to
perform the maximum vertical jump. In the 3D system, FPPA
was determined by the angulation of the thigh and shank seg-
ments by valgus values indicated by knee joint moving medially.

FPPA — method 2

We established FPPA as the angulation exhibited by the subject
in Figure 1B." The body landmarks used as reference for this
angulation were mid-patella and midpoint between both ankle
malleoli. Similar to method 1, we took this measure at peak
knee flexion during ground contact. The difference between
these two measures was that the fulcrum point of the angle
was set at the ankle joint (midpoint between medial and lateral
malleoli). By default, the Dartfish™ software establishes a
reference vertical line going from the top of the screen (0°).
Therefore, we placed the first side of the angle as a perpen-
dicular line and the second side of the angle on the mid-patella
resulting in the desired frontal plane projection angle. In the 3D
system, the FPPA angle was established similarly to method 1.

KASR

The KASR was determined using both systems (2D and 3D)
by measuring the horizontal distance between the retroreflec-
tive markers positioned on each lateral femoral epicondyle,
and horizontal distance between the retroreflective markers
positioned on each lateral ankle malleoli (Figure 2).!¢ Then,
the KASR was defined as the ratio of distance between lat-
eral femoral epicondyles (knee) and lateral malleoli (ankle)
(KASR = knee/ankle) during peak knee flexion. A ratio
of 1.0 represented knees directly on top of ankles. A ratio
<1.0 represented knees medial to ankles (valgus) and >1.0,
represented that knees were lateral to ankles (varus).

KSD

We quantified the KSD using both systems as the distance (in
meters) between the right and left lateral femoral epicondyles
markers during the two different times of the landing phase.!>?*

Figure | Frontal plane projection angles.

Notes: (A) Method | established as the angulation exhibited by a line across ASIS, mid-patella, and the midpoint between both malleoli at the distal tibia. Vertical line
represents zero degrees with counterclockwise movements of the lower fulcrum (knee to ankle line), representing valgus alignment for the left leg and clockwise movement
for the right leg. (B) Method 2 established as the angulation exhibited by mid-patella and midpoint between both ankle malleoli. Motion started at zero in the vertical position
with mid-patella to ankle fulcrum, representing valgus while moving clockwise for the right leg and counterclockwise for the left leg.

Abbreviation: ASIS, anterior superior iliac spine.
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First measurement was during the initial contact phase (Figure
3A), and the second when the subject reached maximal peak
knee flexion during the ground contact phase (Figure 3B).
Finally, the KSD was expressed as the difference between
lateral femoral epicondyles during peak knee flexion (d2) and
initial contact (d1) (KSD = d2 — d1). Negative and positive
values denoted valgus and varus alignments, respectively.

Statistical analysis

Data were analyzed using SPSS for Windows, Version 16.0
(SPSS Inc., Chicago, IL, USA). Two-way mixed and two-way
random analysis of variance (ANOVA) models were conducted
to estimate variance due to participants’ effect and rater, time,
or system effects and to determine ICCs depending on which

Figure 2 KASR defined as the ratio of distance between lateral femoral epicondyles
(knee) and lateral malleoli (ankle) (KASR = knee/ankle) during peak knee flexion.
Abbreviation: KASR, knee-to-ankle separation ratio.

reliability measure was evaluated. We calculated intrarater
and interrater reliabilities for each of the four 2D outcome
measures. ANOVA two-way mixed effects models ICC (3, 1)
with random participants’ effects and fixed time of measure-
ment effects provided estimations for ICC for intrarater reli-
ability as these represented the only two times of interest. We
also calculated the standard error of measurement with their
respective 95% confidence interval for the intrarater reliability
values. In contrast, ANOVA two-way random effects’ models
(ICC[2, 1]), where both participants’ effects and raters’ effects
were considered as random in order to generalize results to a
larger population of potential raters provided estimations for
ICC for interrater reliability. We used Portney and Watkins’s*
criteria for the evaluation of reliability as follows: 20.75 good,
0.50-0.74 moderate, 0.26—0.50 fair, and <0.25 poor.

For the correlations between both methods of 2D and 3D
FPPA measures, the average of the first three consecutive tri-
als of the DVJ was chosen for analysis. For the correlations
between 3D and 2D measures of KASR and KSD, we chose
the first four consecutive trials of the DVJ for analysis. The
difference in the number of trials between tasks was due to the
highly instrumented nature of this study where missing data
were bound to occur. Therefore, we considered the maximum
number of trials that were completed in a consecutive manner
and common to all participants. ANOVA two-way mixed effects
models ICC (3, 1), with random participants’ effects and fixed
systems’ effects, as these represented the only two systems of
interest, provided estimations for the correlation between 3D
and 2D measures. These ICC measures established the correla-
tion of the 2D measures of FPPA, KASR, and KSD. We con-
sidered a 5% significance level to estimate ClIs for all intrarater
and interrater reliability coefficients as well as for correlation

Figure 3 KSD quantified as the distance (in meters) between the right and left lateral femoral epicondyle markers between initial contact phase (A) and peak knee flexion (B).

Abbreviation: KSD, knee separation distance.
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coefficients. The same Portney and Watkins’s? criteria for the
evaluation of correlations were used.

Results

All data met normality assumptions according to Shapiro—
Wilk test. Mean values for each of the 2D and 3D outcome
measures are presented in Table 1. ICC values for intrarater
reliability, interrater reliability, and correlation between 2D
and 3D variables for each of the outcomes measures are
presented in Tables 2 and 3.

FPPA — method |

ICC for 2D measures showed good-to-excellent intrarater and
interrater reliabilities for both dominant and nondominant
legs with values >0.95 for the intrarater reliability (Table 2)
and >0.93 for the interrater reliability (Table 3). The corre-
lation between this method and 3D measures demonstrated
poor to fair correlation (Table 3).

FPPA — method 2

Similar to the FPPA method 1, ICCs for this method showed
excellent intrarater (ICCs >0.95; Table 2) and interrater
(ICCs >0.98; Table 3) reliabilities for both legs. This method

Table | Mean values for 2D and 3D variables during drop jumps

Measures

FPPA (method )

2D, mean = SD 3D, mean = SD

Dominant leg (°) 14.89+7.65 8.15+5.24
Nondominant leg (°) 14.08+8.37 7.82+7.20
FPPA (method 2)

Dominant leg (°) 10.52+6.40 8.15+5.24
Nondominant leg (°) 10.1445.38 7.8217.20
KASR (cm) 1.23140.19 1.17+0.21
KSD (cm) —0.007+0.044 —0.011+0.035

Notes: For the KASR, values >| denote varus, and values <| denote valgus. For
the KSD, positive values represent varus, and negative values represent valgus.
Abbreviations: 2D, two-dimensional; 3D, three-dimensional; FPPA, frontal plane
projection angle; KASR, knee-to-ankle separation ratio; KSD, knee separation
distance; SD, standard deviation.

demonstrated fair to moderate correlation with 3D FPPA
measures (<0.57; Table 3).

KASR

This measure showed an excellent intrarater (ICC >0.96;
Table 2) and interrater (ICC >0.96) reliabilities as well as an
excellent correlation (ICC =0.96) with 3D measures (Table 3).

KSD

The KSD measure showed a good-to-excellent intrarater reli-
ability (ICC >0.89; Table 2), interrater reliability (ICC >0.97)
and correlation (ICC =0.94) with 3D measures (Table 3).

Discussion
The main objective of this study was to evaluate four dif-
ferent 2D techniques for the analysis of frontal plane knee
kinematics. In order to perform this, we compared all four
2D measures used in this study with their corresponding 3D
counterparts for both dominant and nondominant legs. All
four 2D techniques have been used previously to determine
their ability to quantify and predict DKV during dynamic
tasks for potential use in clinical screening. Nevertheless, not
all of them have been compared with 3D measures in order
to confirm their validity. FPPAs, KASR, and KSD have been
reported to be promising 2D video-based techniques for such
analyses.!>16-18

3D measures of knee valgus and 2D measures of FPPA
have been used to identify an increased knee valgus in
multiple populations. As reported in the literature, high
knee abduction moments and knee valgus joint angles dur-
ing landing activities increase the risk for ACL injuries in
female athletes with high sensitivity and specificity.? The vast
majority of studies have used FPPA only testing the dominant
leg.!'7 In contrast, our study focused on testing the non-
dominant leg in addition to the dominant leg to observe any
variation between legs when validated against the 3D system.

Table 2 Intrarater reliability of 2D FPPA, KASR, and KSD measures during drop jumps

Measures

Tester |

Tester 2

Tester 3

ICC (95% CI)

SEM (95% CI)

ICC (95% CI)

SEM (95% CI)

ICC (95% CI)

SEM (95% CI)

FPPA (method 1)
Dominant leg
Nondominant leg
FPPA (method 2)
Dominant leg
Nondominant leg
KASR

KSD

0.97 (0.95-0.99)
0.95 (0.91-0.97)

0.98 (0.95-0.99)
0.97 (0.94-0.98)
0.98 (0.96-0.99)
0.89 (0.82-0.93)

1.43 (0.83-1.85)
2.10 (1.62-2.81)
091 (0.64—1.43)

0.97 (0.79-1.37)
0.03 (0.02-0.04)
0.01 (0.01-0.02)

0.99 (0.98-0.99)
0.99 (0.99-0.99)

0.99 (0.98-0.99)
0.99 (0.98-0.99)
0.96 (0.93-0.97)
0.96 (0.94-0.98)

0.77 (0.93-1.31)
0.83 (0.92-0.92)

0.65 (0.66-0.93)
0.53 (0.61-0.86)
0.05 (0.04-0.06)
0.01 (0.01-0.01)

0.99 (0.97-0.99)
0.97 (0.95-0.99)

0.98 (0.96-0.99)
0.97 (0.94-0.98)
0.99 (0.98-0.99)
0.98 (0.97-0.99)

0.93 (0.77-1.34)
1.60 (0.83-1.85)

0.93 (0.65-1.29)
1.1 (0.75-1.30)
0.02 (0.02-0.03)
0.01 (0.0-0.01)

Abbreviations: 2D, two-dimensional; FPPA, frontal plane projection angle; ICC, intraclass correlation coefficient; KASR, knee-to-ankle separation ratio; KSD, knee

separation distance; SEM, standard error of measurement; Cl, confidence interval.
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Table 3 Interrater reliability for Dartfish™ measures and
correlation between 2D and 3D FPPA, KASR, and KSD variables

Correlation between
systems, ICC (95% CI)

Measures Interrater reliability,

ICC (95% CI)

FPPA (method 1)
Dominant leg
Nondominant leg
FPPA (method 2)
Dominant leg
Nondominant leg
KASR

KSD

0.95 (0.91-0.97)
0.93 (0.88-0.96)

0.98 (0.96-0.99)
0.98 (0.96-0.99)
0.96 (0.93-0.97)
0.97 (0.94-0.98)

0.24 (-0.90-0.26)
0.35 (0.13-0.64)

0.39 (0.09-0.63)
0.57 (0.21-0.77)
0.96 (0.82-0.98)
0.94 (0.90-0.96)

Note: Correlations of 2D and 3D values were estimated using tester 2, given this
tester was the one with less variability.

Abbreviations: 2D, two-dimensional; 3D, three-dimensional; FPPA, frontal plane
projection angle; ICC, intraclass correlation coefficient; KASR, knee-to-ankle
separation ratio; KSD, knee separation distance; Cl, confidence interval.

By having both legs present with reliable data, investigators
can rest assured any comparison between legs is accurate.
Our results indicated that both 2D techniques of FPPA
(methods 1 and 2) demonstrated excellent intrarater (Table 2)
and interrater (Table 3) reliabilities for both dominant and
nondominant legs with ICC values ranging from 0.95 to
0.99. Our reliability results are comparable with previously
reported intrarater (ICC =0.95) and interrater (ICC =0.89)
reliability values where method 1 for estimating FPPA has
been used during a DVJ.!¢ The literature has not yet estab-
lished ICC values for interrater and intrarater reliabilities
for method 2 of FPPA. To the best of our knowledge, this
is the first study to investigate the reliability and validity of
such a technique. The advantage of this technique is that it
does not require confounding markers or reference points
above the knee joint, making the assessment faster and more
accurate as evidenced by smaller 95% Cls and standard error
of measurement and greater correlation with the 3D system.
We found a poor-to-moderate correlation, for both legs,
when we compared both 2D techniques of estimating FPPA
against 3D measures. Our results of poor to moderate cor-
relation between 2D and 3D measures are in agreement with
other investigations in which correlations between 2D frontal
plane projection angles and 3D projection angles during
single-leg squats, single-leg jumps, and DV tasks were also
poor to fair (#<0.39).”'¢ An explanation for poor-to-moderate
correlation values between the 2D and 3D FPPAs found in this
study is that the measures of FPPA have been significantly
associated with transverse plane kinematics at the knee and
hip.” Willson and Davis’ reported fair correlations (#<0.38)
between 3D tibiofemoral valgus (KAA) and FPPA during
single-leg squats and single-leg landings, whereas correla-
tions between FPPA and peak tibiofemoral internal rotation

were moderate (#<0.55). Therefore, we hypothesized that
our correlation values between 2D and 3D FPPAs could be
due to the influence of transverse plane motions on the FPPA
measure lacking the ability to detect the movements that are
actually occurring within the lower extremity.

As previously mentioned, this is the first study using the
alternative method of FPPA described by Glass et al'® where
the fulcrum of the angle is placed on the ankle joint instead
of the knee. Our results showed great similarity between both
FPPA methods, although mean values for the second method
were much closer to the 3D mean values, resulting in greater
correlations. A possible explanation is that the influence of
transverse plane motion is less in this measure, since it is only
taking into consideration movement on the knee and ankle
joints, thus discarding the influence of rotation excursion of
the hip. Thus, when mean values of both 2D and 3D FPPAs
were compared, the 2D values were always higher (~7° for
method 1 and ~3° for method 2) when compared to the 3D
values. We consider that 2D measures of FPPA tend to be
overestimated, since they cannot differentiate movement on
the transverse plane from the frontal plane.

Regarding the other two 2D outcome measures, the
literature reports that the KASR explains 39.4% of the vari-
ance for knee abduction moments, which is higher than the
variance explained by the FPPA (35%).'® Furthermore, the
KSD explains 53% of the variance for the knee abduction
angle after having taken into consideration the stance width.!?
The KASR is a measure proposed by Mizner et al,'® which is
amodification of the KSD proposed by Noyes et al.?® Several
factors could have influenced the differences in 2D measures
and its correlations with 3D measures between Mizner’s study
and this investigation (~7° difference for FPPA and ~0.47 cm
for KASR). In the study by Mizner et al,'¢ the concurrent
validity and reliability of the KASR were established using
only one DVIJ trial per subject, whereas the current study
used the average of four trials per subject, thereby decreasing
the variability of individuals’ jumps. Another reason for the
discrepancy between our results was the use of force plates
to quantify kinetics. In the investigation by Mizner et al,
they asked participants to land with each foot in individual
force plates, while we did not restrict the landing mechanics
of the participants. We hypothesized that asking participants
to land in this manner places the ankles in an already wider
position than the knees, predisposing to knee valgus. When
we compare our values with another investigation performed
by MacDonald et al,”” which did not use force plates, the dif-
ference is no >5° for FPPA and 0.19 cm for KASR. Therefore,
we recommend that individuals being tested using these
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measures should not be restricted in the way they land to get
a true representation of their landing mechanics.

Our results from the KASR and KSD measures showed
good to excellent intrarater (Table 2) and interrater (Table 3)
reliabilities as well as an excellent correlation with 3D measures
(Table 3). Our reliability results from the KASR concur with
those reported by other investigators in which ICC values for
interrater (ICC =0.92) and intrarater (ICC = 0.97) reliabilities
have been high.!¢ Our correlation values between the 2D KASR
values are greater than those reported in the literature.'® The
main reason for this discrepancy is that we correlated the KASR
between systems, while Mizner et al correlated KASR against
3D knee abduction angles. As previously stated, 2D measures
lack the ability to consider segment rotations. Therefore, the
lower correlation values are to be expected due to the nature
of greater accuracy of the 3D system. The KSD is another
method that has been previously used to identify DKV.2® This
method has been reported as adequate as an outcome measure
for the assessment to knee injury predisposition and effective-
ness after neuromuscular training.?® Although KSD has been
reported to explain 97% of hip joint frontal angles and 52%
knee valgus variances during a drop jump,'? its concurrent
validity and reliability have not been established. Our results
from the KSD measure showed excellent intrarater reliability
(ICC >89; Table 1) and interrater reliability (ICC =97; Table 2)
with excellent concurrent validity (ICC =94) with a 3D sys-
tem (Table 3). The ability to visually detect knee valgus in 2D
without highly instrumented equipment can help clinicians to
identify those athletes at risk for lower extremity injuries.!®!!
Therefore, given the high reliability and adequate validity of
these measures compared to 3D analyses, we highly recommend
them for injury risk field-based assessment.

This study does have limitations. Thus, we must evalu-
ate and interpret outcomes in light of these limitations. Our
primary purpose for this study was to establish the reliabil-
ity of previously developed 2D measures for the assessment
of knee valgus and to correlate such measurements with
measurements taken with a 3D motion analysis system.
The main difficulty or limitation encountered throughout
the analysis process was the natural biomechanical vari-
ability exhibited by each subject when performing the DVJ
task. Some of the participants (n=3) tended to excessively
flex their trunk during the landing portion of the task,
covering the markers of the ASIS with their body. In some
cases, the period during which the markers were covered
was sufficient to make the 2D and 3D reconstructions of
the trial impossible. This was due to the inability to identify
the ASIS markers, making the trial unusable. The use of

the pressure mat to identify the landing area could have
affected the normal landing mechanics used by each subject
to perform the DV task, as they had intended to land in the
desired space. We considered this as a random error, as it
was constant throughout the entire study. However, it may
become a factor if mean values for each of the outcome
measures are later compared against other studies. Given
the inherent inability for 2D motion analysis to measure
transverse plane motions, there is no way to determine the
rotational components occurring at the hip and knee during
valgus measures performed with 2D systems. Finally, there
is a discrepancy in the clinical assessment of the KASR
and KSD in both systems. Based on our 2D and 3D results
of the KASR, our participants were not exhibiting valgus,
while, based on the results from the KSD, they presented
a minimal amount of valgus. We hypothesized the main
reason for this discrepancy is the dynamic nature of the
measurement. The KASR takes into consideration a single
point in time (peak knee flexion) to assess DKV. Mean-
while, KSD is the combination of the time of initial contact
and peak knee flexion, resulting in a value that takes into
consideration the trajectory of the knee during the stance
phase of the landing maneuver. Therefore, we need to be
aware of these differences at the time of making a clinical
decision, given that 2D methods are not the gold standard
to determine predisposition to knee injuries.

Conclusion

All four 2D video-based techniques evaluated during this
study have the potential to be used as a cost-effective initial
screening process alternative for expensive 3D analysis
system in the assessment of frontal plane knee kinematics
during a DVIJ. Of the four 2D techniques, the KASR and
KSD showed more promising results to be used as the pre-
ferred methods to measure frontal plane knee kinematics.
The results of this study indicate that the KASR and KSD
are reliable and more highly correlated with 2D measures of
frontal plane knee kinematics when compared to 3D mea-
sures. Our results support the current knowledge that FPPA
measures are reliable, although their validity when com-
pared to the same measure in 3D systems is questionable.
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