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ABSTRACT

Background: Although 3D motion capture is considered the “gold standard” for recording and analyzing kinematics,
2D video analysis may be a more reasonable, inexpensive, and portable option for kinematic assessment during pre-
participation screenings. Few studies have compared quantitative measurements of lower extremity functional tasks
between 2D and 3D.

Purpose: To compare kinematic measurements of the trunk and lower extremity in the frontal and sagittal planes
between 2D video camera and 3D motion capture analyses obtained concurrently during a SLS.

Study Design: Descriptive laboratory study.

Methods: Twenty-six healthy, recreationally active adults volunteered to participate. Participants performed three
trials of the single leg squat on each limb, which were recorded simultaneously by three 2D video cameras and a 3D
motion capture system. Dependent variables analyzed were joint displacement at the trunk, hip, knee, and ankle in
the frontal and sagittal planes during the task compared to single leg quiet standing.

Results: Dependent variables exhibited moderate to strong correlations between the two measures in the sagittal
plane (r = 0.51-.093), and a poor correlation at the knee in the frontal plane (r = 0.308) at (p < 0.05) All other depen-
dent variables revealed non-significant results between the two measures. Bland-Altman plots revealed strong agree-
ment in the average mean difference in the amount of joint displacement between 2D and 3D in the sagittal plane
(trunk = 1.68°, hip = 2.60°, knee = 0.74°, and ankle = 3.12°). Agreement in the frontal plane was good (trunk =
7.92°, hip = -8.72°, knee = -6.62°, and ankle = 3.03°).

Conclusion: Moderate to strong relationships were observed between 2D video camera and 3D motion capture analy-
ses at all joints in the sagittal plane, and the average mean difference was comparable to the standard error of measure
with goniometry. The results suggest that despite the lack of precision and ability to capture rotations, 2D measure-
ments may provide a pragmatic method of evaluating sagittal plane joint displacement for assessing gross movement
displacement and therein risk of lower extremity injury.
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INTRODUCTION

Many athletic movement patterns, including decel-
erating, cutting, pivoting, and landing from a jump,
have been linked to an increased risk of lower
extremity injury.'* Dynamic knee valgus (DKV) is
often described in the literature as a biomechanical
risk factor for lower extremity injury, and it has been
reported to prospectively contribute to anterior cru-
ciate ligament (ACL) injury as well as to the develop-
ment of patellofemoral pain (PFP).>” Furthermore,
deficits in dynamic stability of the trunk® and lower
extremity asymmetries”® have been purported as
mechanisms that initiate this faulty position and
contribute to injury risk.

Functional assessments such as the Functional
Movement Screen™,!° Selective Functional Move-
ment Assessment,'® Star Excursion Balance Test,"
and the Landing Error Scoring System'? all have
the ability to identify discrepancies in movement
quality. Common clinical limitations among these
assessments are the lack of measurable kinematic
output, the training required for testing, and the time
involved with test administration. While some obser-
vational screenings have been shown to be valid and
reliable,'*'* others have exhibited poor reliability,"
and inadequate sensitivity.'® Previous literature has
identified that rater experience,'® perception,'” and
visual acuity!” may play a significant role in the stan-
dardization of observational screenings. The ability
to easily identify quantifiable kinematic risk factors
for lower extremity injury may allow sports medi-
cine professionals to intervene more effectively and
enable them to educate athletes about sport-specific,
at-risk positions. The single leg squat (SLS) has been
used as a qualitative measure to evaluate lower
extremity injury risk.'®'® While this task is simple,
and can identify unilateral dysfunction,® kinematic
evaluation is not commonly included in the SLS
assessment.

Laboratory-based 3-Dimensional (3D) motion cap-
ture systems are considered the “gold standard” in
the evaluation of biomechanical risk factors.” These
systems are reliable*** during many functional
tasks and can accurately determine multi-planar and
dimensional kinematics, including rotational forces
across joints. However, 3D motion capture systems
have limited application in the clinical setting due to

the high-priced equipment and time consuming set-
up, application of multiple electromagnetic sensors
that do not always relate well to the performance
of functional tasks, and difficulty to incorporate into
pre-season screenings. Video screenings are a poten-
tial solution to the current limitations (e.g. portabil-
ity, time and cost effectiveness, and standardization)
in the aforementioned clinical movement assess-
ments. Video assessments can take place in a physi-
cal therapy clinic or physician’s office and results
can be readily discussed using phone or tablet appli-
cations. Additionally, these 2-dimensional (2D)
video systems are portable, time and cost effec-
tive, and require little training.?! Since the major-
ity of knee injury risk factors occur in the cardinal
planes of movement, it was hypothesized that video
analysis in the sagittal and frontal planes would be
comparable to the same kinematic measures using
3D motion capture. Currently, limited research
has addressed the relationship between 2D and 3D
methods of kinematic analysis during functional
tasks. Gwynne et al reported moderate to strong cor-
relations between 2D and 3D analyses at the knee in
frontal plane during the SLS (r = 0.64-0.78).** The
study, however, did not compare data from the two
systems collected during the same session. Similarly,
Ayala et al found a strong relationship between 2D
and 3D analyses at the knee in the frontal plane dur-
ing the drop vertical jump (r = 0.82-0.97).* A limi-
tation of both of these studies was the absence of a
sagittal plane evaluation during the functional task.
Therefore, the purpose of this study was to compare
kinematic measurements of the trunk and lower
extremity in the frontal and sagittal planes between
2D video camera and 3D motion capture analyses
obtained concurrently during a SLS.

METHODS

This was a descriptive laboratory study with a single
session of data collection. The independent vari-
able was observation method at two levels: 2D video
camera analysis and 3D motion capture. The depen-
dent variables included joint displacement at the
trunk, hip, knee, and ankle in the frontal and sagit-
tal planes. These variables were calculated as the
displacement between the kinematic value at quiet
standing and the corresponding kinematic value at
peak knee flexion, for each joint.
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Participants

Twenty-six healthy and recreationally active adults
(age: 22.26 + 2.99 years, height: 1.70 + 0.12 meters,
mass: 67.43 + 12.24 kilograms) were recruited as a
volunteer sample of convenience from a University
setting and the surrounding community. An a priori
sample size estimate was performed based on previ-
ously published data?® exhibiting a correlation coef-
ficient of 0.36 and effect size of 0.60 between 2D and
3D measurements of knee valgus during a side jump
task. It was estimated that 26 total subjects would
be sufficient to find statistically significant differ-
ences at an a level of 0.05, and power (1-8) of 0.80.
Participants were excluded from the study if they
reported a history of lower extremity surgery, his-
tory of lower extremity injury within the last year, or
any lower extremity or balance condition that may
have affected the participant’s ability to complete
the task. The study was approved by the University
of Virginia’s Institutional Review Board and each

participant provided written informed consent prior
to the start of data collection.

Three-Dimensional Motion Capture

Lower extremity joint kinematics were recorded with
the Flock of Birds 6 degrees-of-freedom electromag-
netic tracking system (Ascension Technology Inc.,
Burlington, VT, USA) and integrated with the Motion
Monitor Software (version 8.85, Innovative Sports
Training, Inc., Chicago, IL, USA). Ten electromagnetic
sensors were secured with double-sided adhesive
tape and non-adhesive elastic wrap to the subject’s
skin: one on each calcaneus, one on the dorsal aspect
of each foot, one on the middle third of each lateral
shank, one on the middle third of each lateral thigh,
one over the sacrum, and one at T1 (Figure 1). Height,
mass, and joint centers were subsequently calibrated
using the stylus. Sensors were secured and digitized
by the same clinician for each participant. Kinematic
data were collected at a sampling rate of 144 Hz.
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Figure 1. 2D retroreflective marker (black circles) and 3D electromagnetic sensor (gray squares) locations.
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Two-Dimensional Video Camera

Fifteen anatomical landmarks were identified with
retroreflective markers and secured with double-
sided adhesive tape to the subject’s skin: one at the
sternoclavicular notch, one on each acromioclavicu-
lar joint, one on each anterior superior iliac spine,
one on each medial joint line of the knee, one on
each lateral joint line of the knee, one on each medial
malleolus, one on each lateral malleolus, and one on
each base of the fifth metatarsal (Figure 1). Retrore-
flective markers were affixed by the same clinician
for each participant, with a level of accuracy of less
than 8mm. Two-dimensional videos of the SLS were
captured using three Canon Vixia HF R42 digital cam-
eras (Canon USA, Inc., Melville, NY, USA). Each cam-
era was placed on a tripod at a height of 1.2 meters
from the floor, and at a distance of 2.4 meters from
the participant. One camera was placed in the sagit-
tal plane, and two were placed in the frontal plane
(one anterior, one posterior). Each camera was lev-
eled using the Bubble Level application (version 2.1,
Lemondo Entertainment, www.lemondo.com) on the
clinician’s smartphone. Two-dimensional data were
collected at a sampling rate of 60 frames per second.

Data Collection Procedures

The participants performed three trials of a SLS on
each leg (order randomized), for a total of six trials.
Participants received verbal standardized instruc-
tions on the performance of the SLS maneuver® from
the researcher and were permitted up to three prac-
tice trials per leg. Each participant was instructed to
look straight ahead, stand on the test limb with the
opposite knee flexed to approximately 90°, and fold
his or her arms across their chest. They were then
asked to squat down as far as comfortably possible
without losing balance, and to return to the starting
position. Each SLS task was recorded individually,
capturing the quiet single leg stance through the
self-selected peak knee flexion, and back to the start-
ing position. A trial was discarded if: the participant
lost balance during the movement; the clinician
determined that the movement was uncontrolled; a
reflective marker or sensor fell off; or the trial was
interrupted. The participant was permitted as much
rest as they felt necessary between repetitions, and
after three successful trials the participant repeated
the process on the opposite limb.

3D Data Processing

Kinematic data was collected at 144 Hz for the ankle,
knee, hip, and trunk during the six total trials of the
SLS task for each participant. Lower extremity joint
rotations were calculated using the Euler rotation
method in the following order: Y (flexion-extension
axis) X (abduction-adduction axis), Z (internal-exter-
nal rotation axis). The hip joint center of rotation
was determined using the Bell method.” Data was
filtered using a 4™ order low-pass Butterworth fil-
ter at 6 Hz. For each trial, one virtual event marker
was placed at quiet standing, and one virtual event
marker was placed at peak knee flexion. Kinematic
values at each joint that corresponded with peak
knee flexion were extracted and compared with
quiet standing to determine joint displacement.

2D Data Processing

Two-dimensional videos were processed using Kinovea
Software (version 0.8.15, Kinovea Open Source Proj-
ect, www.kinovea.org). For each trial, two still images
were created in the frontal and sagittal planes (one at
quiet standing, one at peak knee flexion). On each still
image, the clinician measured joint angles at the trunk,
hip, knee, and ankle using the retroreflective markers,
and calculated the joint displacement between quiet
standing and peak knee flexion. All angles were mea-
sured by the same clinician.

In the sagittal plane, trunk flexion was measured as
the angle between a vertical line (perpendicular to
the ground) bisecting the sacrum and a line bisect-
ing the thoracic spine.?® Hip flexion was measured as
the angle between the AC joint and lateral knee joint
with the greater trochanter serving as the fulcrum.
Knee flexion was measured as the angle between the
greater trochanter and lateral malleolus with lateral
knee joint serving as the fulcrum. Ankle dorsiflex-
ion was measured as the angle between a line from
the lateral knee joint through the lateral malleolus
and a line parallel with the fifth metatarsal.

In the frontal plane, lateral trunk flexion was mea-
sured as the angle between a vertical line bisecting
the contralateral ASIS (perpendicular to the ground)
and a line from the ASIS to the AC joint marker.?
Hip abduction was measured as the angle between
a vertical line bisecting the ipsilateral ASIS (perpen-
dicular to the ground) and a line from the ASIS to the
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point half the distance between the two knee joint
markers. Knee abduction was measured as the angle
connecting three points: one bisecting the malleoli
of the ankle, one bisecting the femoral condyles,
and one on the proximal thigh parallel to the ASIS.*°
Ankle abduction was measured as the angle between
a line bisecting the calcaneus and a line bisecting
the distal 1/3 of the lower leg, using a rear foot view.

STATISTICAL ANALYSIS

The mean of the three trials on each limb and for
each system were used for statistical analysis. Pear-
son product moment correlation coefficients were
utilized to assess linear relationships between mean
2D and 3D displacement measures at the trunk, hip,
knee, and ankle in the frontal and sagittal planes.
The strength of the correlation (r) was interpreted as
poor (0 to 0.49), moderate (0.50 to 0.75), and strong
(> 0.75).* Bland-Altman plots with average mean dif-
ference (AMD) and 95% limits of agreement (LOA)
were used to evaluate agreement between 2D and
3D measurements for each dependent variable. Left
and right average mean differences were combined
for an overall analysis. The presentation of the LOA
allows for the visual judgment of how well the two
techniques agree. The smaller the range between
the upper and lower limits, the stronger the agree-
ment is. Statistical analyses were performed using
SPSS software Version 23.0 (IBM Corporation, Chi-
cago, IL, USA). Bland Altman plots were generated
using the Microsoft Excel® software (Version 14.4.0,
Microsoft Corporation, Redmond WA, USA). Alpha
was set a priori at p < 0.05)

RESULTS

Dependent variables were all significantly corre-
lated between the two measures in the sagittal plane
at the trunk (r = 0.53, 95% CI: 0.30-0.70, moderate),
hip (r = 0.93, 95% CI: 0.88-0.96, strong), knee (r
= 0.86, 95% CI: 0.77-0.92, strong) , and ankle (r =
0.51, 95% CI: 0.28-0.69, moderate), and in the fron-
tal plane at the knee (r = 0.31, 95% CI: 0.04-0.54,
poor). Correlations between 2D and 3D analyses
were not significant in the frontal plane at the trunk,
hip, or ankle (Table 1).

Bland-Altman plots revealed agreement in the AMD
between 2D and 3D measurement techniques in the
sagittal plane at the trunk (1.68°; LOA -54.45 to 57.81;

Table 1. Pearson’s correlation coefficients and associated

95% confidence intervals between 2D and 3D analysis.
Statistical significance denoted as p < 0.05.

Plane Joint r 95% CI p
Sagittal Trunk 0.53 0.30,0.70 <.001*
Hip 0.93 0.88,0.96 <.001*
Knee 0.86 0.77,0.92 <.001*
Ankle 0.51 0.28, 0.69 <.001%*
Frontal Trunk 0.16 -0.12,0.41 27
Hip 0.15 -0.13, 0.41 .28
Knee 0.31 0.04, 0.54 .03*
Ankle 0.12 -0.16, 0.38 .39
*Denotes significance at
p< 0.005

Figure 2a), hip (2.60° LOA -15.48 to 20.68; Figure
2b), knee (0.74°; LOA -9.70 to 11.19; Figure 2c), and
ankle (3.12°% LOA -8.89 to 15.14; Figure 2d). Agree-
ment in the frontal plane at the trunk (7.92°; LOA
-6.65 to 22.50; Figure 3a), hip (-8.72° LOA -21.90 to
4.45; Figure 3b), knee (-6.62° LOA -29.83 to 16.59;
Figure 3c), and ankle (3.03°; LOA -7.96 to 14.02; Fig-
ure 3d) was not as strong. A positive value indicates
that the 2D analysis measured larger displacement
than 3D analysis, whereas a negative value indicates
that the 3D analysis measured larger displacement
than the 2D analysis.

DISCUSSION

The relationship and agreement between two meth-
ods of commonly used biomechanical analyses: 2D
video camera and 3D motion capture were evalu-
ated. Utilizing both Pearson’s correlation coefficients
and Bland Altman plots when comparing two mea-
surement techniques allows for a more robust evalu-
ation of consistency between measures by providing
both linear association and agreement. The stron-
gest relationships between the two measurement
systems in the sagittal plane were observed at the
hip and at the knee. This is consistent with previous
literature, where Norris et al evaluated the relation-
ship between a similar 2D measurement technique
and goniometry in the sagittal plane during mechan-
ical lifting.** During this bilateral and foundational
task, the researchers were able to observe near
perfect reliability at both the hip (r = 0.99, 95%
CIL: 0.98-0.99) and at the knee (r = 0.98, 95% CI:
0.96-0.99), with a standard error of measurement
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Figure 2. Bland Altman plots comparing 2D and 3D analyses of the SLS in the sagittal plane with 95% limits of agreement
(dashed lines). The difference between the 2D and 3D measurement score plotted against the mean of the two measurements for

each dependent variable.
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(dashed lines). The difference between the 20 and 30 measurement score plotted against the mean of the two measurements for

each dependent variable.
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of 0.75° and 1.4°, respectively. The SLS task that
this study utilized requires a greater degree of pos-
tural control and proprioception than double-legged
foundational tasks, which could could account for
this slight decrease in reliability. In support of this
theory, Gribble et al evaluated sagittal plane joint
angle measurements between a 2D video method
and standard goniometry during a SLS. The authors
reported a difference of < 4° for the knee and < 11°
for the hip, with strong reliability (r = 0.76-0.89).%

While significant relationships between 2D and 3D
techniques were observed at all four joints in the sag-
ittal plane, the only significant correlation observed
in the frontal plane was at the knee, which was con-
sidered poor. Although previous studies have evalu-
ated the reliability between 2D and 3D analyses, the
systems are frequently just compared at the knee
in the frontal plane. Similar to these findings, the
side-step (r = 0.40), and the side-jump (r = 0.32)
also exhibited poor reliability between the two tech-
niques when evaluating knee varus/valgus motion.?
In contrast, moderate to strong reliability has been
observed during the SLS (r = 0.64-0.78), and drop
vertical jump (r = 0.82-0.97). A potential expla-
nation for the lack of clinically relevant findings in
the frontal plane could be related to the decision
to allow participants to self-select their SLS depth.
Eltoukhy et al found similar results at the knee in
the frontal plane when utilizing a self-selected SLS
depth in their comparison between the Kinect cam-
era and 3D motion capture (r = 0.144).>* As a result,
this variation could allow individuals to utilize mul-
tiple movement strategies to complete the task -
in particular the incorporation of transverse plane
motion both proximal and distal to the knee at the
hip and ankle.

Bland Altman plots allowed for the quantification of
the agreement between these two clinical measure-
ment techniques. The AMD between the two mea-
sures was less than 4° at each joint in the sagittal
plane and less than 7° in the frontal plane. Previ-
ous literature reports interrater standard error of
measurement of goniometry for the lower extremity
ranging between 0.62° and 7.8°.3>%° While the 2D and
3D measurements had stronger agreement in the
sagittal plane, it is important to note that both planes
of motion exhibited an AMD that is clinically accept-

able. Additionally, although there were no patterns
in regards to which system consistently measured
greater joint angles, and wide LOA were observed
(particularly at the trunk). This finding could be the
result of transverse plane motion that could not be
accounted for in the 2D video assessment.*

It has been suggested that sagittal plane body posi-
tions affect lower extremity biomechanics and the
risk of knee injuries.* Landing with the body in a
more erect position increases vertical ground reac-
tion forces attenuated through the entire kinetic
chain, which is believed to increase both acute and
chronic knee injury risk.**** At the deepest landing
position, hip flexion has been significantly related
to knee flexion moment in a drop vertical jump as
well as a single leg drop vertical jump.** Subjects
who used less hip flexion in the sagittal plane upon
landing relied more heavily on frontal plane knee
moments to decelerate their center of mass.** Simi-
larly, it has been demonstrated that females perform
the SLS with less trunk flexion, greater knee abduc-
tion, and greater hip adduction when compared to
males.* While it is known that increased moments
in the frontal plane lead to a significant increased
risk for injury,® an erect position coupled with the
medial collapse at the knee has been suggested
as a faulty movement pattern that predisposes an
individual to non-contact ACL injury.* The ability
for clinicians to effectively measure sagittal plane
kinematics during functional tasks adds a valuable
component to functional assessments and risk factor
screenings.

Clinical Relevance

Although poor movement quality exhibited dur-
ing functional tasks may be attributed to deficits
in lower extremity neuromuscular control, spe-
cific kinematic variables have been highlighted as
primary risk factors for knee injury.”?* There is
evidence that peak knee flexion is the strongest pre-
dictor of SLS performance,® and that males perform
the task with greater knee flexion than females.?**
While SLS depth was not standardized in this study
in an effort to maintain clinical applicability, we
may consider this modification in the future if com-
paring kinematics between sexes. The ability to
detect these faulty movements during the SLS task
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in 2D provides clinicians with a valuable kinematic
measurement tool to utilize in screenings and dur-
ing rehabilitation.

Limitations

It is anticipated that the method of 2D measure-
ment utilized may have contributed to the results of
this study. The points utilized to construct the joint
angles were each explicitly identified by a retrore-
flective marker in the sagittal plane, whereas sets
of anatomical landmarks were bisected to identify
several points in the frontal plane. Although these
methods are consistent with the literature,®*° they
could also potentially explain more variation in the
identification of the frontal plane angles, as the clini-
cian visually identified several points that comprised
the joint angles (i.e. at the knee and at the ankle).

One factor that must be considered is that 2D meth-
ods are unable to measure rotation. Rotation of the
trunk, hip, and tibia are included in the definition of
DKV,*® and contribute to other biomechanical abnor-
malities that were unable to be analyzed. Previous
authors have indicated that frontal plane move-
ments during 2D video analysis may not be a true
representation of 3D kinematics, as rotation cannot
be measured.** Indeed this presented a problem in
this study, as those who had greater discrepancies
between the two methods of measurement visually
appeared to show more trunk rotation. This finding
is supported by previous authors,?**® who suggest
that joint rotations at the hip and knee contribute
to the appearance of 2D frontal plane kinematics.
Another limitation to this study is that the maximal
values for the calculation of joint displacement were
taken at peak knee flexion. Recent data has shown
that the deepest part of a squat or landing is a com-
parable position to an athletic task,”* however, dis-
crepancies in movement and visible weaknesses
may occur throughout the task.

CONCLUSION

The results of this study indicate that 2D video
analysis is comparable to 3D motion capture when
evaluating sagittal plane joint displacement during a
SLS. Clinically, a valid 2D analysis may help health
care professionals identify at-risk athletes and apply
targeted interventions to these athletes, especially
when they do not have access to a 3D motion analy-

sis system, or the financial means to acquire one.?
Future studies should evaluate the use of mobile
technology in the quantification of lower extremity
kinematics during functional tasks, in an effort to
move towards an even more expedient and efficient
method of assessment.
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