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Background

Easy-to-perform and effective assessments for runners are needed for high-volume
screening of injury risk in clinical settings. Markerless motion capture systems offer
comprehensive, fast, and less expensive tests for capturing kinematic and kinetic metrics
that are related to running injury compared to traditional laboratory setups.
Hypothesis/Purpose: The purposes of this study were to 1) characterize functional test
performance in endurance runners using markerless motion capture, and 2) determine
the strength of associations between markerless motion capture-based functional
movement performance and instrumented treadmill-based kinetic features of running.
Sex differences in functional performance tests and in gait characteristics were secondary
exploratory analyses.

Study Design

Cross-sectional study.

Methods

Sixty-two recreational runners (40.3% female; 31.5+16.8 yr) ran on an instrumented
treadmill, and performed a series of dynamic functional tests using a markerless motion
system. Functional tests included lateral bound, multiple hop (5-Hop test), and
single-legged jumps. Net ground reaction force (GRF) and vertical average loading rate
(VALR) were calculated. Peak GRF at takeoff and landing, and performance scores (jump
heights, distances, asymmetries) were obtained from functional tests. Correlations were
determined for GRF, VALR, and performance scores from running and function.

Results

Interlimb performance differences for these functional tests ranged from 2.6%
(mulithop), 3.6% (lateral bound), and 14.3% (single-legged jump). Correlation
coefficients between peak running GRFs and markerless motion-derived single-legged
hop, lateral bound, and multihop tests were moderate-to-strong (r=0.641 to 0.882; all
p<0.001). Performance scores (jump heights and bound distance) demonstrated
fair-to-moderate relationships (r=0.502 to 0.882). Correlation coefficients between VALRs
from running and GRFs obtained from functional tests were lower (r=0.147 to 0.742).
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Conclusions

Endurance runners demonstrated similar interlimb performance on multihop and lateral
bound tests. Markerless motion testing-derived GRFs are correlated to GRFs obtained
during running. Markerless motion capture may offer a cheaper, more time-efficient
method to obtain meaningful translational kinetic values for runners.

Level of Evidence
3

INTRODUCTION

Running is one of the most widely practiced and accessible
exercise activities worldwide,! offering many benefits such
as improving overall fitness and cardiovascular health.2
However, running-related injuries (RRIs), which often re-
sult from repetitive loading forces and/or aberrant biome-
chanics, are very common among recreational and compet-
itive runners.3 The estimated prevalence of these injuries
ranges from 10% to 90%, with an average annual injury
rate of 42.7%.4 RRIs are often multifactorial, with under-
lying biomechanical, sex-related, genetic, and training-re-
lated factors.3> Biomechanical kinetic parameters that may
predispose runners to specific types of injury include verti-
cal ground reaction force (GRF) and vertical average loading
rates (VALR).%7 GRF represents the force application pat-
tern during stance phase which may contribute to perfor-
mance and injury risk. Higher VALRs have been associated
with certain RRIs such as patellofemoral pain syndrome
and plantar fasciitis,® indicating that elevated loading rates
may increase injury likelihood. In contrast, lower VALRs
have been correlated with runners without prior injury,?
suggesting that lower values could be protective.

Efficient, effective screening for these kinetic factors in
runners is important for rapidly identifying individuals at
higher risk for injury and for initiating injury prevention
strategies in busy clinical settings. Potential screening
methods include functional movement tests and motion
capture with instrumented treadmills. Multicomponent
movement assessments!0 offer a practical and inexpensive
way to evaluate multiple kinematic aspects of mobility, bal-
ance, and neuromuscular control. Plyometric tests, such
as the vertical jump or drop jump tests, focus on perfor-
mance values like jump height, and frequently inform clin-
ical and athletic performance decisions.!! However, these
movement-based tests are unable to measure kinetic values
such as GRF and VALR and thus lack the ability to provide a
more wholistic view of biomechanical risk. Motion analysis,
(2-D video, 3-D optical camera based) is a common and ac-
cessible method that is regularly used to evaluate running
mechanics, although 2D can be subjectivel2 and it does not
directly measure kinetic data. Tools like force plates or in-
strumented treadmills are the primary methods for collect-
ing kinetic data in the research and elite sport settings.13
However, these methods are costly, have limited measure-
ment scope, require sufficient laboratory space, and need
skilled technicians to maintain calibration, keeping them
out of reach for many clinicians. Other technologies, such
as wearable sensors, are convenient, though limited by
their accuracy and scarcity of validation studies.!4 There

remains a need for cost-effective and accessible alternatives
to detect kinetic chain deficits and screen for injury risk
factors in runners, and to ensure any sex differences can be
detected.

Markerless motion capture systems are newer and less
expensive than 3D marker-based motion analysis systems
with instrumented treadmills. These systems have been
successfully used to study kinematic variables!> but have
not been widely used to study kinetic metrics in runners.
Markerless motion capture estimates forces on the body
and has demonstrated comparable results to marker-based
systems.1® It is currently unknown whether kinetic mea-
sures such as GRF, obtained from markerless motion de-
rived functional tests (such as DARI® Motion, Inc.) corre-
late with GRFs and VALR obtained with the gold standard
3D motion capture and instrumented treadmill in runners.
If strong associations exist, these simple markerless motion
tests could significantly improve screening capacity in both
male and female runners by efficiently capturing both joint
motion and forces. Moreover, the time and operational sav-
ings could be substantial. Typical 3D and instrumented
treadmill testing takes anywhere from 45-90 minutes and
requires more than one staff member, depending on proto-
cols, preparation and marker sets, whereas markerless mo-
tion functional tests can be completed in a few minutes
with one staff member. Moreover, the automated output
provides both kinetic and kinematic insight to clinicians.

The purposes of this study were to 1) characterize func-
tional test performance in endurance runners using mark-
erless motion capture, and 2) determine the strength of
associations between markerless motion capture-based
functional movement performance and instrumented
treadmill-based kinetic features of running. Sex differences
in functional performance tests and in gait characteristics
were secondary exploratory analyses. Given that these
functional tests involve impact with loading, it was hypoth-
esized that the correlations values would be strong.

METHODS

Study Design. This was a cross-sectional study of running
gait and physical function performance of endurance run-
ners. This study and its procedures followed the guidelines
for the Declaration of Helsinki’s Protection of Human Sub-
jects. The study, materials, and procedures were approved
by the University of Florida Institutional Review Board
(study #202500700). The manuscript follows the format for
observational studies as described by the statement in
Strengthening the Reporting of Observational Studies in
Epidemiology.l7
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Setting. The Exercise Medicine and Functional Fitness
Laboratory was located in a quaternary health care facility.
After physician referral or self-referral into the Laboratory,
the team provides numerous performance assessments, nu-
trition and body composition testing, consultations, exer-
cise programming, and motion analysis services to athletic
individuals of all ages, sports, and experience levels (am-
ateur to professional). Among these services is a 3D com-
prehensive running gait analysis for running athletes. This
laboratory has partnered with medical providers to provide
running gait testing for their referred patients for over 16
years.

Participants. Participants were obtained from the de-
partmental research databank (Study #202101632). Partici-
pants who obtained services during the time frame of Jan-
uary 1, 2023, to April 10, 2025, and who met the following
criteria were identified. Inclusion criteria were: 1) aged
18-70 years, 2) had performed both a comprehensive run-
ning gait analysis and a physical function screen using the
markerless motion system as part of an assessment service
in the Laboratory. Exclusion criteria were: 1) aged <18 years
or older than 70 years, 2) no major traumatic musculoskele-
tal injury (i.e., anterior cruciate ligament rupture), and 2)
other pre-existing neurological or orthopedic conditions
that interfered with normal gait (i.e., scoliosis, sciatic pain,
ataxias, cerebral palsy) or previous history or orthopedic
trauma with resultant persistent motion aberrations.

Participant Characteristics. A background intake form
was used to collect key information to characterize each
runner. This form was derived from recommendations we
have previously published for the clinical assessment of the
runner.18 Information collected included a medical and in-
jury history, and training details (e.g., running or training
volume, running type in addition to endurance training
[sprinting, interval training], cross-training activities,
strengthening activity). Current training status for compe-
tition was obtained. Each runner used their regular, pre-
ferred training shoes for the testing to minimize any acute
effects of changing footwear on biomechanical responses to
the treadmill testing or dynamic physical function tests.

Kinetic Parameters of Running. Runners were provided
standardized instructions to run at a self-selected velocity,
described as ‘a typical pace used for a long run’. Previously
published methods to perform this testing were used.!9-22
Briefly, before running commenced, each participant
warmed up by walking on the treadmill for five minutes.
Then participants ran for eight-minutes before any data
were collected. Slow-motion reference videos were cap-
tured in the sagittal and frontal planes (240 Hz, iPhone
11 camera). Between minute 9 and 10, a 10-second sample
of force data was obtained that consisted of an average of
12-14 consecutive strides for analysis. Foot strike type was
visually confirmed by the investigators upon review of the
sagittal plane high-speed videos.

Force data were collected from the instrumented tread-
mill at a frequency of 1,200Hz (AMTI, Watertown, MA,
USA). A threshold of 20N GRF was used to set the initial
foot impact and push-off. GRF data were low-pass filtered
with a cutoff frequency of 40 Hz using a 4th-order But-

terworth filter. The peak GRF, VALR, and vertical impulses
were normalized to body weight. The vertical component
of GRF was chosen because it is a commonly-studied fea-
ture of loading in the running science literature. Although
medial-lateral and antero-posterior GRF components pro-
vide insight into forces related to braking and propulsion
and lower limb control during stance, they were not the fo-
cus of the present analysis. MatLab (The Mathworks Inc.,
v R2023a, Natick MA; USA) and Excel (Microsoft Office v.
LTSC 2024; USA) VALR were used to determine the slope
of the AF/At of the most linear portion of the force curve,
where AF is the change of vertical force, and At is the
change of time (between 20%-80% of the first rise to the
peak of the vertical GRF)23 or vertical GRF at 13% of stance
when a first peak was absent. The time required to complete
the process from start (initial preparation of participant) to
the completion of the data generation (GRF and VALR from
the test) was monitored.

Markerless Motion Capture of Physical Function Per-
formance. Motion data during a battery of functional tasks
were captured using the DARI® Motion system (DARI® Mo-
tion Inc., Overland Park, KS, USA), an FDA-cleared mark-
erless motion capture system. Eight high-definition cam-
eras were arranged around a 3.65 m x 3.65 m capture area,
recording at 60 frames per second. Skeletal tracking within
the DARI® system was performed by the Captury software
engine (The Captury GmbH, Saarbriicken, Germany), which
implements a previously published tracking algorithm.24 In
this setup, the human body model and camera images are
represented by Sums of spatial Gaussians (SoG). The mo-
tion of the skeleton is estimated by optimizing a contin-
uous, differentiable similarity measure between the body
model and the images. As originally described, the similar-
ity measure is based on color similarity. The method used
here combined the color similarity with a term derived from
a Deep Convolutional Neural Network to improve tracking.

Before data collection, each participant’s height and
weight were entered into the DARI® software to calibrate
the skeletal model. The entered weight and skeletal seg-
ment information was used to estimate center of gravity
and mass for each segment. Velocity, acceleration, and jerk
were derived from the software kinematic calculations. Seg-
mental forces were calculated using Newton’s second law
and summed to produce whole-body GRFs, with the distrib-
ution of these forces determined by the position of the cen-
ter of mass.

The three specific functional tests were chosen to rep-
resent body segment movements that have relevance to
performing running motion and were comprised of single-
legged dynamic tests. Specific tests were the single leg
jump (both legs), the multihop test (five hops each leg),
and lateral bounding motion (both sides). Figure 1 provides
details of each of the three tests. These assessments were
conducted after the instrumented treadmill run, once each
participant reported that they had recovered enough to per-
form the tests. Participants were allowed to practice each
test before data collection until they felt they could perform
the test appropriately. Trials were captured for each test
and the trial with the best score was saved. The DARI® sys-
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tem produced a 3D skeletal model for each participant esti-
mating joint centers, capturing joint angles, center of mass
excursions, and estimated force metrics. Performance and
mobility scores were obtained by comparing individual data
to the normative database in the DARI® system, which ac-
counts for variables such as age, sex, and athletic back-
ground. Key metrics included performance variables (in-
cluded jump height or distance) and estimated GRF upon
landing and during loading. Scores were calculated using
DARI® software proprietary calculations for each move-
ment. Absolute interlimb GRF differences at takeoff and
landing for each functional test were calculated as follows:
Interlimb difference = (Right limb value [reference]-Left leg
value). Values were also expressed as a percent value. Per-
cent difference = [(Right limb value -Left leg value)/Right
limb value]*100. The time to complete the three functional
tests was recorded and documented.

Statistical Analyses. Statistical analyses were performed
using SPSS version 29.0 (IBM, Armonk NY). Normality of
the data (skewness, kurtosis) was assessed using Kol-
mogorov-Smirnov tests. Descriptive statistics for all study
variables and demographics were calculated, and group dif-
ferences between males and females were examined using
one-way analyses of variance (ANOVA) for continuous vari-
ables and Chi square tests (x2) for categorical variables.
To determine whether any sex differences existed in any
of the biomechanical variables, analysis of covariance (AN-
COVA) were performed with age and running velocity as co-
variates in the models. The dependent variables were GRF,
VALR, and physical function test performance scores (jump
height, bound distance) and the independent variable was
sex. Significance was established at p<0.05 for these sta-
tistical tests. Because several dependent variables were an-
alyzed, a Bonferroni correction was applied to adjust the
significance threshold. Effect sizes for these models were
estimated using n%; this value quantifies the proportion of
variance in the dependent variable explained by the inde-
pendent variable. Values above 0.14 were considered a high
effect, values of 0.06-0.14 were considered a moderate ef-
fect, and values <0.06 were deemed a low effect.

To determine whether associations existed between the
biomechanical variables obtained from the markerless mo-
tion tests (GRF values at takeoff and landing, and perfor-
mance scores) and those obtained from the running analy-
sis, Pearson correlations were performed. A Bonferroni
correction was applied to account for multiple compar-
isons, and an o value of 0.002 was deemed significant.
Correlation coefficients were considered strong with values
>0.8, moderate with values between 0.6-0.8, fair with val-
ues between 0.3-0.6, and poor with values <0.3.2°

RESULTS

RUNNER CHARACTERISTICS

A total of 62 runners met all inclusion criteria. Character-
istics of the runners are shown in Table 1. Overall, partic-
ipants averaged 31.5 * 16.8 years of age, and 40.3% were
female. The runners had an average of over eight years of

experience, covering a weekly average distance of 37.1 +
28.8 km, with the majority participating in speedwork. Ap-
proximately two-thirds of runners were in a competition
preparation phase. The majority of participants were doc-
umented to be rearfoot strikers. The only sex differences
that were detected were greater heights and weights among
males compared to females (both p<0.001). Of note, the
time required to complete the entire running assessment
on the instrumented treadmill averaged 36 minutes and re-
quired three staff members (one engineer for data capture
and processing, two for intake, preparation and testing). In
contrast, the DARI® functional screen required one tester,
8 minutes of time.

Physical Function Performance Scores. A summary of
key physical performance scores from the markerless mo-
tion physical tests can be found in Table 2. There were sig-
nificant sex differences on both legs in the lateral bound
jump distance and the multihop jump height; in both tests,
men jumping further laterally and higher vertically than
women (both p<0.05). Overall, small interlimb differences
existed for lateral bound distance (3.6%) and single-legged
jump height (14.3%). The interlimb difference for multihop
jump height was negligible (0.2%). The average time
needed to complete the testing and obtain the output aver-
aged eight minutes and involved one staff member.

GRF Estimated from Markerless Motion. Table 3 pro-
vides the peak GRF values estimated from the three dy-
namic function tests. Sex differences were detected for the
GRF values during lateral bound test and multihop test;
men produced greater GRF peak values at both takeoff and
landing (p<0.001). In the single-legged jump, males had a
greater GRF peak during takeoff on their right leg com-
pared to females (p<0.05). Interlimb differences were ob-
served across all three tests during both takeoff and landing
(ranges for lateral bound = 7.4% to 8.4%, Single-legged
jump = 4.0% to 11.1%, and multihop test 6.0% to 6.2%).

GRF and VALR During Running. The GRF and VALR
values obtained from the force plates during the running
analysis are shown in Table 4. GRF values were higher in
males for both limbs than females (p<0.001), but VALR val-
ues were not statistically different by sex. Overall, the in-
terlimb differences in GRF and VALR for the whole cohort
were small (0.7% and 1.0%, respectively).

Correlations. Pearson correlations between running-de-
rived GRF and VALR and markerless function test GRF with
corresponding performance variables (jump heights, dis-
tances) are presented in Table 5. Correlation coefficients
between GRFs from running, and markerless motion de-
rived unilateral hop, lateral bound and multihop tests were
moderate to strong (r=0.641 to 0.882; all p<0.001). Per-
formance scores (jump heights and bound distance) were
fair to moderate (r=0.478 to 0.625; all p<0.001). Correlation
coefficients between VALRs from running and GRFs ob-
tained from functional tests were fewer in number; unilat-
eral jump GRFs and running VALR were moderate (r = 0.634
to 0.742; p<0.001). The jump distance obtained with lateral
bound and VALR had a fair association (r=0.518; p<0.001).
Figure 2 provides the scatterplots of select key associations.
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Single-Legged Jump

Mulitple Hop (repeat 5 times on each leg)

AXit

Figure 1. Dynamic physical function tests performed with the markerless motion system.

1A, Single-legged jump: Participants initiated the test by standing on the test leg with the opposite leg hip flexed at 45-80°. Arms were held free and could be used help generate
jump height. The participant performed one jump with as much power as possible, then returned to the starting position. The test was conducted on each leg. 1B. Multihop Test
(5-hop): Participants initiated the test by standing on the test leg with the opposite hip flexed at 45-80°. Arms were held free and could be used to generate height. The participant
performed five successive, quick, maximal-effort hops while attempting to land on the same spot. The goal of each hop was to achieve the greatest vertical height possible without
losing balance. The test was conducted on each leg. 1C. Lateral Bound: The bound was initiated from a standing position with feet close together. Starting with the right side, the
participant pushed off with the left leg and reached with the right to jump as far as possible. Once full body weight was on the right leg, the participant quickly pushed off the right
leg and reached back with the left leg to the starting position. The goal of the lateral bound was to cover as much distance as fast as possible while maintaining movement control.
This process was then performed on the left side.
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Table 1. Characteristics of the study sample. Values are presented as means * SD [95% CI] or percent of the

group.

Variable All (N=62) Male (n=37) Female (n=25) p-value

Age (yr) 31.5+16.8 32.7+16.9 29.6+16.8 0.478
[27.2-35.8] [27.1-38.4] [22.6-36.6]

Height (cm) 173.3+9.5 177.3+7.3 167.2+9.2 <0.001*

[170.8-155.7] [174.9-179.8] [163.4-171.0]

Weight (kg) 68.4+13.2 734+128 60.9+11.2 <0.001*
[64.9-71.7] [69.3-77.5] [56.3-65.5]

BMI (kg/m2) 22.9+3.9 23.6+3.9 220+3.9 0.127
[21.9-23.9] [22.3-24.9] [20.4-23.6]

Experience (yr) 8.6+9.3 9.2+10.5 7774 0.560
[6.2-10.9] [5.7-12.7] [4.7-10.9]

Weekly running sessions (#) 41+17 41+18 41+15 0.907

[3.7-4.5] [3.4-4.7] [3.5-4.8]

Weekly distance (km) 37.1+28.8 39.2+31.0 34.1+254 0.503
[29.8-44.5] [28.6-49.6] [23.5-44.6]

Doing speedwork (#, %) 37(59.7) 23(62.2) 14 (56.0) 0.628

Competing? (#,%) 24(38.7) 24 (64.8) 10 (40.0) 0.158

Foot strike (#,%)

Rearfoot 46 (74.2) 26(70.3) 20(80.0)

Non-rearfoot 16(25.8) 11(29.7) 5(20.0) 0.684

BMI = Body mass index. *= Statistically significant difference

Table 2. Key physical performance scores from the markerless motion physical tests and interlimb differences by
sex. Values are presented as means * SD [95% CI].

Variable All (N=62) Interlimb Male (n=37) Female (n=25) p-value Effect
Difference (sex) Size
Lateral bound jump distance (cm)
Left leg 130.6 +23.6 139.9+20.3 116.6 £21.6 0.001* 0.394
[123.0-138.1] [131.3-148.4] [105.1-128.1]
Right leg 127.4+22.7 40+6.8 134.1+£20.7 117.2+225 0.019* 0.258
[120.1-134.6] [1.8-6.2] [125.4-142.9] [105.3-129.2]
Single-legged jump height (cm)
Left leg 230+74 22.3+8.0 23.8+8.5 0.833 0.047
[15.3-30.8] [12.4-42.1] [12.7-44.8]
Right leg 26.3+8.0 3.3+23 26.8+9.0 25.9+8.8 0.908 0.190
[17.9-34.7] [0.9-5.7] [14.3-49.2] [13.9-47.8]
Multihop jump height (cm)
Left leg 22.9+6.7 251+7.1 20.1+4.9 0.012* 0.243
[20.9-24.9] [22.2-28.1] [17.7-22.5]
Right leg 23.1+6.3 1.9+18 204 +4.6 252+6.7 0.012* 0.214
[21.2-25.1] [1.3-2.5] [18.2-22.7] [22.4-27.9]

*=Statistically significant difference

DISCUSSION

The physical function ability of male and female endurance
runners was examined, and the strength of the associations
between GRF and VALR (measured with an instrumented
treadmill) and the same forces measured during three phys-
ical function tests (single-legged jump, multihop test
[5-Hop Test], and lateral bound) using markerless motion
capture was assessed. Interlimb functional differences for

the three tests were relatively small. Overall, all three tests
showed moderate to strong correlations with GRF during
running, while only the single-legged jump GRFs showed a
moderate correlation to running VALR. Functional test per-
formance measures (jump height and jump distance) and
their relationship to running kinetics were also assessed,
which correlated most consistently with the lateral bound
for both sexes. These findings suggest that the functional
tests performed by the markerless motion capture system
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Table 3. Peak ground reaction forces (GRF) and interlimb differences estimated from the markerless motion

system for three dynamic functional tests. Values are presented as means * SD [95% CI].

Variable All Interlimb Male Female p-value Effect
Difference (sex) Size
Lateral bound jump
GRF takeoff (N)
Left 1145+ 260 1252 +258 986 +170 <0.001* <0.001
[1062-1229] [1144-1362] [895-1077]
Right 1120+223 945+ 89 1212+ 179 982+218 <0.001* 0.283
[1049-1192] [66-123] [1138-1288] [855-1098]
GRF landing (N)
Left 1220+ 260 1335+242 1048 + 183 <0.001* 0.349
[1137-1304] [1233-1438] [950-1146]
Right 1205+234 90+ 74 1320+ 179 1032+ 202 <0.001* 0.376
[1130-1280] [67-114] [1245-1396] [925-1141]
Single-legged jump
GRF takeoff (N)
Left 1080 +174 951+48 1201+ 151 0.073 0.859
[898-1264] [832-1070] [835-1587]
Right 1093 £ 160 44 + 33 969+78 1217 £ 107 0.048* 0.906
[926-1261] [10-76] [774-1164] [953-1483]
GRF landing (N)
Left 1506 £ 243 1419 +223 1591+ 275 0.824 0.031
[1251-1761] [865-1974] [908-2275]
Right 1519+218 169 + 87 1380+216 1658+ 118 0.346 0.427
[1290-1748] [75-263] [841-1919] [1366-1950]
Multihop test
GRF takeoff (N)
Left 1501 + 366 1667 + 336 1282 +284 <0.00* 0.316
[1389-1611] [1528-1805] [1145-1419]
Right 1508 £ 372 94+78 1647 + 352 1323+ 319 <0.00* 0.229
[1394-1620] [71-118] [1501-1792] [1168-1477]
GRF landing (N)
Left 1749 + 406 1918+ 372 1494 + 336 <0.00* 0.323
[1625-1872] [1775-2062] [1332-1655]
Right 1748 + 406 106 £81 1919 + 348 1524+ 374 <0.00* 0.270
[1625-1872] [81-130] [1775-2062] [1345-1705]

*=Statistically significant difference

could offer translational value to running kinetics, particu-
larly about GRF values.

GRF and VALR are related to bone and soft tissue
stresses and injury.326 For example, runners with
patellofemoral pain and plantar fasciitis have been ob-
served to have 17.5-29% higher VALR and vertical instan-
taneous loading rates than healthy runners.8 There is ev-
idence that VALR is better correlated with lower limb
injuries compared with peak GRF values.®27 However, some
studies have linked elevated peak vertical GRF to specific
injuries.28 The functional test GRFs, particularly the single-
legged jump, are closely related to GRF during running.
One possibility is that there are test-specific differences in
the direction of force application upon loading that might
more closely replicate those in running. For example, the
single-legged jump is comprised primarily of vertical force
application, whereas the multihop and lateral bound tests

are characterized by relatively more medial-lateral appli-
cation of force. Previous work has shown direction-specific
differences in forces produced between the vertical jump
and lateral jump tests.29 The single-legged jump using
markerless motion capture may be a cheaper and more ac-
cessible method of estimating force loads during running
compared with traditional laboratory-based approaches,
such as instrumented treadmills. Importantly, compared to
instrumented treadmills or commercial force plate systems,
automated markerless motion systems also provide ability
to capture and measure kinematics, which are also critical
for running gait form and injury risk assessment. If cost is a
factor for obtaining forces and other running related mea-
sures, systems that offer both kinetic and kinematic options
may be most versatile and clinically useful.

VALR evaluates the rate at which force is exerted on the
leg upon ground contact, and higher values have been as-
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Table 4. GRF and VALR values obtained during running on an instrumented treadmill. Values are presented as

means £ SD [95% CI].
Variable All Interlimb Male Female p-value
Difference (sex)
GRF peak (N)
Left 1562+ 301 1672 +263 1375+ 251 <0.001*
[1485-1640] [1594-1773] [1269-1482]
Right 1572+ 311 1701+279 1373+ 249 <0.001*
[1492-1651] [1607-1794] [1268-1478]
Average 1567 + 306 9+62[6.3-25.0] 1680+ 271 1374 + 249 <0.001*
[1488-1645] [1599-1783] [1270-1481]
VALR (kN/s)
Left 498+17.8 51.2+194 478+ 15.2 0.990
[41.4-54.3] [44.9-57.3] [41.3-54.3]
Right 493+16.9 51.8+18.7 456+ 13.5 0.497
[44.9-53.6] [45.4-57.8] [39.9-51.3]
Average 494+ 16.9 0.5+7[1.4-2.2] 51.4+18.7 46.6+14.1 0.709
[45.1-53.8] [45.1-57.4] [40.6-52.6]

*=Statistically significant difference

Table 5. Pearson correlations between peak ground reaction force (GRFp

eak) and vertical average loading rate

(VALR) obtained during markerless motion data capture of functional testing and during running analysis
(Cortex software and instrumented treadmill). R coefficients are shown, with significance level in parentheses.

Running Kinetic Parameters (Instrumented Treadmill)

Physical function Test GRF ¢k VALR
Unilateral jump
GRF takeoff (N) 0.880 <0.001* 0.634 <0.001*
GRF landing (N) 0.882 <0.001* 0.742 <0.001*
Jump Height (cm) 0.478 0.337 0.679 <0.001*
Lateral bound
GRF takeoff (N) 0.712 <0.001* 0.285 0.075
GRF landing (N) 0.641 <0.001* 0.254 0.114
Jump Height (cm) 0.625 <0.001* 0.518 <0.001*
Multihop (5-hop)
GRF takeoff (N) 0.695 <0.001* 0.344 0.024
GRF landing (N) 0.740 <0.001* 0.350 0.021
Jump Height (cm) 0.502 <0.001* 0.147 0.346

*=significant after Bonferroni correction

sociated with injury.%30 Contrary to the correlation results
for running GRFs, only the single-legged jump GRFs were
moderately correlated with running VALR, while the lateral
bound and multi-hop showed weaker, insignificant associa-
tions. This may be due to the innate variability of VALR as a
rate measure compared to GRF as a single force value at one
point in time. Previous studies are consistent with the cur-
rent results, showing greater variability in VALR relative to
peak GRF during running.31:32 The incorporation of frontal
plane motion in the lateral bound, and the fatigue gener-
ated from subsequent jumps in the multi-hop, may create
forces distinct from running compared to the single-legged
jump. Taken together with the GRF findings, the single-
legged jump appears to be the most clinically useful test

for estimating running kinetics, providing clinically rele-
vant information on limb asymmetry and neuromuscular
control during running - all of which may be targeted ther-
apeutically.

While not a primary purpose of the study, Table2 lists
the performance values (jump height and jump distance)
obtained during functional assessments using the DARI
system. The authors are not aware of any study that pub-
lished these value ranges in runners from this markerless
system. These values are within previously published
ranges indicating that the measurement protocol utilized
herein yields valid performance data.3334 From the clinical
perspective, dynamic tests with plyometric or higher-im-
pact movements — as were tested here - are frequently used
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Figure 2
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Figure 2. Scatter plots of ground reaction forces (GRF) and vertical average loading rates (VALR) obtained during
running and landing GRFs during the three functional tasks.

The lines of best fit and the Pearson correlation are provided for each plot. Panel A: Single-legged jump GRF at landing and running net GRF; Panel B: Lateral bound GRF at landing
and running net GRF; Panel C: Multihop (5-Hop test) GRF at landing and running net GRF; Panel D: Unilateral jump GRF and running VALR; Panel E: Lateral bound GRF at landing
and running VALR; Panel F: Mulithop (5-Hop test) GRF at landing and running VALR with landing.

for return-to sport decision-making and to evaluate func-
tional limitations and asymmetries.3> Some evidence shows
correlations between poorer jump performance scores, in-
terlimb asymmetries and higher injury risk,36:37 while evi-
dence relating higher functional scores to performance af-
ter injury is inconsistent.38 Because these tests reflect
lower extremity muscle power, strength, and leg stiff-
ness,3%40 better performance scores were hypothesized to
correspond with more favorable running kinetics. However,
Table 5 shows inconsistencies in correlations between per-
formance outcomes and running kinetics. Of the three
functional tasks in this study, the lateral bound was the
only test observed with a moderate, statistically significant
correlation between jump distance and both running ki-
netic markers, while the multihop was correlated only fairly
with GRF and the unilateral jump moderately with VALR.
Lateral bound jump distance may provide the most accurate
estimate of these aspects of running kinetics, though the
overall the ability of these functional test performance
markers to consistently reflect forces during running ap-
pears limited. Furthermore, these findings demonstrate
that no single functional test fully encompasses both ki-

netic markers, and thus the use of multiple assessments
(such as the single-legged jump coupled with the lateral
bound, for example) may offer more comprehensive insight.
This study also revealed time savings with DARI® func-
tional testing as a surrogate to complex 3D motion and
treadmill testing to reflect running GRF measures. Recall
that the time required to complete the entire running as-
sessment on the instrumented treadmill averaged 36 min-
utes and required three staff members while the DARI®
functional screen required one tester, 8 minutes of time.
With a 28-minute time savings per assessment using
DARI®, a total equipment cost difference of nearly 128,000
USD (25,000 USD for DARI) and a lower staff burden (esti-
mated hourly cost difference at our institution for staffing
is 310 USD) this markerless motion system with automated
biomechanical metrics may enable providers the ability to
implement these measures in a busy clinical setting.
Limitations and Strengths. An important limitation of
the current study is the lack of follow-up to determine
whether these DARI® data translate to future injury in run-
ners. Methodological factors, including device and storage-
related constraints on sampling rate, may have limited the
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temporal resolution and thus accuracy of the markerless
motion capture (60 Hz in DARI® vs 1200 Hz in treadmill).
Sampling bias may exist, as the sample consisted of runners
seeking improvement in gait form; this population subset
may be motivated to perform well in front of the perfor-
mance team and reduce risk of injury compared with the
general population, potentially limiting generalizability
and reducing variability in running mechanics and func-
tional performance measures. However, the participants in-
cluded runners of all ages, both sexes, as well as varying
running speeds and footwear, which strengthens our
study’s generalizability. Another consideration is that al-
ternative functional tests available in the markerless sys-
tem menu not chosen for this study, such as the step-down,
may have shown different or stronger correlations to run-
ning kinetics than those chosen. Strengths of the study in-
clude the comparison of the DARI® system to the gold stan-
dard of kinetic measures, with same testers conducting all
the tests to reduce measurement variability. The DARI®
functional tests chosen were simple and easy to implement,
improving the applicability of our study’s outcomes to clin-
ical practice. To expand the generalizability of these results
to the clinical environment, future longitudinal studies are
needed to assess whether markerless motion derived func-
tional tests can predict running-related injury incidence
over time. Additional research should also further elucidate
the relationship between kinetic measures of running and
performance outcomes in functional tests.

Conclusions. The results of this study indicate that peak
running GRFs and markerless motion-derived single-legged
hop, lateral bound, and multihop outcomes demonstrated
moderate-to-strong correlations. Performance scores (jump
heights and bound distance) demonstrated fair-to-moder-
ate relationships and correlation coefficients between
VALRs from running and GRFs obtained from functional
tests were lower. These novel data offer a new perspective
on how functional tasks relate to running-related GRF and
VALR measures in male and female runners. It was demon-
strated that commercially-available markerless motion
capture systems correlate well with traditional methods to
estimate running kinetics using physical functional tests.
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