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Ability of Sagittal Kinematic Variables
to Estimate Ground Reaction Forces
and Joint Kinetics in Running

number of risk factors have been identified to predict the
occurrence of running-related injuries, including excessive
ground reaction forces (GRFs) and joint loads." Despite
this, GRFs and joint loads during running are typically not

measured in clinical practice due, in part,
to cost, equipment availability, and com-
plexity of analysis. As a result, clinical
gait analysis of an injured runner is com-

® Controlled laboratory study,
cross-sectional design.

® To determine if sagittal kinematic
variables can be used to estimate select running
kinetics.

® Excessive loading during run-
ning has been implicated in a variety of injuries,
yet this information is typically not assessed
during a standard clinical examination. Developing
a clinically feasible strategy to estimate ground
reaction forces and joint kinetics may improve

the ability to identify those at an increased risk of
injury.

® Three-dimensional kinematics and
ground reaction forces of 45 participants were
recorded during treadmill running at self-selected
speed. Kinematic variables used to estimate spe-
cific kinetic metrics included vertical excursion of
the center of mass, foot inclination angle at initial
contact, horizontal distance between the center of
mass and heel at initial contact, knee flexion angle
at initial contact, and peak knee flexion angle dur-

monly limited to a qualitative kinematic
assessment using a single video camera.
Further, gait-retraining techniques (eg,
step-rate modification) involve kinematic

ing stance. Linear mixed-effects models were fitted
to explore the association between the kinetic and
kinematic measures, including step rate and sex,
with final models created using backward variable
selection.

® Models were developed to estimate
peak knee extensor moment (R? = 0.43), energy
absorbed at the knee during loading response (R?
= 0.58), peak patellofemoral joint reaction force
(R?=0.55), peak vertical ground reaction force (R?
= 0.48), braking impulse (R? = 0.50), and average
vertical loading rate (R? = 0.04).

® Our findings suggest that
insights into important running kinetics can be
obtained from a subset of sagittal plane kinemat-
ics common to a clinical running analysis. Of
note, the limb posture at initial contact influenced
subsequent loading patterns in stance. J Orthop
Sports Phys Ther 2014;44(10):825-830. Epub 25
August 2014. doi:10.251%jospt.2014.5367

® gait analysis, ground reaction
forces, knee, patellofemoral, running injury

adjustments with the goal of altering the
associated kinetics and, ultimately, injury
risk.®® Thus, identifying simple, easily ob-
tained kinematic measures that provide
an estimate of important kinetic metrics
may have substantial clinical value in the
management of running injuries.

The purpose of this study was to deter-
mine whether kinetic metrics commonly
used to reflect lower extremity loading
during running could be estimated from
discrete sagittal plane kinematic vari-
ables. Further, we assessed the strength
of the associations under repeated con-
ditions involving running at various step
rates and between sexes.

METHODS

Participants

ORTY-FIVE ADULT VOLUNTEERS FA-
F miliar with treadmill running partic-

ipated in this study. All participants
ran a minimum of 24.1 km/wk for at least
3 months prior to enrollment. Partici-
pants were excluded if they had a lower
extremity injury in the prior 3 months,
prior lower extremity surgery, or current
pain in their back or lower extremities
while running. The testing protocol was
approved by the Health Sciences Insti-
tutional Review Board at the University
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FIGURE 1. Sagittal plane kinematic measures used to estimate ground reaction forces and joint kinetics during running. Running step-rate condition and sex were also
considered in the models. Abbreviations: COM, center of mass; IC, initial contact.

of Wisconsin-Madison, and participants
provided written informed consent in ac-
cordance with institutional policies.

Data Acquisition
Participants ran on a treadmill at a self-
selected, moderate-intensity speed at
their preferred step rate, as well as step
rates 10% above and below preferred.
The self-selected speed was maintained
across all step-rate conditions. A digital
audio metronome was used to facilitate
the appropriate step rate. Whole-body ki-
nematics were recorded at 200 Hz using
an 8-camera passive marker system (Mo-
tion Analysis Corporation, Santa Rosa,
CA), which tracked 40 reflective mark-
ers, with 21 of them located on anatomi-
cal landmarks. Three-dimensional GRFs
were simultaneously recorded at 2000
Hz using an instrumented treadmill
(Bertec Corporation, Columbus, OH).
Data-processing methods followed
procedures previously described.’ In
brief, an upright calibration trial was per-
formed to establish joint centers, body-
segment coordinate systems, segment
lengths, and local positions of tracking
markers. The body was modeled as an
articulated linkage with 14 segments
and 31 degrees of freedom. Anthro-
pometric properties of body segments

were scaled to each individual using the
participant’s height, mass, and segment
lengths.* To compute whole-body center
of mass (COM), each model segment po-
sition was multiplied by the respective
mass, then summed and divided by the
total mass of the body.® A segment-by-
segment, inverse-dynamics analysis was
used to calculate joint moments from the
GRFs and kinematic data. Joint powers
were computed as the product of the mo-
ment and angular velocity for each joint.
Patellofemoral joint force was estimated
for 26 participants using previously de-
scribed procedures® involving a lower
extremity musculoskeletal model' with
a patellar tendon that remained a con-
stant length. Numerical optimization was
used to compute the patellar tendon and
lower extremity muscle forces necessary
to generate the measured joint angle ac-
celerations at each frame of motion. The
magnitude of the patellofemoral joint re-
action force was then computed through
force balance. Five successive strides of
the right limb for each participant were
analyzed for each step-rate condition.

Outcome Measures

Kinematic variables included COM verti-
cal excursion over a gait cycle, foot incli-
nation angle at initial contact (IC) with

respect to the ground and normalized to
standing posture, horizontal distance be-
tween the COM and heel at IC, knee flex-
ion at IC, and peak knee flexion during
stance (FIGURE 1). These variables were cho-
sen because they are all easily identifiable
sagittal plane measures that are frequently
modified during gait retraining.>5¢

Calculated kinetic metrics were peak
knee extensor moment, mechanical en-
ergy absorbed about the knee during
loading response (assessed in the period
from IC to peak knee flexion angle during
stance), peak patellofemoral joint reac-
tion force, peak vertical GRF, braking im-
pulse, and average loading rate (defined
as the rate of change of the vertical GRF
from 20% to 80% of the period from IC
to vertical impact peak) (FIGURE 2). In the
absence of a distinct impact peak, an es-
timate of its occurrence was determined
as a function of the overall peak vertical
GRF.® Mechanical energy absorbed and
braking impulse were calculated by nu-
merically integrating the negative por-
tions of the knee joint power curve and
anterior/posterior GRF, respectively. All
kinetic metrics were normalized to par-
ticipants’ body mass.

Statistical Analysis
Data points deviating more than 3 stan-
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FIGURE 2. Ground reaction forces (GRFs) and knee joint kinetics during the stance phase of running were each
estimated from a subset of kinematic measures including step rate. Abbreviations: COM, center of mass; IC, initial
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dard deviations from average were de-
fined as outliers and removed from the
analysis. Linear mixed-effects models
were developed to explore the associa-
tion between outcomes (kinetic metrics)
and covariates (kinematic variables and
step-rate condition). Sex was also intro-
duced as a covariate due to its influence
on running mechanics.*>* Final models
were developed using backward variable
selection, with significance for inclusion
set a priori at P<.05. The amount of vari-
ance in the kinetic parameters explained
by the kinematic measures within each
respective model was reported as the
adjusted R? value. Random participant-
specific intercepts were included to ac-
count for the correlation among repeated

measures on the same participant. Data
from all 3 step-rate conditions were in-
cluded in the analysis, as it allowed for a
greater number of within-participant re-
lationships to be analyzed. The validity of
the models was maintained by including
step rate as a covariate. We initially tested
the overall effect of step rate, and, if not
significant, step rate was removed from
the model. If step rate was significant, the
pairwise comparisons were conducted. In
addition, if an interaction term between
2 covariates was determined to predict
the kinetic metric, both covariates were
required to be included in the model. All
analyses were performed with R Version
2.15.1 (The R Foundation for Statistical
Computing, Vienna, Austria).

RESULTS

LL DATA FROM 1 PARTICIPANT WERE

removed, as the participant’s pre-

ferred running speed (1.4 m/s)
prevented a consistent flight phase. As
such, data from 44 participants (25 men)
were used to develop the linear regres-
sion models. Participant characteristics
included age (mean = SD, 32.7 = 15.5
years), height (176.3 = 10.3 cm), mass
(69.5 * 13.1 kg), preferred step rate (173
+ 8.9 steps per minute), running speed
(2.94 = 0.42 m/s), and weekly running
volume (29.8 *+ 15.5 km/wk). The values
for mechanical energy absorbed about
the knee in 3 participants were identi-
fied as outliers and excluded from the
analyses.

The final models for each kinetic pa-
rameter, with the exception of loading
rate, were composed of 1 to 3 kinematic
measures (plus step rate) and had ad-
justed R? values ranging from 0.43 to
0.58 (TABLE, FIGURE 2). For loading rate,
only step rate was included in the final
model (adjusted R* = 0.04). Foot inclina-
tion angle at IC was a common predictive
factor that appeared in 4 of the 6 mod-
els, whereas knee flexion angle at IC and
sex were not included in any of the final
models. Scatter plots of the observed and
estimated kinetic parameters are shown
in FIGURE 3.

DISCUSSION

HE PURPOSE OF THIS STUDY WAS TO
determine if selected kinetic metrics
during running could be estimated
from discrete sagittal plane kinematic
variables. The results are encouraging,
as significant associations were identi-
fied between easily measurable kinematic
variables and kinetic metrics often asso-
ciated with common running injuries.
Thus, this information could be used to
infer potential targets of treatment in
a clinical kinematic analysis of injured
runners.
Independent kinematic variables ap-
pearing more frequently in the models
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included COM vertical excursion, foot
inclination angle at IC, and heel-to-COM
horizontal distance at IC. The presence of
the latter 2 measures suggests that limb
posture at IC may have an influence on
subsequent loading patterns in stance.
This information may be important in
clinical running analysis and in the en-
suing retraining strategies to modify
running mechanics. That is, to reduce
the GRFs and knee joint loads during
running, gait retraining would likely in-
clude strategies aimed at altering limb
posture at landing and/or reducing the
COM vertical excursion over the gait cy-
cle. Examples of such strategies include
increasing step rate and avoidance of a
heel strike at IC.>6® Knee flexion angle at
IC was not included in any of the final
models, indicating its limited value in
relation to the other kinematic measures
that better reflect whole-body motion.
Further, sex was not included in any of
the final models, revealing the relation-
ship between the kinematic variables and
kinetic metrics to be consistent for men
and women.

The magnitude of association between
running kinematic and kinetic param-
eters observed in this study was consis-
tent with that reported in other studies. A
multivariate regression analysis has been
used to determine kinematic correlates
of the free moment and combined loads
during running, with R? values ranging
from 0.16 to 0.78.° Given the values ob-
served from both studies, it is plausible
that only a moderate association can be
achieved using a minimal set of kinemat-
ic measures. Indeed, considering the sub-
stantial number of kinematic variables
that could influence running kinetics, be-
ing able to explain up to 58% of the vari-
ance with 3 or fewer kinematic variables
(plus step rate) is somewhat impressive.
Nonetheless, additional factors should be
sought to refine our models.

The model developed to estimate
loading rate was composed only of step
rate and had the lowest R? value (0.04),
indicating its limited usefulness. Because
the loading rate occurs so early in stance,

[ BRIEF REPORT |]

LINEAR MIXED-EFFECTS MODELS DEFINING
THE EXTENT TO WHICH KINEMATIC MEASURES,
INcLuDING STEP-RATE CoNDITION, CAN BE USED
TO EsTIMATE KinETICcS, WITH FINAL MODELS
CREATED USING BACKWARD VARIABLE SELECTION
Adjusted R? Parameters P Value
Peak knee extensor moment 043
Intercept 0.39 440
-10% condition -0.29 037
+10% condition 016 176
Foot inclination angle at IC 0.02 003
Heel-to-COM distance at IC 6.82 001
COM vertical excursion 16.88 002
Knee sagittal plane energy absorption 0.58
Intercept -0.03 902
-10% condition -0.14 <.0001
+10% condition 0.04 212
Foot inclination angle at IC -0.03 <.0001
Peak knee flexion angle -0.01 044
Peak patellofemoral force 0.55
Intercept -4.38 .328
-10% condition 376 <001
+10% condition 310 <001
Peak knee flexion angle 132 <001
Peak vertical ground reaction force 048
Intercept 12.62 <001
-10% condition -019 824
+10% condition -0.54 515
Foot inclination angle at IC -0.05 <001
COM vertical excursion 132.00 <001
-10% condition: COM vertical excursion -16.30 076
+10% condition: COM vertical excursion 1891 079
Braking impulse 0.50
Intercept 0.07 003
-10% condition 0.03 082
+10% condition -0.02 174
Foot inclination angle at IC -0.001 021
Heel-to-COM distance at IC 0.47 <001
COM vertical excursion 0.87 001
-10% condition: heel-to-COM distance at IC -0.31 102
+10% condition: heel-to-COM distance at IC 0.34 136
Loading rate 0.04
Intercept 553.04 <001
-10% condition 56.28 018
+10% condition -42.44 074
Abbreviations: COM, center of mass; IC, initial contact.

swing-phase kinematics may provide a has been found to be best for estimating
better estimate than those we selected at  loading rate, although it still has a low
IC or later. Thigh position at midswing adjusted R? value (0.15).12
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A step-rate interaction term in the
model indicates that the contribution of
the specific kinematic measure to the ki-
netic parameter varies with the step-rate
condition. For example, the contribution
of COM vertical excursion to estimating
peak vertical GRF is greater when run-
ning at a step rate of 10% above the pre-
ferred rate, whereas its contribution is
less when running at a step rate of 10%
below the preferred rate, as indicated
by the negative interaction parameter
(TABLE). Similarly, the model used to es-
timate braking impulse indicates that
the effect of heel-to-COM horizontal

distance at IC varies with step rate. In
the remaining models, the relationship
between the kinematic measures used
to estimate the respective kinetic pa-
rameter holds true across all step-rate
conditions.

Sagittal plane kinematic measures
were chosen due to the practicality of
identifying them in a clinical setting.
Because running is largely a sagit-
tal plane movement, kinematic values
can be obtained with greater reliability
than frontal plane or transverse plane
motions.” Although a computerized,
3-D motion-capture system was used

in the present study, a 2-D analysis
would likely be sufficient to capture the
specified kinematic measures, given the
strong correlations between 2-D and
3-D sagittal plane motions during run-
ning.? Future work will confirm that the
relationships identified in the current
study can be generalized to procedures
involving a simplified 2-D approach
employing a single video camera with
adequate frame rate (greater than 100
frames/s) to capture specific gait events,
such as IC and midstance. Further,
cross-validation of the models with an
additional sample of runners is needed
to have confidence in their predictive
ability.

CONCLUSION

UR FINDINGS INDICATE THAT SAGIT-

tal plane kinematic variables can

estimate several important GRF
and knee joint kinetic metrics. These
defined relationships provide clinicians
with a simple approach to estimate run-
ning kinetics that may prove useful in
treating runners with a lower extremity
injury or identifying runners at increased
risk of injury. ®
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