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Background  
Providing clinicians with an accurate method to predict kinetic measurements using 2D 
kinematic motion analysis is crucial to the management of distance runners. Evidence is 
needed to compare the accuracy of 2D and 3D kinematic measurements as well as 
measured and estimated kinetic variables. 

Purposes  
The objectives of this study were to (1) compare 2D video analysis of running kinematics 
with gold standard 3D motion capture and, (2) to evaluate published equations which 
estimate running kinetics using 2D kinematic and spatiotemporal values and modify 
these equations based on study findings. 

Design  
Controlled laboratory study, cross-sectional design 

Methods  
Runners who averaged at least 20 miles per week were invited to participate. Athletes ran 
on an instrumented treadmill at their preferred training pace for a 6-minute warm-up. 
Markers were placed over designated anatomical landmarks on both sides of the pelvis as 
well as the left lower extremity. Subjects then ran at their preferred speed and kinematic 
data were recorded using both the 2D and 3D camera systems at 240 frames/second. 
Additionally, ground reaction forces were recorded at 1200Hz. 2D and 3D kinematic 
values were compared and published kinetic prediction formulas were tested. Linear 
regression was used to develop new prediction equations for average loading rate 
(AVG_LR), peak vertical ground reaction force (VERT_GRF), and peak braking force 
(PK_BRK). Paired t-tests were used to assess differences between the 2D and 3D 
kinematic variables and the measured (MEAS) and calculated (CALC) kinetic variables. 

Results  
Thirty runners (13 men and 17 women) voluntarily consented to participate in this study 
and the mean age of the participants was 31.8 years (range 20 to 48 years). Although 
significant differences existed, all 2D kinematic measures were within 2°-5° of 3D 
kinematic measures. Published prediction equations for AVG_LR and VERT_GRF were 

Corresponding author: 
Mark F. Reinking 
Regis University 
School of Physical Therapy 
3333 Regis Blvd. G-4 
Denver, CO 80221 
mreinking@regis.edu 

a 

Martinez C, Garbett S, Hiromasa K, et al. Comparison of 2-D and 3-D Analysis of
Running Kinematics and Actual Versus Predicted Running Kinetics. IJSPT.
2022;17(4):566-573. doi:10.26603/001c.34432

https://orcid.org/0000-0002-0440-557X
https://doi.org/10.26603/001c.34432
mailto:mreinking@regis.edu
https://doi.org/10.26603/001c.34432


supported, but new prediction equations showed higher R2 for AVG_LR (0.52) and 
VERT_GRF (0.75) compared to previous work. A new prediction equation for PK_BRK was 
developed. No significant differences were found between the MEAS and CALC kinetic 
variables using the new equations. 

Conclusion  
Accurate predictions of kinetic variables can be made using spatiotemporal and 2D 
kinematic variables. 

Level of Evidence    
Level 2 

INTRODUCTION 

Running is one of the most popular fitness activities across 
the world. In the United States, over 55 million individuals 
participate in running.1 While it is one of the most efficient 
ways for adults to achieve physical fitness,2 the incidence of 
injuries associated with running is relatively high.2 Injuries 
can diminish pleasure in running as a physical activity as 
well as contribute to medical costs and possible impact on 
physical fitness. Commonly reported running-related in
juries (RRI) include stress fractures, medial tibial stress 
syndrome, patellofemoral pain, Achilles tendinopathy, ili
otibial band syndrome, and plantar fasciitis.3‑7 The etiol
ogy of RRI is clearly multifactorial involving runner char
acteristics (age, sex, nutrition), training variables (weekly 
mileage, training surfaces, abrupt changes in training), and 
biomechanical variables. The biomechanical variables that 
have been associated with RRI risk include kinematic vari
ables (joint position, velocity, and acceleration), kinetic 
variables (force, loading rate), and temporospatial variables 
(cadence, stride length).8 

Davis et al9 conducted a prospective study of female run
ners comparing kinetic variables in a never-injured group 
and an injured group. They found that all impact-related ki
netic variables (vertical instantaneous loading rate, vertical 
average loading rate, vertical impact peak, and peak vertical 
force) were significantly higher in the injured group com
pared to those who have never been injured. Earlier stud
ies have also shown that higher vertical forces may con
tribute to running-related injuries.9‑14 Peak braking force15 

and braking impulse16‑18 have also been shown to be sig
nificant predictors of RRI . 

In well-equipped biomechanical laboratories, re
searchers collect kinematic and kinetic data using sophis
ticated 3-D motion capture systems and in-ground force 
plates or instrumented treadmills. However, many clini
cians working in outpatient settings do not have access to 
such equipment. They can, however, use 2D digital video 
cameras to reliably collect kinematic data of runners.19 

Wille et al20 conducted a study using 2D video analysis 
of a group of 45 runners and concluded that it is possible 
to estimate kinetic data using sagittal plane kinematics 
and temporospatial variables. In an earlier study,21 the re
searchers used cadence and sagittal plane kinematics col
lected with a 2D high speed camera to develop a prediction 
equation to estimate kinetic variables in high school cross 
country runners. Using five sagittal-plane kinematic vari

ables (shoe angle, leg angle, knee flexion at initial contact, 
total knee motion, and total vertical excursion of center 
of mass) and cadence, 56% of the vertical ground reaction 
force variance and 51% of the average loading rate variance 
was explained. To confirm the feasibility and improve accu
racy of these estimates, further evidence is needed in the 
comparison of 2D and 3D kinematic measurements as well 
as the comparison of measured and estimated kinetic vari
ables. The objectives of this study were (1) to compare 2D 
video analysis of running kinematics captured with a high-
speed video camera with gold standard 3D motion capture 
and, (2) to evaluate equations which estimated running ki
netics using 2D kinematics and spatiotemporal values and 
modify these equations based on study findings. The two 
research hypotheses were (1) 2D kinematics would not dif
fer from 3D kinematic variables, and (2) newly developed 
equations would improve the accuracy of estimated kinetic 
variables. 

METHODS 

This cross-sectional study was conducted at the Regis Uni
versity biomechanics research lab from August through No
vember 2019. We utilized a sample of convenience; par
ticipants were recruited from flyers posted around Regis 
University campus and e-mails to local running clubs. The 
Regis University Institutional Review Board approved the 
study protocol and all participants provided written in
formed consent prior to participating in the study. 

Thirty runners (13 men and 17 women) voluntarily con
sented to participate in this study. The mean age of the par
ticipants was 31.8 years, with a range of 20 to 48 years. All 
participants selected for this study met the following in
clusion criteria: (1) between the ages of 18 to 50 years, (2) 
running on average at least 20 miles per week for one-year 
prior to participation in the study, (3) experience running 
on a treadmill, (4) no history of lower extremity congeni
tal or traumatic deformity or previous surgery that resulted 
in altered bony alignment, and (5) no acute injury three 
months prior to the start of the study that has led to the in
ability to run. 

Upon arrival to the lab, each participant’s height, weight, 
shoe length, blood pressure and heart rate were measured 
and recorded. Participants also completed a survey regard
ing their history of running-related injuries. Once these 
data were collected, participants completed a six-minute 
warm-up run on the treadmill to acclimate to the treadmill 
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(Bertec Corporation, Columbus, OH) and to determine their 
preferred treadmill speed described to the participants as 
their “normal training run pace.” During the final minute 
of the six-minute warmup, a member of the research team 
measured the cadence of each participant by counting foot 
strikes in a 15-second time frame and multiplying by four. 
After the completion of the warm-up period, one researcher 
(MFR) placed reflective markers on selected anatomic land
marks including bilateral anterior superior iliac spines, bi
lateral posterior iliac spines, left lateral epicondyle of the 
knee, left lateral malleolus, left posterior lower leg over the 
Achilles tendon (two markers), and over the posterior mid
line of the left shoe (two markers). These locations are con
sistent with the marker set used in a previous study exam
ining the reliability of 2-dimensional kinematic analysis.22 

Another researcher (CM) placed the active marker clusters 
(infrared-emitting diodes) for the 3D optoelectric motion 
capture system (3D Investigator, Northern Digital, Inc., On
tario, Canada) on the pelvis, thigh, shank and foot. Using 
the digital markers and rigid body references, a digitizer 
was used to establish digital markers directly over the re
flective markers for the 2D video. 

After the reflective and digital markers were placed on 
the participant, a one-second static trial was collected to 
obtain reference force plate and marker data. The partici
pants then were asked to start running at their predeter
mined preferred speed on the treadmill. Digital recordings 
at 240 frames per sec (fps) were collected using two sin
gle high-speed cameras (SONY DSC-RX100 IV) at orthog
onal angles (frontal and sagittal planes) and, concurrently, 
the 3D motion capture data was collected at 240 frames per 
second for thirty seconds. The ground reaction forces were 
collected at 1200 Hz through the force plates embedded in 
the instrumented treadmill (Bertec Corporation, Columbus, 
OH) and were internally synchronized with the 3D motion 
capture data. 

The following six sagittal plane kinematic variables were 
assessed on the left lower extremity for all 30 runners using 
both the 2D and 3D data: 1) angle of the shoe to treadmill 
at initial contact (SHOE_ANG), 2) angle of the lower leg rel
ative to vertical at initial contact (LEG_ANG), 3) knee flex
ion at initial contact (KN_FL_IC), 4) knee flexion at mid
stance (KN_FL_MS), 5) vertical position of the estimated 
center of mass (center of line connecting ASIS and PSIS) 
at midstance, and 6) vertical position of the estimated cen
ter of mass at double float. KN_FL_IC was subtracted from 
KN_FL_MS to calculate total knee flexion (KN_FL_Tot). The 
vertical position of the estimated center of mass at double 
float was subtracted from the vertical position of the esti
mated center of mass at midstance to calculate total verti
cal excursion of the center of mass (COM_VtEx). All angles 
were measured in degrees and all distance measurements 
were recorded in centimeters. The fifth step was analyzed 
for both the 2D and 3D data. For the 2D data captured using 
the digital cameras, the data were analyzed using a free-
access video analysis software program (Kinovea, version 
0.8.15, http://www.kinovea.org). In a previously published 
study, in comparison to another rater with a similar level 
of experience, the investigator who measured al 2D data in 

this study (MFR) demonstrated high intra-rater levels of re
liability ranging from 0.88 to 0.98 (ICC) for sagittal plane 
variables and between 0.45 and 0.96 for frontal plane vari
ables.22 For the 3D data, joint angles were computed from a 
six degree of freedom rigid body model in Visual3D (C-Mo
tion, Inc., Germantown, MD). 

Ground reaction force data were filtered using a fourth-
order, zero-lag low-pass Butterworth filter with a 30 Hz 
cutoff. Similar to the Wille study,20 the peak vertical com
ponent of the ground reaction force (Vert_GRF) and the av
erage loading rate (AVG_LR) were measured for five consec
utive running cycles for the left and right lower extremities 
with the average of the five cycles used for further analysis. 
The Vert_GRF was reported in body weight (BW) and 
AVG_LR was reported in BW/sec. As in the Wille et al 
study,20 the AVG_LR was defined as the rate of change in 
the vertical GRF from 20% to 80% of the period beginning 
with initial contact to the vertical force impact peak. Peak 
braking force (PK_BRK) was defined as the peak posteri
orly directed ground reaction force following heel strike, re
ported in N/kg. 

In addition to descriptive statistics, t-tests were used to 
assess the differences between the mean 2D and 3D kine
matic values. Kinematic variables collected using the 2D 
data were used in the prediction formula from our pre
vious research to estimate vertical ground reaction force 
(VERT_GRF) and average loading rate (AVG_LR).21 A step
wise forward linear regression was used to determine if 
a set of kinematic and spatiotemporal variables collected 
in this study were predictive of VERT_GRF, AVG_LR, and 
PK_BRK. Differences were assessed between estimated ki
netic variables using earlier published prediction equations 
and the new prediction equations with the actual measured 
kinetic variables collected with the force plate instru
mented treadmill. To compare the prediction equations to 
those in previous published studies,20,21 the amount of 
variance in the kinetic parameters explained by the kine
matic measures and step rate for each particular model was 
reported as the R2 value as well as the adjusted R2 value 
which adjusts for the number of terms in a model. Statisti
cal analyses were performed using SPSS Statistics, Version 
26 (IBM Corporation, Armonk, New York 10504). An alpha 
level of .05 was established for all tests of significance. 

RESULTS 

Participant characteristics (mean ± SD) for the 30 runners 
included age (31.8 ± 8.4 years), height (174.6 ± 10.6 cm), 
mass (70.9 ± 14.3 kg), preferred step rate (175 ± 6.0 steps 
per minute), and running speed (3.15 ± 0.39 m/s). Descrip
tive statistics for all 2D and 3D kinematic measurements 
are listed in Table 1. We found that SHOE_ANG, LEG_ANG, 
KN_FL_IC, and KNEE_FL_MS 2D measurements were all sig
nificantly different from the 3D measurements. However, 
the actual mean differences between the 2D and 3D values 
were 2.7° for SHOE_ANG, 1.4° for LEG_ANG, 2.1° for 
KN_FL_IC, and 4.9° for KNEE_FL_MS. The vertical COM ex
cursion measures using the 2D and 3D systems were not 
significantly different, nor was the cadence measured by a 

Comparison of 2-D and 3-D Analysis of Running Kinematics and Actual Versus Predicted Running Kinetics

International Journal of Sports Physical Therapy

http://www.kinovea.org/


Table 1. Means and standard deviations for 2D and 3D kinematic and spatiotemporal variables (            units).  

VARIABLE 2D 3D p-value 

Angle of Shoe to Treadmill at Initial Contact 
(SHOE_ANG) (degs) 

1.27 ± 7.78 3.96 ± 8.70 .000 

Angle of Leg at Initial Contact 
(LEG_ANG) (degs) 

4.33 ± 2.89 5.67 ± 2.27 .032 

Knee Flexion Angle at Initial Contact 
(KN_FL_IC) (degs) 

12.70 ± 4.48 10.62 ± 4.78 .006 

Knee Flexion at Midstance 
(KN_FL_MS) (degs) 

38.30 ± 4.10 33.35 ± 4.81 .000 

Total Knee Flexion 
(KN_FL_Tot) (degs) 

25.61 ± 4.84 22.74 ± 3.47 .000 

Total Vertical Excursion of Center of Mass 
(COM_VtEx) (cm) 

7.30 ± 1.53 7.26 ± 1.65 .873 

Cadence (steps/min) 174.93 ± 6.03 174.70 ± 8.94 .819 

Table 2. Correlation matrix of 2D and 3D kinematic and spatiotemporal variables           

3Dc 

SHOE_ANG 
3D 

LEG_ANG 
3D 

KN_FL_IC 
3D 

KN_FL_MS 
3D 

KN_FL_TOT 
3D 

COM_VtEx 
3D 

Cadence 

2Db 

SHOE_ANGd .901a 

2D 
LEG_ANGe .223 

2D 
KN_FL_ICf .652a 

2D 
KN_FL_MSg .658a 

2D 
KN_FL_Toth .668a 

2D 
COM_VtExi .731a 

2D Cadence .799a 

aCorrelation is significant at .01 
b2D = two-dimensional 
c3D = three-dimensional 
dSHOE_ANG = Angle of the Shoe to Treadmill at Initial Contact 
eLEG_ANG = Angle of the Leg to Vertical at Initial Contact 
fKN_FL_IC = Knee Flexion Angle at Initial Contact 
gKN_FL_MS = Knee Flexion at Midstance 
hKN_FL_Tot = Total Knee Flexion 
iCOM_VtEx = Total Vertical Excursion of the Center of Mass 

research team member and the 3D system. A correlation 
matrix with the correlations between the 2D and 3D kine
matic and spatiotemporal variables is provided in Table 2. 

The prediction equations developed in the study using 
stepwise linear regression for VERT_GRF, AVG_LR, and 
PK_BRK were as follows: 

Table 3 provides the predicted VERT_GRF, AVG_LR, and 
PK_BRK using the previously published21 and new equa
tions as well as the measured VERT_GRF, AVG_LR, and 
PK_BRK from the instrumented treadmill. A significant dif
ference was found between the predicted VERT_GRF using 
the previous published21 and new equations (p=.002) and 
between the predicted VERT_GRF using the previous pub
lished equation21 and the measured VERT_GRF (p=.006). 
No difference was found between the predicted VERT_GRF 
using the new equation and the measured VERT_GRF. No 
significant differences were found between the three 
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Table 3. Means and standard deviations for predicted and actual kinetic variables (          units).  

VARIABLE Estimated Values 
Based on Previous 

Equation14 

Estimated Values Based 
on New Equation 

Actual Values Measured by 
Instrumented Treadmill 

Peak Vertical Component of the 
Ground Reaction Force 
(VERT_GRF) (BW) 

2.31 ± 0.16ab 2.45 ± 0.26a 2.44 ± 0.29b 

Average Loading Rate 
(AVG_LR) (BW/sec) 

48.30 ± 11.5 52.59 ± 10.08 52.59 ± 13.6 

Peak Braking Force 
(PK_BRK) (N/kg) 

NA -3.21 ± 0.44 -3.21 ± 0.60 

a Significant difference p=.002 
b Significant difference p=.006 

AVG_LR mean values (previous prediction equation,21 new 
prediction equation, and measured value). No significant 
difference was found between the PK_BRK using the new 
prediction equation and the measured value. 

DISCUSSION 

The objectives of this study were (1) to compare 2D video 
analysis of running kinematics captured with a high-speed 
video camera with gold standard 3D motion capture and, 
(2) to evaluate equations which estimated running kinetics 
using 2D kinematics and spatiotemporal values and modify 
these equations based on the current study findings. The 
first hypothesis was rejected as significant differences were 
found between the kinematic values obtained using the 2D 
video camera as compared to the 3D motion capture sys
tem. However, the magnitudes of these differences were 
2.5° - 5°, depending on the measure. For all kinematic vari
ables except leg angle, there were strong correlations be
tween the 2D and 3D variables. Maykut et al23 compared 2D 
and 3D video analysis of frontal plane kinematics in 24 col
legiate cross-country runners. They found moderate corre
lations between the 2D and 3D measures of peak hip ad
duction and peak knee abduction although they also found 
significant differences between the 2D and 3D measures 
ranging from 1° - 4°. Weber and McClinton24 compared 2D 
and 3D measurements of upper trunk rotation during run
ning and found high correlations between the 2D and 3D 
values and did not find significant differences between the 
2D and 3D values with differences ranging from 0° - 1.5°. 
Although significant differences were found between the 
2D and 3D measures in this study, the magnitude of those 
differences and the high correlations between the measures 
suggest that 2D measures can be used clinically to approxi
mate kinematic measures captured using 3D systems. 

Regarding the second research objective, data were used 
from the 30 runners in this study to estimate VERT_GRF 
and AVG_LR using previously published prediction equa
tions.21 The comparison of the estimated kinetic values and 
the actual measured values showed no significant differ
ence for AVG_LR, but there was a significant difference for 
VERT_GRF. In the previous work,21 peak braking force was 
not estimated. Using the newly developed prediction equa
tions calculated via a stepwise forward regression analy

sis for AVG_LR, VERT_GRF and PK_BRK, the inputted kine
matic and spatiotemporal data resulted in estimated 
kinetics that were not significantly different from forces 
measured via a 3D system with force plates. This demon
strates an improved accuracy of estimated kinetic parame
ters from the previous work21 and our second hypothesis 
was accepted. Two key differences between this study and 
the previous work include a greater sample size (n=30) and 
the use of the left limb only with 30 subjects rather than 
combining right and left limbs of 10 subjects. 

In order to translate this research into the clinical set
ting, it is suggested that clinicians use a procedure as out
lined by Souza19 to complete a 2D digital camera video 
analysis of a runner. After identifying joint angles, cadence, 
and vertical center of mass excursion, the clinician can in
sert appropriate values in the equations provided in this pa
per to estimate loading rate, peak vertical ground reaction 
forces, and peak braking force. This capability increases 
the practicality of performing kinetic analyses in a clini
cal environment from cost, technical expertise, and space 
domains. Two-dimensional video cameras and a standard 
treadmill will cost far less than an instrumented treadmill 
and a 3D motion capture system, which together can cost 
$150,000-$200,000 or more. In addition, a level of expertise 
is required to operate and maintain these gold standard 
systems, which the average clinic may lack. Furthermore, 
3D systems require additional infrastructure and space that 
would be difficult to achieve in smaller clinics. 

The differences in the VERT_GRF prediction equations 
from the previous study21 and the current study is the in
clusion of speed as a variable and stride length as repre
sented by a horizontal line from the COM line to the heel. 
There is evidence that these two variables, while not in
cluded in the previous published equation, do have an in
fluence on vertical ground reaction force.25‑27 The AVG_LR 
equation in our previous paper included SHOE_ANG, 
LEG_ANG, KN_FL_IC, COM_VtEx, and cadence. The new 
equation from the current student includes only 
SHOE_ANG and speed, making the equation much simpler 
to use while increasing its predictive abilities. An equation 
to estimate peak braking force was added in this study 
based on the evidence that excessive braking force is a 
running-related injury risk factor.15 The R2 values for the 
new prediction equations were 0.52 for AVG_LR, 0.75 for 
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VERT_GRF, and 0.55 for PK_BRK. The previous published 
prediction equations21 had a R2 value of 0.51 for AVG_LR 
and 0.56 for VERT_GRF. Wille et al20 reported R2 values of 
0.04 for AVG_LR, 0.48 for VERT_GRF, and 0.50 for PK_BRK. 
These correlation values highlight that the newly developed 
equations provide the best predictive abilities to date for 
these variables when using 2D video data, and demonstrate 
a substantial improvement in predicting VERT_GRF. 

The results of this study support the conclusions of 
White et al21 and Wille et al20 that clinicians with access to 
a high-speed video camera and software for 2D data analy
sis can estimate average loading rate, vertical ground reac
tion force, and peak braking force in their patients who are 
runners. Estimation of these variables can be useful in the 
examination and treatment of running-related injuries, and 
can provide important pre-intervention and post-interven
tion data to assess the effectiveness of a selected interven
tion plan. 

One limitation of this study was the use of a treadmill 
to measure kinematic and kinetic variables. There is debate 
in the literature about whether kinematic and kinetic vari
ables in overground running can be replicated on a tread
mill. In a recent systematic review, van Hooren et al28 con
cluded, “Spatiotemporal, kinematic, kinetic, muscle 
activity, and muscle–tendon outcome measures are largely 
comparable between motorized treadmill and overground 
running.” (p. 785) While participants were encouraged to 
run as they normally would, participants may also have al
tered their running mechanics due to the unfamiliarity of 
the markers that were placed on their lower extremities. A 
second limitation was the brevity of the sampling window. 
This was done recognizing time and efficiency issues in the 
clinic, a realistic concern of clinicians given the additional 
time required for data analyis using a longer sampling win
dow. A third and final limitation is that only the left lower 
extremity was used. This decision was made to not combine 
right and left lower extremities which complicates analyses 
given that the two limbs of one person are not independent 

of each other. Future research may include both sides as
sessed separately. 

CONCLUSION 

Accurate estimations of kinetic variables can be made using 
spatiotemporal and kinematic variables collected using a 
2D high-speed video camera. This allows clinicians without 
access to 3D motion capture technology and instrumented 
treadmills or in-ground force plates to perform running 
video analyses that will inform the appropriate prevention 
and treatment of runners. 
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