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Abstract  Two-dimensional (2D) video is often used to 
evaluate running gait. Cost effective and clinically 
applicable methods have not been validated. The objective 
of this study was to evaluate the concurrent validity and 
agreement of methods used to determine step rate (SR) and 
foot strike pattern (FSP) during running using 2D video. 
We observed excellent agreement assessing SR from a 30 
Hertz (Hz) video for 10 seconds (s) and multiplying it by 6. 
We observed excellent interrater agreement assessing FSP 
for 10s at 240 Hz. These 10s methods for assessing running 
may be used to inform clinical decision making when 
evaluating running gait. Key point’s Two-dimensional 
video assessment at 30 Hz demonstrated high intra- and 
interrater reliability for detecting step rate; the 10-second 
method is valid and reliable for detecting step rate when 
compared to the 60-second method; Detecting foot strike 
using a 2-point scale is more reliable at 240Hz rather than 
30Hz. 
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1. Introduction
Running is a popular and cost-effective method to 

maintain aerobic fitness. However, annual running injury 
incidence has been reported between 19-79% with 
approximately 40% of all running-related injuries 
occurring at the knee.1,2 Although causative factors of 
running injuries are multifactorial, most agree that running 
biomechanics play a key role in injury development.3 
Several popular biomechanical interventions have been 
proposed to reduce loads to the lower extremity, and in turn 
running-related injury risk, to include alterations in step 
rate (SR) and foot strike pattern (FSP).4-9 

Alterations in SR have consistently demonstrated the 
ability to reduce lower extremity loads associated with 

injury development to include; average vertical loading 
rate (AVLR),10 shock attenuation,11 and energy absorbed at 
the hip, knee, and ankle joints during running.6 Individuals 
recovering from anterior exertional compartment 
syndrome,12,13 tibial stress fracture,14 anterior shin pain,15 
and patellofemoral pain16,17 have reported reductions in 
running pain after gait retraining to increase their SR. By 
increasing one’s preferred SR by 10% or greater (assuming 
a constant speed), reduced impact load on the body can be 
achieved.6,10  

A runner’s FSP and the resulting loading properties may 
also be a principal factor in lower extremity injury. 
Individuals who run with a rearfoot strike (RFS) pattern 
versus a non-rearfoot strike (NRFS) pattern have 
demonstrated substantially greater AVLR during 
running.18-20 Additionally, RFS runners typically run with 
less knee flexion at initial contact exposing themselves to 
increased knee extensor moments which may increase their 
risk of knee injuries.6,7 Overall, gait retraining to alter SR 
and/or FSP may prove to be a beneficial tool for clinicians 
seeking to reduce the risk of their patients developing a 
running-related injury or facilitating recovery from an 
existing injury.6,20 

With implications for better informed decision making 
when evaluating healthy or previously injured runners, it is 
important for clinicians to include evaluations of both FSP 
and SR in their overall gait analyses. Clinicians and 
researchers alike are choosing to use 2D high-speed video 
capture systems for the detection of FSP and SR.7,21-26 High 
speed 2D video cameras sell for as low as $170 making 
them a low-cost, portable, clinically useful tool. 
Alternative methods used in the detection of FSP and SR 
include three-dimensional (3D) motion analysis lab 
systems, hand-held smart devices, and visual inspection 
without the use of video capture. While 3D analysis is the 
gold standard for the detection of FSP, it is impractical in a 
clinical or field setting due to space requirements of the 
camera system and expertise for data collection and 
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analysis. Hand-held smart devices with high-speed 
capability are a slightly more expensive option (between 
$280-$700). Visual inspection is widely used as it is the 
most convenient option. While opportune, the visual 
inspection of FSP and SR is not validated for detecting FSP 
and SR and may not be accurate.27 

Though 2D methods are cost-effective and clinically 
applicable, clinicians above all, require outcomes that may 
be measured accurately. Knowledge of the reliability of 
visual identification of running related variables from 2D 
video recordings is limited. To our knowledge, no studies 
exist to date examining the reliability of video-based 
identification of SR. Additionally, only two studies have 
examined the reliability of video-based identification of 
FSP,24,25 and only one of those studies evaluated reliability 
during treadmill running. The purposes of this study were; 
(1) To determine the inter and intra-rater agreement (and 
concurrent validity) of counting SR using 10 seconds (s) of 
video running data multiplied by 6 (10s method) compared 
to 60s of video data sampling at 30 Hz (60s method; the 
gold-standard); and (2) To determine the inter and 
intra-rater agreement of characterizing FSP using three 
different video data collection methods: 30 Hz for 10s, 30 
Hz for 60s and 240 Hz for 10s video running data. 

2. Methods

Participants 

Forty participants were recruited from the West Point, 
NY community and consisted of Department of Defense 
(DOD) beneficiaries (cadets, active duty Soldiers, and 
active duty immediate family members) between 18 and 50 
years of age who self-reported weekly running mileage 
(mpw) of at least 12 miles. Potential participants were 
excluded from the main study if they reported (1) a current 
pregnancy or had been pregnant or given birth in the 
previous 6 months, (2) lower extremity or low back pain in 
the previous 3 months, (3) lower extremity or low back 
surgery in the previous 6 months, (4) previous stress 
fracture of the foot, and (5) insufficient English-language 
skills to complete all questionnaires and training. 
Thirty-two men (mean age 25.8 +/- 9.2 years, mean height 
177.1 +/- 4.6 cm, mean weight 76.5 +/- 7.7 kg) and 8 
women (mean age 34.38 +/- 9.3 years, mean height 164.5 
+/- 6.9 cm, mean weight 62.1 +/- 10.3 kg) with a combined 
mean running mpw of 15.49 +/- 6.5 miles, were included in 
the study. 

Instrumentation 

All participants were asked to run on a Life Fitness 97TI 
treadmill (Rosemont, USA) at their self-selected 2-mile run 
pace for 5 minutes. During the final minute of running FSP 
and SR were recorded by 2 high-speed video cameras 

(Casio Exilim HS EX-ZR200, Tokyo, Japan) mounted to 2 
separate Vivitar (Santa Monica, USA) tripods. Both 
high-speed video cameras were fixed to a height of 57 cm, 
measured by a measuring tape, from the floor to the middle 
of the camera lens. Camera 1 was fixed at a distance of 58 
cm from the treadmill and Camera 2 was fixed at 62 cm 
from the treadmill, measured by a measuring tape, from the 
camera lens to the nearest edge of the treadmill (Figure 1). 
Camera 1 sampled at 30 Hz with a resolution of 1920 x 
1080 pixels and shutter speed of 1/250s. Camera 2 sampled 
at 240 Hz with a resolution of 512 x 384 pixels and shutter 
speed of 1/1000s. Both camera 1 and camera 2 were placed 
perpendicular to the treadmill, as measured by a protractor, 
capturing sagittal plane video from the hip down to 
preserve the identity of the runners. 

Figure 1.  Data Collection Laboratory Set-Up. 

Tasks 

Participants were instructed to take as little or as much 
time to warm-up as needed. The warm-up consisted of a 
treadmill run at the participant’s self-selected speed (mean 
speed 2.8 +/- 0.5 meters per second) and self-selected 
duration (mean warm-up duration 6 +/- 1.5 minutes). Once 
the participants indicated to the study personnel that they 
were comfortably warmed up and running at their 
self-selected 2-mile run pace (mean speed 3.1 +/- 0.4 
meters per second) the 5-minute timer was started. At the 
4-minute mark camera 1 and camera 2 were started 
simultaneously and recorded for duration of 60s at which 
time both camera 1 and camera 2 were stopped 
simultaneously.  

Procedures 

The study protocol, all informed consent documents and 
case report forms were approved by the Institutional 
Review Board at Keller Army Community Hospital, West 
Point, NY, and all participants provided written consent 
prior to study enrollment. Windows Movie Maker 7.0 
(available for free download at
http://www.windows-movie-maker.org/) was used to both 
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edit and evaluate each video. Two video clips were derived 
from the camera 1, 30 Hz recording; one clip was kept at its 
original length of 60s and one was cut down into a 10s clip. 
The camera 2, 240 Hz recording, was cut down into a 10s 
clip. All videos were edited by deleting footage starting 
from the beginning of the video recordings thereby using 
the last 10s of video data. After all videos clips were edited 
to their respective lengths, they were copied and put onto 
two separate hard drives and distributed to the raters.  

Two medical professionals evaluated the video clips, an 
athletic trainer (Rater 1) and a physical therapist (Rater 2). 
Rater 1 and Rater 2 were experienced in the use of 
high-speed video for the evaluation of running mechanics; 
including but not limited to SR and FSP. Rater 1 and Rater 
2 assessed SR in the 30 Hz 10s video clip and once in the 
30 Hz 60s video clip. FSP was evaluated once in all clips; 
the 30 Hz 10s, 30 Hz 60s and 240 Hz 10s video clips. Video 
clips were reviewed by each rater independent of each 
other and blinded to each other’s assessments. Each rater 
kept a private Microsoft Excel spreadsheet until all video 
analysis and data reduction were complete. These 
spreadsheets were then combined by the third investigator 
for data analysis. 

There is no consensus in the literature on how to 
measure SR effectively in a clinical setting. SR was 
evaluated in the 30 Hz 60s clip by counting all steps taken 
by both the left and right feet (60s method). SR was 
evaluated in the 30 Hz 10s clip by counting all steps taken 
by both the left and right feet and multiplying this number 
by 6 (10s method). Methods to characterize FSP in the 
literature vary, and there is no consensus on how to define 
and measure them. The 2-point scale used for the 
characterization of FSP, defined by Warr et al.26, was used 
to categorize foot strikes dichotomously into one of two 
groups; rearfoot strike or non-rear foot strike (Table 1). 
Location of initial plantar contact observed in the posterior 
1/3 of the foot was considered a RFS. Location of initial 
plantar contact observed in the anterior 2/3 of the foot was 
characterized as a NRFS. If both anterior and posterior 
aspects of the foot made initial contact with the ground 
simultaneously, the foot strike was considered a 
NRFS.22,23,26 FSP was determined by whichever FSP 
characterization (RFS or NRFS) made up the majority of 
foot strikes of the left foot (subject’s foot closest to the 
camera) in a clip. 

Statistical Analysis 

To assess intra-rater agreement, we calculated Intraclass 
Correlation Coefficients (ICC (3, 1)) for SR comparisons 
and Cohen’s Kappa values for FSP. ICC (3, 1) estimates 
and their 95% confident intervals were calculated based on 
a single measurement, absolute-agreement, 2-way 
mixed-effects model. Measure of agreement between raters 
for SR was calculated on a continuous scale using ICC (2, 1) 
based on a single rater, absolute-agreement, 2-way 

mixed-effects model. All statistical analyses were 
performed using SPSS v.19 (SPSS Inc, Chicago, IL) with a 
significance level of 0.05 (95% confidence intervals).  

Table 1.  Foot Strike Pattern Characterization. 

Rearfoot Strike 
(RFS) 

The location of 
initial plantar 

contact is observed 
in the posterior 1/3 

of the foot. 

 

Non Rearfoot 
Strike (NRFS) 

The location of 
initial plantar 

contact is observed 
in the anterior 2/3 

of the foot. 

 

Anterior and 
posterior aspects of 

the foot are 
observed to contact 

the ground at the 
same time. 

 

3. Results 

Step Rate 

Excellent intra-rater agreement [ICC (3, 1) 0.94-0.99] 
and inter-rater agreement [ICC (2, 1) 0.97-0.99] were 
demonstrated comparing both SR calculation methods 
evaluated in this study (Table 2).28 The means and standard 
deviations for Rater 1 and Rater 2 for the 60s SR 
calculation method were 173 +/- 12 steps per minute and 
173 +/- 12 steps per minute respectively (Table 3). The 
means and standard deviations for Rater 1 and Rater 2 for 
the 10s SR calculation method were 172 +/- 12 steps per 
minute and 173 +/- 12 steps per minute respectively. 
Table 2.  Intra-rater and Inter-rater agreements (ICC 2,1) comparing the 
step rate of a 30 Hz 60 second (s) video (60s Method) to the step rate of a 
30 Hz 10s video multiplied by 6 (10s Method). 

 Intra-rater Agreement Inter-rater Agreement 

Method 10s Method versus 60s 
Method 

10s 
Method 

60s 
Method 

Rater Rater 1 Rater 2 1 versus 2 1 versus 2 
ICC 
(2,1) 
[95% 
CI] 

0.97 
(0.94-0.99) 

0.98 
(0.96-0.99) 

0.98 
(0.97-0.99) 

0.99 
(0.99-0.99) 

 CI, confidence interval; ICC, Intra-class Correlation Coefficient 
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Table 3.  An inter-rater (Rater 1 vs. Rater 2) and inter-method (60s 
Method vs. 10s Method) comparison of the mean step rate of all 40 
runners. 

Method 60s Method 10s Method 

Rater Rater 1 Rater 2 Rater 1 Rater 2 
Mean 
(SD) 173 (12) 173 (12) 172 (12) 173 (12) 

 Hz, frames per second; s, second; SD, standard deviation 

Foot Strike Pattern 
Perfect inter-rater agreement was demonstrated 

characterizing FSP using 240 Hz frame rate video; kappa 
1.00 (Table 4).28 Moderate inter-rater agreement was 
demonstrated characterizing FSP using 30 Hz frame rate 
video for 10s (kappa .58) and 60s (kappa .63). 

Table 4.  Inter-rater reliability comparing the foot strike pattern (FSP) 
characterizations of 40 runners between two raters of a 10 second (s) 
video at 30 frames per second (Hz), 60s video at 30 Hz and 10s video at 
240 Hz. 

Method 30 Hz 10s 30 Hz 60s 240 Hz 10s 

Cohen’s Kappa .58 .63 1 

% Agreement 80% 83% 100% 

4. Discussion 
Excellent inter and intra-rater agreement outcomes were 

expected in evaluating the 60s method as this is the 
definition of SR measurement; counting all steps taken in 
one minute. The 10s method was chosen to be compared to 
the 60s method because of its high relevance to clinical 
practice, ease of application, and timeliness of the method. 
Our results demonstrated excellent agreement between the 
two methods indicating the 10s method can be used as an 
appropriate SR estimate. 

Better agreement was demonstrated between raters in 
the characterization of foot strike pattern when 240 Hz 
frame rate videos were used (Table 4). The kappa values 
for the identification of FSP using a 2-point 
characterization scale showed greater inter-rater agreement 
(kappa 1.00; perfect agreement) using 240 Hz frame rate 
video data than using 10s or 60s of 30 Hz frame rate video 
data (0.58 and 0.63; fair agreement). Our results suggest 
that 240 Hz high speed video is more reliable in the 
identification of FSP compared to 30 Hz. The fair 
agreement demonstrated at the 30Hz frame rate versus the 
perfect agreement demonstrated at 240 Hz suggests there 
may be greater benefit and superior accuracy using 2D 
high-speed video versus lower frame rates for detecting 
FSP. 

Inter-rater agreement using 240 Hz video data in the 
present study revealed similar reliability compared to 
Bertelsen et al. who demonstrated inter-rater agreement of 
FSP characterization ranging between kappa values 0.76 
and 0.92; substantial to almost perfect agreement.24 
Bertelsen et al. used a similar high-speed video data 

collection frequency (300 Hz) to the present study, 
however utilized a 4-point scale as opposed to a 2-point 
scale. Based on the notion that a greater number of 
categories will, most likely, result in poorer reliability,28 
we suggest our 2-point grading scale was a factor 
influencing our slightly higher kappa values. 

Limitations 

This study has several limitations. The quality of our 
video recordings was influenced by poor lighting. This 
limitation was compounded by the high shutter speeds 
(1/1000s) needed to collect adequate high-speed video 
(240 Hz). While we utilized a 40W lighting fixture to 
illuminate the treadmill in addition to the already 
adequately lit lab, a stronger fixture would likely result in 
an increase in rater reliability. While this was an 
acknowledged limitation, our findings demonstrated that 
high-speed video was associated with higher reliability 
values. A second limitation is the kinematic and 
spatiotemporal differences that have been observed to exist 
between treadmill and over-ground running. In the 
literature, SR has been observed to be significantly higher 
and stride length significantly shorter when running on a 
treadmill.29-31 As such, it must be considered that the 
present results only cover the reliability of identifying SR 
and FSP during treadmill running. 

Clinical Implications 

For clinicians looking to reliably evaluate multiple 
running characteristics to include SR and FSP, the authors 
recommend investing in any video camera with the 
capability to capture at both 30 Hz and 240 Hz frame rate, 
like the one described in this project. Additionally, with 
technology continuing to advance and the recent 
emergence of high speed cameras in smart phones and 
smart devices, the accessibility of video capture at multiple 
frame rates using one device is rapidly increasing. 

Future Research 

There is consistent evidence that increasing SR in 
runners results in a reduction in the magnitude of several 
key biomechanical factors associated with running injuries 
including; center of mass vertical excursion, ground 
reaction force, shock attenuation, and energy absorbed at 
the hip, knee, and ankle joints.6,10,15,32,33 Therefore, future 
research may focus on using SR as a reliable explanatory 
variable for these more complex factors associated with 
running related injury. A second direction of future 
research could be towards using the methods in this study 
to explore the accuracy of other widely used clinical 
assessment methods for FSP and SR. While convenient, 
opportune, and widely used, the visual inspection of FSP 
and SR is not validated for clinical use and may not be 
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accurate.27 The 10s method described in this study could be 
used as a reference for exploring the accuracy of clinicians 
using real-time visual inspection as an outcome tool for 
detecting FSP and SR. Lastly, with recent advancements in 
mobile video and tele-medicine technology there has been 
a push in the military for long-distance health education 
and intervention. With reliable methods to identify SR and 
FSP using 2D video, medical professionals can be provided 
the opportunity to evaluate the running gait of deployed 
and off-site soldiers to inform clinical decision making.  

5. Conclusions 
As running injuries have failed to decline,34 there is an 

ever-increasing need to effectively examine individual 
running technique with the goal of better informing risk 
factors potentially related to injury prediction, prevention, 
and rehabilitation. This study demonstrates that there is 
greater clinical benefit from using 2D 240 Hz high speed 
video for the detection of FSP versus 30 Hz standard 
capture rate. Additionally, with advances in the reliable 
identification of running related factors, medical 
professionals can be provided with valuable information to 
inform clinical decision making when evaluating running 
gait. 
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