
409

SPORTS HEALTHvol. 11 • no. 5

844795 SPHXXX10.1177/1941738119844795de Oliveira et alSPORTS HEALTH
research-article2019

Validity and Reliability of 2-Dimensional 
Video-Based Assessment to Analyze Foot 
Strike Pattern and Step Rate During 
Running: A Systematic Review
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Context: Two-dimensional (2D) video-based analysis is often used by clinicians to examine the foot strike pattern (FSP) 
and step rate in runners. Reliability and validity of 2D video-based analysis have been questioned.

Objective: To synthesize the psychometric properties of 2D video-based analysis for assessing runners’ FSP and step rate 
while running.

Data Sources: Medline/PubMed, Science Direct, Embase, EBSCOHost/CINAHL, and Scielo were searched from their inception 
to August 2018.

Study Selection: Studies were included if (1) they were published in English, French, Portuguese or Spanish; (2) 
they reported at least 1 psychometric property (validity and/or reliability) of 2D video-based analysis to assess running 
kinematics; and (3) they assessed FSP or step rate during running.

Study Design: Systematic review.

Level of Evidence: Level 2.

Data Extraction: Studies were screened for methodological (MacDermid checklist) and psychometric quality (COSMIN 
checklist) by 2 independent raters.

Results: Eight studies, with a total of 702 participants, were included. Seven studies evaluated the reliability of 2D video to 
assess FSP and found very good to excellent reliability (0.41 ≤ κ ≤ 1.00). Two studies reported excellent reliability for the 
calculation of step rate (0.75 ≤ intraclass correlation coefficient [ICC] ≤ 1.00). One study demonstrated excellent concurrent 
validity between 2D and 3D (gold standard) motion capture systems to determine FSP (Gwet agreement coefficient [AC] > 
0.90; ICC > 0.90), and another study found excellent concurrent validity between 2D video and another device to calculate 
step rate (0.84 ≤ ICC ≤ 0.95).

Conclusion: Strong evidence suggests that 2D video-based analysis is a reliable method for assessing FSP and quantifying 
step rate, regardless of the experience of the assessor. Limited evidence exists on the validity of 2D video-based analysis in 
determining FSP and calculating step rate during running.
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Running is an increasingly popular activity because of its 
practicality and accessibility but especially because of 
the health and fitness benefits provided.3 The high 

incidence of musculoskeletal injuries is a worrisome factor 
among runners. In fact, the overall incidence of running-related 
injuries (RRIs) across all types of runners ranges from 11% to 
85% on a yearly basis.3,27,38 The most common injuries are 
patellofemoral pain, iliotibial band syndrome, and stress 
fractures to the tibia and metatarsals.36 Several risk factors 
contributing to RRIs are well documented. First, there are 
intrinsic or personal factors such as age, sex, physical fitness, 
previous injury, running experience, muscular weakness, or 
inadequate lower extremity dynamic control.3,9,25,27,28 Then there 
are extrinsic factors such as the running characteristics 
(distance, duration, frequency, intensity), running surface, and 
type of running shoes.3 Although causative factors of RRIs are 
multifactorial, most agree that running biomechanics play an 
important role in the occurrence of overuse injuries.36 More 
specifically, the foot strike pattern (FSP), which is usually 
defined in 3 categories (rearfoot, midfoot, or forefoot strike), 
appears to be related to the risk of developing lower limb 
RRIs.1,14,36 The heel strike pattern has been associated with a 
higher vertical loading rate, therefore increasing the risk of 
overuse injury. Similarly, a lower running step rate is associated 
with a higher initial impact force, contributing to overuse 
injury.36,40 Therefore, the assessment of lower limb kinematics is 
an inherent part of the clinical evaluation for RRIs.

Although 3-dimensional (3D) kinematics motion-capture 
systems are considered the gold standard for evaluating the 
lower limb kinematics,17,21,34 2D video-based analysis is 
preferred by clinicians because of its feasibility and 
effectiveness. The typical clinical setup used to assess lower 
limb kinematics using a 2D video system simply includes a 
treadmill and a high-definition video camera, which are feasible 
for practical use in clinics.

Several studies have reported different indices of validity and 
reliability for 2D video-based analysis to assess running 
kinematics. Maykut et al21 investigated the reliability and 
concurrent validity of 2D video-based analysis against a 3D 
video system for evaluating the frontal plane kinematics during 
treadmill running. They reported that 2D video systems are a 
valid and reliable tool.21 Dingenen et al8 demonstrated a 
significant relationship between 2D measured frontal plane joint 
angles (contralateral pelvic drop and hip adduction) and 3D 
measured kinematic profiles besides excellent intra- and 
interrater reliability for determining the 2D angles (intraclass 
correlation coefficient [ICC] = 0.90-0.99). Hence, their findings 
support the use of 2D video-based analysis to evaluate these 
kinematic variables during running.8 Damsted et al5 
demonstrated that the 2D motion analysis is “sufficiently” 
reliable to quantify the knee and hip angles during foot strike 
with treadmill running. The aim of this systematic review is to 
analyze the current evidence regarding the psychometric 
properties of the 2D video-based assessment to determine the 
runners’ FSP and step rate while running.

Methods
Literature Search and Study Identification

Bibliographical searches were conducted in 5 databases 
(Medline/PubMed, Science Direct, Embase, EBSCOHost/
CINAHL, and Scielo) to find articles evaluating the psychometric 
properties of the 2D video systems as an assessment tool to 
analyze lower limb kinematics during running. All databases 
were searched from their inception to August 2018, exploring 4 
concepts (psychometric properties, assessment tools, kinematics, 
activity/athletes). The following search strategies were used: 
(validity OR reliability) AND (video OR videotap* OR “video-
based” OR “2D video” OR “clinical observation” OR 
“smartphone” OR iphone) AND (“foot strike” OR “step rate” OR 
cadence OR “heel strike” OR “stride” OR “running form” OR 
“lower limbs kinematics” OR “foot biomechanics”) AND 
(running OR runners). This strategy was tailored for each 
database using the appropriate truncation and medical subject 
heading. Bibliographical references of the retrieved studies were 
also searched to identify additional relevant publications that 
were not drawn through strategical searches.

The process used to select the articles for this systematic 
review follows the PRISMA (Preferred Reporting Items for 
Systematic Reviews and Meta-Analyses) guidelines (Figure 1). 
First, duplicated articles were removed. Thereafter, 3 raters 
independently screened the publications’ titles and abstracts to 
determine the eligible studies for detailed review (full text). The 
raters were blinded to each other’s evaluations. To be selected 
for full-text review, the article had to (1) be published in 
English, French, Portuguese, or Spanish; (2) report at least 1 
psychometric property (validity and/or reliability) of the 2D 
video-based analysis to assess running kinematics; and (3) 
examine FSP or step rate during running. Two raters 
independently scrutinized the full text of all potentially eligible 
studies to confirm their inclusion. Eligibility was always granted 
by consensus; however, the evaluation of the third reviewer was 
used to make the final decision when no consensus was 
reached with the evaluations of the first 2 raters.

Quality Assessment of the Studies
Methodological Quality (Critical Appraisal)

The methodological quality of the included studies was assessed 
using a structured quality appraisal tool developed by 
MacDermid.20 Previous literature using this tool to assess 
psychometric properties reported excellent preconsensus 
interrater reliability (ICC = 0.89-0.91).32,33 The scale is composed 
of 12 items rated from 0 to 2, pertaining to the study question 
and design, measurement methods, analyses, and 
recommendations.20

Two raters independently evaluated each article using the 
MacDermid checklist (Appendix Table A1, available in the 
online version of this article). A Cohen kappa calculation was 
used to determine the preconsensus interrater agreement on 
each item from the checklist, whereas ICC was calculated for 
the preconsensus final scores. Thereafter, a comparison of 
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Figure 1.  Flowchart describing the article selection process according to PRISMA (Preferred Reporting Items for Systematic 
Reviews and Meta-Analyses) guidelines. 

ratings was performed in a meeting between the raters to reach 
a consensus for scoring. When a consensus was not reached, a 
third rater was available to contribute to the final decision.

As summary scores for the MacDermid checklist are not 
available, the following evaluation index, reported by de 
Oliveira et al,7 was used to determine the scores for qualitative 
categories: “high quality” (HQ) ≥80.0%, “good quality” (GQ) 
between 70.0% and 79.9%,  “moderate quality” for scores 
between 50.0% and 69.9%, and “low quality” representing scores 
<50.0%. 

Psychometric Properties (Critical Appraisal)

Studies were critically appraised using the recommendations of 
the COnsensus-based Standards for the selection of health 
Measurement INstruments (COSMIN) checklist (Appendix Table 
A2, available online).23 The COSMIN checklist is composed of 
10 boxes (A to J), each containing between 5 and 18 items/
questions, addressing psychometric properties such as internal 
consistency, reliability, measurement error, content validity, 

structural validity, hypotheses testing, cross-cultural validity, 
criterion validity, responsiveness, and interpretability. This tool 
uses a 4-point rating scale to assess each item (excellent, good, 
fair, and poor), to identify whether specific measurement 
properties reach the standard for adequate methodological 
quality.37 As the psychometric properties assessed in this 
systematic review include reliability measures (inter- and 
intrareliability), measurement error (absolute measures), and 
criterion validity,24,31 only the boxes for these properties were 
filled. Again, 2 raters evaluated each article independently 
(Appendix Table A2, available online). Thereafter, the assessors 
met to openly discuss the specific domains to reach a consensus 
for each article. A preconsensus interrater agreement was also 
calculated using Cohen kappa and ICC values for each item and 
for the total scores, respectively.

Data Extraction

Two raters extracted data from the studies using a structured 
data collection form20 adapted for this systematic review 
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(Appendix Table A3, available online). A third assessor 
compiled and completed the extraction for missing data.

Validity and reliability of 2D video analysis were the 2 
psychometric properties evaluated through this systematic 
review. They were investigated in relation to the 2 outcomes of 
interest: FSP and step rate during running. Parameters extracted 
from the studies were authors, publication year, sample 
characteristics, objectives/purposes, outcomes, psychometric 
properties examined, type of 2D video setup, and comparison 
with gold standard, as well as results reported as Cohen kappa, 
ICC, SEM, or limit of agreement in percentage.

Data Analysis

The level of evidence for the psychometric properties of the 2D 
video system to assess the main outcomes was determined 
based on the recommendations of the Cochrane Group 
Collaboration,39 which defines the strength of the evidence as 
strong, moderate, conflicting, limited, or very limited (Appendix 
Table A4, available online).2,7,39 The strength of 
recommendations was determined by the following domains: 
imprecision (number of studies/participants), risk of bias 
(methodological quality), indirectness (methodological and 
outcome similarities), and inconsistency (direction of results).7

Results

With the first electronic search, 347 articles were retrieved. 
Duplicates were subsequently removed (20 excluded), 327 title/
abstracts were screened (309 excluded) and 18 articles were 
preselected for full-text analysis. However, 1 article was written 
in German, 2 articles did not examine the psychometric 
properties of interest (reliability and validity), and 7 studies did 
not investigate the FSP or step rate. For these reasons, they 
were excluded. Therefore, 8 studies were included in the 
systematic review. No additional articles were identified for 
inclusion during handsearching of the selected studies’ 
references.

Characteristics of the Studies

Inter- or intrarater reliability of FSP was the most investigated 
psychometric property4,6,10,12,18,19,29 as 87.5% of the articles (7/8) 
reported on this property (Appendix Table A3, available online). 
A total of 702 participants were investigated with sample sizes 
ranging from 13 participants18 to 514 participants.6

Methodological Quality

The summary scores of the methodological quality ranged from 
70% to 95.5%. On average, the studies presented high 
methodological quality with a mean score of 81.6% ± 7.5% on the 
MacDermid scale (Appendix Table A1, available online). Five studies 
(62.5%) were classified as “high quality” and 3 (37.5%) as “good 
quality.” No study was classified as “moderate” or “low quality.”

Most of the studies (5/8, 62.5%)4,12,13,19,29 did not use an 
appropriate sample size, whereas 2 studies10,18 (25.0%) failed in 
reporting the sample size calculation or a rationale for their 

sample size. Only 2 studies10,18 reported adequately the 
inclusion and exclusion criteria used. One study6 did not use 
adequate statistical analysis and 6 studies4,6,12,13,19,29 omitted 
information on inclusion and exclusion criteria.

Despite a moderate preconsensus interrater agreement (κ = 
0.509-0.679) between the individual items of each rater 
evaluation using the MacDermid checklist, a good preconsensus 
interrater reliability for the total score (ICC = 0.79, 95% CI = 
0.27-0.96) was observed.

Psychometric Properties

The studies that reported the psychometric properties of the 2D 
video system to determine FSP and step rate ranged from good 
to excellent according to the COSMIN assessment checklist 
(Appendix Table A2, available online). Three studies4,10,29 
specifically investigated the psychometric properties of the 2D 
video system to determine FSP and step rate, whereas 5 
studies6,12,13,18,19 mainly focused on other aspects of the lower 
limb kinematics during running but were included in the study 
because they reported the reliability of the 2D video system to 
determine FSP. All included studies addressed either the inter- 
or intrarater reliability of the 2D video for at least 1 of the 
outcomes of interest, and most of them reported a measurement 
error for the 2 outcomes of interest. Two articles investigated 
the validity of the 2D video: A single study10 evaluated the 
concurrent validity of the 2D video system in determining the 
FSP compared with 3D video as a gold standard; another 
study13 used the Myotest and Optojump to evaluate the 
concurrent validity of the 2D video analysis in quantifying the 
step rate. Only 1 study29 clearly reported how the missing data 
were handled, 5 articles (62.5%)6,10,12,18,19 failed to calculate the 
weighted kappa, and 5 articles4,6,12,18,19 failed to describe the 
weighting scheme for ordinary scores. Lastly, 3 studies13,18,19 did 
not report whether procedures were administered 
independently.

Cohen kappa revealed very good preconsensus interrater 
agreement in the scores evaluated with the COSMIN checklist  
(κ = 0.855-1.000) (Appendix Table A2, available online). The 
preconsensus interrater reliability was good for the rating 
related to measurement errors (COSMIN checklist, Box C)  
(ICC = 0.879, 95% CI = 0.514-0.975) and excellent for reliability 
measures (Box B) and criterion validity (Box H) (ICC = 0.958, 
95% CI = 0.808-0.992 and ICC = 1.000, respectively).

To facilitate understanding, the results of the gathered studies 
are reported according to the outcomes examined and the 
psychometric properties (Appendix Table A3, available online). 
The level of evidence found for the psychometric properties 
examined is available in Appendix Table A5 (available online).

Foot Strike Patterns
Inter- and Intrarater Reliability

There is strong evidence that the 2D video system is highly 
reliable (intra- and interrater reliability) in determining FSP 
during running on a treadmill. Six out of 7 studies6,10,12,18,19,29 (4 
HQ, 2 GQ) investigated the intra- and interrater reliability and 
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found excellent or very good coefficients for these psychometric 
properties (Gwet’s agreement coefficient [AC] > 0.92 or κ > 0.80) 
(Appendix Table A3, available online). A single GQ study4 
found good (κ = 0.63-0.69) and moderate coefficients (κ = 0.41-
0.53) for inter- and intrareliability, respectively, for the 2D video 
system to assess FSP during running.

Validity

There is limited evidence that 2D video is a valid method of 
assessing FSP during treadmill running. A single HQ study10 
found excellent agreement coefficients (>0.90) between 2D 
video analysis and the 3D motion analysis system to determine 
FSP in patients with patellofemoral pain.10

Step Rate
Inter- and Intrarater Reliability

There is strong evidence that a 2D video system is a highly 
reliable tool to assess step rate during running. Two HQ 
studies,10,13 found excellent interrater reliability coefficients (ICC 
> 0.90) using a 2D video system to calculate the step rate during 
treadmill running.

Evidence for the intrarater reliability of the 2D video for 
calculating the step rate is limited. A single HQ study10 found 
excellent intra-rater coefficients for both novice and 
experienced assessors (ICC = 0.984 and 0.998, respectively) 
during evaluation of the step rate in patients with patellofemoral 
syndrome using a 2D video system.

Validity

Limited evidence exists on the concurrent and overall validity of 
the 2D video for calculating step rate in recreational runners. A 
single HQ study13 found an excellent coefficient (ICC = 0.901) 
for measuring running step rate when compared with the 
Myotest accelerometric system and Optojump Next modular 
system to evaluate the strides.

Discussion

The purpose of this systematic review was to synthesize the 
current evidence concerning validity and reliability of the 2D 
video-based assessment in determining the FSP and calculating 
the step rate during running. Our main finding was the strong 
evidence suggesting that 2D video analysis is a highly reliable 
tool for determining FSP and calculating the step rate during 
running. In contrast, evidence that the 2D video analysis is valid 
for the same outcomes is still limited and more studies are 
needed.

Despite the existence of several methods for evaluating the FSP 
such as force plates, pressure plates, accelerometers, and so on, 
2D video analysis emerges as the cheapest and easiest to install, 
providing convenience and cost-effectiveness for clinicians.22,34 
The FSP during treadmill running can be quantified in a reliable 
manner by clinical observation. Altman and Davis1 validated the 
real-time visual assessment of FSP against a gold standard (3D 
kinematics). However, this real-time evaluation does not allow as 

meticulous analysis as using the video recording equipment. 
Reevaluation or interrater comparison can be easily performed 
when video recording is available. Therefore, clinicians often 
review the gait or running videos using slow playback or 
frame-by-frame to evaluate gait or running.29

In clinical practice, the FSP assessments can be useful for 
evaluating risk factors of lower limbs RRIs. Therefore, it is 
crucial that this evaluation be reliable. The reliability of the 2D 
video analysis in evaluating and classifying the FSP can be 
examined according to the type of strike (rearfoot, midfoot, 
forefoot strike). de Almeida et al6 demonstrated that most 
recreational runners were rearfoot (95.1%), while 4.1% was 
midfoot, and 0.8% forefoot strikers during running. Runners 
with rearfoot strikes are believed to be more susceptible to 
RRIs16 due to increased vertical loading rates compared with 
midfoot and forefoot.35 Although there is some divergence on 
the influence of the FSP on RRIs, clinicians are recommended to 
assess the FSP as part of their clinical interventions. Sometimes, 
runners are advised to change their FSP during the rehabilitation 
process.4

Three parameters have been suggested as potential factors that 
could influence the validity and the reliability of 2D video 
analysis of FSP and step rate; namely, the clinical experience of 
the assessor, settings for 2D video recordings, and categorization 
of FSP. The next 3 sections will, therefore, discuss these 3 
factors.

Clinical Experience of the Assessor

Esculier et al10 demonstrated that the experience of the assessor 
does not affect the reliability of a 2D video analysis in assessing 
the FSP or calculating the step rate. The authors analyzed the 
performance of novice and experienced clinicians in examining 
both the FSP and the step rate of runners with patellofemoral 
pain during treadmill running. No significant differences 
between novice and experienced assessors were observed for 
intra- and interrater reliability and concurrent validity analysis.

Settings for 2D Video Recordings

The video assessments can be hampered by the setup. For 
instance, excessive light or pixelation in cameras may influence 
the reliability of a 2D video analysis, having a direct impact on 
the image quality.4 A previous study6 has argued that video 
analysis for identifying the stride events, especially the initial 
foot contact, is harder when using a lower frequency camera, 
which may increase the possibility of misclassification of the 
FSP.11,29

Hasegawa et al15 used a 120-Hz video camera to determine 
the FSP. More recently, Pipkin et al29 demonstrated that a 2D 
video camera at 120 Hz is reliable for assessing the initial 
contact, midstance, and midflight during gait. The authors found 
that adequate intrarater reliability was observed in both healthy 
and injured runners. Esculier et al10 used a simple 30-Hz 
high-speed video camera to record images. Their results 
demonstrated that an excellent index of reliability of the 2D 
video analysis on FSP and step rate can be achieved with a 
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camera of 30 Hz. Therefore, the 2D video assessments do not 
require very expensive equipment since a lower frame rate 
camera did not affect the reliability of the 2D video assessments.

Categorization of FSP

The type of scale used to determine FSP was one of the main 
differences among the included studies. Two of them used a 3-point 
scale, 1 used a 4-point scale, and 4 used 5-point scale categories.

According to Munro et al,26 FSP categorized in a 5-point scale 
may replicate more realistically the dynamics of the human 
movement in comparison with 3-point scales. Damsted et al4 
categorized the FSP in 5 categories (heel, heel/midfoot, midfoot, 
midfoot/forefoot, and forefoot) and argued that 5-point scales 
may allow more detailed comparison of breaking patterns 
among the scales, which may increase the accuracy in detecting 
specific injuries related to the FSP. Studies using 5-point scales 
often argue that 3-point scales are not enough to evaluate the 
direct correlation between the risk of RRIs due to velocity, 
direction, and timing of a foot strike.4 Notwithstanding, while 
some studies have ascertained that 5-point scales may provide 
an important effect on the identification of the FSP, and 
therefore enhance clinical relevance, other studies have found 
similar results using 3- or 4-point scales, in terms of reliability. 
Pipkin et al29 found excellent reliability (κ = 0.85-0.86) of a 
running gait analysis using 4 categories of FSP (heel, rearfoot, 
midfoot, forefoot strike). Their results showed good reliability in 
gait-event detection and very low error (<0.01 s at 120 Hz) for 
detecting initial contact and midstance.29 Hasegawa et al15 and, 
more recently, Esculier et al10 supported the use of 3-point 
scales for determining the FSP as a better option to optimize the 
reliability of the 2D video analysis. Nonetheless, Esculier et al10 
showed that the reliability of the 2D video setup is not 
compromised by the number of categories in which the FSP is 
classified. In this context, our results confirmed that the number 
of categories or scales used for examining the FSP seems not to 
affect the reliability of the 2D video analysis. Results from 
Esculier et al10 also support the use of the 2D video analysis as 
a valid method for evaluating both the FSP and the step rate, 
since good to excellent concurrent validity were observed using 
2 (rearfoot, non–rearfoot strike) or 3 categories (rearfoot, 
midfoot, forefoot strike).

Limitations

Despite the methodological rigor of our systematic review, we 
recognize several limitations of this study. First, 62.5% of the 
studies included in this systematic review6,12,13,18,19 reported the 
psychometric properties of the 2D video analysis as a secondary 
objective. Therefore, relevant discussions on the psychometric 
properties of the 2D video analysis were not provided. Second, 
few studies have investigated the validity of the 2D video-based 
analysis for the outcomes of interest. Third, 75% or more of the 
studies failed to report information on inclusion and exclusion 
criteria or presented an inadequate sample size, which may 
have influenced our critical appraisal. Finally, it is important to 
highlight that although kinetics and kinematics evaluated on a 

treadmill are comparable with overground running, they are not 
equivalent. In fact, for treadmill-based evaluations to be reliable, 
the treadmill surface needs to be sufficiently stiff and the belt 
speed adequately regulated.30 These parameters may influence 
the clinicians’ evaluation of FSP and step rate.

Clinical Recommendations

Based on the evidence concerning reliability, we recommend 
the use of the 2D video analysis to determine the FSP and to 
calculate the step rate during running. Among the reasons that 
justify our decision of recommending the 2D video for analysis 
of FSP and step rate, we highlight the excellent results observed 
for both outcomes. In addition, the fact that clinicians do not 
need to be experienced in using 2D video systems corroborates 
this recommendation.

Although the validity of the 2D video systems has not been 
confirmed yet, the few studies that have examined it have 
presented excellent results. Therefore, clinicians and researchers 
have good reasons to be confident about using the 2D video 
analysis to guide their gait analysis and interventions.

To ensure high quality of the video recordings, a critical 
evaluation of the physical setup prior to data collection 
(calibration of angles, distance between device and runner, 
illumination, etc) is recommended.5 Furthermore, a standardized 
assessment procedure for analyzing running gait using a 2D 
video system may increase the quality of recordings, increase 
reliability, and ensure clinical effectiveness.36

Conclusion

Strong evidence confirms that 2D video-based assessment is 
reliable in determining FSP and calculating step rate during 
running. However, limited evidence indicates that the 2D video 
system is valid in determining FSP and step rate during running.
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