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Background

Foot strike patterns during running are typically categorized into two types: non-rearfoot
strike (NRFS) and rearfoot strike (RES), or as three distinct types: forefoot strike (FFS),
midfoot strike (MFS), and RFS, based on which part of the foot lands first. Various
methods, including two-dimensional (2D) visual-based methods and three-dimensional
(3D) motion capture-based methods utilizing parameters such as the strike index (SI) or
strike angle (SA), have been employed to assess these patterns. However, the consistency
between the results obtained from each method remains debatable.

Hypothesis/Purpose

The purpose of this study was to examine the agreement for assessing foot strike patterns
into two (NRFS and RFS) or three types (FFS, MFS, and RFS) between 2D visual- and 3D
motion capture-based methods. The authors hypothesized that using two description
types (NRFS and RFS) would have high inter-method reliability; however, using three
description types (FFS, MFS and RFS) would have lower inter-method reliability because
of the difficulty in distinguishing between FFS and MFS.

Study design
Controlled Laboratory Study

Methods

Overall, 162 foot strikes from four healthy runners with various foot strike patterns were
analyzed. Running kinematics and kinetics were recorded using a 3D motion capture
system with a force platform. Each foot strike was filmed at 240 fps from the sagittal
perspective. The visual, SI, and SA methods were used, and the kappa values for each
method were calculated.

Results

An assessment of the two types of foot strike: NRFS and RFS, revealed almost perfect
kappa values (k = 0.89-0.95) among the visual, SI, and SA methods. In contrast, an
assessment of the three types: FFS, MFS, and RFS, revealed relatively low kappa values (k
=0.58-0.71). Kappa values within the NRFS category, which includes MFS and FFS,
ranged from fair to slight (k = 0.08-0.33).
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Conclusion

Previous laboratory findings that categorized foot strike patterns into two distinct types
may be applied in observational studies, clinical practice, and training situations.

Level of evidence
Level 2

INTRODUCTION

Foot strike patterns during running are classified into two
or three types depending on the specific part of the foot
that makes initial contact with the ground. A forefoot strike
(FFS) occurs when the ball of the foot or the front third
part of the foot lands before the heel. Midfoot strike (MFS)
involves the simultaneous landing of the whole foot, and
rearfoot strike (RFS) is characterized by the heel or rear
third of the foot landing first.12 In certain studies, FFS and
MES have been classified together as one group: non-rear-
foot strike (NRFS), in which the heel does not land first.3
RFS runners have demonstrated higher initial vertical load-
ing rates than NRFS runners; thus, RFS runners were con-
sidered to have a higher risk of running-related injury (RRI)
such as stress fracture of the lower extremities or plantar
fasciitis.#7 In contrast, NRFS runners demonstrated higher
force applied around the ankle joint than RFS runners;
thus, they were considered to have a higher risk of RRI oc-
curring in the Achilles tendon or lower leg.89

The strike index (SI), initially proposed by Cavanagh and
Lafortune! approximately 40 years ago, has become the
gold standard method for assessing foot strike patterns.
They measured the location of the center of pressure (COP)
at initial contact relative to the foot length as the SI, and
then, classified it into three patterns as follows: 66.7-100
% from the heel as FFS, 33.4-66.6 % as MFS, and 0-33.3
% as RFS. Many previous studies have used three-dimen-
sional (3D) motion capture systems with force platforms?
10 or pressure plate systems!112 in laboratories to measure
the COP location and then calculated the SI for assessing
foot strike patterns.

The strike angle (SA), which is the angle between the
foot and the running surface at initial contact relative to
static posture, is also commonly used for assessing foot
strike patterns.!3-15 A negative SA value indicates that the
ankle joint is more plantar flexed, whereas a positive SA
value indicates that it is more dorsiflexed. Altman and
Davis!3 previously proposed specific cut-off values of -1.6°
to differentiate between FFS and MFS and 8.0° to distin-
guish MFS from RFS. These values were calculated based on
kinematic data collected via a 3D motion capture system.
Thus, the SI and SA settled each value on a certain figure,
and assessment results of those methods were highly cor-
related.13 Consequently, SA is primarily used in laboratory-
based research, similar to the SI.

While two laboratory 3D motion capture-based methods
exist for evaluating foot strike patterns, there is also a vi-
sual classification method available for assessing foot strike
patterns in situ.23 Using a high-speed digital video camera
at 240 or 180 frames per second (fps), foot strike patterns
were visually classified into two or three types based on

the initial contact point of the foot with the surface. Visual
classification is predominantly utilized in field-based ob-
servational studies to assess the incidence of RRI for each
foot strike pattern type,l617 or to analyze step variables
in track events or road races.>3 In these earlier studies,
participants were filmed from a sagittal perspective, often
from outside the running track, and foot strike patterns
were assessed using two-dimensional (2D) images. Intra-
and inter-rater reliabilities of the visual classification re-
sults were excellent or very good on a treadmill or over-
ground.!819 However, the categorization of foot strike pat-
terns into two (NRFS and RFS) or three types (FFS, MFS,
and RFS) has been inconsistent, and there is no consensus
regarding whether NRFS should be further subdivided into
FFS and MFS.

Although the basics of the theory of classification meth-
ods are the same for the SI, SA, and visual classification,
studies examining the agreement among them are limited.
For example, in certain observational studies that exam-
ined the agreement among the SI, SA, and visual classifica-
tion involving overground running, the camera’s frame rate
was only 30 fps,20 or the pressure plate had a low sampling
frequency compared with the 3D motion capture systems
used in previous studies.l:13.21 These limitations can result
in an unclear representation of the foot touchdown dur-
ing running. Consequently, the consistency between the re-
sults of each classification method remains debatable, and
it remains uncertain whether the findings from laboratory-
based studies can be readily applied to observational in situ
studies. Previous observational studies, which used 2D vi-
sual classification for foot strike patterns, have revealed dif-
ferences in the type of RRI between foot strike patterns.l6:
17 While these studies referenced the aforementioned 3D
motion capture-based investigations in their discussions, it
is worth noting that the methods used for foot strike pat-
tern assessments varied across the studies. Therefore, it is
essential to clarify the degree of agreement between the SI,
SA, and visual methods for foot strike assessment to apply
laboratory findings to visual-based observational studies or
clinical practice.

The present study aimed to examine the agreement for
assessing foot strike patterns into two (NRFS and RFS) or
three types (FFS, MFS, and RFS) between 2D visual- and 3D
motion capture-based methods. The authors hypothesized
that classifying foot strike patterns into two types (NRFS
and RFS) have high inter-method reliability; however, using
three description types (FFS, MFS and RFS) would have
lower inter-method reliability because of the difficulty in
distinguishing between FFS and MFS using 2D methods.
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MATERIALS AND METHODS

PARTICIPANTS

Four healthy recreational male runners without lower-ex-
tremity injuries in the prior six months participated in the
study. Their age, height, and monthly running mileage were
verbally confirmed and entered into a Microsoft Excel (Mi-
crosoft Corp., Washington, USA) file on site. The study was
approved by the Ethics Committee of Waseda University
(#2021-384) and was conducted in accordance with the
tenets of the Declaration of Helsinki. All participants pro-
vided written informed consent before participation.

DATA COLLECTION

During all data collecting trials, participants used their own
running shoes. All of their shoes were standard running
shoes, and there were no low drop shoes or minimal
footwear. Before the data collection, participants had 15-30
min for both warm up, including static and/or dynamic
stretching and familiarization trial for running in their pre-
ferred speeds. Ten reflective markers (three tracking mark-
ers with red boundaries and seven anatomical markers)
were attached to the bottom and middle of the heel; upper
heel; lateral heel; first, third, and fifth metatarsal heads;
toe; medial and lateral malleolus of the right shoes; and
toes10.13 (Figure 1).

Prior to the running trial, a static standing calibration
trial was performed for at least 2 sec. Subsequently, the
running trial was performed on a 20 m runway using a 3D
motion capture system and force platforms (Figure 2). The
participants were instructed to run at their preferred run-
ning speeds and land on one of the force platforms with
their right foot under the following four conditions: un-
controlled habitual foot strike; FFS, to land with the third
part of the foot; MFS, to land with the mid-third part of
the foot or simultaneously land the whole foot; and RFS, to
land with the rear third part of the foot. The sequence of
the conditions was randomized, and the participants ran 10
trials for each condition. If participants stepped force plat-
forms twice by their right feet in one trial, the analysis in-
cluded both steps.

The marker trajectories and ground reaction force were
recorded using a seven-camera 3D motion capture system
(T40-S, Vicon, Oxford, UK; 250 Hz) and three built-in force
platforms (9287C, Kistler Instrumente AG, Winterthur,
Switzerland; 1000 Hz, 0.9 m x 0.6 m), respectively. The x-,
y-, and z-axes of the global coordination system were de-
fined as the medial-lateral, anterior-posterior, and vertical
directions of the participants, respectively.

A high-speed digital video camera (GC-LJ25BM, Sports
Sensing, Fukuoka, Japan; 240 fps) was mounted on a sta-
tionary tripod at a height of 0.8 m perpendicular to the run-
way. All running trials were filmed from the participants’
sagittal perspective. Photocells (NT7728A, NISHI Sports,
Tokyo, Japan; 100 Hz) were placed at 15 m intervals along
the center of the runway to capture running times. Trials
were rejected if the participant obviously targeting the

force platforms, or if the participant accelerated or deceler-
ated during a trial.

DATA PROCESSING — KINEMATIC AND KINETIC DATA

The marker trajectories were reconstructed and labeled us-
ing Vicon Nexus 2.11 (Vicon Motion System Limited, Ox-
ford, UK). The marker trajectories and ground reaction
force data were filtered using a fourth-order low-pass But-
terworth filter at 8 and 50 Hz, respectively.l0 The body
weights (BW) of the participants were calculated using the
ground reaction force in a static standing calibration trial.
The point of initial contact was defined as the moment at
which the ground reaction force exceeded 20 N.20 All foot
strikes were classified as RFS, MFS, or FFS using the SI and
SA methods.

The SI was calculated using the location of the COP
at the initial contact relative to the foot length, which is
the distance between the heel and toe. Subsequently, foot
strike patterns were classified into three types: FFS,
66.7-100%; MFS, 33.4-66.6%; and RFS, 0-33.3%.112 Fur-
thermore, FFS and MFS were combined as NRFS: SI of
33.3-100%.

The SA was calculated by subtracting the foot angle dur-
ing the static standing trial from that at the initial contact
during the running trial in sagittal plane. The foot was de-
fined as the line connecting the third metatarsal and bot-
tom of the heel, with the foot angle representing the angle
between the foot and the ground. Foot strike patterns were
classified into three types: FFS, <-1.6°; MFS, between -1.6°
and 8.0°; and RFS, >8.0°.13 Furthermore, FFS and MFS were
combined into the NRFS category, defined as SA <8.0°.

All calculations were performed using Microsoft Excel
and MATLAB R2021b (MathWorks Inc., Natick, MA, USA).

DATA PROCESSING — HIGH-SPEED MOVIE AND
RUNNING SPEED

All images filmed during data collection were processed us-
ing QuickTime for Windows (Apple Inc., CA, USA), and an
experienced researcher performed visual classification into
the following three types according to which part of the foot
landed first: RFS, the rear-third part of the foot lands first;
MFS, the mid-third part of the foot lands first or whole foot
lands simultaneously; and FFS, the front third part of the
foot lands first.2 NRFS was defined as FFS and MFS (Figure
3).3

The running time to pass the runway was measured us-
ing photocells, which were placed at 15 m intervals. This
time was then converted to running speed using the follow-
ing formula:

hotocell interval
Running speed (m/sec) = photocell interval (m)

running time (sec)
STATISTICAL ANALYSIS

Prior to the analysis, a weighted kappa was computed for
the visual foot strike assessment to evaluate inter-rater re-
liability. This involved assessing 30 randomly selected foot
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B.

Figure 1. Ten reflective markers (three tracking markers with red boundaries and seven anatomical markers) on
the right shoes of the participant: A. lateral view and B. medial view.

force platform 1

force platform 2

force platform 3

A

photocell

o

A

photocell

high-speed camera

Figure 2. Data collection arrangement.

strikes three times. The resulting value was 0.933, indicat-
ing almost perfect reliability.

Afterward, a simple kappa value along with a 95% con-
fidence interval (95%CI) was calculated to confirm the re-
liability between the SI and visual methods, as well as be-
tween the SA and visual methods, for assessing foot strike
patterns. This analysis was performed for both two type

classification (NRFS and RFS), three type classification
(FFS, MFS, and RFS), and within the NRFS (FFS and MFS).
Kappa values were categorized as almost perfect when >
0.81, substantial from 0.61 to 0.80, moderate from 0.41 to
0.60, fair from 0.21 to 0.40, and slight when < 0.20. All sta-
tistical analyses were performed using IBM SPSS Statistics
for Windows version 28 (IBM Corp., Armonk, NY, USA).
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"1""

Figure 3A. Examples of 2D visual assessments for each
foot-strike pattern: Forefoot strike (FFS).

Figure 3B. Examples of 2D visual assessments for each
foot-strike pattern: Midfoot strike (MFS).

RESULTS

The participants’ characteristics and running speeds during
data collection are presented as means * standard devia-
tions in Table 1. Overall, 162 foot strikes from four runners
were analyzed, including two trials of two steps in one trial.

Figure 3C. Examples of 2D visual assessments for each
foot-strike pattern: Rearfoot strike (RFS).

The number and values of each foot strike assessment
are presented as means * standard deviations in Table 2.

In the foot strike assessment using SI, there were 44 in-
stances of FFS (SI, 78.0 * 8.4%), 38 instances of MFS (SI,
55.3 £ 9.8%), and 80 instances of RFS (SI, 15.9 + 8.1%).
In the foot strike assessment using SA, there were 40 in-
stances of FFS (SA, -5.2 * 2.6°), 39 instances of MFS (SA,
1.7 £ 2.6°), and 83 instances of RFS (SA, 21.8 £ 7.7°). For the
foot strike patterns obtained through 2D visual assessment,
there were 43, 37, and 82 instances of FFS, MFS, and RFS,
respectively. The SI and SA values for FFS, MFS, and RFS
based on 2D visual assessment were as follows: FFS, 71.1 +
8.4% and -5.2 £ 2.6°; MFS, 55.3 £ 9.8% and 1.7 * 2.6°; RFS,
15.9+8.1% and 21.8 = 7.7° (Figures 4A and B).

For foot strike classification into two types (NRFS and
RFS), kappa values and 95%CI between the visual and both
ST and SA methods were almost perfect (k = 0.90 [0.82, 0.98]
and 0.95 [0.90, 1.00], respectively) (Table 3A and B). The
kappa value and 95%CI between the SI and SA methods
were almost perfect (k = 0.91 [0.85, 0.98]).

In the classification of foot strike patterns into three
types (FFS, MFS, and RFS), kappa values and 95%CI be-
tween the visual and SI or SA methods ranged from mod-
erate to substantial (k = 0.58 [0.48, 0.68] or k = 0.71 [0.62,
0.80]) (Tables 4A and B). In particular, kappa values and
95%CI between the methods for FFS and MFS were found
to be fair or slight (k = 0.08 [-0.15, 0.31] or k = 0.33 [0.11,
0.54]) (Tables 5A and B).

DISCUSSION

To the best of the authors’ knowledge, this study represents
the first attempt to analyze the concordance between foot
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Table 1. Means * standard deviations for the participants’ characteristics and running speeds during data

collection.
Participant Age Height Weight Mor.lthly running Running spefed during data
[years] [em] [ke] mileage [km] collection [m/s]
A 31 168.2 523 100 3.0
B 25 176.5 65.2 200 35
C 28 171.9 61.9 150 21
D 29 168.7 63.7 100 26
Mean 28.3+25 171.3+3.8 60.8+5.8 137.5+47.9 27+05

Table 2. Number and values of each foot strike pattern assessment.

FFS MFS RFS
SI[N (%)] 44(78.0+8.4) 38(55.3+9.8) 80(15.9+8.1)
SA|[N (degrees)] 40(-5.2+2.6) 39(1.7+£2.6) 83(21.8+7.7)
Visual [N] 43 37 82

FFS: forefoot strike, MFS: midfoot strike, RFS: rearfoot strike, SI: strike index, SA: strike angle

strike assessments utilizing both a high-speed video cam-
era and a 3D motion capture system. The agreement among
the visual, SI, and SA classification methods was investi-
gated for evaluating foot strike patterns. Overall, 162 foot
strikes, including various foot strike patterns, were ana-
lyzed. In the running trials, participants were asked to use
uncontrolled habitual foot strike, FFS, MFS, and RFS, and
the numbers of NRFS and RFS were nearly the same, re-
gardless of the assessment method.

As hypothesized, the kappa values of the agreement be-
tween the visual and both SI and SA methods for the two
types of foot strike patterns, NRFS and RFS, were almost
perfect (k = 0.89 and 0.95, respectively). In contrast, the
kappa values of the agreement between those methods for
the three types of foot strike patterns, FFS, MFS, and REFS,
were relatively low compared with those for the two types
(k =0.58-0.71). Particularly among NRFS, between FFS and
MES, the kappa values indicating agreement between those
methods were fair or slight (k = 0.08-0.33).

In a prior study, the assessment of the two types of foot
strike patterns, NRFS and RFS, demonstrated both validity
and reliability when using a visual method with a standard
video camera capturing footage at 30 fps, as well as the SA
method during overground running.20 Another study indi-
cated high agreement between the visual method using a
high-speed video camera and the SI method with a pressure
plate of 120 Hz.2! However, in those studies, the frame rate
of the video camera or sampling frequency of the pressure
plate system was lower than that of previous studies.210,22
This reduced frame rate or sampling frequency was consid-
ered insufficient to capture the timing of foot strikes accu-
rately.20.23 In this study, a 240 fps high-speed video cam-
era, equivalent to those employed in previous analyses of
athletic events,23 was utilized alongside a 3D motion cap-
ture system operating at 250 Hz. This sampling frequency
significantly surpassed that of earlier studies with lower
sampling rates.20.21 The findings imply that foot strike as-

sessment in NRFS and RFS demonstrates a rational ap-
proach to the methods, and the laboratory-based evalu-
ations of foot strike patterns for these two types can be
extrapolated to observational studies or clinical practice.

Previous observational studies have revealed that NRFS
runners are three times more likely to experience RRI at
their Achilles tendon than RFS runners!? and that RFS run-
ners have a two-fold higher rate of RRI than NRFS run-
ners.16 These studies utilized 2D visual-based methods for
assessing foot strike patterns via high-speed movies, while
also referencing 3D motion capture-based studies in their
discussions. NRFS runners exhibited greater force applied
around the Achilles tendon and triceps surae compared
to RFS runners in those studies, suggesting a heightened
risk of Achilles tendinopathy. The current findings rein-
force their conclusions by elucidating the consistency of
assessment methods, indicating the potential extension of
laboratory-based findings regarding the disparity between
NRFS and RFS to observational in situ studies. Conse-
quently, physiotherapists and athletic trainers might be
able to evaluate the risk of RRI according to the foot strike
patterns using high-speed movies. This could eliminate the
need for time- and cost-consuming 3D motion capture sys-
tems.

When assessing the three types of foot strike: FFS, MFS,
and RFS, relatively lower agreement was noted compared
with that observed for the two types, as previously men-
tioned. Specifically, when comparing the 2D visual method
with the SI as the gold standard, the kappa value for the
three types was moderate (kK = 0.58), whereas for the two
types, it was nearly perfect (k = 0.90). A previous study,
which examined the intra- and inter-rater reliability of foot
strike pattern assessment across various types of foot strike
patterns, demonstrated a high level of reliability, particu-
larly for two types: NRFS and RFS (k > 0.80); however, there
was relatively low reliability for classifying foot strike pat-
terns into three or more types (k = 0.41-0.69).24 The pre-
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Figure 4. SI and SA for each foot strike pattern using 2D visual assessment. A: Strike index for each foot-strike
pattern using 2D visual assessment. B: Strike angle for each foot strike pattern using 2D visual assessment.

FFS, forefoot strike; MFS, midfoot strike; RFS, rearfoot strike.

sent study also exhibited low agreement among the three
types. The discrepancy in actual values between FFS and
MFS, with an SI of 78.0% vs. 55.3%, translates to a 5 cm
difference, assuming a foot size of 26 cm. Alternatively, for
SA, the difference was only 6.9°. This subtle distinction can
pose challenges in visual discernment, particularly when

capturing the entire body; therefore, identifying FFS and
MFS may be difficult, irrespective of the methods or devices
employed. Thus, assessing the three types of foot strike
patterns might not be appropriate when applying these
findings to in situ studies or clinical practice.
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Table 3. Contingency table of agreement for foot strike pattern for two types—NRFS and RFS. A: strike index and
2D visual assessment, B: strike angle and 2D visual assessment.

Sl
A
NRFS RFS Total
NRFS 74 1 75
Visual RFS 8 79 87
Total 82 80 162
k =0.90[0.82,0.98],p < 0.001
SA
B
NRFS RFS Total
NRFS 75 0 75
Visual RFS 4 83 87
Total 79 83 162
K =0.95[0.90, 1.00], p < 0.001

NRFS: non-rearfoot strike, RFS: rearfoot strike, SA: strike angle

Table 4. Contingency table of agreement for foot strike pattern for three types. A: strike index and 2D visual

assessment, B: strike angle and 2D visual assessment.

Sl
A
FFS MFS RFS Total
FFS 27 16 0 43
MFS 17 14 1 32
Visual
RFS 0 8 79 87
Total 44 38 80 162
Kk =0.58[0.48,0.68],p < 0.001
SA
B
FFS MFS RFS Total
FFS 29 14 0 43
MFS 11 21 0 32
Visual
RFS 0 4 83 87
Total 40 39 83 162
Kk =0.71[0.62,0.80],p < 0.001

FFS: forefoot strike, MFS: midfoot strike, RFS: rearfoot strike, SI: strike index

A previous study that classified foot strike patterns into
three types by the visual method indicated that MFS run-
ners had a higher prevalence of Achilles tendon injury and
FFS runners had a higher prevalence of posterior lower leg
injuries.2> The force applied around the ankle joints, such
as the Achilles tendon and triceps surae, has been reported
to be higher for NRFS runners, including both FFS and
MFS,89 and this might increase the risk for both Achilles
tendon and lower leg injury. In the present study, foot strike
patterns were classified into three types by visual method
with 125 fps high-speed movies.2> However, categorizing
foot strike patterns into three types may have lacked re-
liability, and it is important to note that a previous study

might not have accurately distinguished between FFS and
MFS. Consequently, caution is warranted when applying
the results of studies that classify foot strike patterns into
three types, particularly in observational studies and train-
ing scenarios. In the contemporary context, the widespread
availability of smartphones and tablets enables the conve-
nient capture of high-speed movies at 240 fps. Scientific
discoveries are frequently utilized by physiotherapists, ath-
letic trainers, and coaches to mitigate RRI or improve per-
formance, extending to clinical practice and training alike.
Notably, the current findings indicate that classifying foot
strike patterns into two types, NRFS and RFS, is more suit-
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Table 5. Contingency table of agreement for foot strike pattern for two types—FFS and MFS. A:

strike index and

2D visual assessment, B: strike angle and 2D visual assessment.

Sl
A
FFS MFS Total
FFS 27 16 43
Visual MFS 17 14 31
Total 44 30 74
k=0.08[-0.15,0.31],p < 0.001
SA
B
FFS MFS Total
FFS 29 14 43
Visual MFS 11 21 32
Total 40 35 75
Kk =0.33[0.11,0.54],p < 0.001

FFS: forefoot strike, MFS: midfoot strike, SI: strike index

able when utilizing high-speed movies in clinical practice
and/or training settings.

The present study has some limitations. The participants
ran at their preferred speeds, and the velocity of their feet
might have influenced the assessment of foot strike pat-
terns if the sampling frequency was inadequate. Nonethe-
less, it is crucial to highlight that in this study, the video
camera operated at a high frame rate of 240 fps. This is
akin to the video cameras typically used in analyzing ath-
letic events, which are marked by faster running speeds
than those observed in the present study.3 Thus, the run-
ning speed of the participants might have a limited impact
on the results of the present study. Another limitation is
that the results of the present study is based on a small
and homogenous sample from the participants of four male
runners. The number of foot strikes allowed for statistical
analysis, however, a wider range of participants’ demo-
graphics or running experience might lead to more robust
results.

CONCLUSION

For foot strike assessments for NRFS and RFS, the kappa
values of agreement between the visual, SI, and SA meth-
ods were nearly perfect. However, agreement values for the

three types (FFS, MFS, and RFS) was relatively low, espe-
cially between FFS and MFS. The laboratory findings that
assessed foot strike patterns for NRFS and RFS can be ap-
plied to observational studies or clinical and coaching situ-
ations; however, caution is advised when applying the find-
ings of foot strike patterns for the three types.
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