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Abstract
Footstrike patterns during running can be classified discretely into a rearfoot strike, midfoot strike
and forefoot strike by visual observation. However, the footstrike pattern can also be classified on
a continuum, ranging from 0–100% (extreme rearfoot to extreme forefoot) using the strike index,
a measure requiring force plate data. When force data are not available, an alternative method to
quantify the strike pattern must be used. The purpose of this paper was to quantify the continuum
of foot strike patterns using an easily attainable kinematic measure, and compare it to the strike
index measure. Force and kinematic data from twenty subjects were collected as they ran across
an embedded force plate. Strike index and the footstrike angle were identified for the four running
conditions of rearfoot strike, midfoot strike and forefoot strike, as well as barefoot. The footstrike
angle was calculated as the angle of the foot with respect to the ground in the sagittal plane.
Results indicated that the footstrike angle was significantly correlated with strike index. The linear
regression model suggested that strike index can be accurately estimated, in both barefoot and
shod conditions, in the absence of force data.

INTRODUCTION
There has been a growing interest in the mechanics associated with different footstrike
patterns (FSP) during running, especially in light of the suggested relationship between FSP
and injury [1–3]. FSPs can be classified into three groups. A rearfoot strike (RFS) is one
where the heel hits the ground first, a midfoot strike (MFS) is one where the foot lands flat
on the ground and forefoot strike (FFS) is where the ball of the foot first strikes the ground.
It has been reported that about 75% of all shod runners are RFS, 24% are MFS, and the
remaining 1% are FFS [4,5]. However, barefoot running is almost always associated with a
FFS or MFS pattern [6,7].
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While FSP can be visually classified into one of the three types, it is quantified by the strike
index (SI), using a force plate [6]. This is a measure of the location, at initial contact, of the
center of pressure (COP) along the long axis of the foot as a percentage of the total foot
length. The calculation is detailed in Figure 1. A SI of 0–33% indicates a RFS, 34–67% a
MFS, and 68–100% a FFS. Unfortunately, force data are not always available, as in the
natural running environment, or when running on a conventional treadmill. The advent of
instrumented treadmills does allow the calculation of SI during continuous running.
However, these force treadmills inherently introduce more noise to the force data than those
force plates that are floor-embedded. This noise adds significant error to the COP
calculation, and is especially troublesome when forces are low at initial contact. However,
the location of the COP should be related to the orientation of the foot at contact, with a
more dorsiflexed position associated with a lower SI. As a result, the angle of the foot
segment in the sagittal plane at footstrike may be provide a surrogate measure of SI.

Therefore, the purpose of this study was to determine whether SI can be estimated in the
absence of force data, using the kinematic measure of the footstrike angle (FSA) of the foot.
It was hypothesized that as FSA increased (towards more of a rearfoot strike) SI would
decrease in both barefoot and shod runners across a range of FSP.

METHODS
Twenty healthy runners (10 female, 10 male, aged 27.8 ± 8.9 yrs, running 20.7 ± 13.0 mi/
week) with various natural FSPs were recruited from the University of Delaware and
surrounding community. Each subject had markers placed on their right foot (Figure 2).
After subject calibration, anatomical markers were removed. Subjects ran across a force
plate (Bertec, Columbus, OH) until 5 trials were collected at 1000 Hz for each condition.
Each subject ran utilizing RFS, MFS, FFS and barefoot (BFS) conditions. In the BFS
condition, runners were asked to run comfortably, and were not instructed towards a
particular FSP. Both kinetic and kinematic data were sampled at 1000 Hz using an 8 camera
Nexus system (VICON, Oxford, UK). The high video frame rate was chosen to provide a
high temporal resolution for determining FSP.

Data were processed using Visual 3D (C-Motion, Rockville, MD). Marker data were low
pass filtered at 8 Hz and force data at 50 Hz. The SI was calculated for each trial as shown in
Figure 1, by representing the COP as a percentage of the foot length at footstrike. The FSA
was defined as described in Figure 2, by taking the angle of the foot at footstrike and
subtracting the angle of the foot during standing. A positive FSA indicated dorsiflexion. The
median SI from the 5 trials from each subject was then determined. FSA was calculated at
footstrike for each trial. The value from the trial corresponding with the trial containing the
median SI was used for analysis. Linear regressions were then conducted between the SI and
FSA. All statistics were performed using SPSS Software v.18 (IBM, Somers, NY) with and
α ≤ 0.05 as significant. The criteria for determining the MFS pattern classification was
established first. This was accomplished by calculating the mean, and standard error of the
mean (SEM) of the FSA of the MFSs. Only those trials that were classified by the SI as
MFS were used. A MFS was then defined as one that lies within ± 3 SEM. Those less than
the mean, minus 3*SEM, were defined as FFS, and those greater than the mean plus 3*SEM
were considered RFS.

RESULTS
In the shod condition, FSA was strongly correlated with SI, R = 0.92 (p < 0.01). The linear
regression model with FSA is shown in equation (1) and Figure 3.
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(1)

FSA was again strongly correlated with SI in the barefoot condition (R = 0.86, p < 0.01).
The linear regression model is shown in Equation (2) and Figure 3.

(2)

6 shod and 3 barefoot footstrikes were classified as MFS by the SI. These trials were used to
determine criteria for FSP classification. The mean FSA of the 9 total MFS was 3.2°, and
the SEM was 1.6°. Therefore, it was determined that a MFS = −1.6°<FSA < 8.0°, a RFS =
FSA > 8.0°, and a FFS = FSA < −1.6°.

Of the total 60 shod footstrikes processed (20 RFS, 20 MFS, 20 FFS based on visual
determination), the SI indicated that 29 were RFS, 6 were MFS, and 25 were FFS (Table 1).
This indicated that 46/60 (77%) FSPs were correctly determined visually when compared to
SI data. Using the SI as the gold standard, 28/29 (97%) of the RFS footstrikes, 5/6 (83%) of
the MFS footstrikes, and 16/25 (64%) of the FFS were correctly identified with FSA.
Overall, 49/60 (82%) of the shod footstrikes were identified correctly using the FSA. When
comparing the FSA classifications to visual assessment, 20/20 RFS were correctly
identified, 10/20 MFS, and 15/20 FFS. This Indicated that 45/60 (75%) FSA classifications
were in agreement with visual classification.

For the barefoot condition, subjects were not instructed in how to land. However, the SI
indicated that 2/20 were RFS, 3/20 were MFS, and 15/20 were FFS. When using the
prescribed FSA criteria, 0/2 RFS, 1/3 MFS, and 11/15 FFS footstrikes were correctly
identified. Overall, 12/20 (60%) of the barefoot footstrikes were identified correctly using
the FSA.

DISCUSSION
The purpose of this study was to determine whether FSA could serve as a surrogate for the
SI, an established measure of FSP. FSA was found to be a strong predictor of SI for both the
shod and barefoot conditions. The FSA data appear to be appropriately partitioned into the
correct ranges of SI, as the MFS are centered about 0°, corresponding to foot-flat, and RFS
and FFS are in good agreement with the SI and visual determination. This is especially for
the shod running. The explained variance by the model was slightly lower in the barefoot
condition. The increased motion in the mid and forefoot in the absence of shoes may have
added some error to the FSA measure.

Accuracy in visually identifying footstrike pattern was lowest for the MFS. Visual
assessment suggested that 20 footstrikes utilized MFS landings. However, when utilizing the
gold standard of the SI, only 6 subjects were truly landing with a MFS. This is likely due to
the error in trying to visualize a flat landing. Runners with a slight RFS or slight FFS pattern
may be deemed a MFS visually. However, it is likely that the overall accuracy of the visual
assessment would be improved using slow motion video data easily obtained from a
standard video camera. This type of assessment might lead to an even greater ability to
determine if one is a RFS, MFS, or FFS runner compared with the FSA method.

The true strength of this FSA measure, however, is that it is an objective, quantifiable,
continuous indication of FSP. This method provides the ability to assess gradations of strike
patterns, not possible with a subjective visual analysis. In addition, this provides a practical
alternative to FSP assessment when force data are not available. Finally, while a motion

Altman and Davis Page 3

Gait Posture. Author manuscript; available in PMC 2013 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



analysis system was used in this study, this method can be easily translated into community
settings. Using only a high-speed video camera and a simple angle extraction program, the
continuum of FSPs can be evaluated during races or on treadmills in the clinic.

CONCLUSION
FSA was significantly correlated with SI in both barefoot and shod conditions. These data
suggest that FSA is an acceptable measure of FSP when force data are not available for both
barefoot and shod runners.
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Figure 1.
Calculation of the SI. The location of the COP at initial contact along the longitudinal axis
of the foot coordinate system (A), is normalized by the foot length and multiplied by 100 to
obtain a percentage of the foot length.
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Figure 2.
Five anatomical (red) and 5 tracking (white) markers on the shoe. The calcaneal tracking
markers were placed directly on the rearfoot, and can be seen through cutouts in the rear of
the shoe. FSA was calculated as the angle between vector AB and anteroposterior axis in the
lab coordinate system. The FSA in resting stance was subtracted from all values such that 0°
corresponds with a flat foot.
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Figure 3.
Regression model of SI vs. FSA. Each of the 20 subjects were tested in all 4 conditions,
thus, there are 60 shod data points (20 RFS, 20 MFS and 20 FFS determined by visual
inspection), and 20 barefoot data points.
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