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Abstract

Objective. To compare the differential effect of custom orthoses on the lower extremity mechanics of a forefoot and rearfoot strike

pattern.

Design. Fifteen subjects ran with both a forefoot and a rearfoot strike pattern with and without orthoses. Lower extremity

kinematic and kinetic variables were compared between strike pattern and orthotic conditions.

Background. Foot orthoses have been shown to be effective in controlling excessive rearfoot motion in rearfoot strikers. The effect

of orthotic intervention on rearfoot motion in forefoot strikers has not been previously reported.

Methods. Five trials were collected for each condition. Peak rearfoot eversion, eversion excursion, eversion velocity, peak in-

version moment, and inversion work were compared between conditions. Kinematic variables in the sagittal plane of the rearfoot

and in the frontal and sagittal plane of the knee were also determined.

Results. Increased rearfoot excursions and velocities and decreased peak eversion were noted in the forefoot strike pattern

compared to the rearfoot strike pattern. Orthotic intervention, however,did not significantly change rearfoot motion in either strike

pattern. Reductions in internal rotation and abduction of the knee were noted with orthotic intervention.

Conclusions. Foot orthoses do not differentially effect rearfoot motion of a rearfoot strike and a forefoot strike running pattern.

Orthotic intervention has a larger and more systematic effect on rearfoot kinetics compared to rearfoot kinematics.

Relevance

Due to the similarity in response to orthotic intervention, foot strike pattern should not be a factor when prescribing a foot

orthoses for controlling rearfoot motion.

� 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

The effects of orthotic intervention on rearfoot mo-

tion have been studied extensively. While some studies

have shown no effect (McCulloch et al., 1993; Stacoff

et al., 2000; Nawoczenski et al., 1995) others have re-

ported a reduction in some component of rearfoot mo-

tion including peak rearfoot eversion (Bates et al., 1979;
Rodgers and Leveau, 1982) total rearfoot range of

motion (eversion excursion) (Baitch et al., 1991; Novick

and Kelley, 1990), and rearfoot eversion velocity (Smith
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et al., 1986). Some of the discrepancy in the literature is

related to the small (but perhaps clinically relevant) ef-

fect size combined with high variability in response to

orthotics and relatively low subject numbers in many of

the studies.

All orthotic studies to date have been performed on

runners who strike the ground with their heel first

(rearfoot strikers). However, there are individuals who
do not utilize this type of strike pattern when running.

Kerr et al. (1983) filmed a total of 753 runners during a

10-km road race and a marathon and reported that

nearly 20% made initial ground contact with their

midfoot or forefoot. Additionally, a survey study re-

ported that 27% of males and 39% of females strike the

ground with their forefoot (the authors did not specify

mail to: claughton@shrinenet.org
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whether their group included sprinters who are mostly
forefoot strike (FFS) runners) (Brunet et al., 1990).

FFS runners have been shown to exhibit different

rearfoot mechanics compared to rearfoot strike (RFS)

runners (McClay and Manal, 1995). RFS runners land

in approximately 5� of rearfoot inversion and evert to
approximately 10� of eversion at midstance. FFS run-
ners exhibit similar peak eversion values at mid-stance

compared to rearfoot strikers but contact the ground in
a greater degree of inversion, resulting in greater ever-

sion excursions and eversion velocities. Foot orthotic

devices (FODs) are designed to provide rearfoot control

in early stance, when the heel is on the ground. While

the heel may contact the ground during mid-stance in a

FFS pattern, the rearfoot is not in contact with the

ground in early stance when orthotics are purported to

provide rearfoot control. Therefore, a FFS pattern may
be a contraindication for the prescription of a biome-

chanical foot orthosis.

While the focus of orthotics studies have been on the

rearfoot, orthotic devices are also prescribed to runners

with overuse injuries of the knee. Pronation of the

subtalar joint is coupled with internal rotation of the

tibia, which, in turn accompanies flexion of the knee

(Hamill et al., 1992; McClay and Manal, 1997). There-
fore, restricting movement of the rearfoot complex may

indirectly control knee motion and result in alleviating

knee pain (Eng and Pierrynowski, 1993; Way, 1999).

However, few studies have examined the effect of foot

orthotics on knee mechanics. Furthermore, no studies

have assessed the effect of a foot orthosis on the knee

kinematics of a FFS pattern.

The purpose of this study was to compare the effect of
orthotic intervention on the rearfoot motion of both a

FFS and RFS pattern. It was hypothesized that FODs

would decrease peak rearfoot eversion, eversion excur-

sion, and eversion velocity with a RFS pattern but not

with a FFS pattern. It was also expected that orthotics

would decrease knee abduction and internal rotation in

the RFS pattern but not in the FFS pattern as these

motions are associated with pronation.
2. Methods

Fifteen runners between the ages of 18 and 45 years

and with no history of orthotic use participated in this

study. Subjects were recruited by sending flyers to local

running clubs, to the cross-country team at the univer-
sity, and to physical education running classes at the

university. All subjects were free of injury at the time of

the study. Previous research has shown that RFS run-

ners, when asked to run with a FFS pattern, do not

differ in rearfoot kinematics or kinetics from natural

FFS runners (Williams et al., 2000). In order to simplify

subject recruitment and increase statistical power by
utilizing a repeated measures design, the participants in
this study were all RFS runners. Any subjects exhibiting

abnormal standing lower extremity alignment (i.e. genu

varum, pes planus, pes cavus) were excluded. In addi-

tion, subjects who lacked normal rearfoot range of

rearfoot motion (approximately 10� eversion to 20� in-
version), or exhibited forefoot malalignments (varus or

valgus), were also excluded. All subjects exhibited a

standing relaxed calcaneal position between 0� and 5� of
eversion. The University Human Subjects Review Board

approved all methodological procedures and subjects

gave an informed written consent prior to participation.

Semi-rigid FODs, fabricated from suborthelene with

neoprene covers, were constructed from non-weight

bearing, neutral positioned plaster casts (Losito, 1996).

As all subjects exhibited lower extremity alignment and

structure that was within normal limits, all orthoses
were posted similarly with 6� of varus posting to assist in
controlling eversion. No forefoot posting was added as

subjects with forefoot deformities were excluded. The

subjects underwent a gradual two-week adjustment pe-

riod with the FODs. After this adjustment period, the

subjects returned to the lab for collection of three-

dimensional kinematic and ground reaction force data

on their dominant leg.
Retro-reflective markers were placed over the greater

trochanters bilaterally, the lumbo-sacral joint, medial

and lateral femoral condyles, medial and lateral malle-

oli, on the medial and lateral borders of the first and

fifth metatarsal head respectively, and on the forefoot in

order to establish anatomical coordinate systems for the

pelvis, thigh, shank, and foot segments.

Additionally, non-collinear tracking markers were
placed on each segment. Efforts were made to reduce the

effects of marker artifact due to skin movement by

choosing marker placement sites with minimal under-

lying soft tissue. In addition, a previous study compar-

ing bone pin data to skin marker data was done to

determine the optimal marker configuration for the

shank (Manal et al., 2000). All subjects ran in Nike Air

Pegasus shoes (Nike, Beaverton, OR). Holes were cut
out of the heel counter to allow the markers to be at-

tached to the calcaneus and project through the shoe.

This was accomplished by attaching the marker bases

directly to the heel. Once the shoe was on, angled ex-

tensions were placed on the bases to which the markers

were attached. The angulation of the extensions was

determined through pilot work with the goal of pro-

viding minimal angular error (a maximum error of 1.28�
was determined). The optimal size of the holes was de-

termined such that the markers could project through

the shoe without interference during running. Subse-

quent tests with an Instron materials testing device

(Instron Corp., Canton, MA, USA) revealed an ac-

ceptable 10% decrement in heel counter stability as a

result of the holes.
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Five trials for each of four conditions were collected:
RFS without the FOD, RFS with the FOD, FFS

without the FOD, FFS with the FOD. Several practice

trials were performed with the FFS pattern so the sub-

jects could adjust their gait pattern before any data were

collected. A 3.7 m s�1 (±5%) running speed was moni-

tored by two photoelectric beams and a timer.

Video data were collected at 120 Hz with a 6 camera

motion analysis system (VICON, Lake Forest, CA,
USA). Marker coordinates were low-pass filtered at 8

Hz. Ground reaction force data were collected at 960 Hz

with a Bertec force plate (Bertec Corp., Columbus, OH,

USA) and were low-pass filtered at 50 Hz. Filtering

these data decreased the noise in the center of pressure

data in early stance, which allowed a more accurate

assessment of the strike index used to verify the strike

pattern for each trial (Cavanagh and Lafortune, 1980).
Rearfoot and knee joint kinematics and kinetics were

calculated using MOVE3DMOVE3D (National Institutes of Health

Biomechanics Laboratory, Bethesda, MD, USA) as well

as additional custom software. All angular displacement

data were resolved about a joint coordinate system

(Grood and Suntay, 1983). Angular velocity and angu-

lar kinetic data were calculated using a helical axis

method. In order to resolve the axis about a more
meaningful anatomical orientation, the direction cosines

were calculated to correspond to flexion–extension, ab-

duction–adduction, and internal–external rotation.

The primary variables of interest included peak

rearfoot eversion, eversion excursion, eversion velocity,

inversion moment, and inversion work. Rearfoot in-

version moment and inversion work values were nor-

malized to height and weight of each subject. While the
focus of the study was on the frontal plane rearfoot

mechanics, secondary variables of interest included peak

dorsiflexion velocity, and dorsiflexion excursion. In ad-

dition, peak knee flexion, knee flexion velocity, and knee

flexion excursion were also included in the analysis in

order to provide further information on the effect of the

orthotic devices on knee mechanics. Once the discrete

values were extracted, each of the rearfoot and knee
angular curves from the subjects’ five trials were nor-

malized to 100% of stance then averaged to produce

composite mean curves for each subject. Ensemble av-

erage curves were then made for each experimental

condition.

2.1. Statistical analysis

Two-way repeated measures analysis of variance

(ANOVAANOVA) tests were performed to determine differences

in rearfoot kinematic and kinetic parameters with two

main effects: orthotic condition and strike pattern

(P < 0:05). Summary statistics (mean and standard de-
viation) were calculated for secondary variables of in-

terest for the main effects.
3. Results

The rearfoot and knee angular graphs for a FFS and

RFS pattern are presented in Figs. 1 and 2. During the

first half of stance of the FFS pattern, the foot landed in

plantarflexion and immediately moved into dorsiflexion.

In contrast, the RFS pattern began in a dorsiflexed

position followed by some plantarflexion to get the foot

plantigrade, and then moved into dorsiflexion. In the
frontal plane, both strike patterns began with rearfoot

inversion followed by immediate eversion, however the

FFS pattern exhibited greater inversion at foot strike

and consequently greater eversion excursion (Fig. 3).

The FFS pattern demonstrated a significantly lower in-

version moment and significantly greater eversion ve-

locity compared to the RFS pattern. No differences were

found in inversion work between strike patterns (Fig. 3).
The patterns of knee movement are similar between

strike patterns (Fig. 2). Descriptive statistics (means and

standard deviations in Table 1) reveal decreased knee

flexion velocity, and knee flexion excursion and in-

creased dorsiflexion velocity, and dorsiflexion excursion

for the FFS pattern compared to the RFS pattern (Ta-

ble 1).

No significant interactions were found between
orthotic intervention and strike pattern for any of the

variables suggesting there were no differential effects of

the orthoses on FFS and RFS patterns. The rearfoot

kinematic patterns were not significantly effected by the

orthotic intervention. Approximately two thirds of the

subjects demonstrated at least a 20% reduction in rear-

foot motion kinematic and kinetic variables. On aver-

age, a 24% and 33% reduction in inversion moment and
inversion work (respectively) were noted with orthotic

use (Fig. 3). A post-hoc power assessment indicated that

8–10 additional subjects would have been needed to

attain significance in the rearfoot kinetics. A shift in the

knee angular patterns in the orthotic condition was

noted in the frontal and transverse planes for both strike

patterns (Fig. 2). In the secondary variables of interest,

orthotic intervention increased dorsiflexion excursions
and reduced knee flexion velocities (Table 1).
4. Discussion

The purpose of this study was to determine the effects

of an orthotic device on the rearfoot motion of both a

FFS and RFS pattern. Contrary to the initial hypothesis,
the FODs had a similar effect on rearfoot mechanics for

both running patterns. Although there were no signifi-

cant findings for peak eversion, eversion velocity, or

eversion excursion, there were some subjects who did

demonstrate a reduction in rearfoot eversion with orth-

otic use. These data suggest that the response to orthotic

intervention is highly variable. Greater numbers of
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Fig. 1. Rearfoot angles in degrees. (A) Sagittal plane motion: dorsiflexion (DF) and plantarflexion (PF). (B) Transverse plane motion: adduction

(ADD) and abduction (ABD). (C) Frontal plane motion: eversion (EV) and inversion (INV). Slight reductions in plantarflexion and eversion oc-

curred when the foot orthosis was worn in both the FFS and RFS pattern. In the transverse plane, a slight reduction in abduction occurred

throughout stance when the foot orthosis was worn for the FFS pattern while a slight increase in foot abduction occurred in the first half of stance

when the foot orthosis was worn for the RFS pattern.
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subjects may assist with determining whether there may

be common factors among individuals who do get rear-
foot motion control with orthoses. This may help with

targeting those patients who are the best candidates for

orthotic intervention.

The lack of a significant orthotic effect on rearfoot

mechanics may indicate that the type of material used or

the amount of rearfoot posting was not substantial en-

ough to elicit a change in rearfoot motion. However, the

lack of significant findings has been supported by other
studies and may be a reflection of variability in response

to FODs (Stacoff et al., 2000; Nawoczenski et al., 1995).

Stacoff et al. (2000) reported that the effects of FODs on

rearfoot motion were small, insignificant, and inconsis-

tent between subjects. While this study included healthy

individuals, variability has been reported in studies with

asymptomatic, normally aligned subjects (Stacoff et al.,

2000) and studies in which a patient population was
used (Rodgers and Leveau, 1982). This variability in

response to orthotic intervention may explain, in part,

the lack of agreement in the orthotic literature. More

work is needed, however, in order to verify this.

While the reduction in inversion moment and inver-

sion work with the use of the FOD was non-significant,
there was possibly a clinically relevant reduction in the

means of these variables. Inversion moment and inver-
sion work during the first half of the stance phase during

running and walking are indicative eccentric control of

eversion. The tibialis posterior provides the major con-

trol of this movement. The reductions in inversion mo-

ment and inversion work may provide a clearer

mechanism for alleviating injuries with orthotic use such

as posterior tibial tendonitis.

The investigation into sagittal rearfoot motion re-
vealed an increase in dorsiflexion excursion with the use

of the FOD. While Bates et al. (1979) and McCulloch

et al. (1993) did not report excursions, they did note an

increase in peak dorsiflexion with orthotic use. The FOD

may elevate the medial arch of the foot, resulting in a

more mediolateral position of the subtalar joint axis

leading to an increase in dorsiflexion about this axis.

Little is known regarding the effects of FODs on midfoot
motion due to the difficulty in measuring these mechanics

with surface markers. However, it is likely that along with

the small reduction in rearfoot motion, midfoot motion

was limited as well. These reductions may have led to a

compensatory increase in dorsiflexion excursion to allow

the forward progression of the tibia over the foot.
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Fig. 2. Knee angles in degrees. (A) Sagittal plane motion: extension (EXT) and flexion (FLX). (B) Frontal plane motion: adduction (ADD) and

abduction (ABD). (C) Transverse plane motion: internal rotation (IR) and external rotation (ER). Note the decrease in knee abduction (genu

valgum) and the decrease in internal rotation with the use of the orthosis in both the FFS and RFS pattern.
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While the focus of orthotic research has been on
rearfoot mechanics, knee pain is reported to decrease

with the use of a FOD (Eng and Pierrynowski, 1993;

Way, 1999). However, the mechanism by which this

occurs has not been well understood. In the current

study, mean knee flexion velocity decreased with orth-

otic intervention for both RFS and FFS patterns. This

may result in reduced strain rates placed upon soft tis-

sues at the knee joint, thereby alleviating knee pain, such
as that associated with patellar tendonitis. It was also

interesting to note that the FOD decreased internal ro-

tation and abduction (genu valgum) by approximately

2� throughout most of stance for both FFS and RFS
patterns (Fig. 3). Eng and Pierrynowski (1993) also

found a decrease in frontal plane knee motion with

orthotic intervention while Nawoczenski et al. (1995)

reported a decrease in transverse plane motion. A de-
crease in internal rotation of the knee would be expected

in the presence of a decrease in rearfoot eversion as

various studies have shown these motions to be coupled.

As the knee response was similar between strike pat-

terns, orthotics may potentially relieve certain knee in-

juries in both RFS and FFS running patterns.

This was the first study to investigate the differential

effect of FODs on RFS and FFS running patterns. As
healthy subjects were used, caution must be exercised
when extrapolating these data to an injured or at risk
population. These findings may be magnified in a pa-

tient population, however, studies including populations

with specific abnormal mechanics or specific injuries are

needed to further validate this.

While there was a substantial adjustment period to

the orthotic and to the FFS running pattern for these

subjects, it must be recognized that different findings

may occur when natural forefoot strikers are prescribed
rearfoot motion control orthotics. Differences in the

response to orthotics between natural FFS runners and

RFS runners who have been trained to run on their

forefoot may be possible if there are differences in

sensory signaling or muscle action between these

groups. The role of sensory signaling in response to

rearfoot control orthotics has not been shown, however,

the FFS patterns of these natural RFS runners were
very similar in their kinematics and kinetics to those of

natural FFS runners reported in the literature (Williams

et al., 2000). This indicates that both movement pat-

terns and possibly muscle actions are similar between

these two types of runners when they are using a FFS

pattern. Further studies are needed to determine whe-

ther natural FFS runners and RFS running with a FFS

pattern respond to orthotic intervention in a similar
manner.



Table 1

Secondary variables of interest

Non-orthotic Orthotic FFS RFS

Rearfoot

Dorsiflexion velocity (h/s) 362.24 (66.89) 381.85 (59.76) 426.73 (78.15) 317.36 (48.51)

Dorsiflexion excursion (h) 24.30 (4.87) 26.51 (4.21) 31.57 (4.31) 19.24 (4.77)

Knee

Peak knee flexion (h) )43.89 (5.12) )45.54 (5.65) )44.04 (5.65) )45.39 (5.12)
Knee flexion velocity (h/s) 464.73 (50.25) 444.32 (45.52) 435.96 (56.16) 473.09 (39.61)

Knee flexion excursion (h) 33.51 (4.77) 31.74 (3.69) 30.54 (4.20) 34.71 (4.25)

Means and (standard deviations) for main effects of orthotic and strike pattern.

8.7610.34 10.478.89
0

5

10

15

20
ORTHOTIC CONDITION STRIKE PATTERN

270.6234.71 190.91226.86
0

100

200

300

400

16.3815.58 13.6514.45
0

5

10

15

20

25

-0.131-0.196 -0.214-0.149

-0.4

-0.3

-0.2

-0.1

0

-0.889-1.08 -0.916-0.725

-2.5

-2

-1.5

-1

-0.5

0

ORTHOTIC CONDITION STRIKE PATTERN

E
ve

rs
io

n
E

xc
ur

si
on

(θ
)

E
ve

rs
io

n
V

el
oc

ity
(θ

/s
)

In
ve

rs
io

n
W

or
k

(J
ou

le
s)

In
ve

rs
io

n
M

om
en

t(
N

*m
/K

g*
H

t)

P=0.046

P<0.001

P=0.005

P
ea

k
E

ve
rs

io
n

( θ
)

NO ORTHOSIS

ORTHOSIS

FFS

RFS

P=0.001

Fig. 3. Means and standard deviations of primary variables of interest: Values include peak eversion, eversion excursion, eversion velocity, peak

inversion moment, and inversion work. Inversion moment was normalized to subject height (Ht) and weight. Wearing the foot orthosis had a larger

effect on rearfoot kinetics compared to rearfoot kinematics. Reductions in inversion moment and inversion work by 24% and 33% respectively

occurred in the orthotic condition for the FFS pattern and RFS pattern combined. Significant differences in the rearfoot kinematic variables and

inversion moment were present between the FFS and RFS pattern.
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In summary, the results of these data suggested that

the use of custom molded semi-rigid FODs produce

similar effects on rearfoot motion, regardless of strike

pattern. While these differences were non-significant, all

rearfoot motion variables were reduced with orthotic

intervention. While the group average reduction in

rearfoot motion may not be a large enough reduction to

be clinically significant, there were many subjects who
demonstrated reductions in rearfoot kinematics and ki-

netics on the order of 20% or greater with orthotic in-

tervention. More studies with larger numbers of

subjects are needed as individual responses to orthotics

seem to be highly variable. It was noted that FODs had
a greater effect on frontal plane kinetics compared to

kinematics. This suggested that kinetic variables may be

a strong indicator of the effect of orthotic intervention

and should be included when assessing the efficacy of

FODs.
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