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Sports Medicine, UKK Institute for Health Promotion Research, Tampere, FINLAND; and 3Department of Mechanical
Engineering, Lappeenranta University of Technology, Lappeenranta, FINLAND

ABSTRACT

KULMALA, J.-P., J. AVELA, K. PASANEN, and J. PARKKARI. Forefoot Strikers Exhibit Lower Running-Induced Knee Loading than

Rearfoot Strikers.Med. Sci. Sports Exerc., Vol. 45, No. 12, pp. 2306–2313, 2013. Purpose: Knee pain and Achilles tendinopathies are the

most common complaints among runners. The differences in the running mechanics may play an important role in the pathogenesis of

lower limb overuse injuries. However, the effect of a runner’s foot strike pattern on the ankle and especially on the knee loading is poorly

understood. The purpose of this study was to examine whether runners using a forefoot strike pattern exhibit a different lower limb

loading profile than runners who use rearfoot strike pattern. Methods: Nineteen female athletes with a natural forefoot strike (FFS)

pattern and pair-matched women with rearfoot strike (RFS) pattern (n = 19) underwent 3-D running analysis at 4 mIsj1. Joint angles

and moments, patellofemoral contact force and stresses, and Achilles tendon forces were analyzed and compared between groups.

Results: FFS demonstrated lower patellofemoral contact force and stress compared with heel strikers (4.3 T 1.2 vs 5.1 T 1.1 body weight,

P = 0.029, and 11.1 T 2.9 vs 13.0 T 2.8 MPa, P = 0.04). In addition, knee frontal plane moment was lower in the FFS compared with heel

strikers (1.49 T 0.51 vs 1.97 T 0.66 NImIkgj1, P =0.015). At the ankle level, FFS showed higher plantarflexor moment (3.12 T 0.40 vs

2.54 T 0.37 NImIkgj1; P = 0.001) and Achilles tendon force (6.3 T 0.8 vs 5.1 T 1.3 body weight; P = 0.002) compared with RFS.

Conclusions: To our knowledge, this is the first study that shows differences in patellofemoral loading and knee frontal plane moment

between FFS and RFS. FFS exhibit both lower patellofemoral stress and knee frontal plane moment than RFS, which may reduce the risk

of running-related knee injuries. On the other hand, parallel increase in ankle plantarflexor and Achilles tendon loading may increase risk

for ankle and foot injuries. Key Words: RUNNING, PATELLOFEMORAL STRESS, ACHILLES TENDON FORCE, KNEE MO-

MENT, FOREFOOT STRIKE, REARFOOT STRIKE

I
t is expected that 37%–56% of all runners have running-
related overuse injuries each year (37). The knee joint
and Achilles tendon are the most commonly injured

sites, both covering about one-fifth of all running-related
injuries (37). Despite the great effort used for developing
better running shoes during the past decades, the injury rate
has remained at the same level (27).

Pathomechanics of the overuse injuries involves the cu-
mulative effects of repeated overloading of the musculo-
skeletal structures. Compared with walking, relatively high
ground reaction forces (GRF) are directed to the lower
limb during the stance phase of running (23). Findings of
previous studies suggest that high vertical GRF impact peak

and/or loading rate may increase the risk of running-related
injuries (19,40).

Foot strike pattern across the normal population exhibits a
large intersubject variability during running. Runners can be
categorized into rearfoot strikers (RFS), midfoot strikers
(MFS), or forefoot strikers (FFS) on the basis of the landing
strategy at the instant of initial ground contact. Approxi-
mately 75% of long-distance shod runners use RFS strategy,
whereas the rest of the people run using either MFS or FFS
strategy (10). Biomechanical comparison of the different foot
strike patterns has shown that MFS and FFS demonstrate
lower vertical GRF impact peak and reduced vertical GRF
loading rate (5). Therefore, it has been proposed that FFS
could potentially decrease running-related injuries (15,16,38).
Furthermore, a recent study of Daoud et al. (6) suggests lower
injury incidence in the knee and hip joints for the runners with
FFS strategy compared with runners who use RFS pattern.

However, not all studies have found the association between
injuries and the impact characteristics of the vertical GRF
(4,23). This suggests that other biomechanical factors may also
play a role in the development of running-related injuries.
Moments of forces determined by an inverse dynamics ap-
proach have been shown to give a relevant approximation for
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internal joint loading (29,41). Previous studies have also
shown a link between high gait-induced knee frontal plane
moment and the presence and progression of knee disorders
like osteoarthritis (3,20). Furthermore, the results of previous
studies suggest that high running-induced frontal plane mo-
ment may be associated with the development of the patello-
femoral pain in runners (32,33,39).

A few studies examining the effects of foot strike pattern
on lower extremity mechanics have focused mainly on the
sagittal plane joint moments. Findings of these studies have
shown that running with FFS increases ankle contribution
by causing higher plantarflexor moment (38) and Achilles
tendon strain (25) compared with RFS. Arendse et al. (2)
reported that FFS demonstrated lower eccentric quadriceps
work during the braking phase of the running gait compared
with RFS. Hence, it has been speculated that increased ankle
contribution during FFS could potentially decrease efforts of
the quadriceps muscle, resulting in lower knee loading;
however, only limited evidence exists. Furthermore, no
studies have quantified the effects of different foot strike
pattern on the knee frontal plane loading.

Therefore, the purpose of this study was to examine
whether runners with FFS pattern exhibit different lower limb,
especially knee, loading than those who use RFS pattern. It
was hypothesized that FFS would demonstrate lower internal
knee extensor moment and reduced patellofemoral contact
force (PFCF) and patellofemoral stress (PFS) compared with
RFS. Second, because the differences in running mechanics
between FFS and RFS have been previously reported to take
place in the sagittal plane, we also hypothesized that no dif-
ferences exist in the peak internal knee abduction moment
between FFS and RFS.

METHODS

Participants. In total, 286 team sport athletes (227
women and 66 men) underwent 3-D running analysis. Foot
strike patterns were first visually identified and later con-
firmed with motion analysis by calculating foot strike angle
(FSA) according to Altman and Davis (1). The criterion for
FFS was FSA G8- (1). Those who showed changes in the
foot strike pattern (FSA 98-) between running trails were
not accepted for the FFS group. Finally, 19 female and
4 male athletes demonstrated acceptable FFS pattern (aver-
age FSA,j8.6- T 7.8-). Because of gender-related differences
in running mechanics (9), only women with FFS were se-
lected for further analysis (n = 19; age, 18.6 T 5.0 yr; height,
1.69 T 0.05 m; weight, 63.2 T 9.2 kg). Pair-matched group of
RFS (FSA 98-) included women with similar weight and
height (n = 19; age, 17.5 T 3.6 yr; height, 1.69 T 0.05 m;
weight, 62.8 T 8.6 kg; FSA, 24.3- T 5.6-). At the beginning
of the study, questionnaire on players’ background infor-
mation was used to confirm that there was no previous his-
tory of any musculoskeletal problems, such as a recent injury
or surgery, that could have an effect on the running pattern
of the subject. We included players if they were injury- and

symptom-free at the onset of the study. The study was ap-
proved by the ethics committee of the Pirkanmaa Hospital
District, Tampere, Finland (ETL code R10169), and was
performed in accordance with the Declaration of Helsinki.

Hip strength and anthropometric parameters were mea-
sured to exclude their effects on between-group running
mechanics. Isometric strength of the hip abductor muscles
was tested with a hand-held dynamometer (Baseline; Fab-
rication Enterprises, Elmsford, NY) on the basis of the pre-
viously published method (14,34). Subjects were in a supine
position, with the legs extended and the ankles dorsiflexed
on the testing table. Two straps were used to stabilize
the pelvis and trunk against the testing table. The examiner
positioned the dynamometer approximately 2 cm proximal
from the lateral malleolus, after which, the subject per-
formed one submaximal practice trial and two test trials
(at least 10-s rest period between trials) against the dyna-
mometer fixed by the examiner. A 3-s isometric maximum
voluntary contraction was conducted, and the average of two
successfully completed test trials was selected for the anal-
ysis. Two research physical therapists carried out the tests.
The method has been shown to have intratester and
intertester reliabilities ranging from 0.73 to 0.97 (14,34).

Navicular drop was used to assess foot structure (21).
Navicular drop was defined as the difference (mm) between
navicular height in barefoot standing with the subtalar joint in
a neutral position and in a relaxed stance. Navicular tuber-
osities were palpated and marked with a pen. To determine
navicular height in the subtalar joint in a neutral position,
the examiner palpated the medial and lateral prominence of
the talus with the thumb and forefinger during pronation and
supination of the foot. Neutral position of the subtalar joint
was determined when the talar prominences were congruent
medially and laterally. From this position, the distance be-
tween the ground and the navicular mark was measured. The
subject was then instructed to perform walking on a place
and stop in relaxed stance, then the distance between navic-
ular mark and ground was measured again. One research
physical therapist carried out the tests. This method has been
found to have intratester and intertester reliabilities ranging
from 0.73 to 0.96 (21,31).

Tibiofemoral angle was determined from a static standing
position using motion analysis measurement. Knee joint
mechanical axis in the frontal plane was defined as an angle
between ankle, knee, and hip joint centers calculated by
Plug-in Gait model (Vicon Nexus v1.7; Oxford Metrics,
Oxford, UK). This procedure has been shown to estimate
mechanical axis alignment similar to full-limb weight-
bearing radiographs (R2 = 0.54) (22). Varus alignment was
when angle was 90- and valgus when angle was G0-.

Running analysis. Anthropometric measurements (height,
weight, leg length, and knee and ankle diameters) and bilateral
placement of 34 retroreflective markers (on the shoe over the
second metatarsal head and over the posterior calcaneus, lateral
malleolus, lateral shank, lateral knee, lateral thigh, anterior
superior iliac spine, posterior superior iliac spine, clavicula,
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sternum, seventh cervical vertebra, 10th thoracic vertebra,
shoulder, elbow, two wrist markers, finger, and four head
markers) were carried out according to Plug-in Gait full body
model (Vicon, Oxford, UK). The subjects performed shod
running along a 15-m track at 4.0 mIsj1. Two photocells were
used to control the velocity between trials (T0.2 mIsj1). An
eight-camera system (Vicon T40, Vicon) and a force platform
(AMTI BP6001200; AMTI, Watertown, MA) were used to
record marker positions and GRF data synchronously at 300
and 1500 Hz, respectively.

Marker trajectories and GRF data were low-pass filtered
using a fourth-order Butterworth filter with cutoff frequencies
of 12 and 50 Hz, respectively. Five successful ground contacts
of the left leg were selected for the analysis. GRF data were
exported into the Signal software (v.4.1; Cambridge Elec-
tronic Design, Cambridge, UK) to determine contact time on
the basis of 20-N GRF thresholds. Vertical GRF impact peak
determination was performed first for the RFS. Mean time
from ground contact to impact peak was 0.0282 s, and this
time point was used to determine the magnitude of the vertical
impact force for FFS (16). Average vertical loading rate was
calculated as the total change in force divided by the total
change in time between 20% and 80% of the period between
ground contact and vertical impact peak (19).

Kinematic and kinetic analyses as well as a calculation of
the position of the center of mass (COM) were performed
using the Plug-in Gait model (Vicon Nexus v1.7, Oxford
Metrics). Foot contact and toe-off events were used to calcu-
late cadence, step length, and width. COM–heel distance in
the anterior–posterior direction was determined during initial
ground contact as the difference between heel marker and
COM. Joint angles and internal joint moments (NImIkgj1)
during the stance phase of running were determined across
five successful force plate contacts of the left leg.

Patellofemoral joint contact force during running was then
estimated as a function of knee flexion angle (x) and knee
extensor moment (Mk) according to the biomechanical model
described by Ho et al. (13). First, an effective moment arm of
the quadriceps muscle (Lq) was calculated as a function of
knee flexion angle using nonlinear equation, which is based
on the cadaver data reported by van Eijden et al. (36):

Lq ¼ 8:0Ej5x3j0:013x2 þ 0:28xþ 0:046 ½1�

Second, quadriceps force (Fq) was calculated as follows:

Fq ¼ Mk=Lq ½2�

Finally, PFCF was calculated as the product of the
quadriceps force (Fq) and a constant (k):

PFCF ¼ Fqk ½3�

The constant k was estimated for knee joint angle position
(x) using the following nonlinear equation on the basis of
the curve fitting to the data of van Eijden et al. (35):

kðxÞ ¼ ð4:62Ej1 þ 1:47Ej3x2j3:84Ej5x2Þ=ð1j1:62Ej2x

þ 1:55Ej4x2j6:98Ej7x3Þ ½4�

PFS was then calculated as the PFCF divided by the
patellofemoral contact area. Contact area was estimated
according to Ho et al. (13) by fitting a second-order poly-
nomial curve to the data of Powers et al. (26) (83 mm2 at 0-,
140 mm2 at 15-, 227 mm2 at 30-, 236 mm2 at 45-, 235 mm2

at 60-, and 211 mm2 at 75- of knee flexion).

PFS ¼ PFCF=contact area ½5�

Achilles tendon force (ATF) was determined by dividing
the plantarflexion moment (calculated by inverse dynamics)
by the estimated Achilles tendon lever arm (La) as described
by Self and Paine (30):

ATF ¼ Ma=La ½6�

La ¼ j0:5910þ 0:08297aj0:0002606a2 ½7�

where a = ankle angle.

Statistical analysis. Kinematic and kinetic data were
time normalized (0%–100%) and averaged across five trials to
get individual mean curves for the parameters of interest.
Running-induced knee loading was evaluated by defining the
magnitude of the peak knee extensor and abduction moment,
peak PFCF, and peak PFS. Ankle loading was evaluated by
defining the magnitude of the peak ankle plantarflexor mo-
ment and the peak ATF. In addition, selected variables includ-
ing subject, spatiotemporal, and secondary kinematic and kinetic
parameters were chosen for comparison on the basis of the pre-
vious studies to ensure that the general running mechanics of the
FFS and RFS in the current study is in line with those reported
earlier (5,16,25,38). Univariate differences between RFS and
FFS groups were compared with two-tailed independent t-tests,
and 95% confidence intervals were calculated and reported for
all comparisons (SPSS 18.0; SPSS, Chicago, IL). P values less
than 0.05 were considered significant.

RESULTS

FFS and RFS groups were not different as regards age,
weight, and height (Table 1). In addition, there were no
differences present in the hip abductor strength, navicular
drop, or tibiofemoral angle (Table 1).

During running, FFS demonstrated lower peak hip ad-
duction (mean difference, j3.9-) during stance phase than
RFS runners (P = 0.010, Table 2). There was also a tendency
to lower abduction moment in the hip of the FFS runners
(P = 0.095). At the knee level, RFS showed significantly
greater peak flexion angle (mean difference, 4.0-) during the
stance phase of running (P = 0.003; Fig. 1A, Table 2). In
addition, FFS exhibited 16% lower PFCF (P = 0.029) and
15% lower PFS (P = 0.041) compared with RFS (Fig. 1D
and E, Table 2) and a trend toward lower peak knee extensor
moment (P = 0.088; Fig. 1B, Table 2). In the frontal plane,
peak knee abduction moment was 24% lower in the FFS
group compared with RFS (P = 0.015; Fig. 1C, Table 2).
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At the ankle level, FFS runners had less dorsiflexion (mean
difference, 22.6-) at the initial ground contact (P = 0.001;
Fig. 2A, Table 2), and they demonstrated 19% higher peak
plantarflexor moment (P = 0.001) and 19% higher ATF
(P = 0.002) during the stance phase of running (Fig. 2B and
C, Table 2). Vertical GRF showed 26% lower impact peak
(P = 0.001) and 47% lower average loading rate (P = 0.001)
in the FFS compared with RFS (Fig. 2D, Table 2). Spatio-
temporal comparison showed significantly shorter contact
time for the FFS than RFS (P = 0.001, Table 2). In addition,
FFS runners demonstrated shorter COM–heel distance (mean
difference, 0.057 m) at initial ground contact (P = 0.001). No
differences were present in the cadence, step length, or width
between groups.

DISCUSSION

The primary aim of the current study was to examine
whether FFS runners exhibit lower knee loading than run-
ners with RFS pattern. It was hypothesized that FFS runners

would demonstrate lower knee extensor moment, PFCF, and
PFS. This hypothesis was partially supported in that FFS
showed lower knee PFCF and PFS but not significantly
lower knee extensor moment than RFS. For the second hy-
pothesis, it was suggested that there would not be a differ-
ence in the frontal plane knee moment between groups.
However, our results do not support this hypothesis, sug-
gesting that FFS demonstrates significantly lower peak in-
ternal knee abduction moment compared with RFS.

To the best of our knowledge, the present study was the first
one to show that runners with FFS exhibit lower PFCF
and PFS than those who run with RFS. This finding may
be important from a clinical point of view because one of
the most widely accepted theories regarding the etiology of the
patellofemoral pain suggests that the symptoms are the result
of excessive patellofemoral joint stress (12). Because patel-
lofemoral pain is the most common disorder among runners
(37), FFS may be a potential way to decrease the knee injury
risk via reduction of the patellofemoral joint loading.

Interestingly, our results also suggest that FFS demon-
strate lower peak knee abduction moment in the frontal

TABLE 2. Mean (SD) kinematic, kinetic, and spatiotemporal data for the RFS and FFS.

Parameters RFS (n = 19) FFS (n = 19) Mean Difference (95% CI) P value Effect Size

Hip
Flexion at initial contact (-) 46.0 (5.1) 43.3 (5.1) j2.7 (j6.0 to 0.7) 0.112
Peak adduction (-) 17.0 (4.8) 13.1 (3.9) j3.9 (j6.8 to j1.0) 0.010 0.89
Extensor moment (NImIkgj1) 2.11 (1.11) 2.15 (0.66) 0.04 (j0.56 to 0.64) 0.892
Flexor moment (NImIkgj1) j2.79 (1.62) j2.98 (0.83) j0.18 (j1.03 to 0.66) 0.660
Abduction moment (NImIkgj1) 2.36 (0.47) 2.10 (0.46) j0.26 (j0.56 to 0.05) 0.095

Knee
Flexion at initial contact (-) 21.0 (3.6) 22.6 (5.6) 1.6 (j1.5 to 4.7) 0.308
Flexion max (-) 50.9 (3.1) 46.9 (4.5) j4.0 (j6.5 to j1.5) 0.003 1.04
Peak adduction (-) 6.3 (6.4) 8.4 (6.5) 2.1 (j2.0 to 8.4) 0.310
Extensor moment (NImIkgj1) 3.54 (0.69) 3.13 (0.77) j0.42 (j0.90 to 0.06) 0.088
Abduction moment (NImIkgj1) 1.97 (0.66) 1.49 (0.51) j0.48 (j0.87 to –0.10) 0.015 0.81
PFCF (BW) 5.1 (1.1) 4.3 (1.2) j0.82 (j1.6 to j0.1) 0.029 0.69
PFS (MPa) 13.0 (2.8) 11.1 (2.9) j1.9 (j3.8 to j0.08) 0.041 0.67

Ankle
Dorsiflexion at initial contact (-) 24.8 (4.3) 2.3 (9.2) j22.6 (j27.3 to j17.9) 0.001 3.13
ATF (BW) 5.1 (1.3) 6.3 (0.8) 1.2 (0.5 to 1.9) 0.002 1.11
Plantarflexion moment (NImIkgj1) 2.54 (0.37) 3.12 (0.40) 0.59 (0.33 to 0.84) 0.001 1.51

GRF
Vertical impact peak (BW) 1.93 (0.21) 1.23 (0.35) j0.70 (j0.89 to j0.51) 0.001 2.43
Average vertical loading rate (BWIsj1) 98.5 (21.2) 51.9 (16.7) j46.6 (j59.1 to j34.0) 0.001 2.44
Peak vertical force (BW) 2.49 (0.33) 2.69 (0.38) 0.19 (j0.04 to 0.43) 0.105

Spatiotemporal parameters
Velocity (mIsj1) 4.0 (0.2) 4.0 (0.2) 0.0 (j0.1 to 0.1) 0.931
Cadence (stepsIminj1) 175 (17) 186 (20) 11 (j2 to 23) 0.090
Contact time (s) 0.219 (0.015) 0.196 (0.019) j0.023 (j0.034 to j0.012) 0.001 1.34
Step length (m) 1.45 (0.09) 1.43 (0.10) j0.02 (j0.08 to 0.04) 0.451
Step width (m) 0.05 (0.05) 0.06 (0.05) 0.00 (j0.03 to 0.03) 0.932
COM–heel distance at initial contact (m) 0.142 (0.030) 0.085 (0.026) j0.057 (j0.074 to j0.037) 0.001 2.03

BW, body weight; CI, confidence interval.

TABLE 1. Mean (SD) subject parameters for the RFS and FFS.

Subject Parameters RFS (n = 19) FFS (n = 19) Mean Difference (95% CI) P Value

Age (yr) 17.5 (3.6) 18.6 (5.0) 1.1 (j1.8 to 4.0) 0.439
Weight (kg) 62.8 (8.6) 63.2 (9.2) 0.4 (j5.6 to 6.2) 0.915
Height (m) 1.69 (0.05) 1.69 (0.05) 0.00 (j0.04 to 0.03) 0.749
Hip abductor strength (kg) 10.1 (2.2) 10.8 (2.8) 0.7 (j0.9 to 2.4) 0.371
Navicular drop (mm) 6.7 (3.9) 4.7 (3.1) –2.0 (j4.3 to 0.4) 0.101
Tibiofemoral angle (-) j0.4 (3.5) j0.2 (4.5) 0.2 (j2.5 to 2.8) 0.921

CI, confidence interval.
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plane compared with RFS. High knee frontal plane moment
is known to correspond with the increased medial compart-
ment knee loading (29,41) and is commonly linked with the
presence and progression of degenerative knee disorders
such as medial tibiofemoral osteoarthritis (3,20). Further-
more, it has been suggested that high running-induced
frontal plane moment and impulse could increase loading of
the lateral aspect of the patellofemoral joint and thus contrib-
ute to the pathomechanics of the patellofemoral pain (32,33).
Lower knee frontal plane moment combined with a shorter
contact time in FFS may presumably reduce abductor impulse
during a single step. However, although the peak knee load
per step demonstrated reduction during FFS, the amount of
cumulative knee load (number of steps � amount of load)
may stay nearly the same between FFS and RFS because a
shorter contact time and a trend toward higher cadence in the
FFS increases the total number of steps needed in the same
distance when compared with RFS. There is a lack of knowl-
edge which one is more important with respect to developing
knee overuse injury: the amount of repetitive knee load or the
magnitude of the peak knee load during running gait.

The factors that are generally linked to altered knee me-
chanics during running include static knee frontal plane
alignment (24), height of the foot arch (38), and hip abductor
muscle strength (8). However, these factors do not show

significant differences between groups, suggesting that the
difference in the magnitude of the knee frontal plane mo-
ment is due to distinct running mechanics between FFS and
RFS runners.

Previously, higher step rate at the same running speed is
reported during FFS when using minimalist footwear (7).
The higher step rate is shown to decrease step length and
reduce joint energy absorption (negative work) during the
first half of running gait (11). However, contrary to expec-
tations, significant differences in the step rate and step
length were not observed between FFS and RFS. This may
be due to the fact that both FFS and RFS performed running
trials with normal footwear in the current study, and that the
running velocity in the current study was higher than what
was used in the study of Divert et al. (7).

The spatiotemporal comparison showed lower contact time
and shorter distance between COM and heel during initial
contact for the FFS. In addition, lower hip adduction angle
was present in the FFS. It has been known that the magnitude
of the knee frontal plane moment is highly related to the length
of the GRF vector lever arm at the knee in the frontal plane
(28). Because no differences were observed in the frontal
plane knee angle, it can be assumed that a closer heel location
to the COM and/or lower peak hip adduction in FFS can
change the position of the GRF vector in relation to the lower

FIGURE 1—Knee kinematics and kinetics.
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limb so that the lever arm in the frontal plane decreases,
leading to a reduction of the knee frontal plane moment.
Future studies are needed to evaluate these theories.

We also evaluated ankle joint kinetics and vertical GRF
parameters because these have been shown to differ re-
markably between FFS and RFS. The results of the current
study are in line with the previous findings (5,16,25,38),
suggesting significantly higher ankle plantarflexor moment
and ATF but lower vertical GRF impact peak and loading rate
when running with FFS pattern. Lower GRF impact loading
during FFS has shown to be a result of increased ankle joint
energy absorption during the first half of stance (16). On the
other hand, greater loading of plantarflexors and Achilles
tendon may potentially increase the risk of stress-related in-
juries of the ankle and foot (Achilles tendinopathy, plantar
fasciitis, and metatarsal stress fractures).

Higher ankle contribution may be the main mechanism to
explain lower PFCF and PFS in FFS because the role of the
knee joint as an energy absorber reduces, resulting in lower
knee flexion excursion during FFS. This idea is supported by
Arendse et al. (2) who reported reduced eccentric quadriceps
work during FFS compared with RFS. Although researchers
did not report the magnitude of the knee extensor moment,

PFCF, or PFS in their study, they observed lower knee flex-
ion range of motion during FFS, which is in accordance with
our findings. Because the quadriceps moment arm decreases
as a function of increased knee flexion angle (18,36), greater
eccentric quadriceps force is therefore needed to resist knee
flexion during the first half of the stance when running with
RFS pattern. This explains why greater PFCF and PFS were
observed in RFS runners regardless of no significant differ-
ences in the peak knee extensor moment in the present study.

Certain limitations with the current study should be
considered when interpreting its findings. Participants were
relatively young female team athletes, and therefore, cau-
tion must be made in generalizing these results to males
or even female runners of a different age. Our study may
also underestimate the PFCF, PFS, and ATF because these
variables were identified from the average of the time-
normalized data over the stance phase of five trials and be-
cause the biomechanical models use the net joint moments
of the knee and ankle joint, respectively, as an input pa-
rameter and therefore do not take into account the antago-
nist forces acting on opposing direction of the joint. As
a knee flexor, greater gastrocnemius muscle force, while
running with FFS, may thus lead to underestimation of

FIGURE 2—Ankle kinematics and kinetics and vertical GRF.
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the quadriceps force as well as PFCF and PFS. However, a
minimal contribution of the gastrocnemius muscle to knee
flexion moment production at knee angles of more than 30-
(17), where peak PFCF and PFS typically occur (midstance
phase), suggests that using only the net joint moment of
the knee for calculation of the PFCF and PFS may have no
effect on between-group differences in the current study. Fi-
nally, a large set of variables were compared between groups,
which raises concern over the familywise type I error rate for
this study.

In conclusion, the findings of the current study suggest
that runners with FFS pattern demonstrate lower knee PFCF
and PFS as well as lower frontal plane moment compared
with runners with RFS pattern. This may decrease the risk of

developing running-related knee injuries. However, in-
creased ankle plantarflexor loading and ATF during FFS
may increase the risk of injury of the ankle and foot areas.
Prospective studies are needed to determine whether differ-
ent loading profiles due to distinct striking patterns are as-
sociated with specific running-related injuries.
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