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ABSTRACT

Tibial stress injuries are problematic among runners. Foot strike pattern upon landing may alter internal tibial loading, which
could potentially affect the risk of stress injuries during running. The purpose of this study was to quantify internal loading at
the distal 1/3 of the tibia during running with imposed rearfoot and forefoot strikes. Nineteen habitual rearfoot strikers were
recruited to run with their preferred foot strike and then with imposed rearfoot and forefoot strikes in a randomly assigned order.
Force and motion capture data were collected synchronously, and the foot strike in the sagittal plane was identified from the
kinematic data. The tibial bending moments were estimated using musculoskeletal modeling and beam theory, and cumulative-
weighted tibial impulse per kilometer was derived. Significant differences in peak bending moments were found among foot
strike patterns (p<0.001). Running with an imposed forefoot strike increased tibial loading, especially during early to mid-
stance (2%-67% stance, p<0.001). However, imposed rearfoot striking resulted in lower bending moments than both habitual
rearfoot striking (p <0.001) and forefoot striking (p <0.001). Additionally, cumulative-weighted impulse per kilometer was sig-
nificantly greater when running with an imposed forefoot strike compared to both habitual (p=0.001) and imposed rearfoot
strikes (p <0.001). Running with an imposed nonhabitual forefoot strike results in higher tibial loading than rearfoot striking
due to increased mechanical demands placed on the plantar flexors. Transitioning from a habitual rearfoot strike to a forefoot
strike may not be advisable for runners aiming to reduce tibial loading.

1 | Introduction accumulation of fatigue damage, which may increase the risk

Running is a popular sport worldwide that is associated with
a relatively high risk of lower limb injuries, reportedly in the
range from 20% to 79% [1]. Lower limb stress injuries are a prob-
lematic injury among runners [2], especially in the tibia, which
is one of the most common sites of injury [3]. Tibial stress inju-
ries develop from the accumulation of microdamage to the bone
caused by repetitive loading [4, 5]. Although appropriate bone
loading can be beneficial [6], excessive loading can lead to the

of stress fractures [7]. Quantifying tibial loading directly during
human movement requires invasive in vivo measurements.
Lanyon et al. [8] were the first to use strain gauges attached to the
distal anteromedial tibia of a male participant during running,
providing valuable insights into bone deformation under load.
Additional studies have been conducted to quantify the internal
strain at the anteromedial tibia during running, with measure-
ments ranging between 1000 and 2000 ue [9-11]. However, these
studies were limited by small sample sizes and the restricted
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location at which strain gauges could be attached. This method
also requires costly surgical procedures and its invasive nature
may alter how people run compared to real-world settings.

Given these limitations, computational approaches have been
developed to estimate in vivo loadings. Musculoskeletal mod-
eling and beam theory methods have been employed to quan-
tify tibial loads during running [12-15]. Although estimates of
tibial loading using beam theory tend to underestimate values
compared to the more computationally expensive finite element
approaches, the values still exhibit a high correlation with finite
element model estimates [12], suggesting they are suitable for
within-participant study designs. Rice et al. [14] also observed
that this approach is repeatable when quantifying peak anterior
and posterior tibial stresses during running.

The interaction between loading magnitude and frequency is
crucial for evaluating the risk of stress injuries. Cumulative
loading metrics consider both factors, but proper weighting of
magnitude is necessary to avoid overemphasizing frequency.
Foot strike patterns could influence stride frequency, loading
magnitude, and ground contact time, and these effects can be
quantified using a weighted impulse, as shown in previous stud-
ies [16-18]. This approach may help to understand the mecha-
nisms of tibial stress injury associated with foot strike patterns.

Running foot strike patterns have been identified as modifiable
factors that can affect impact kinetics [19]. Daoud et al. [19] con-
ducted a retrospective cohort study and observed a lower rate of
overuse injuries in forefoot strikers compared to rearfoot strikers,
although these findings did not specifically address internal tibial
loading. Similarly, the transition from rearfoot striking to forefoot
striking has been associated with reduced peak and average load-
ing rates during running [20], suggesting a potential link to bone
stress injury [21]. Chen et al. [22] used a probabilistic model to
evaluate how foot strike patterns influence tibial stress fracture
risk. Their findings indicated that while forefoot striking reduced
vertical loading rates, it did not significantly alter peak tibial
strains or the risk of stress fracture. This highlights the impor-
tance of analyzing internal tibial loads, as ground reaction forces
may not reliably reflect internal loading [23]. Edwards [16] also
noted that the musculoskeletal system may not be mechanically
affected by higher loading rates, as biological materials are often
more resilient to short-duration mechanical loads. These insights
highlight the limitations of using external loading variables alone
to assess overuse injuries in musculoskeletal structures [24].

Recent studies have explored the effects of foot strike patterns and
other gait modifications on tibial loading and injury risk. For in-
stance, Huang et al. [25] investigated the combined effects of foot
strike pattern, step rate, and anterior trunk lean on impact load-
ing, concluding that a forefoot strike combined with an increased
step rate led to the lowest impact loading rates. Similarly, Yong
et al. [26] demonstrated that converting to a forefoot strike re-
duced average and peak loading rates associated with tibial stress
fracture risk. However, these studies primarily focused on exter-
nal metrics such as ground reaction forces and tibial acceleration,
which may not represent the internal tibial loads that directly con-
tribute to injury mechanisms. Quantifying internal loading may
provide a better understanding of the influence of different foot
strike patterns on tibial loading than these surrogate measures.

According to a systematic review, the influence of transitioning to
forefoot striking on tibial loading remains inconclusive [27]. Given
that the work done at the ankle is increased when running with
a forefoot strike [28], which may in turn increase tibial loads via
increased muscular-tendinous forces, it is important to quantify
internal loading. Numerous studies have recruited habitual rear-
foot strikers and asked them to adopt a forefoot strike, which likely
results in them exaggerating this foot strike [20]. When asking ha-
bitual rearfoot runners to ensure they run with an imposed rear-
foot strike, this same exaggeration effect may be observed. The
purpose of this study was to identify the influence of running with
an imposed rearfoot strike and forefoot strike on estimated tibial
loading compared with a habitual rearfoot strike. It was hypothe-
sized that running with a forefoot strike would increase internal
loading of the tibia compared with running with a habitual or im-
posed rearfoot strike.

2 | Methods
2.1 | Participants

Nineteen healthy recreational runners (10 females, 9 males; age
34.0 + 4.8years; height: 166.4 + 6.3 cm; weight: 61.6 + 6.6 kg;
mean + SD) were recruited from local running clubs to partici-
pate in this study. All participants self-reported a habitual rear-
foot strike during running, which was verified using foot strike
angle (FSA) at initial contact defined as the angle between the
foot and the ground in the sagittal plane. A rearfoot strike was
classified as having an FSA greater than 8°, following previously
established thresholds [29]. Participants were excluded if they
had a history of any lower limb musculoskeletal injuries in the
past year or if they did not habitually run with a rearfoot strike.
All the participants provided written informed consent prior
to participation according to a protocol approved by the Korea
Institute of Sport Science Ethics Committee (KISS-1907-018-01).

2.2 | Experimental Protocols

Participants were provided with athletic clothing and wore their
own running shoes during the experiment. A total of 50 retro-
reflective markers were positioned to identify the anatomical
frames of the thorax, pelvis, upper arm, lower arm, thigh, shank,
and foot. Marker coordinates were tracked at a sampling frequency
of 200 Hz using 18 infrared cameras, in conjunction with 3D mo-
tion capture software (Oqus 7+; Qualisys, Goteborg, Sweden).
Ground reaction forces were recorded at a sampling frequency
of 2000 Hz using a force plate (9287BA; Kistler, Winterthur,
Switzerland), synchronized with the motion capture system.

Participants were given time to complete a self-directed warm-up.
They were then asked to run overground at 4.0 m/s along a 10 m
runway, using their habitual foot strike, ensuring a full right foot
contact on the force plate. The running speed (+5%) was verified
using timing gates (Witty, Microgate, BZ, Italy) with two sets of
gates installed at 2.5 m intervals centered around the force plate.
After five successful trials, participants were instructed to modify
their foot strike patterns from a habitual rearfoot strike to an im-
posed rearfoot strike or an imposed forefoot strike (Figure 1). The
order of running with an imposed rearfoot strike or an imposed
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forefoot strike was randomly assigned, and the modified foot
strike patterns were performed at the same speed. Five successful
trials were collected for each foot strike pattern. Participants were
given specific instructions to familiarize themselves with each im-
posed foot strike pattern, with a dedicated familiarization session
before each set of trials. For each condition, participants completed
at least 10 familiarization trials specific to the assigned foot strike
pattern before beginning the actual data collection. This pattern
was repeated for each foot strike condition (i.e., familiarization-
practice followed by actual trials for each condition). Participants
were encouraged to run naturally throughout the trials and were
not instructed to specifically aim for the force plate. They were
allowed to practice as needed before each trial to ensure comfort
with the assigned foot strike pattern. During the experimental tri-
als, one investigator visually monitored the foot strike pattern, and
motion capture data were reviewed if the pattern appeared ambig-
uous or incorrect. Participants received corrective verbal feedback
when needed to help them adopt the assigned foot strike pattern.

2.3 | Data Processing

Marker coordinates and force data were processed using a low-
pass fourth-order zero-lag Butterworth filter, at cutoff frequencies
of 10 and 20 Hz, respectively. Kinematic and kinetic data were
analyzed using Visual3D software (V6; HAS-Motion, Ontario,
Canada) for the stance phase of running. The stance phase was de-
fined as the time period during which the filtered vertical ground
reaction force exceeded 10 N. Data were time-normalized to 101
points (0%-100% stance). Static trials were used to determine the
joint center locations of the ankle, knee, and hip for each partic-
ipant on both sides. Joint angles were computed using the XYZ
Cardan sequence, where flexion-extension was represented by
the X axis, abduction-adduction by the Y axis, and internal-exter-
nal rotation by the Z axis. Each joint was modeled with 6 degrees
of freedom, accounting for three rotational and three translational
movements. For net joint moments, the right-hand rule was ap-
plied to determine the direction of rotation, with positive values
representing counterclockwise rotation in the sagittal plane. Joint

reaction forces were calculated using inverse dynamics within a
customized MATLAB (R2021a; MathWorks, Natick, MA, USA)
script, based on each participant’s anthropometric measurements
[30], which included mass, height, and gender. These anthropo-
metric measurements were used to calculate the center of mass
and inertial properties of the segments.

To estimate tibial bending moments, a customized MATLAB
script was employed, as used previously [15]. Dynamic muscu-
lar forces were estimated through static optimization, using the
fmincon function in MATLAB, which minimized the sum of
cubed muscle stresses [31]. Using this function, the forces were
constrained to be equal to the joint moments in the sagittal plane.
The bending moments about the medial-lateral axis—quantified
in the present study—have previously been shown to be robust to
the choice of joint moment constraint [32]. Eleven muscles span-
ning the distal third of the tibia were included in the model: lateral
gastrocnemius, medial gastrocnemius, tibialis anterior, soleus,
tibialis posterior, extensor digitorum longus, flexor digitorum
longus, flexor hallucis longus, peroneus brevis, peroneus longus,
and extensor hallucis longus. The physiological cross-sectional
areas of these muscles were used to calculate the maximum iso-
metric muscular forces, assuming a specific tension of 61 N/cm?
[33]. Moment arms for each muscle, along with the muscle-tendon
coordinates including muscle origins, insertions, and wrapping
points, were obtained from the Hamner model [34].

The resultant bending moment M,,g,;.n: at 33% of the distance
from the distal end of the tibia, which corresponds to the nar-
rowest cross-sectional area [35], was estimated as the sum of the
muscular bending moment M, and the joint reaction bend-

muscle
ing moment M, @S Shown in Equation (1):

M,

resultant = + Mreaction (1)

muscle

The muscular component of the tibial bending moment is de-
scribed in Equation (2):

1 .
Mmuscle = Zi:l Fm,- - sin ei : (Ltibia - L67%prox) (2)
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FIGURE1 | Participants' foot strike patterns from habitual rearfoot strike (hRFS) to imposed rearfoot strike (iRFS) and imposed forefoot strike

(iFFS).
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The joint reaction force component of the tibial bending moment
is provided in Equation (3):

Mreaction = Ljpr - sinf - (Ltibia - L67%prox) (3)

where F,, is the force generated by the ith muscle, 0; is the sag-
ittal plane angle between the longitudinal axis of the tibia and
the vector of the ith muscular force, and L, is defined as the
total length of the tibia. Ly, refers to the length measured
from the proximal end of the tibia to the point of interest. Fj,, is
the external joint reaction force acting at the ankle, and g is the
sagittal angle between the longitudinal axis of the tibia and the
resultant joint reaction force vector. The muscular component
and joint reaction force components of the tibial bending mo-
ment are henceforth referred to as the muscular component and
JRF component, respectively.

Cumulative-weighted tibial impulse was calculated using the
method proposed by Firminger et al. [17], which incorporates
a tissue-dependent weighting factor to estimate loading over a
kilometer of running, as shown in Equation (4):

b
Cumulative — weighted tibial impulse = n / (xs)bdt @

t;

i

where n represents the number of right foot contacts, ¢; and ¢ de-
note the start and end times of the stance phase, and x; is the time-
series data of internal tibial bending moment. The parameter b is
a tissue-dependent weighting factor that accounts for the non-
linear relationship between applied stress/strain and the useful
life of fatigue. For bone, b is set to 6.6 based on experimental data
from Carter et al. [36]. The weighted impulse approach accounts
for the fact that the magnitude of the loading is more critical to
the cumulative tissue strain than the number of loading cycles
[16, 37]. The number of steps was calculated using the average
step frequency, derived as the inverse of the stride duration (1/
stride duration), for each kilometer. This calculation represents
the total number of contacts per kilometer of the right foot, as
the analysis focuses only on the cumulative strain experienced
by the right tibia.

As reported by Altman and Davis [29], FSA was determined by
measuring the angle between a straight line extending from the
heel marker to the center marker on the dorsal aspect of the foot,
specifically at the center of the 1st and 5th metatarsals, and the
horizontal plane of the ground. This measurement was offset by
the angle during standing, such that the standing angle repre-
sented 0° (Figure 2).

2.4 | Statistical Analysis

Analysis of FSA, primary outcome variables (tibial peak bend-
ing moments, cumulative-weighted tibial impulse per kilome-
ter), and explanatory outcome variables (muscular component
and JRF component) was conducted utilizing a one-way re-
peated measures ANOVA using IBM SPSS Statistics (Version
26; IBM, Chicago, IL, USA) to assess the main effects of foot
strike pattern during running. The assumption of sphericity was
verified using Mauchly's test, and Greenhouse-Geisser correc-
tions were used where appropriate. Effect sizes were measured
using partial 7? (nﬁ). Statistical significance was predetermined
at p < 0.05. A post hoc test was conducted using the Bonferroni
correction.

To enhance the visualization and interpretation of findings
across the stance phase of running, statistical parametric
mapping (SPM) was employed using the SPM1D package for
MATLAB [38]. SPM facilitates the analysis of time-series data,
highlighting temporal patterns in tibial loading that discrete
metrics may overlook. Consistent with previous studies [14, 39],
this study used SPM to compare normalized time-series data of
tibial bending moments between foot strike patterns, excluding
the initial and final 1% of the stance phase for physiologically
meaningful comparisons. SPM analyses were included solely for
visualization purposes, and no post-hoc testing was conducted.

3 | Results
3.1 | Foot Strike Angle

There was a significant main effect of foot strike pattern
on FSA (p < 0.001, F=237.638). Post hoc analysis revealed

D

FSA (+)

FIGURE2 | Definition of foot strike angle (FSA) in the sagittal plane: (A) an angle of 0° between the foot and the ground; (B) a heel contact land-
ing with a positive angle; and (C) a forefoot landing with a negative angle. Images adapted from OpenSim software [36] for visualization purposes

only; analyses were not conducted in OpenSim.
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significant differences in FSA among all conditions. Running
with a habitual rearfoot strike (14.3° + 4.3°) was significantly
different from both imposed conditions. Specifically, an im-
posed rearfoot strike produced a significantly greater FSA
(29.0° + 5.6°% p < 0.001), whereas an imposed forefoot strike
resulted in a significantly lower FSA (—4.4° £ 4.6°, p < 0.001).
Additionally, FSA values for the imposed rearfoot and forefoot
striking patterns were significantly different from each other
(p < 0.001) (Figure 3).

3.2 | Primary Outcome Variables
3.2.1 | Tibial Peak Bending Moment

There was a significant main effect of foot strike pattern on
tibial peak resultant bending moment (p < 0.001, F=41.254)
(Table 1). Post hoc analysis revealed that running with an
imposed forefoot strike increased the tibial peak bending
moment by 15.0% compared to a habitual rearfoot strike (p <
0.001) and by 35.7% compared to an imposed rearfoot strike
(p=0.001). Additionally, the tibial peak bending moment was

= N w Py
o o o o
T T T T

Foot strike angle (deg)
o

Py
o
T

hRFS iRFS iFFS
FIGURE 3 | Mean foot strike angle for 19 participants across three
conditions during five running trials per condition. Solid symbols rep-
resent the group mean. Dashed lines represent each individual's foot
strike angle for each foot strike condition. hRFS, habitual rearfoot
strike; iFFS, imposed forefoot strike; iRFS, imposed rearfoot strike.

significantly lower by 15.3% when running with an imposed
rearfoot strike compared to a habitual rearfoot strike (p <
0.001).

SPM analysis revealed significant main effects on the tibial bend-
ing moment between 2% and 67% of the stance phase and between
79% and 99% of the stance phase (both p < 0.001) (Figure 4).

3.2.2 | Cumulative-Weighted Tibial Impulse
per Kilometer

A significant main effect of foot strike pattern was observed for
cumulative-weighted tibial impulse per kilometer (p < 0.001,
F=48.086) (Table 1). Post hoc analysis revealed that running
with an imposed forefoot strike resulted in a cumulative-
weighted tibial impulse per kilometer that was 15.9% greater
than that observed with a habitual rearfoot strike (p=0.001)
and 39.9% greater than that observed with an imposed rearfoot
strike (p < 0.001). Additionally, running with a habitual rearfoot
strike produced a cumulative-weighted tibial impulse per kilo-
meter that was 20.6% greater than that of an imposed rearfoot
strike (p < 0.001).

3.3 | Explanatory Outcome Variables

3.3.1 | Muscular Component of Tibial Peak
Bending Moment

A significant main effect of foot strike was observed for the
muscular component (p < 0.001, F=39.087). Post hoc anal-
ysis indicated that running with an imposed forefoot strike
resulted in a significantly greater muscular component than
running with a habitual rearfoot strike (p =0.002) and an im-
posed rearfoot strike (p < 0.001). Furthermore, the muscular
component was significantly lower when running with an im-
posed rearfoot strike compared to a habitual rearfoot strike
(p < 0.001).

TABLE1 | Primary and explanatory variables related to internal loading at the distal 1/3 of the tibia.

Variables hRFS iRFS iFFS p nf, Post-hoc

Primary

Resultant (Nm) 142.3 (34.9) 120.5 (24.3) 163.6 (34.1) <0.001 0.696 iFFS > iRFS, iFFS >
hRFS, hRFS > iRFS

Cumulative per km 229.1(53.7) 189.9 (35.9) 265.7 (51.5) <0.001 0.728 iFFS > iRFS, iFFS >

(Nm®-®.s-km=1)/6-6 hRFS, hRFS > iRFS

Explanatory

Muscular (Nm) 162.1 (34.4) 140.0 (24.6) 181.9 (37.8) <0.001 0.685 iFFS > iRFS, iFFS >
hRFS, hRFS > iRFS

Reaction (Nm) —46.9(10.8) —40.4(9.7) —49.6 (11.4) <0.001 0.650 iFFS > iRFS, iFFS >

hRFS, hRFS > iRFS

Note: All post-hoc results are significant at p <0.05. Primary variables include tibial peak bending moment (resultant) and cumulative-weighted tibial impulse per
kilometer (cumulative per km), while explanatory variables include the muscular component of tibial peak bending moment (muscular) and the joint reaction force
component of tibial peak bending moment (reaction). All values are presented as mean (SD).

Abbreviations: hRFS, habitual rearfoot strike; iFFS, imposed forefoot strike; iRFS, imposed rearfoot strike.
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FIGURE4 | Mean and standard deviation time-series of bending moments, including tibial bending moment (top), joint reaction force component
of tibial bending moment (middle), and muscular component of tibial bending moment (bottom). Vertically shaded areas indicate regions where
significant differences were observed between foot strike patterns (hRFS, habitual rearfoot strike; iFFS, imposed forefoot strike; iRFS, imposed

rearfoot strike).

SPM analysis revealed significant main effects on the muscular
component, with significant effects observed between 2% and
73% of the stance phase (p < 0.001) and between 83% and 99% of
the stance phase (p < 0.001) (Figure 4).

3.3.2 | Joint Reaction Force Component of Tibial Peak
Bending Moment

Foot strike pattern had a significant main effect on the JRF com-
ponent (p < 0.001, F=33.446). Post hoc analysis showed that
running with an imposed forefoot strike resulted in a signifi-
cantly greater JRF component than running with a habitual
rearfoot strike (p=0.043) and an imposed rearfoot strike (p <
0.001). The JRF component was significantly lower when run-
ning with an imposed rearfoot strike compared to running with
a habitual rearfoot strike (p < 0.001).

SPM analysis also revealed significant main effects on the JRF
component. Differences were observed between 1% and 13% of the
stance phase (p < 0.001), between 26% and 31% (p=0.017), and
between 39% and 77% of the stance phase (p < 0.001) (Figure 4).

4 | Discussion

This study evaluated the influence of foot strike manipulation
on the loading of the distal 1/3 of the tibia in habitual rearfoot
runners. The tibial bending moment in the sagittal plane caused
the tibia to bend concave posteriorly through the majority of
stance, leading to predominantly tensile stress in the anterior
tibia and compressive stress in the posterior tibia, consistent
with previous findings [12-15, 40]. The tibial bending moment
in the current study, when converted to equivalent units for com-
parison, was 12.9 +£2.7 BW-HT, slightly higher than 7.77 £1.5
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BW-HT reported by Phuah et al. [41] at a similar tibial location,
70% of the length from proximal to distal and when running at
the same speed. This difference may stem from their inclusion of
fewer muscles in the calculations.

Consistent with our hypothesis, greater bending moments were
observed when running with a forefoot strike than a rearfoot
strike. The time-series analyses demonstrated increased tib-
ial loading during running with an imposed forefoot strike
throughout most of the stance phase, resulting also in higher
peak values. The finding that transitioning from a habitual rear-
foot strike to a more exaggerated rearfoot strike reduced tibial
bending moments by 15.3%, whereas transitioning to a forefoot
strike increased bending moments by 15.0% could be interpreted
in terms of risk of tibial stress injury, where a greater magnitude
of loading is understood to be one of the most important deter-
minants of bone tissue damage [42]. However, in the present
study, participants were not accustomed to running with these
foot strikes, and it remains unclear whether such large magni-
tudes of difference would be observed if runners became accus-
tomed to these foot strike patterns.

Bone remodels according to the stimuli it receives [6] such that
the tissue may not be well adapted to withstand new patterns
of loading, even if the magnitudes are lower. Transitioning to
a new foot strike pattern involves substantial neuromuscular
adjustments. For instance, Shih et al. [43] observed increased
tibialis anterior activation during early stance when habitual
rearfoot strikers transitioned to forefoot striking, reflecting the

(A)

Dorsi flexor force (BW)

additional demands placed on the dorsi flexors during such tran-
sitions. In contrast, Yong et al. [44] found no significant differ-
ences in tibialis anterior and gastrocnemius activity during early
stance between natural forefoot and rearfoot strikers, suggest-
ing that habitual forefoot runners exhibit long-term adaptations
that reduce neuromuscular demands. These findings under-
score the importance of gradual transitions to new foot strike
patterns to allow sufficient neuromuscular and musculoskeletal
adaptation.

The dorsi flexor and plantar flexor forces aid understanding of
the modulating effects on tibial loading across different foot
strike patterns (Figure 5). The dorsi flexors, including the tib-
ialis anterior, extensor digitorum longus, and extensor hallucis
longus, exhibit higher muscular forces during imposed rearfoot
striking compared to both imposed forefoot striking and habit-
ual rearfoot striking in the early stance phase. This elevated
force production assists in decelerating the foot immediately
after heel contact, as the dorsi flexors engage to manage the ini-
tial impact and control foot placement during rearfoot striking.
Notably, imposed rearfoot striking is the only condition show-
ing a loading pattern whereby the direction of the resultant
bending moments is initially negative, before becoming positive
(Figure 4). This is indicative of the posterior tibia initially un-
dergoing tension before being compressed throughout the rest
of stance, and vice versa at the anterior tibia. This could be at-
tributed to increased activation of the dorsi flexors, which may
exaggerate the mechanics of rearfoot striking. In contrast, this
reverse loading pattern was not observed in habitual rearfoot

hRFS
iRFS
——iFFS

(B)

Plantar flexor force (BW)

30 40 50 60 70 80 90 100

———hRFS

FIGURES5

30 40 50 60 70 80 90 100

Time (% stance)

| Mean and standard deviation time-series of dorsi flexor (A) and plantar flexor (B) forces across the stance phase. Dorsi flexors include

the tibialis anterior, extensor digitorum longus, and extensor hallucis longus. Plantar flexors include the lateral gastrocnemius, medial gastrocne-

mius, soleus, flexor digitorum longus, flexor hallucis longus, peroneus brevis, peroneus longus, and tibialis posterior. Shaded areas represent stan-
dard deviation. hRFS, habitual rearfoot strike; iFFS, imposed forefoot strike; iRFS, imposed rearfoot strike. Images adapted from OpenSim software
[36] for visualization purposes only; analyses were not conducted in OpenSim.
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and forefoot striking, where positive bending moments persisted
throughout the stance phase. Although the implications of re-
verse loading for injury risk remain unclear, this pattern may in-
fluence bone remodeling. This concept aligns with Arndt et al.
[45], who observed ‘cyclic unloading’ in metatarsal loading in
nonfatigued states, though its direct relevance to tibial adapta-
tion requires further research.

The plantar flexors produced higher muscular forces during im-
posed forefoot striking than rearfoot striking due to the greater
work required at the ankle when running with a forefoot strike.
These higher muscular forces are the main contributor to the
increased resultant bending moments (Figure 4). In particular,
this observation of greater plantar flexor forces when running
with a forefoot strike corresponds with an earlier occurrence of
peak force generation. The contribution of the plantar flexors is
much greater than that of the dorsi flexors in early stance during
forefoot striking, leading to initial posterior compression, which
continues throughout the stance phase. Similarly, previous
studies have reported that the ankle joint contact force, which is
influenced by internal muscular forces spanning the tibia, was
higher when transitioning from rearfoot to forefoot striking [22].
Understanding these distinct mechanical differences provides
valuable insights for developing targeted training strategies to
minimize injury risk. These insights suggest that transitioning
from a habitual rearfoot strike to a forefoot strike may not be
beneficial if seeking to reduce loading of the tibia. Therefore,
footstrike transitioning should be conducted gradually to allow
for physiological adaptations of the musculoskeletal structures
in the lower extremities. However, interpretation of the results
and translation into recommendations should be done cau-
tiously, considering the limitations of the study.

One limitation of this study relates to the acute transition be-
tween foot strike patterns. Despite efforts to familiarize partici-
pants with forefoot striking, they were not accustomed to these
imposed patterns. Additionally, the short 5-m run-up may have
influenced results, potentially favoring certain foot strike types
and not fully reflecting typical running conditions. The study
also exclusively monitored the right foot, without considering
potential differences between the dominant and nondominant
leg. Jandovaet al. [46] demonstrated that laterality can affect
running mechanics, suggesting that future studies should con-
sider analyzing the dominant leg. Although verbal feedback and
two sets of timing gates were used to encourage participants to
maintain a consistent speed over the force plate, the setup did
not directly confirm whether acceleration or braking occurred.

The study relied on computational modeling to estimate tibial
loading. Although anthropometric parameters were gender-
specific, the model did not account for individual anatomical
variations or tibial material properties, potentially affecting the
precision of bending moment estimations. Another limitation
concerns the cumulative-weighted tibial impulse per kilometer
variable, which was estimated from spatial-temporal data of a
single overground trial and extrapolated to 1 km. This approach
neglects physiological fatigue, which may alter biomechanical
variables during longer runs. Furthermore, the estimate was
based on a limited number of nonconsecutive foot strikes, which
may limit the generalizability of the results.

Finally, reliance on static optimization to estimate muscle forces
is a key limitation. This method depends on generalized net joint
moments and does not account for individual-specific muscle
activation patterns or coordination strategies. By minimizing
overall muscle activation, static optimization may underesti-
mate co-activation during ground contact. Previous research
has shown this can lead to inaccurate muscle force predictions,
particularly for muscles like the tibialis anterior, where model
outputs often diverge from electromyography data [47]. This
raises concerns about the validity of force estimates in dynamic,
real-world conditions.

5 | Conclusion

In conclusion, this study demonstrates that running with an
imposed nonhabitual forefoot strike results in higher internal
tibial loading compared with rearfoot striking, primarily due to
increased mechanical demands placed on the plantar flexors.
This suggests that transitioning from a habitual rearfoot strike
to a forefoot strike may not be advisable for runners aiming to
reduce the magnitude of loading on the tibia.
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