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Abstract

The objective of the study was to compare conventional
biomechanical outcomes, movement regularity, and local
dynamic stability among habitual rearfoot strikers during
acute non-rearfoot-strike adoption (HRFS-AN) and after
12 weeks of gait retraining (HRFS-GR), and habitual non-
rearfoot strikers (HNRFS). Thirty-three male recreational
runners enrolled. Analyses included 13 habitual rearfoot
strikers assessed during acute NRFS adoption and after 12
weeks of gait retraining, together with 14 HNRFS. Partici-
pants ran on a treadmill at 9 km-h™! while ground reaction
forces and lower-limb kinematics were recorded. Coeffi-
cient of variation (CV), sample entropy (SampEn), and
largest Lyapunov exponent (LyE) were used to character-
ize discrete kinematic variability, temporal regularity, and
local dynamic stability, respectively. Runners in all three
states adopted an NRFS pattern. HRFS-AN showed a more
anterior foot strike than HRFS-GR and HNRFS. Peak ver-
tical ground reaction force and most spatiotemporal and
discrete kinematic outcomes did not differ among states;
selected joint angle and CV outcomes differed, while VILR
and VALR were lower in HRFS-AN than in HRFS-GR.
Compared with HRFS-AN, HRFS-GR and HNRFS exhib-
ited lower SampEn for sagittal-plane knee and ankle mo-
tion and vertical COM motion, and lower LyE for sagittal-
plane knee and vertical COM motion. Compared with
HNRFS, HRFS-GR exhibited higher SampEn for sagittal-
plane knee and transverse-plane hip motion and higher LyE
for sagittal-plane knee and coronal-plane hip motion. Most
conventional biomechanical outcomes were similar among
states; however, HRFS-AN exhibited a more anterior foot
strike than HRFS-GR and HNRFS, as well as lower VILR
and VALR than HRFS-GR. Compared with acute adop-
tion, the retrained state showed greater regularity and local
dynamic stability in selected knee, ankle, and COM trajec-
tories, although selected differences from HNRFS re-
mained. These findings suggest that a gradual 12-week
gait-retraining programme may be an appropriate approach
for transitioning habitual rearfoot strikers to NRFS.

Key words: Foot strike pattern, running biomechanics, gait
retraining, sample entropy, largest Lyapunov exponent.

Introduction

Foot strike pattern has long been a central topic in running
biomechanics. Historically, humans running barefoot pre-
dominantly adopted a non-rearfoot strike (NRFS; midfoot
or forefoot strike), while the widespread use of cushioned
running shoes has led most runners to adopt a rearfoot
strike (RFS) pattern characterized by initial heel contact
(Bramble and Lieberman, 2004; Lieberman et al., 2010).
At present, only about 25% of runners use NRFS, while the
majority adopt RFS, which is typically associated with a
pronounced impact peak in the vertical ground reaction
force (VGRF) and has been linked to impact-related inju-
ries (Patoz et al., 2019). By contrast, NRFS runners exhibit
a smoother landing pattern without a distinct impact peak.
Although NRFS may increase loading on the Achilles ten-
don and triceps surae due to greater ankle plantarflexion
(Kulmala et al., 2013), it has been suggested to reduce the
risk of patellofemoral pain and tibial stress syndrome and
may improve running economy under certain conditions;
however, evidence remains mixed (Bovalino and Kingsley,
2021).

Gait-retraining interventions conducted over 4—12
weeks, particularly under barefoot or minimalist footwear
conditions, have enabled habitual rearfoot strikers (HRFS)
to adopt a non-rearfoot strike (NRFS) pattern (Deng et al.,
2024; Warne et al., 2014; Yang et al., 2020; Zhang et al.,
2021). These interventions have been shown to alter foot-
strike angle, vertical loading rates, plantar pressure, joint
kinetics, and muscle—tendon mechanics. HRFS can also
acutely adopt an NRFS pattern and reproduce some of the
joint kinematic and running-mechanics characteristics ob-
served in habitual non-rearfoot strikers (HNRFS) (Valen-
zuela et al., 2015; Williams et al., 2000). However, these
adaptations appear to be outcome-specific, and successful
modification of foot-strike pattern does not necessarily
produce uniform changes across biomechanical variables.
Thus, although gait retraining and acute foot-strike modi-
fication may enable HRFS to reproduce some observable
biomechanical characteristics of HNRFS, it remains un-
clear whether the underlying temporal organization and dy-
namic stability of running also become comparable.
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Running is a nonlinear dynamical system character-
ized by small but persistent stride-to-stride fluctuations,
whose temporal organization may provide information be-
yond mean kinematics or the magnitude of variability alone
(Hunter et al., 2023; Stergiou and Decker, 2011). Sample
entropy (SampEn) quantifies the regularity and predictabil-
ity of a time series, with higher values indicating less re-
petitive and less predictable movement patterns; however,
its direction should not be interpreted as inherently benefi-
cial or detrimental (Yentes and Raffalt, 2021). In contrast,
the largest Lyapunov exponent (LyE) quantifies the rate at
which initially neighboring trajectories diverge in recon-
structed state space, with higher values indicating lower lo-
cal dynamic stability (Dingwell et al., 2001; Rosenstein et
al., 1993). These measures characterize different dynam-
ical properties of a time series: SampEn is based on the
likelihood that similar sequential patterns remain similar
when their length increases, whereas LyE measures the
short-term divergence of initially neighboring trajectories.
Consequently, greater temporal regularity does not neces-
sarily imply greater local dynamic stability, and the two
measures need not change in parallel. Assessing both
measures therefore provides complementary information
about the temporal organization and local dynamic stability
of movement (Crowley et al., 2021; Strongman and Morri-
son, 2021).

Evidence concerning nonlinear movement dynam-
ics following foot-strike modification remains limited. Eki-
zos et al. (2017) reported that an acute transition from shod
to barefoot running, accompanied by a more anterior foot-
strike pattern, was associated with reduced local dynamic
stability. Similarly, Hollander et al. (2021) found lower lo-
cal dynamic stability in novice barefoot runners than in
shod runners, although stability did not change over the 8-
week intervention period. However, because the transition
from shod to barefoot running was accompanied by a more
anterior foot strike, the independent effects of footwear and
foot-strike modification could not be distinguished. Fur-
thermore, existing studies have focused predominantly on
the largest Lyapunov exponent (LyE) as the primary non-
linear metric, without jointly evaluating movement regu-
larity and local dynamic stability to characterize dynamic
behavior comprehensively. Another critical gap is that
prior work has not directly compared movement dynamic
profiles across three distinct conditions: acute NRFS adop-
tion, retrained NRFS, and habitual NRFS. From a motor-
learning perspective, adopting an unfamiliar foot-strike
pattern may involve exploratory adjustments and progres-
sive reorganization of movement coordination (Krakauer
et al., 2019; Wood et al., 2024). It therefore remains un-
clear whether acute and retrained NRFS adoption represent
similar movement dynamic states, and how each state com-
pares with habitual NRFS in terms of temporal organiza-
tion and local dynamic stability.

Accordingly, the present study aimed to compare
lower-limb joint kinematics, movement regularity, and lo-
cal dynamic stability among three observed states:
HNREFS, HRFS acutely adopting NRFS (HRFS-AN), and
HRFS after a 12-week GR program (HRFS-GR). We hy-
pothesized that: (1) discrete joint kinematics would not dif-
fer substantially among the three states; (2) HRFS-AN

would exhibit less regular movement patterns and lower
local dynamic stability than HNRFS; and (3) HRFS-GR
would demonstrate movement regularity and local dy-
namic stability comparable with those of HNRFS.

Methods

Participants

A simulation-based sample-size analysis was conducted
using the random-intercept linear mixed-effects model
specified for the primary analysis (Outcome ~ State + (1 |
participant) (Green and MacLeod, 2016). The calculation
targeted the primary within-participant contrast between
HRFS-GR and HRFS-AN, using a two-sided o of 0.05. The
expected effect was based on the sagittal-plane knee
SampEn change reported by Hunter et al. (2021) (approxi-
mate dz=0.962). The analysis indicated that 11 HRFS par-
ticipants with observations under both conditions were re-
quired to achieve 80% power. A total of 33 male recrea-
tional runners participated in the current study, including
19 HRFS who expressed an interest in transitioning their
foot strike pattern (age: 34 £ 8§ years; body mass: 68.0 + 8.5
kg; height: 1.74 £ 0.05 m) and 14 HNRFS (age: 34.0 +10.2
years; body mass: 70.0 + 8.9 kg; height: 1.73 + 0.04 m).
The inclusion criteria were as follows: (1) running at least
20 km per week in the past 6 months without changing their
habitual foot strike pattern, (2) no musculoskeletal injury
within the past 6 months, and (3) abstinence from alcohol
and caffeine within 24 h prior to testing. All participants
provided written informed consent, and the study protocol
was approved by the institutional ethics committee.

Procedure

During the first laboratory visit, participants ran naturally
on a treadmill while wearing the experimental shoes (Nike
Pegasus 34, 285 g, size 43, heel-to-toe drop: 12 mm). Their
habitual foot-strike patterns were recorded in the sagittal
plane using the slow-motion video mode of an iPhone 12
Pro at 240 frames-s™! and were classified frame by frame
according to the foot position at initial ground contact, fol-
lowing the criteria described by Hasegawa et al. (2007).
RFS was defined as heel first contact without simultaneous
midfoot or forefoot contact, whereas NRFS was defined as
midfoot or forefoot first contact or simultaneous contact of
the heel and midfoot or the entire sole. The posterior one-
third of the shoe was considered the heel region. Two ex-
perimenters jointly reviewed each recording and reached a
consensus classification. On the basis of video analysis,
runners were categorized into HRFS or HNRFS. An addi-
tional assessor separately re-evaluated all recordings using
the same criteria (agreement = 90.9%; Cohen’s k = 0.81);
all disagreements involved NRFS classifications, which
were subsequently confirmed by three-dimensional motion
capture during the formal biomechanical testing.

Before formal testing, HRFS participants com-
pleted an individualized familiarization period at the test-
ing speed, during which they practiced the intended NRFS
pattern. Familiarization continued until they verbally re-
ported feeling comfortable maintaining the pattern (Valen-
zuela et al., 2015). HNRFS participants completed the
warm-up without altering their habitual foot-strike pattern.
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A total of 36 retro-reflective markers (14 mm diam-
eter) were placed bilaterally on the following anatomical
landmarks: anterior superior iliac spine, posterior superior
iliac spine, iliac crest, and greater trochanter (pelvis); me-
dial and lateral femoral condyles (knee); medial and lateral
malleoli (ankle); and Ist and 5th metatarsal heads, distal
phalanx of the hallux, and calcaneus (foot). In addition,
rigid clusters that consisted of 3 noncollinear markers were
affixed onto the lateral thigh and shank of each leg.

During formal testing, the participants ran at 9
km-h™ on an instrumented treadmill (Bertec FIT, USA)
while wearing the experimental shoes. The HRFS partici-
pants were instructed to adopt NRFS acutely (HRFS-AN),
while HNRFS runners maintained their natural strike pat-
tern. Data collection began only after an investigator visu-
ally confirmed a stable running pattern, operationally de-
fined as maintaining the intended foot-strike pattern with-
out observable abrupt changes in step frequency or stride
length. Data were then recorded for 30 s. Marker trajecto-
ries were captured using an eight-camera Vicon T40 sys-
tem (Oxford Metrics, UK) at 200 Hz. The HRFS partici-
pants who completed the 12-week GR protocol returned for
post-tests, during which they ran with their self-selected
post-training strike pattern (HRFS-GR). Data collection
procedures were identical to those of baseline testing.
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Figure 1. Twelve-week progressive gait retraining program.

Training protocol

HRFS runners voluntarily completed a 12-week GR pro-
gram designed to promote the adoption of NRFS. Minimal-
ist shoes (Vibram FiveFingers; 3 mm rubber outsole, no
midsole, zero heel-toe drop; minimalist index: 92%) were
used to simulate barefoot running while providing plantar
protection. Training volume was progressively increased
based on individual weekly mileage (Lieberman et al.,
2010; Zhang et al., 2021), with all the participants complet-
ing three minimalist shoe sessions per week. During Weeks
1-2, runners completed 10% of their weekly mileage in
minimalist shoes by using NRFS, with the remaining mile-
age performed while wearing conventional cushioned
shoes and using their habitual strike pattern. Minimalist
shoe mileage was subsequently increased by 10% per
week, reaching 100% by Week 11, and maintained
throughout Week 12 (Figure 1). Total weekly mileage was
kept constant throughout the retraining period. The partic-
ipants were additionally instructed to perform foot and an-
kle strengthening exercises under the supervision of a

rehabilitation specialist to facilitate musculoskeletal adap-
tation. Exercises targeted intrinsic and extrinsic foot and
ankle musculature and were performed for approximately
20 min per session. Training adherence was monitored
through weekly mileage logs, video submissions of foot
strike patterns, and supervised training sessions. Competi-
tive races were not permitted during the retraining period.

Data processing

Kinematic data and vGRFs were processed using Visual3D
(C-Motion, Inc., Rockville, MD, USA). Marker trajecto-
ries were low-pass filtered using a fourth-order Butter-
worth filter at 7 Hz, and vGRF signals were filtered at 50
Hz (Deng et al., 2024; Zhang et al., 2021). Initial contact
was identified when the vGRF exceeded 30 N, and a gait
cycle was defined as the interval between two successive
initial contacts of the dominant foot. The middle 20 s (5—
25 s) of each 30-s trial were retained for analysis, from
which the first ten consecutive complete gait cycles of the
dominant limb, defined as the preferred kicking limb, were
selected.

Joint angles were calculated using Euler angles be-
tween adjacent segments. Foot strike angle was defined as
the angle between the line that connected the first metatar-
sophalangeal joint and calcaneus markers and the global
anterior—posterior axis, offset by the corresponding angle
measured during static standing (Altman and Davis, 2012).
Angles <8° were classified as NRFS and angles >8° as
RFS. To quantify whole-body movement dynamics, the
position of the center of mass (COM) was estimated using
the centroid of the pelvic markers, including the bilateral
anterior superior iliac spine and posterior superior iliac
spine (Napier et al., 2020; Saini et al., 1998). The COM
position was calculated as the mean three-dimensional co-
ordinates of these markers.

Vertical average loading rate (VALR) and vertical
instantaneous loading rate (VILR) were calculated from
vGRF during early stance. A point of interest (POI) was
defined as the point immediately before the vGRF slope
decreased below 15 body weights per second, with the ad-
ditional requirement that vGRF magnitude exceeded body
weight (Futrell et al., 2020). VALR was defined as the av-
erage slope between 20% and 80% of the most linear por-
tion of the vGRF curve between initial contact and the POI,
while VILR was defined as the maximum slope between
20% and 100% of the vGRF—time curve over the same in-
terval.

Discrete variables were extracted from 10 consecu-
tive gait cycles and averaged for statistical analysis.
Within-subject variability of the discrete joint angle
measures was quantified using the coefficient of variation
(CV) and calculated as the standard deviation (SD) divided
by the mean across the 10 gait cycles.

Regularity and complexity of movement were
quantified using SampEn, computed from the continuous
joint angle time series of the hip, knee, and ankle in the
sagittal, coronal, and transverse planes (McCamley et al.,
2018; Richman and Moorman, 2000). In addition, whole-
body movement variability was quantified using SampEn
calculated from the COM position time series in the ante-
rior—posterior, medial-lateral, and vertical directions.
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Time series were extracted from the 10 s of each trial,
yielding 2000 data points per joint and plane at a sampling
frequency of 200 Hz. SampEn was calculated as follows:

A
SampEn(m,r,N) = —In (E)'(l)

where N is the number of data points, m is the embedding
dimension, and r is the similarity tolerance expressed as a
proportion of the signal SD. A represents the number of
vector pairs of length m + 1 within tolerance r, and B de-
notes the number of vector pairs of length m. For primary
presentation, m = 2 was selected to reduce the dimension-
ality of pattern matching and maintain sufficient template
matches within the 2000-point time series, while r =
0.25 X SD was selected to reduce the risk of sparse
matches across the continuous joint-angle and COM sig-
nals. Because SampEn estimates may depend on parameter
selection, three additional combinations (m =2, r =
010xSD; m=3,r=010XxSD; and m=3,r =
0.25 x SD) were analysed to evaluate parameter sensitiv-
ity (Yentes and Raffalt, 2021). Results obtained using m =
2andr = 0.25 X SD are presented in the main manuscript,
and results for the alternative parameter combinations are
provided in Supplementary Figures S1-S3.

Local dynamic stability was evaluated using the
largest Lyapunov exponent (LyE), calculated from the ten
cycles of running time series of right hip, knee, and ankle
joint angles in the sagittal, coronal, and transverse planes,
as well as from the COM position time series (Supplemen-
tary Table S1). The LyE was estimated using the Rosen-
stein algorithm (Rosenstein et al., 1993). Before state-
space reconstruction, each time series was standardized to
zero mean and unit SD. Time delay was determined as the
first local minimum of average mutual information, or the
global minimum within the evaluated lag range if no local
minimum was found. Embedding dimension was estimated
using the false-nearest-neighbours method as the smallest
dimension (2—-10) yielding <1% false neighbours, with rel-
ative and absolute thresholds of 10 and 2, respectively. The
Theiler window was defined as the mean signal period de-
rived from the dominant non-zero frequency in Welch’s
power spectral density estimate, and candidate neighbours
were required to be separated by more than this window.
Mean logarithmic divergence was calculated over approx-
imately 1.5 gait cycles. LyE was estimated as the least-
squares slope over a stride-scaled early divergence window
extending from sample 1 to approximately one gait cycle
(110-157 samples, corresponding to 0.55-0.785 s at 200
Hz), ensuring consistent and objective estimation across
participants and signals:

_d{Ind(®))
A=

where d(t) denotes the separation between neighboring
trajectories in the reconstructed state space at time t, and A
represents the slope of the mean logarithmic divergence
curve over the specified early divergence interval.

Statistical analysis
All outcomes are reported as mean + SD. For each out-
come, a random-intercept linear mixed-effects model

(LMM) was fitted, with participant included as a random
effect to account for the repeated observations in the
HRFS participants. A three-level group—condition factor,
hereafter termed State, was included as a fixed effect, with
levels HRFS-AN, HRFS-GR, and HNRFS. State repre-
sented the three observed group—condition combinations
rather than three independent participant groups. The
model was specified as: Outcome ~ State + (1 | participant)

For each outcome, the linear mixed-effects model
evaluated the overall effect of State and the following three
contrasts: HRFS-GR minus HRFS-AN, HNRFS minus
HRFS-AN, and HNRFS minus HRFS-GR. The p values for
the three contrasts were adjusted within each outcome us-
ing the Holm correction. Contrast results are reported as
estimated mean differences with 95% confidence intervals
and Holm-adjusted p values. Statistical significance was
set at a two-sided a of 0.05. All statistical analyses were
performed in Python using statsmodels package version
0.14.6 (Seabold and Perktold, 2010).

Results

GR dropout

A total of 19 RFS runners enrolled in GR, 2 discontinued
due to triceps surae soreness, and 1 was excluded for re-
peated protocol nonadherence. Subsequently, 16 com-
pleted the post-intervention test, while 3 failed to convert
to NRFS, and thus, were excluded, leaving 13 participants
(age: 34.2+8.6 years; body mass: 70.0+8.5 kg; height: 1.73
+ 0.07 m) in the HRFS-GR group for analysis.

Spatiotemporal, foot strike angle, and ground reaction
force parameters
Table 1 presents the descriptive statistics and LMM com-
parisons for the spatiotemporal, foot strike angle, and
ground reaction force parameters across the three states.
All three observed states were classified as NRFS,
with mean foot strike angles below 8°. A significant overall
effect of State was observed for foot strike angle (p <
0.001, Table 1). Compared with HRFS-AN, foot strike an-
gle was higher in HRFS-GR (MD = 4.52°; p <0.001) and
HNRFS (MD =2.95° p=0.011). No significant difference
was observed between HRFS-GR and HNRFS (p > 0.05).
Significant overall effects of State were also ob-
served for VILR (p =0.028) and VALR (p = 0.025). Com-
pared with HRFS-AN, HRFS-GR exhibited higher VILR
(MD = 17.32 BW/s; p = 0.012) and higher VALR (MD =
14.93 BW/s; p = 0.016). Neither VILR nor VALR differed
significantly between HNRFS and HRFS-AN or between
HNRFS and HRFS-GR (all p > 0.05). No significant over-
all State effects were observed for cadence, step length,
contact time, or vGRF (all p > 0.05; Table 1).

Discrete variables

Table 2 presents the discrete lower-limb joint angle and
COM ROM results across the three states. Significant over-
all effects of State were observed for the hip sagittal-plane
minimum angle (p = 0.046), knee sagittal-plane minimum
angle (p = 0.035), knee sagittal-plane ROM (p = 0.013),
and ankle coronal-plane maximum angle (p = 0.034). For
the hip sagittal-plane minimum angle, HNRFS exhibited a
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higher value than HRFS-GR (MD = 6.36°, p = 0.040).
Knee sagittal-plane ROM was higher in HRFS-GR than in
HRFS-AN (MD = 7.79°; p = 0.038) and higher in HNRFS
than in HRFS-AN (MD = 14.25°; p = 0.035). For the ankle
coronal-plane maximum angle, HNRFS exhibited a higher
value than HRFS-GR (MD = 6.51°; p = 0.044). Although
a significant overall State effect was observed for the knee
sagittal-plane minimum angle, none of its pairwise con-
trasts remained significant after Holm adjustment. No sig-
nificant overall State effects were detected for the remain-
ing discrete joint angle parameters or COM ROM variables
(all p>0.05; Table 2).

Table 3 presents the CV results for the lower-limb
joint angle and COM variables across the three states. Sig-
nificant differences in joint-angle CV parameters were ob-
served among the three states. At the hip, the sagittal-plane
minimum angle CV was lower in HRFS-GR than in HRFS-
AN (MD = —-0.33; p = 0.004). Overall State effects were
also observed for the hip sagittal-plane ROM CV (p =
0.042) and transverse-plane ROM CV (p = 0.042), alt-
hough none of their pairwise comparisons were significant.

At the knee, HRFS-GR exhibited lower CV values
than HRFS-AN for the sagittal-plane minimum angle (MD
=—0.09; p = 0.008), sagittal-plane ROM (MD =—0.14; p =
0.002), transverse-plane maximum angle (MD = —-0.19; p
= 0.049), and transverse-plane ROM (MD = —-0.07; p <
0.001).

At the ankle, the sagittal-plane maximum angle CV
was lower in both HRFS-GR (MD = —0.35; p = 0.005) and
HNRFS (MD = —0.35; p = 0.005) than in HRFS-AN.
HRFS-GR also exhibited lower sagittal-plane ROM CV
(MD = -0.13; p = 0.036) and transverse-plane ROM CV
(MD = —0.10; p = 0.034) than HRFS-AN. No significant
overall State effects were observed for the remaining joint-
angle or COM CV parameters (all p > 0.05).

SampEn
Figure 2 presents the SampEn values and pairwise compar-
isons for the hip, knee, ankle, and COM across the three
states (m = 2, r = 0.25).

At the hip, a significant overall effect of State was
observed for transverse-plane SampEn (p =0.012). HRFS-

GR exhibited higher SampEn than HRFS-AN (MD = 0.07;
p = 0.012), while HNRFS exhibited lower SampEn than
HRFS-GR (MD =—0.05; p = 0.050).

At the knee, a significant overall State effect was
also observed for knee sagittal-plane SampEn (p < 0.001).
Compared with HRFS-AN, SampEn was lower in HRFS-
GR (MD =-0.02; p = 0.004) and HNRFS (MD =—-0.05; p
< 0.001). HNRFS also exhibited lower SampEn than
HRFS-GR (MD =—0.03; p <0.001).

At the ankle, a significant overall State effect was
observed for sagittal-plane SampEn (p < 0.001). SampEn
was lower in HRFS-GR (MD = -0.04; p = 0.002) and
HNRFS (MD = —0.05; p = 0.002) than in HRFS-AN,
whereas HRFS-GR and HNRFS did not differ signifi-
cantly.

For the COM, a significant overall State effect was
observed for vertical SampEn (p = 0.002). Vertical COM
SampEn was lower in HRFS-GR (MD =-0.01; p=0.014)
and HNRFS (MD = —0.03; p = 0.014) than in HRFS-AN,
with no significant difference between HRFS-GR and
HNREFS. No significant overall State effects were observed
for the remaining joint or COM SampEn outcomes (all p >
0.05).

LyE
Figure 3 presents the LyE values and pairwise comparisons
for the hip, knee, ankle, and COM across the three states.

At the hip, a significant overall effect of State was
observed for coronal-plane LyE (p = 0.040). HNRFS ex-
hibited lower coronal-plane LyE than HRFS-GR (MD =
—0.24; p = 0.038), while HRFS-AN did not differ signifi-
cantly from either HRFS-GR or HNRFS. No significant
overall State effects were observed for hip sagittal- or
transverse-plane LyE.

At the knee, a significant overall State effect was
observed for sagittal-plane LyE (p < 0.001). Compared
with HRFS-AN, sagittal-plane LyE was lower in HRFS-
GR (MD =-0.18; p=0.017) and HNRFS (MD =-0.38; p
< 0.001). HNRFS also exhibited lower sagittal-plane LyE
than HRFS-GR (MD = —0.20; p = 0.044). No significant
overall State effects were observed for knee coronal or
transverse-plane LyE.

Table 1. Foot strike angle, spatiotemporal and force-related parameters in HRFS-AN, HRFS-GR and HNRFS.

Overall GR- AN HNRFS - AN HNRFS - GR
Parameter ~ HRFS-AN  HRFS-GR  HNRFS MD [95% CI] MD [95% CI] MD [95% CI]
REL p-value p-value p-value
(S(tj:p‘i‘;‘“mci‘;) 17920£1532 179.61£17.32  179.0949.63 0980 41 [_13.69(‘)30’ 4.74] -0.12 ['i%f)g’ 10.12] -0.52 ['11.8'0706’ 9.72]
Step(:l‘:;‘gth 0.84+0.07 0.84+0.08 0.84+0.05 0991 000 [-1(.)6%26 Oa) - 00 ['1%%50’ W) O [_1%0056 i)
tﬁ:’:ti‘::) 202.77421.89 2447943083 230.62+26.88  0.100 2202 %ffg{; 42.61] 7.84 ['102'43487’ 28.07] -14.18 [6%;13‘;0’ 6.05]
Stri(';ee;‘;‘gle 6.23£3.53  -1.7142.39  -3.2842.19  <0.001%%* 4'5<2 (5.2(;(7,2;2;30] 295 ([)(')(.)zizi,*s.oz] 37 [(;,312‘;’ L
vGRF (BW)  2.51+0.24 2.46+0.18 2.67+0.34 0.128 -0.05 [(')93'41“5)’ 0.05] 0.16 [3?'20757’ 0.37] 021 [gfg 0.42]
(g%}:) 584141477 757342420 6628+1543  0.028% 1732 ([5612’39'16] 7.87 [-g:ggéﬂ.f&z] 9.45 [éggs, 4.50]
XSVL/}:) 46.82£1225 61752111  50.24+1327  o0.025% 1493 ([)‘.‘6%*25'43] 342 ['3:23’715 A3 -1 [(').2132'512’ 0.50]

Values are mean = SD, * p<0.05; *** p<0.001. GR: HRFS-GR; AN:HRFS-AN; vGRF: vertical ground reaction force; VILR: vertical instantaneous

loading rate; VALR: vertical average loading rate; BW: body weight.
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Table 2. Discrete lower-limb joint angle parameters in HRFS-AN, HRFS-GR and HNRFS.
Overall GR - AN HNREFS - AN HNREFS - GR
P HRFS-AN HRFS-GR HNRFS p-value MD [95% CI] MD [95% CI] MD [95% CI]
arameter
p-value p-value p-value
. -1.38 [-6.33, 3.58] 2.56 [-2.94, 8.05] 3.93 [-1.56, 9.43]
Sagittal max 33.43+7.46 32.05£9.05 35.98+5.02 0.354 0.724 0.724 0.483
. . -3.52 [-8.40, 1.37] 2.84 [-2.19, 7.88] 6.36 [1.32, 11.39]
- - - %
Sagittal min 4.83+4.65 8.35+7.87 1.99+£7.04  0.046 0317 0317 0.040%
. 2.47 [-0.09, 5.04] 0.10 [-4.35, 4.56] -2.37[-6.82, 2.08]
Sagittal rom 37.89+548 40.36+5.53 37.99+6.35 0.161 0177 0.963 0.594
0.69 [-1.31, 2.68] 0.58 [-2.23, 3.39] -0.11 [-2.91, 2.70]
Hip Coronal max  7.25+3.70 7.94+3.20 7.83+4.08 0.773 1.000 1.000 1.000
. -1.23 [-3.44, 0.97] -0.95 [-3.50, 1.60] 0.28 [-2.26, 2.83]
1(&(;leggl;a Coronal min  -3.554£3.25 -4.78+3.68 -4.50+3.20 0.514 0.820 0.932 0932
1.91 [-0.10, 3.93] 1.43 [-1.36, 4.23] -0.48 [-3.28, 2.31]
Coronal rom 10.81+2.57 12.7244.03 12.24+4.14  0.182 0.186 0.631 0735
0.63 [-1.12, 2.38] 1.18 [-2.88, 5.24] 0.55[-3.50, 4.61]
Transverse max 7.24+4.11 7.87+2.85 8.42+6.85 0.698 1.000 1.000 1.000
. 0.63 [-2.05, 3.31] 1.59 [-2.25, 5.42] 0.96 [-2.88, 4.79]
Transverse min -4.94+533 -4.31£3.66 -3.36+5.73 0.690 1.000 1.000 1.000
-0.03 [-2.48, 2.41] -0.39 [-3.03, 2.25] -0.36 [-3.00, 2.28]
Transverse rom 12.16+4.19 12.13£3.24 11.77£3.02  0.948 1.000 1.000 1.000
. 0.76 [-1.43, 2.95] 1.78 [-2.45, 6.00] 1.01 [-3.21, 5.24]
Sagittal max -15.50+5.49 -14.74+3.83 -13.73+6.49 0.615 1.000 1.000 1.000
. . -7.01 [-13.92,-0.10] -12.46 [-23.28, -1.64] -5.45[-16.28, 5.37]
- - - *
Sagittal min -78.49+15.22 -85.50+13.17 -90.95+14.48 0.035 0094 0.072 0323
. 7.79 [1.29, 14.30] 14.25 [3.17,25.33] 6.46 [-4.62, 17.54]
+ + + *
Sagittal rom 63.08+16.42 70.87+12.95 77.33+14.53 0.013 0.038* 0.035% 0253
0.72 [-1.63, 3.08] -0.77 [-4.33, 2.79] -1.50 [-5.06, 2.07]
Kinee Coronal max  4.40+5.12 5.12+3.81 3.62+4.99 0.652 1.000 1.000 1.000
Angle Coronalmin  -7.67+4.00 -6.79+3.68 -8.46:3.66 0469 O-S8[:1393.141  -0.79[-3.64,2.06]  -1.67[4.52, 1.18]
i) 0.896 0.896 0.752
-0.10 [-2.43, 2.23] -0.03 [-3.13, 3.07] 0.06 [-3.04, 3.16]
Coronal rom 12.06+3.10 11.96+£3.13 12.03+5.27  0.996 1.000 1.000 1.000
0.77 [-4.05, 5.59] 3.64 [-1.89, 9.18] 2.88 [-2.66, 8.41]
Transverse max 1.89+10.78  2.66+4.69 5.54+5.22 0.399 0755 0.590 0616
. -1.86 [-6.83, 3.11] 1.39 [-3.50, 6.27] 3.25[-1.64, 8.13]
Transverse min -12.05£9.34 -13.91+3.38 -10.66£5.30 0.406 0.927 0.927 0.578
2.63 [0.29, 4.98] 2.34 [-1.21, 5.89] -0.29 [-3.84, 3.25]
Transverse rom 13.92+4.28 16.55£3.69 16.26+£5.53  0.097 0,083 0393 0871
. 4.33[0.53, 8.14] 0.08 [-5.16, 5.33] -4.251-9.49, 0.99]
Sagittal max 11.83+4.14 16.17£7.43 11.9248.13  0.077 0.077 0.975 0.224
. . -0.65 [-4.72, 3.42] -0.27 [-8.35, 7.81] 0.38 [-7.70, 8.46]
Sagittal min  -24.77+£9.32 -25.42+10.62 -25.04+11.48 0.948 1.000 1.000 1.000
. 5.33[0.46, 10.19] 0.65 [-5.50, 6.79] -4.68 [-10.82, 1.46]
Sagittal rom 36.51+£7.34 41.83£7.94 37.15£8.87 0.094 0.09 0.837 0271
Coronal max 181739  090:698  741+6.44 0034+ O°1[611,430]1 5.60[0.37, 10.84]  6.51[1.27, 11.75]
Ankle 0.733 0.072 0.044*
Angle Coronal min -12.98+6.36 -13.25+8.55 -9.67+3.54  0.278 -0.27-4.46, 3.93] 3.32[-1.49,8.12] 3.58[1.22, .39
(deg) 0.901 0.431 0.431
-0.70 [-2.76, 1.37] 2.29 [-1.37, 5.95] 2.99 [-0.67, 6.65]
Coronal rom 14.73£4.89 14.03£3.02 17.02+£5.68  0.258 0.506 0.442 0330
-3.76 [-8.40, 0.88] 1.65 [-3.80, 7.10] 5.41 [-0.04, 10.86]
Transverse max 5.11+10.10  1.36+5.86 6.76+4.99 0.103 0225 0553 0155
. -4.96 [-9.85, -0.07] 0.37 [-5.49, 6.23] 5.33[-0.53, 11.19]
Transverse min -6.17+10.53 -11.12+7.68 -5.79+4.36  0.083 0.140 0901 0.149
1.35[-0.44, 3.13] 1.34 [-1.05, 3.73] -0.01 [-2.39, 2.38]
Transverse rom 11.23+£3.18 12.58+3.26 12.57+£3.08  0.280 0421 0543 0.997
. -0.11 [-0.59, 0.36] 0.53 [-0.69, 1.75] 0.64 [-0.58, 1.86]
Vertical rom 10.33+1.91 10.21£1.75 10.86+1.36  0.549 0911 0911 0911
COM 0.07 [-0.43, 0.56] -0.12 [-0.81, 0.58] -0.18 [-0.88, 0.51]
() A-P rom 4.36+0.73 4.42+1.09 4.24+0.91 0.862 1.000 1.000 1.000
0.22 [-0.18, 0.62] -0.08 [-0.70, 0.53] -0.30 [-0.91, 0.31]
M-L rom 2.83+0.74 3.05+0.75 2.75+0.90 0.448 0.869 0.869 0.869

Values are mean + SD, * p<0.05. GR: HRFS-GR; AN:HRFS-AN; COM: center of mass; ROM: range of motion; A-P: anterior-posterior; M-L: medial-lateral.



828

Movement regularity after gait retraining

Table 3. Coefficients of variation of lower-limb joint angles in HRFS-AN, HRFS-GR and HNRFS.

Overall GR- AN HNRFS - AN HNRFS - GR
parameter HRFS-AN  HRFS-GR  HNRFS  p-value  MD [95% CI| MD [95% CI] MD [95% CI]
p-value p-value p-value
Sagittalmax  0.09£0.07  0.04£0.02  0.09£0.08 0075 04 [(;.06327 0.00] 000 [6%0547’ 0.05] ~ 0.04 [(())f??; 0.09]
Sagittal min  0.52+0.39  0.18+0.15  0.31+0.33  0.015*% 033 (5:3654‘:: . 0131 -021 [(;?1'22’ 0.02] 0.3 %‘?'21912’ 036]
Sagittal rom  0.07£0.05  0.04£0.01  0.08:0.07  0.042% 003 [6%28’ 0.001 001 ['09;‘0937’ 0.05] 004 [(())..8716 0.08]
- Coronalmax 034£038  0.13:0.08  0.18£020  0.075 ‘(:)'21 :{;%%? ';)'((:]] 'Z': FZQ'%’ Z'z: (:)":)54 [[6%48’ ((’)'22‘;]]
?éleggl;e Coronal min  0.5140.35  0.32£0.36  0.28+0.30  0.147 Y ee e Ry
Coronalrom  0.16£0.07  0.10:0.04  0.14+0.11  0.130 006 [6?1'3’ 0.00] 002 [6?5'22’ I [2)9'30121’ 0.11]
Tml‘l‘;v:rse 027£0.19  0.13£0.07 0242030 0202 14 [(;,03'(3)2’ 0.03]  -0.02 [(;97.;3, 0.14] 0.1 [69,3()351, 0.27]
Transverse min 035£022 025:0.16 041034 0257 OO [(;95%2’ 0.09]  0.06 [;)9:51845’ 0.25] ~ 0.16 [6950345’ 0.33]
Transverse rom 0.20£0.13  0.12£0.05  0.14£0.06  0.042¢ 008 ['0%1556’ -0.01) - -0.07 [69110_2)’ 0.00]  0.02 [2)960557’ 0.08]
Sagittalmax  0.18£0.12  0.12£0.07  0.16£0.08 0200 -0¢ %%E’ OURIJ Bl [(_)%g% GRS [60,5033§ 0.11]
Sagittalmin  0.1240.10  0.03+0.01  0.08£0.08 0.012% 0% (5?36185*’ . 003 -0.03 [(')?2'22’ 0.03]  0.06 [8"?8; 0.12]
Sagittalrom  0.18£0.16  0.04£0.02  0.10£0.10 0.006+* 14 15:8622259: 0.06]  -0.08 [6?1';8’ 0.00] 006 [2)9'&23’ 0.14]
0945018 0250023 0250094 0993 000100117 0.00[-0.16,0.17]  0.00[-0.17,0.16]
Knee o -0.04 [1-6(?(1)2 0.04] -0.03 [{b(?(l)é(l) 0.08] 0.01 [-169(;)90 0.12]
?(ileggl)e Coronal min  0.17+0.18  0.13£0.07  0.14+0.15  0.608 1000, 1000, 1000
Coronalrom 0.14£0.13  0.08£0.04  0.13:006  0.171 000 [6?2'% 0.01}) -0.01 [6‘.)7'22’ 0.06]  0.04 [&07%4’ 0.11]
Tra:l‘l?:rse 0424033 0234010 025:020  0.044% 017 [(;%33;'0'04] 017 [(')91'?)‘3" 0.0} 0.02 [2)931()2 0.19]
Transversemin 0.17£0.13  0.09:0.04  021£025 0132 008 [(')92'12’ 0.01)  0.04 %‘?'51707’ 0.171 ~ 0.12 [6(?'20116’ 0.26]
Transverse rom 0.17+0.07  0.10£0.03  0.13£0.05  0.005%* '0'074[)?3;)111;;2’03' -0.04 [(_)?622’ 0.00]  0.03 [E)(.)é%ld 0.07]
Sagittalmax  0.45:048  0.11£0.14  0.114009  0.003%* 033 (5?3655793 . 013 -0.35 ({gbssi’ . 013 0.00 [69§2929’ 0-22]
Sagittal min  0.15+0.11  0.14+£0.10  0.18+0.19  0.690 -0.01 [1_(.)6(1)(1)7 UYL [_1(?6%76 S [_1%%70’ el
Sagittalrom  020£0.17  0.0740.06  0.16+0.13  0.038* 013 [0'%2;'0’03 I -0.04 [693';‘;’ 0.06] 0.9 [2)910712’ 0.18]
- Coronal max 034£023  029:030 025:0.12  0.575 'Z'ZZ [izdég)’ Z’iz] '00'1039 [(');9'5673’;"30;] '00'10: [igdél(l)’;’j]
?(ileggl;! Coronal min  0.19+0.25  0.13£0.09  0.32+0.36 0.185 [(;. 458 ] : [6.437’ 33] : %"209’ 39]
Coronalrom 0.18£0.08  0.13:0.04  0.1720.11 0354 004 [(_)?s'é% DRI [(‘)f’ég;’ CCI [2)95%36’ i)
Tra:;v;rse 0412029  030£0.17 031018 0315 ! [6%} 0.05] 010 [6%;’ 0.07] 001 [69512;65 0.18]
Transverse min 0212019  0.15:0.15 031036 0252 00 [(;96-(2)37 0.14]  0.10 [695%96 029]  0.15 [6950347’ 0.34]
Transverse rom 023011  0.130.06  0.16:0.11  0.032% 010 [0-%;1;-0.021 -0.07 [(3(.)1'% 0.00] 0.3 [694091’ 0.10]
Verticalrom  0.06£0.01  0.06:0.02  0.06+0.03 0644 %0 [_1%0016 C [_10,60016 DR Cibd [_10.60()26 0.02]
C(c(r)n“)‘ A-Prom  026:0.14 0312014 028010 0494 00 [E)%(fé 0.13] ~ 0.02 ['1%%86 0.1 -0.03 [I%(l)f)’ 0.06]
M-Lrom 0312011 026:008 028:008 0189 0 [(')91'52’ 0.0} -0.03 [{f’gé?; 0.04] 002 [6%0556 UHRET

Values are mean + SD, * p<0.05; ** p<0.01; ***p < 0.001. GR: HRFS-GR; AN:HRFS-AN; COM: center of mass; ROM: range of motion; A-P:

anterior-posterior; M-L: medial-lateral.
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Figure 2. Comparison of SampEn of lower-limb joint angle time series in the sagittal, coronal, and transverse planes and COM
time series in the vertical, anterior-posterior, and medial-lateral directions among the HNRFS, HRFS-AN, and HRFS-GR

groups. *p <0.05; **p < 0.01; ***p <0.001.

At the ankle, a significant overall State effect was
observed for coronal-plane LyE (p = 0.044); however,
none of the pairwise comparisons were significant. No sig-
nificant overall State effects were observed for ankle sag-
ittal or transverse-plane LyE.

For the COM, a significant overall State effect was
observed for vertical LyE (p = 0.003). Vertical COM LyE
was lower in HRFS-GR (MD = —0.14; p = 0.019) and
HNRFS (MD =-0.34; p = 0.009) than in HRFS-AN, while

HRFS-GR and HNRFS did not differ significantly. No sig-
nificant overall State effects were observed for COM LyE
in the anterior—posterior or medial—lateral directions.

Discussion

This study compared lower-limb kinematics, movement
regularity, and local dynamic stability across the HRFS-
AN, HRFS-GR, and HNRFS states. The first hypothesis
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was largely, but not completely, supported: most spatio-
temporal and discrete kinematic outcomes did not differ
significantly among states, although significant State ef-
fects were observed for foot-strike angle, vertical loading
rates, selected joint-angle variables, and several CV out-
comes. The second hypothesis was supported for selected
nonlinear outcomes: compared with HNRFS, HRFS-AN
exhibited higher sagittal-plane knee and ankle SampEn,
higher vertical COM SampEn, and higher sagittal-plane
knee and vertical COM LyE. The third hypothesis was par-

tially supported: HRFS-GR and HNRFS did not differ sig-
nificantly for most outcomes, but differences remained in
selected hip and knee SampEn and LyE measures. All three
states had mean foot-strike angles below 8° and were there-
fore classified as NRFS, indicating that the HRFS partici-
pants were able to adopt the intended strike pattern both
acutely and after retraining. Cadence, step length, contact
time, and peak vGRF did not differ significantly among
states, and most discrete joint-angle and COM ROM out-
comes also showed no significant differences.
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Figure 3. Comparison of LyE of lower-limb joint angle time series in the sagittal, coronal, and transverse planes and COM time
series in the vertical, anterior-posterior, and medial-lateral directions among the HNRFS, HRFS-AN, and HRFS-GR groups.

*p < 0.05; **p < 0.01; ***p < 0.001.
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These findings are broadly consistent with previous
studies showing that habitual rearfoot strikers can acutely
reproduce several sagittal-plane kinematic characteristics
of habitual forefoot or non-rearfoot strikers (Valenzuela et
al., 2015; Williams et al., 2000). Previous gait-retraining
studies have also reported reductions in impact peak and
vertical loading rates relative to habitual RFS running
(Futrell et al., 2020; Yang et al., 2020). Although the pre-
sent study did not assess the habitual RFS condition, nei-
ther HRFS-AN nor HRFS-GR differed significantly from
HNRES in peak vGRF, VILR, or VALR, providing no ev-
idence of greater impact loading in either modified NRFS
state than in habitual NRFS under the present testing con-
ditions. Nevertheless, VILR and VALR were higher in
HRFS-GR than in HRFS-AN. This difference may partly
reflect the more negative foot-strike angle in HRFS-AN,
indicating a more pronounced anterior foot strike, whereas
the foot-strike angle of HRFS-GR was closer to that of
HNRFS.

The nonlinear measures further differentiated acute
NRFS adoption from retrained and habitual NRFS running.
Compared with HRFS-AN, both HRFS-GR and HNRFS
exhibited lower SampEn in sagittal-plane knee and ankle
and vertical COM movement, together with lower LyE in
sagittal-plane knee and vertical COM movement. Given
the more pronounced anterior foot strike adopted during
HRFS-AN, the higher LyE in these selected trajectories
may be compatible with the challenge of acutely adopting
a more pronounced and unfamiliar strike strategy. This in-
terpretation is indirectly supported by Ekizos et al. (2017;
2018), who reported reduced local dynamic stability when
runners acutely shifted toward a more anterior foot strike,
whereas this effect was not observed following a longer pe-
riod of gradual transition. In the present study, the lower
LyE observed after 12 weeks of retraining similarly sug-
gests that the greater local divergence associated with the
acute condition may diminish with continued practice. Di-
rectly comparable evidence regarding SampEn following
foot-strike modification remains scarce. However, selected
reductions in COM-velocity SampEn have been observed
after accommodation to walking with unstable footwear
(Buchecker et al., 2018), providing indirect evidence that
repeated exposure to a modified locomotor task may alter
the temporal organization of movement. Therefore, the
lower SampEn observed after retraining may reflect the de-
velopment of a more regular movement strategy through
continued practice.

SampEn, LyE, and CV should therefore be inter-
preted as complementary rather than interchangeable
measures of movement behaviour (Dingwell et al., 2001;
Stergiou and Decker, 2011). SampEn characterizes the
temporal regularity and complexity of a movement trajec-
tory, with lower values indicating a more regular and pre-
dictable temporal structure (Richman and Moorman, 2000;
Yentes and Raffalt, 2021), whereas LyE quantifies the rate
of local trajectory divergence, with lower values indicating
greater local dynamic stability (Dingwell et al., 2001;
Rosenstein et al., 1993). In contrast, CV describes the con-
sistency of discrete kinematic extrema across gait cycles
without considering the temporal organization of the con-
tinuous trajectory. In the present study, the concurrent

lower SampEn and LyE in sagittal-plane knee and vertical
COM motion indicates that these specific trajectories were
both more regular and less locally divergent in HRFS-GR
and HNRFS than in HRFS-AN. However, sagittal-plane
ankle SampEn differed without a corresponding LyE dif-
ference, while transverse-plane hip SampEn was higher in
HRFS-GR than in HRFS-AN. Similarly, reductions in CV
after retraining were observed in selected sagittal- and
transverse-plane outcomes, but the overall CV pattern did
not correspond fully with the nonlinear findings. These
joint- and plane-specific results demonstrate that changes
in movement regularity, local dynamic stability, and the
variability of discrete kinematic events do not necessarily
occur together. Accordingly, the nonlinear measures pro-
vided additional information that was not captured by CV,
rather than simply being more sensitive, and their com-
bined use enabled a multidimensional characterization of
movement adaptation.

Despite the overall similarity between HRFS-GR
and HNRFS, residual differences remained in selected
nonlinear outcomes. HRFS-GR exhibited higher SampEn
in sagittal-plane knee and transverse-plane hip motion and
higher LyE in sagittal-plane knee and coronal-plane hip
motion than HNRFS. Because HNRFS was an independent
cross-sectional reference group rather than the longitudinal
endpoint of the HRFS participants, these differences may
reflect distinct adaptation histories and between-group
characteristics rather than an insufficient retraining dura-
tion alone. Importantly, greater similarity to HNRFS
should not automatically be regarded as a superior out-
come. Movement variability may support adaptability, and
its association with musculoskeletal injury remains incon-
sistent (Baida et al., 2018; Stergiou and Decker, 2011).
Bonacci et al. (2020) also reported increased entropy based
joint variability after gait retraining despite clinically
meaningful improvements in pain. Thus, higher SampEn
could reflect continued exploration or adaptability,
whereas higher LyE indicates greater local trajectory diver-
gence; neither finding alone establishes an adverse re-
sponse or increased injury risk. Because injury incidence,
pain, tissue loading, and performance were not prospec-
tively assessed, the clinical significance of these residual
differences remains uncertain.

Although SampEn and LyE cannot establish injury
risk, adverse symptoms may occur during the transition to
an NRFS pattern, particularly when foot-strike transition is
combined with minimalist footwear exposure. In the pre-
sent study, two participants withdrew during the early re-
training phase because of calf and foot pain. Because the
intervention also included foot and ankle strengthening ex-
ercises, these symptoms cannot be attributed to foot-strike
modification, minimalist footwear, or any single interven-
tion component. Nevertheless, these observations support
gradual, individually monitored progression during gait re-
training.

The current study has several limitations. First, non-
linear outcomes may be influenced by methodological
choices. SampEn outcomes depend on parameter selection,
and although multiple combinations of embedding dimen-
sion (m) and tolerance (r) were examined and a representa-
tive setting was selected, comparisons are only valid under
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identical parameter conditions. Likewise, LyE estimates
may vary depending on reconstruction settings. However,
to reduce methodological bias, LyE was calculated using
the same Rosenstein algorithm for all time series, while
time delay and embedding dimension were determined for
each time series according to established recommenda-
tions, the corresponding time delay and embedding dimen-
sion values for each parameter have been provided in the
Supplementary Material. Second, only male runners were
included to improve sample homogeneity and reduce po-
tential confounding effects related to sex-specific physio-
logical fluctuations, which may influence training-load
control during the 12-week gait retraining intervention.
However, this limits the generalizability of the findings to
female runners. Third, although a 12-week GR protocol
was adopted, no post-intervention follow-up was con-
ducted. Therefore, the long-term retention of changes in
movement regularity and kinematic patterns after removal
of external guidance remains unknown. Future studies
should incorporate follow-up assessments, and workload
monitoring and prospective symptom or injury surveil-
lance, to better clarify the durability and practical signifi-
cance of GR-induced adaptations during the transition pro-
cess.

Conclusion

Acute NRFS adoption was characterized by a more anterior
foot strike than HRFS-GR and HNRFS and lower VILR
and VALR than HRFS-GR, whereas peak vGRF and most
spatiotemporal and discrete kinematic outcomes were sim-
ilar among states. Compared with acute adoption, HRFS-
GR showed greater regularity in selected knee, ankle, and
COM trajectories and greater local dynamic stability in
knee and COM motion, broadly resembling the pattern ob-
served in HNRFS. These within-participant changes sug-
gest progressive adaptation to the newly learned NRFS pat-
tern, although selected knee and hip differences remained
between HRFS-GR and HNRFS. Overall, the findings sug-
gest that a gradual 12-week gait-retraining program may be
an appropriate approach for transitioning habitual rearfoot
strikers to NRFS.
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Key points

e HRFS-AN exhibited a more anterior foot strike and
lower VILR and VALR than HRFS-GR, while most
other spatiotemporal and discrete kinematic outcomes
were similar among states.

e Compared with acute NRFS adoption, 12-week gait
retraining resulted in greater regularity and local dy-
namic stability in selected knee, ankle, and COM tra-
jectories.

o Although selected nonlinear differences from HNRFS
remained, the findings suggest that gradual 12-week
gait retraining may be an appropriate approach for
transitioning habitual rearfoot strikers to NRFS.
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Supplementary Materials

Supplementary Table S1. Reconstruction parameters for LyE calculation.

HRFS-AN HRFS-GR HNRFS
lag m lag m lag m
Hip sagittal 24.45+7.33 4.09+0.54 26.89+7.44 3.78+0.44 22.69+4.79 4.544+1.66
Hip coronal 16.73+4 6+2.28 16.22+2.68 5.67+£2.5 17.23+£3.32 7.23+£2.77
Hip transverse 12.36+1.8 8+2.79 12.44£2.19 7.67£2.29 14.92+3.62 6.62+2.53
Knee sagittal 17.55+2.84 4+0.45 17.56+£2.96 4+0.5 15.77+£3.77 4.92+2.25
Knee coronal 15.82+4.38 6.18+2.09 15.33+3.16 5.44+0.53 17.77+6.42 5.54+2.07
Knee transverse 13.64+3.78 7.27£2.33 14.89+5.93 5.89+2.37 16.15+4.81 6.38+2.57
Ankle sagittal 19.64+2.62 4.45+0.52 18.67+2.92 6.22+2.22 20.38+3.57 5.62+1.56
Ankle coronal 15.64+2.77 5.36+1.75 16.44+3.09 5.78+2.05 17.85+3.76 5.77+2.45
AnKle transverse 10.55+2.07 9.18+1.83 12.78+2.39 7.44+2.65 14.77+7.43 8.234+2.39
COM vertical 21.91£2.95 3.82+0.6 21.224+2.28 5.56+2.55 21.31£1.97 4.46+1.66
COM M-L 19+4.12 5.45+£2.94 20.44+3.36 4.67+2 21.23£1.59 5.38+2.63
COM A-P 23.18+7.26 4.55+1.92 23.78+4.58 5.7843.19 24.69+6.75 5.54+2.57

Lag: time delay; M: embedding dimension; A—P: anterior—posterior; M—L: medial-lateral
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Supplementary Figure S1. Comparison of SampEn of lower-limb continuous joint angle time series in the sagittal, coronal,
and transverse planes among the HNRFS, HRFS-AN, and HRFS-GR groups. *p <0.05; **p < 0.01; ***p < 0.001. SampEn parameters
were settom=2andr=0.1.
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Supplementary Figure S2. Comparison of SampEn of lower-limb continuous joint angle and COM time series in the sagittal,
coronal, and transverse planes among the HNRFS, HRFS-AN, and HRFS-GR groups. **p < 0.01. SampEn parameters were set to m
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Supplementary Figure S3. Comparison of SampEn of lower-limb continuous joint angle and COM time series in the sagittal,
coronal, and transverse planes among the HNRFS, HRFS-AN, and HRFS-GR groups. *p < 0.05; **p < 0.01; ***p < 0.001. SampEn
parameters were set to m = 3 and r = 0.25.



