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University of Florida, Gainesville, FL, United States

Introduction: Running biomechanics and expected mechanical asymmetries
with no history of running-related injuries, and (2) determine whether age
influenced gait parameter asymmetry.

Methods: This cross-sectional study included 250 runners were used to test
age effects on biomechanical variables and asymmetry outcomes. Effect
sizes of age brackets were determined for runner characteristics and
biomechanical variables.

Results: Runners aged 55 years had the slowest velocity and 1.7%—-4% slower
occurred in ankle flexion moments, ankle and knee frontal excursions, and
peak VALR (range, 12.1%—-33.8% different between right and left limbs).
Discussion: Given that we did not find consistent effects. These data can help
inform reference ranges of normative biomechanical metrics and guide
clinicians in gait retraining and performance targets across the age spectrum.
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1 Introduction

Functional asymmetries and limb imbalance have become increasingly important in
sports assessment due to potential associations with injury risk and performance loss
(1). Tracking changes in asymmetry over time can be used to monitor rehabilitation
progress and readiness to return to sports after injury. Asymmetry is the difference or
disparity in function or performance of one limb relative to the other (1). For some
sports motions, an interlimb asymmetry threshold of 10%-15% has been suggested
to be “abnormal” (2), but this has not been validated across all sports. Growing
evidence shows that asymmetries also exist in the biomechanical parameters of
running (1, 3-9). Management of these imbalances, rather than complete mitigation
of asymmetry, is important to reduce exposure to disproportionate loading and
offset injury risk. For runners, there is not yet a consensus on what “normal” or
expected levels of natural asymmetry are in running across the range of
biomechanical parameters typically collected during gait analyses and whether these
levels are different across the age spectrum. From this point forward, we have
defined natural asymmetry as the interlimb differences in running parameters
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This
identifying clinically meaningful biomechanical

among healthy runners. information 1is critical to
interlimb

differences, improving gait analysis interpretation, and setting

expectations for performance for runners across the lifespan.

The magnitude of interlimb biomechanical asymmetry
may depend on the individual runner and the mechanical
measure (3, 10). In adult runners, sagittal plane kinematic
variables have low asymmetry (1%-9.7%) (3, 7, 10), whereas
frontal motion asymmetries range widely from 12% to 39%.
(3, 6) Kinetic, work-related, or load rate parameters have been
characterized by a wide range of asymmetries from low to high
(5%-35%) (3, 9). Translation of this evidence into general
clinical settings is difficult, because of several methodological
issues. First, injury histories may not be presented; if injuries are
present during testing, these are at varying stages of acuity (8, 9).
Second, other studies focused on collegiate athletes only (3, 7) or
runners of younger age only (1). Third, some studies include
other non-running-specific athletes (such as football, soccer, and
basketball) with cross country and track runners as part of a
combined asymmetry analysis (3). Thus, the asymmetry levels
described in these earlier studies may not actually represent what
occurs in the broader running-specific population. Furthermore,
it is unclear whether these published asymmetries are expected to
be the same across runners of varying ages.

The general running population has undergone an age-related
expansion over the last 15 years. In 2021, estimates indicate that
21 million people aged 16-50 years old participated in running
and jogging in the USA (11). The segments of runners aged 55-
65 years and >65 years increased from 10.8% to 16% and from
2.6% to 9% during 2015-2022 (12). While we and others have
studied basic differences between running motion in young and
(13-17), the
biomechanical asymmetries have not been clearly established

older runners nature and magnitude of
across the age continuum in runners without confounding injury
histories. Therefore, the purposes of this study were to (1)
produce reference running gait biomechanical data in healthy
non-injured runners aged 15-75 years with no history of running
injuries and (2) determine whether age influenced gait parameter
asymmetry. We hypothesized that compared with older runners,
younger runners would produce higher values for some
with body

excursions and vertical stiffness, and higher values of kinetic

spatiotemporal  parameters, larger lower joint
parameters. We also hypothesized that younger runners, who may
still be developing their neuromotor skills, would demonstrate
higher natural interlimb asymmetry among spatiotemporal,

kinematic, and kinetic variables compared with older runners.

2 Materials and methods

2.1 Study design

This is a cross-sectional study of the habitual gait performance
of endurance runners without running-related injuries. This study
and its procedures followed the guidelines for the Declaration of
Helsinki’s Protection of Human Subjects. The study was
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approved by the University of Florida Institutional Review Board
(IRB #202500475). The manuscript follows the recommended
format for the observational study described by the statement in
strengthening the reporting of observational studies in
epidemiology (STROBE; which can be found in Supplementary

Material) (18). The study flow diagram is shown in Figure 1.

2.2 Setting

The Exercise Medicine and Functional Fitness laboratory is
located in a quaternary health care facility. Data from all runners
who obtained running analyses for performance and injury
prevention services were pulled for analysis from this setting
from January 2014 to 20 March 2025 (N =725).

2.3 Participants

Of all the runners who sought clinical gait services, a total of
250 had no self-reported history of running-related injuries. All
runners provided written informed consent to place their data
into our departmental research databank (IRB #202101632).
Injury-free runners participating in high school cross country
programs (aged 15-18 years) through young adult and masters’
runners were eligible (aged 19-75 years). The inclusion criteria
were as follows: male and female runners aged 15-75 years, who
never incurred a running-related injury or injury with running
sports. This age range was selected to represent the ages and
proportions of running demographics nationwide (19). The
exclusion criteria were as follows: (1) previous history or current
presence of any running-related musculoskeletal injury, current
or recent musculoskeletal pain due to running, irrespective of
severity, (2) no major traumatic musculoskeletal injury or
repeated chronic injuries (i.e., anterior cruciate ligament rupture,
or repeated shin splints, chronic iliotibial band syndrome,
patellofemoral pain) from running-related sports, and (3) other
preexisting conditions that interfered with normal gait (i.e.,
scoliosis, anterior cruciate ligament repair, neurological
conditions, or previous history or orthopedic trauma with
resultant persistent motion aberrations). Runners were
categorized into four groups by age: <18 years (high school), 19-
35 years (collegiate, young adult), 36-55 years (master runners,
younger bracket), and >55 years (master runners, older bracket).
All had previous experience of >60 min of using treadmills as
part of training, which is considered ample for treadmill

accommodation (20).

2.3.1 Characteristics

Characteristics were collected from a comprehensive intake
form based on our published recommendations for runner
assessment (21). Supplementary Table S1 provides the content
collected on this intake form. Sections included characteristics
and medical history, any pain symptoms, training history
(volume, type, cross-training activities, strengthening exercise),
shoe wear and orthotics if applicable (weight, heel-to-toe drop,
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Eligible Patients: n=725
Free of running injury, no history of

Excluded: n=475

Presence of current nagging
musculoskeletal pain

Referred for testing due to
injury and rehabilitation

History of running-related
injury

Non-injured, healthy runners

|dentification orrur
running injury
N BEEEE———
Exclusion
Inclusion Included in study: n=250
Analysis Analyzed: n=250
FIGURE 1
STROBE study flow diagram for observational studies.

heel height), and whether or not they were currently training for
competition (yes, no). Each runner was permitted to use their
habitual preferred shoes for the testing to minimize any acute
effects of changing footwear on the kinematic and kinetic data.

2.4 Data sources and measurements

Data were acquired from a comprehensive health history intake
and biomechanical running gait analyses.

2.4.1 Initial procedures and instrumentation for
running analysis

A standard procedure was performed in which motion capture
during running at self-selected speed was captured using a high-
speed, seven-camera 3D optical motion analysis system (Motion
Analysis Corporation, Santa Rosa, CA, USA) that sampled at
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200 Hz that was synchronized with force plate data collected
from an instrumented treadmill (AMTI, Watertown, MA, USA)
at 1,200 Hz (22, 23). Previously published methods were used to
apply 33 retroreflective markers on anatomical landmarks (24).
Markers were placed acromion processes, triceps, lateral elbows,
radial forearms, dorsal wrists, posterior superior iliac spine,
anterior superior iliac spine, anterior bilaterally on the thigh,
medial and lateral condyles of the femur, tibial tuberosity, medial
and lateral malleoli, calcaneus, lateral to the head of the fifth
metatarsal, and medial to the base of the hallux. One offset
marker was placed on the right scapular inferior angle.

Prior to data collection, a static calibration trial was performed
to generate the computer model of each runner in the software in a
neutral anatomical position (Cortex, Motion Analysis Corporation,
Santa Rosa, CA, USA). The optical motion cameras captured the
static positions of the retroreflective markers, and the software
identified each marker in the baseline skeletal model based on
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the known marker set. The software then determined the body
segment lengths and joint centers based on the anatomical
marker placement. If any markers were misaligned or missed,
this was corrected, and a new static trial was collected. The
medial knee and ankle markers were then removed for all
running conditions to avoid these being knocked off during testing.

2.4.2 Data collection during running and post-
processing

Runners ran at a self-selected velocity that was defined as a
typical pace “used for long run distance training.” After an 8 min
acclimation running period, slow-motion videos were captured for
reference in the sagittal and frontal planes. Between 9 and 10 min,
a 10 s sample of data was captured, with an average of 12-14 strides.

Joint angles at initial foot contact for the ankle, knee, hip, and
pelvis were determined from the software tracking of the
retroreflective markers in space in each frame for each trial.
Using the foot markers, the ankle angle at the foot strike was
calculated as the foot segment and the ground at initial contact
relative to the natural angle during standing (25). The reference
point for joint angles was established at 90° as vertical for the
knee and hip and 0° as horizontal for the ankle angle. The pelvis
was developed from the anterior and posterior superior iliac
spine markers, and the anterior inclination was expressed relative
to the horizontal as 0°of anterior tilt.

Several standard spatiotemporal spatial and kinematic variables
were determined to produce the reference values of these measures
by age bracket and to show the performance of this sample
compared with other published evidence. Bone models were
developed for each runner with the individual COM location
using commercially available software (Visual3D, C-Motion, Inc.;
Germantown, MD) (22, 26). Marker data were filtered at 9 Hz
with a fourth-order, low-pass Butterworth filter. Bone models
were created for every runner with an individual center of mass
(COM) location in the methods of de Leva et al. (27). Gait cycle
(0% = initial foot
100% = same foot contact post-swing phase). Cadence (steps/
min) and the vertical displacement of the COM (the difference
between the minimal and maximal vertical height of the COM

time is presented in percent contact,

during a gait cycle) were calculated. The distance between two
successive placements of the same foot was defined as stride
length. The medial-lateral distance between the proximal end
position of the foot at the foot strike to the proximal end
position of the foot at the next contralateral foot strike was
calculated as stride width. Stance time was determined as the
time that each foot was in contact with the treadmill. Variability
of stride and step length, stride width, and stance time were
determined as the standard deviation (SD) of the gait cycles
collected. The medial-lateral range of motion (ROM) excursion
of the COM was calculated as the shift in the medial-lateral
positions of the estimated COM during an average gait cycle.
Foot strike type was determined by the angle between the foot
segment and the horizontal ground at foot contact and was visually
confirmed by the investigators with high-speed videos. Runners
were categorized into rearfoot and non-rearfoot strikers. Joint
ROM of the ankle, knee, and hip represented the angular
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excursion of the joint in the sagittal plane during an average gait
cycle (flexion/extension motion for the ankle, knee, and hip).
The pelvis was developed from the anterior and posterior
superior iliac spine markers, and the anterior inclination was
expressed relative to the horizontal as 0° of anterijor tilt. Peak hip
adduction angle (pelvic drop) was calculated from the angle
created by the thigh segment and the pelvis.

Force data were collected from the instrumented treadmill at a
frequency of 1,200 Hz. A threshold of 20 N ground reaction force
(GRF) was used to set the initial foot contact and toe-off. GRF
data were low-pass filtered at a frequency cutoff of 40 Hz using a
fourth-order Butterworth filter. Processed, filtered treadmill data
were integrated by Cortex software with the motion data, and
three-dimensional kinetics were determined via full inverse
dynamics calculations in Visual3D. The vertical component of
the peak ground reaction force (GRF), the vertical average
loading rate (VALR), and vertical impulses were normalized to
body weight. The vertical component was chosen here as this is
the most widely studied aspect of loading in the literature. VALR
was calculated using previous methods from the slope of the
AF/At of the most linear portion of the force curve, where AF is
the change of vertical force and At is the change of time
(between 20% and 80% of the first rise to the peak of the vertical
GRF (28) or vertical GRF at 13% of stance in case the initial
peak was absent. The area under the vertical GRF-time curve was
the vertical impulses, which was calculated as the integral of
vertical GRF over stance time (29). Vertical stiffness was
estimated using the following: Kie;t = Fnax/Ay, where Fp,, is the
peak vertical force and Ay is the maximum displacement of the
COM (30). The K¢ can estimate the neuromodulation of lower
body activity (15) as it describes the interaction of the load
placed on the leg and central nervous response and limb’s
responses to attenuate that load. The peak joint moments in the
sagittal plane (flexion/extension) were determined for the ankle,
knee, and hip. Joint moments were normalized to body mass
multiplied by leg length. The preprocessed filtered treadmill data
were combined with the motion data. Three-dimensional kinetics
were determined via full inverse dynamics calculations
implemented in Visual3D.

There are several methods for quantifying interlimb asymmetry
(7, 31). Here, we express asymmetry as the absolute difference
between the left and right limbs as raw data and as a percent
difference between limbs with the right side as the comparison
(3). This method was chosen to minimize the risk of error in
determining sidedness, and it did not affect the calculation of
absolute interlimb differences in biomechanical variables.

2.5 Statistical considerations

Statistical analyses were performed using SPSS version 29.0
(IBM, Armonk, NY, USA). Normality of the data (skewness,
kurtosis), homogeneity of variance, and sphericity were assessed
using Shapiro-Wilk’s test, Levene’s test, and Mauchly’s test of
sphericity, and descriptive statistics were calculated on all study
variables and demographics. The assumptions of normality and
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analysis of variance (ANOVA) were performed on demographic,
anthropometric, and training history continuous variables to
determine if differences existed between by age bracket. Chi-
square tests (y°) were used to determine if there were differences
in the categorical variables among the four age groups.
Univariate analyses of variance with covariates (ANCOVA) were
used to test group differences for biomechanical variables, where
the between-group factor was age (<18, 19-35, 36-55, and >55
years). Based on published evidence that running velocity and
sex can affect the biomechanics of running (32), these variables
were entered as covariates. The eta squared (n?) was provided to
show the effect sizes for continuous variables; values of 0.01,
0.06, and 0.14 represented negligible to small, medium, and large
effects, respectively (33). Phi values (¢) were determined as effect
variables. ~ Statistical

sizes for categorical

established in advance at p < 0.05.

significance was

3 Results
3.1 Runner characteristics

Table 1 provides the characteristics of all four age brackets.
Overall, the groups were well-matched for demographics and
characteristics, with the expected difference in mean age and
associated years of running experience. Weekly distance and regular
participation in strength training were highest in the 36-55-year
age bracket. Differences existed among groups with respect to
participation in other types of cross-training. Runners aged 36-55
years participated most often in strength training, yoga/Pilates,
CrossFit, and cycling, whereas runners aged >55 years used the
elliptical trainer most often. Swimming was more often performed
by runners aged <18 and 36-55 years (all p <0.05). Runners aged
<18 years had a higher prevalence of individual’s sole activity was
running (p < 0.001).

3.2 Select spatiotemporal parameters and
variability

Table 2 provides the running velocities, temporal-spatial
parameters, interlimb asymmetry, and variability about the means.
Runners aged >55 vyears self-selected a running velocity and
cadence lower than runners aged 19-35 and 36-55 years (both
p<0.05). The oldest age bracket also demonstrated the least
asymmetry between limbs for step length (p=0.02). COG vertical
displacement, step width, and step times were not different by age
bracket. The effect sizes for age bracket on these spatiotemporal
variables as raw data, R-L asymmetry, and % differences were all
found to be between small and moderate (> range, 0.000-0.040).

3.3 Kinetic features and vertical stiffness

Peak GRF, VALR, GRF impulses, and K. are provided for
each age bracket in Table 3. The peak GRF values were lowest in
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runners aged >55 years and highest in runners aged 19-35 years
(p=0.027). The peak VALR values were 8%-18% lower in
runners aged >55 years than those of the remaining groups, and
the VALR interlimb asymmetry was lowest in the oldest two age
brackets and highest in runners aged 19-35 years (p <0.001).
The K values were 12.1% lower in runners aged >18 years
than those of runners aged 36-55 years (p=0.015). The effect
sizes for the age bracket on most of these kinetic features and
vertical stiffness as raw data, R-L asymmetry, and % differences
were found to be between small and moderate (n* range, 0.003—
0.057). However, there was a moderate effect of age on peak
VALR R-L symmetry (n*=0.083).

3.4 Joint excursions during a gait cycle

Table 4 provides the overall joint excursions or ROM about the
ankle, knee, hip, and pelvis in the sagittal and frontal planes. While
overall ROM did not differ by age bracket for any peripheral joint,
the contralateral pelvic drop was lowest in runners aged >55 years
and highest in runners aged 36-55 years (p=0.020). Interlimb
asymmetry was highest in runners aged <18 years for knee flexion/
extension (sagittal plane; p =0.050), and knee adduction/abduction
asymmetry tended to be higher in runners <18 and 36-55 years
(p=0.065). Overall, the percent differences were larger for frontal
plane asymmetries compared with sagittal asymmetries. The effect
size of age bracket on these joint excursion values was all
considered to be small (n? range, 0.003-0.029). Sagittal plane
waveform data for the ankle, knee, and hip joints for all four age
brackets are shown in Figure 2. Visually, the greatest ankle and hip
excursions occurred in the 36-55-year group, whereas the least
ankle and hip excursions occurred in the >55-year group.

3.5 Joint moments

Joint moments for the ankle, knee, and hip in the sagittal plane
are shown in Table 5. Overall, the average joint moments were not
found to be statistically different by age group. Similarly, the
percent differences in R-L asymmetries were not different by age
group for any joint. Among the R-L asymmetries, only ankle
flexion moment R-L asymmetry was significantly higher in the
<18-year group than in the remaining age groups (p <0.05). For all
age groups, the largest percent differences in asymmetry occurred
with ankle flexion (values ranged from 28.1% to 38.1%). The effect
size of age bracket on these joint moments, irrespective of how
these were expressed (raw, R-L asymmetry, or percent difference),
were all found to be small (1> range, 0.002-0.032).

3.6 Asymmetries ranked by biomechanical
parameter

Figures 3A,B show the average percent interlimb asymmetries
for each age group ranked by parameter from least to greatest.
Figure 3A provides the kinetic features and Ky, and the highest
asymmetry occurred in the ankle flexion moment. Peak GRF
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TABLE 1 Characteristics of runners.

Age brackets (year)

Age (year) 158+2.3 25.6+49 442 +5.5 61.1+5.1 <0.001 0.888
Sex (female #/%) 17 (58.6) 52 (43.7) 32 (43.2) 12 (42.9) 0.495 0.098
Height (cm) 168.2+9.4 172.2+104 172.9+10.2 171.9+10.2 0.194 0.019
Weight (kg) 64.6 +11.9 67.3+12.6 69.2 +14.6 71.8+£17.5 0.198 0.019
BMI (kg/mz) 22.7+£29 22.6+3.1 23.0+£3.7 23.4+40 0.725 0.005
Competing (#/% yes) 20 (62.5) 86 (54.2) 63 (72.9) 17 (52.2) 0.358 0.326
Running experience (year) 9.5+11.5 7.6+6.9 10.1+10.8 17.0 +15.8° 0.004 0.076
Runs per week (#) 3817 45+19 44+13 49+35 0.284 0.016
Weekly distance (km) 32.0+14.0 39.5+189 43.1 £23.8° 352+245 0.033 0.028
Current participation in other activities (%)

Strength training 345 37.8 54.1* 39.3 <0.001 0.386
Yoga/Pilates 24.1 21.8 29.7 10.7 0.002 0.293
Cycling 345 28.6 48.6 32.1 0.001 0.294
Swimming 24.1 20.2 24.3 214 0.017 0.248
Elliptical 0.0 1.7 1.4 7.1 <0.001 0.402
CrossFit 6.9 0.0 4.1 3.6 <0.001 0.398
Running only 13.8 5.0 6.8 7.1 <0.001 0.380
Shoe wear characteristics

Weight (oz) 9.6+2.1 93+34 89%15 9.6+1.5 0.470 0.011
Heel/toe drop (m) 7.5+3.1 7.2+33 8.3+3.1 6.7+3.9 0.098 0.027
Heel height (mm) 28.7+94 29.0+£6.9 30.6 £5.8 30.9+4.9 0.260 0.018
Rearfoot striker (#, %) 25 (86.2) 82 (69.5) 54 (73.0) 17 (63.0) 0.205 0.133

Means and standard deviation (SD) or % of the group are shown.
The mean age was different among all groups at p <0.05.
“Different than runners aged <18 years.

"Different than runners aged <18, 19-35, and 36-55 years.

TABLE 2 Habitual velocity and selected temporal spatial parameters.

Age bracket (year)

Velocity (km/h) 9.8+ 12 (9.4-10.2) 10.4 + 1.5 (10.1-10.6) 10.2 1.7 (9.8-10.6) 9.4+ 1.6 (8.8-10.0)* 0.011* | 0.040
Velocity (m/s) 2.7+0.3 (2.6-2.8) 29404 (2.8-2.9) 2.8+0.5 (2.7-2.9) 2.6+0.4 (24-2.8) 0.011* | 0.040
Cadence (step/min) 167 +9 (163-171) 171 +11 (168-172) 170 +9.2 (168-172) 164 11 (159-167)° 0.011* | 0.025
COG displacement (cm)

Medial-lateral 24+6.7 (22-2.7) 2.6+7.5 (2.4-2.7) 2.6+6.4 (2.5-2.8) 2.7+7.3 (24-3.0) 0.493 | 0.020
Vertical 9.1+ 1.3 (8.5-9.5) 9.1+1.4 (8.8-9.3) 8.8+ 1.3 (8.5-9.1) 9.1+ 1.4 (8.6-9.7) 0595 | 0.015
Step width (cm)

Average 82+24 (7.2-9.1) 8.8+2.7 (8.3-9.3) 8.6+2.4 (8.0-9.1) 9.0 +2.7 (8.0-10.0) 0.564 | 0.010
Variability 0.012 +£0.003 (0.011-0.014) 0.012 +0.004 (0.011-0.013) 0.011 +£0.004 (0.010-0.011) 0.012 £ 0.004 (0.011-0.014) 0.224 0.019
Step length (cm)

Average 93.2 +12.5 (88.5-98.0) 97.5+16.1 (94.5-100.4) 95.1+13.6 (91.9-98.3) 90.9 + 14.2 (85.3-96.3) 0.135 | 0.008
R-L asymmetry 22421 (1.3-2.8) 22418 (1.9-2.6) 1.5+1.4 (1.3-1.9) 1.3+1.1 (0.9-1.9)° 0.020* | 0.036
Difference (%) 23425 23+18 1.7+15 1.6+1.2% 0.026* | 0.037
Step time

Average (s) 0.72+0.04 (0.71-0.74) 0.70 £ 0.05 (0.69-0.72) 0.71 +£0.04 (0.70-0.72] 0.73 £0.04 (0.71-0.75) 0.321 0.015
R-L asymmetry (ms) 0.76 +0.63 (0.52-0.100) 0.75 +0.61 (0.65-0.86) 0.75 +0.72 (0.58-0.93) 0.80 +0.86 (0.45-1.14) 0.544 | 0.010
Difference (%) 21+18 22+18 2.1+19 22+23 0.488 | 0.000
Stance time (s)

Average 0.27 +0.03 [0.26-0.28) 0.26 +0.03 (0.25-0.26) 0.27 +0.04 (0.26-0.27) 0.27 +0.03 (0.26-0.28) 0.065 | 0.040
R-L asymmetry 0.004 £ 0.003 (0.003-0.005) 0.005 + 0.004 (0.004-0.006) 0.005 + 0.004 (0.004-0.006) 0.006 +0.004 (0.005-0.008) 0.176 0.035
Difference (%) 37+1.2 40+1.1 3.5+1.28% 37+1.1 0.037* | 0.020

Means + SD (95% CI) are shown and are covaried for running velocity and sex.

*Statistically significant.

“Different than runners aged 19-35 years.
"Different than runners aged 19-35 and 36-55 years.
“Different than runners aged <18 and 19-35 years.
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TABLE 3 Ground reaction forces (GRF), vertical average loading rate (VALR), leg vertical stiffness values (K,et), and associated interlimb asymmetry.

Age bracket (year) <18 19-35 36-55 >55 p n°
Peak GRF (BW/s)

Average 2.38 +0.32 (2.25-2.50) 2.56 +0.34 (2.50-2.62) 2.44 +0.44 (2.33-2.54) 2.3+0.29 (2.18-2.41)° 0.026* 0.057
R-L asymmetry 0.05 + 0.04 (0.04-0.07) 0.07 +0.05 (0.06-0.08) 0.06 +0.04 (0.05-0.07) 0.07 +0.03 (0.05-0.08) 0.286 0.016
Difference (%) 23+17 27420 24+18 31+17 0.423 0.011
Peak VALR (BW/s)

Average 63.1+17.7 (56.4-69.9) 70.5 +25.6 (65.8-75.2) 63.5+23.0 (59.5-71.2) 57.8 +21.5 (48.9-66.7) 0.193 0.019
R-L asymmetry 12.5+10.3 (8.6-17.4) 13.9+11.2 (11.9-15.9)° 7.6+6.5 (6.1-9.1) 93+7.1 (7.1-12.7) <0.001* 0.083
Difference (%) 20.0+18.8 202 +16.8° 121+9.6 203+16.9 0.003* 0.057
GRF impulse (BW/s)

Average 0.37 +0.03 (0.36-0.38) 0.40 +0.14 (0.37-0.42) 0.38 +0.05 (0.37-0.39) 0.37 +0.03 (0.36-0.38) 0.307 0.015
R-L asymmetry 0.01+0.01 (0.01-0.10) 0.01+0.01 (0.01-0.10) 0.01+0.01 (0.01-0.10) 0.01+0.01 (0.01-0.10) 0.854 0.003
Difference (%) 27422 22+21 23+16 2.7+2.0 0.633 0.007
Kert (N/cm)

Average 167 + 28 (156-177) 186 + 35 (179-192) 190 + 40 (180-200)* 172 + 32 (159-185) 0.011% 0.046
R-L asymmetry 3.9+29 (2.7-5.0) 52+4.2 (44-59) 4.7+29 (3.9-5.7) 53+3.2 (3.9-6.6) 0.524 0.009
Difference (%) 23117 27+20 25+1.8 3.0+1.7 0.622 0.007

Means + SD (95% CI) are shown and are covaried for running velocity and sex.

R-L, right to left; difference (%), difference of asymmetry expressed as percent of the average value.

*Statistically significant.

“Different than runners aged <18 years.
"Different than runners aged 36-55 years.
“Different than runners aged 19-35 years.

TABLE 4 Average joint excursion during an average gait cycle and associated interlimb asymmetry. Values are expressed in degrees or percent difference.

Age bracket (year)

Sagittal

Ankle 50.9 + 6.4 (48.5-53.4) 493 +6.1 (48.2-50.4) 49.6 +7.3 (47.8-51.4) 48.4+7.3 (45.5-51.4) 0.429 0.008
R-L asymmetry 29+25 (1.9-3.8) 4.0+3.3 (3.4-4.6) 4.1+43 (3.1-5.1) 3.142.6 (2.0-4.2) 0.142 0.023
Difference (%) 57+48 82465 82474 6.7+62 0.115 0.024
Knee 82.5+ 10.4 (78.6-86.5) 83.4+12.4 (81.2-85.7) 81.1+11.4 (78.4-83.8) 80.1 +13.2 (74.8-85.5) 0.416 0.012
R-L asymmetry 47+3.1 (3.5-5.9)* 3.7+26 (3.2-4.1) 3.0+2.6 (2.4-3.6) 3.7+3.5 (2.3-5.1) 0.050* 0.029
Difference (%) 58+42 46+35 38+33 46+42 0.150 0.022
Hip 54.4+6.3 (52.1-56.8) 54.6 +7.8 (53.2-55.9) 53.9 6.2 (52.4-55.4) 51.1+7.4 (48.1-54.1) 0.467 0.008
R-L asymmetry 32428 (2.1-4.2) 3.0+20 (2.6-3.3) 32422 (2.6-3.7) 23424 (1.4-3.3) 0.437 0.010
Difference (%) 6.1+6.1 56+39 59443 47+49 0.532 0.009
Pelvis 7.8+2.0 (7.1-8.6) 8.1+22 (7.7-8.6) 82+ 1.8 (7.7-8.6) 7.7+2.2 (6.8-8.6) 0.856 0.003
Frontal

Ankle 153 +3.2 (14.1-16.5) 15.1 4.9 (14.3-16.90) 14.8 + 4.1 (13.9-5.8) 15.4 +4.0 (13.7-17.0) 0.913 0.003
R-L asymmetry 20+12 (1.5-2.4) 3.0+28 (2.5-3.5) 29429 (2.2-3.6) 31426 (2.1-4.2) 0.294 0.015
Difference (%) 13.8+9.7 19.4+17.2 20.5 +20.7 20.1+14.1 0.397 0.012
Knee 10.0 +3.8 (8.6-11.5) 9.8+3.1 (9.2-10.3) 10.6 + 4.8 (9.4-11.7) 92428 (8.1-10.4) 0.360 0.012
R-L asymmetry 3.3+3.6 (1.9-4.7) 25+19 (22-2.9) 34430 (2.7-4.2) 25+1.7 (1.8-3.2) 0.065 0.029
Difference (%) 41.0 +63.1 26.4+19.3 33.5+29.9 28.8+23.6 0.079 0.028
Hip 20.9 5.1 (18.9-22.9) 20.7 +4.9 (19.8-21.6) 22.1+5.6 (20.8-23.5) 19.3 5.2 (20.8-23.5) 0.111 0.024
R-L asymmetry 1.8+1.5 (1.2-2.4) 1.3+1.2 (1.1-1.6) 1.6 +1.4 (1.3-2.0) 1.2+0.8 (0.9-1.5) 0.123 0.025
Difference (%) 10.5 +10.4 7.6+89 82+7.4 6.8+4.6 0.249 0.017
Pelvis 11.8 +3.1 (10.7-13.0) 11.8+3.1 (11.3-12.4) 12.9 +3.1 (12.2-13.6) 10.7-2.8 (9.6-11.9) 0.020 * 0.039

Means + SD (95% CI) are shown and are covaried for running velocity and sex.

R-L, right to left; difference (%), difference of asymmetry expressed as percent of the average value.

*Statistically significant.

“Different than runners aged 36-55 years.

values, GRF impulses, and K¢, values were found to have the  percent interlimb asymmetries for kinematic variables. Sagittal

lowest percent interlimb differences. Most joint moments were  joint motion interlimb differences were found to be lower than
characterized by moderate interlimb differences, and the highest  frontal joint motion. The parameter with the highest interlimb
interlimb differences were consistently detected across age groups  percent difference value was knee frontal excursion (knee

for peak VALR and ankle flexion moment. Figure 3B plots the  adduction/abduction). The <18-year group had 7.5%-14.6%
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degrees and are presented as mean and standard deviation envelopes.
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greater differences in knee frontal motion than the other three age
groups (p = 0.050).

4 Discussion

The two main findings of this biomechanical analysis of injury-
free healthy runners were as follows: the magnitude of interlimb
asymmetry varied widely based on joint and parameter, and
asymmetry was not consistently different by age group. We
found that spatiotemporal asymmetries were generally low at
<4% among all runners, irrespective of age. Depending on the
joint and age group, lower extremity joint kinematics in the
sagittal and frontal planes varied widely from 3.8% to 41%, with
the highest asymmetry in knee abduction among runners aged
<18 years. Some kinetic asymmetries such as ankle flexion
moment and VALR varied widely from 12.1% to 38.1%
independent of age. Overall, natural interlimb biomechanical
asymmetry can be very high even without injury history or
current pain, especially among kinetic parameters.

4.1 Age and running mechanics

In the present study, kinetic parameters, joint excursions, and
spatiotemporal values were not consistently or progressively
different with advancing age. Our biomechanical values overall
are comparable to those reported in other studies in adults (32,
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34, 35). At preferred velocities, older runners run at slower
velocities (13) with lower peak vertical GRF than younger
runners (13). Previous evidence shows that higher peak K
occurs in runners aged 60-70 years compared with runners aged
30-40 years while running at a standardized velocity (15). Our
data do contrast with other studies that show progressively lower
joint excursions for the ankle and hip and lower joint moments
at the ankle, knee, and hip with advancing age (36). Our runners
produced very similar joint excursions and joint moments as
younger runners. There could be a few mechanisms related to
this finding. First, the adoption of slightly slower running
velocities and consistent maintenance of a high volume of
running over years by older runners may help attenuate age-
related declines in lower extremity joint function and skeletal
muscle structure (37). In support of this point, our runners aged
>55 years were running similar weekly distances with nearly
twice the years of experience of runners aged <18 years. Hence,
the ability of aging runners to maintain similar motion
characteristics with high running volume supports biomechanical
plasticity to better maintain running kinetics at the ankle, knee,
and hip over time (38). Second, older runners may use different
muscle activation patterns to dampen GRF and VALR, while
Kyert
parameters, hip obliquity, and joint excursions similar to young

controlling and preserving several temporal-spatial
runners. For example, co-activation of leg muscles (medial
gastrocnemius) is higher in older runners during pre-activation
through braking, likely to counteract aging-related changes in

fascicle-tendon behaviors of the leg muscles (39). Third,
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TABLE 5 Joint moments during an average gait cycle.

10.3389/fspor.2025.1560756

Age bracket yea) <18 1935 3655555, st

Maximum joint moment (Nm/kg) extension

Ankle 2.66 +0.68 (2.40-2.92) 2.51+0.53 (2.41-2.61)
R-L asymmetry 0.16 +0.15 (0.11-0.22) 0.16 + 0.14 (0.14-0.19)
Difference (%) 6.4+5.8 (4.2-8.6) 6.5+5.6 (5.5-7.5)

Knee 223 +0.66 (1.98-2.49) 2.17 £ 0.69 (2.05-2.30)
R-L asymmetry 0.31+0.19 (0.24-0.39) 0.26 £0.23 (0.22-0.30)
difference (%) 15.7 +11.0 (11.5-19.9) 13.2£12.0 (11.0-15.4)
Hip 2.42+0.79 (2.12-2.72) 2.54+0.74 (2.41-2.67)
R-L asymmetry 0.26 £ 0.17 (0.19-0.32) 0.24 £ 0.22 (0.20-0.28)
Difference (%) 12.5+£9.9 (8.7-16.2) 9.1+7.0 (7.8-10.3)

Minimum joint moment (Nm/kg) flexion
Ankle -0.14+£0.10 (-0.18 to -0.10)
R-L asymmetry 0.06 £ 0.06 (0.03-0.08)*
Difference (%) 38.1 £40.7 (21.9-54.2)
Knee -0.72+£0.21 (-0.79 to -0.63)
R-L asymmetry 0.08 +£0.11 (0.04-0.13)
Difference (%) 10.5+10.8 (6.4-14.5)
Hip —1.21+0.78 (—1.51 to -0.91)
0.12+£0.18 (0.05-0.19)
8.3+6.3 (5.9-10.7)

R-L asymmetry

Difference (%) 8.7+7.2 (7.4-10.0)

Means + SD (95% CI) are shown and are covaried for running velocity and sex.
*Statistically significant.
“Different than all other groups at p <0.05.

maintenance of vigorous exercise enables the body to adapt to the
consequences of age-related denervation and preserves muscle
structure and function by stimulating muscle fibers through
recruitment to different slow motor units (40).

4.2 Asymmetries in running motion across
the age span

Comparative data from smaller studies of healthy runners with
different experience levels and injury histories have also reported
running parameter asymmetries (N range, 11-62 participants,
young adults) (6, 9, 10, 15, 32, 41-43). Two larger studies (N=210
and 836) that combined injured and non-injured runners for
analyses found that interlimb spatiotemporal and Kkinetic variable
asymmetries did not correspond to running injuries and elite
runners had less asymmetry than novice runners (34, 35). When
taken in context with these other studies, our main findings show
that age itself was not related to the magnitude of natural interlimb
asymmetry across most biomechanical measures. A recent
systematic review that examined interlimb asymmetries in young
adult middle and long-distance runners revealed consistently
greater asymmetry among kinetic variables (2.6%-19.7%) compared
with kinematic parameters (44). Preexisting morphological
asymmetry in bone and segment lengths, neuromotor paths, motor
units, or muscle mass can contribute to the natural asymmetries in
running motion for runners, where greater interlimb anatomic
differences correlate to kinematic asymmetry (45). Performance
disadvantages can occur with interlimb differences in K, stance
time, and ankle dorsiflexion angle that include higher energy cost

and worse running times (44). However, there is a consideration
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~0.11 £0.10 (~0.13 to -0.09)
0.04 £ 0.05 (0.03-0.05)
33.9 £40.4 (26.4-41.4)

~0.77 £0.25 (=0.82 to ~0.72)
0.10 £ 0.14 (0.08-0.13)
122 +11.7 (10.1-14.3)

—1.62+1.18 (=1.57 to —1.08)
0.15 +0.18 (0.12-0.18)

2.53+0.54 (2.40-2.66) 2.52+0.55 (2.29-2.74) 0.300 | 0.015
0.14£0.13 (0.11-0.17) 0.14 0.1 (0.09-0.18) 0.530 | 0.009

53 +£4.7 (4.2-6.5) 55+4.2 (3.8-7.2) 0415 | 0.012
2,07 £0.77 (1.89-2.49) 2.19 +0.74 (1.89-2.50) 0241 | 0.017
0.25+0.17 (0.21-0.29) 021 +0.17 (0.14-0.27) 0.190 | 0.020
14.4 + 14.8 (10.9-17.8) 8.7+6.8 (5.9-11.5) 0.072 | 0.029
249 +0.78 (2.30-2.68) 2.52 +0.42 (2.35-2.69) 0.702 | 0.006
0.22+0.24 (0.16-0.28) 0.23 +0.19 (0.15-0.31) 0.782 | 0.004

8.7+£7.4 (6.9-10.4) 8.9+6.9 (6.1-11.7) 0.134 | 0.023

-0.11+0.11 (-0.13 to -0.08) | -0.13+0.11 (-0.17 to -0.08) | 0.135 | 0.023

0.04 £ 0.04 (0.03-0.04) 0.04 £ 0.04 (0.02-0.06) 0.048* | 0.032
28.1£27.5 (21.4-34.8) 352 +47.1 (15.7-54.6) 0.586 | 0.008
~0.75+0.22 (-0.81 to -0.70) | -0.75+0.16 (~0.82 to —0.68) | 0.938 | 0.002
0.11 £0.16 (0.07-0.15) 0.11 +0.12 (0.06-0.16) 0.867 | 0.003
12.9+13.7 (9.6-16.2) 12.7 £10.0 (8.7-16.8) 0.844 | 0.003
—1.33+1.03 (~1.57 to —1.08) | —1.42 +1.05 (—1.87 to -0.99] | 0.189 | 0.020
0.13+0.17 (0.09-0.17) 0.15 +0.19 (0.07-0.23) 0.767 | 0.005
9.0+83 (7.1-11.0) 79455 (5.7-10.3) 0.909 | 0.002

that natural preexisting laterality (preference to use one side of the
body for specific tasks), when coupled with anatomical variations,
can produce asymmetries in running gait that are not necessarily
linked to injury risk (46).

In contrast to our hypotheses, asymmetries were not
consistently and linearly different by progressive age bracket.
Younger runners (<18 years) generated higher asymmetries with
peak ankle flexion moment and frontal plane knee joint excursion
compared with the other age brackets, but lower asymmetry with
step length. Runners aged >55 years had lower asymmetry with
step lengths than other age brackets. Similar to other reports (3,
10, 34), we found that symmetry in general appears to be more
related to the type of parameter itself and less on age. Specifically,
asymmetry in spatiotemporal parameters such as step times, step
length, and stance times were low, whereas interlimb differences
in joint excursions and kinetic parameters were low to very high.
The ankle plantarflexion moments and knee frontal excursion
were both highly asymmetric relative to other metrics. Prior
studies have also found relatively low asymmetry in joint angles
during stance in the sagittal plane (3, 6, 7, 10, 42) and higher
knee joint motion asymmetry in the frontal plane (7). Others
have shown that VALR and vertical GRF are characterized by
relatively high asymmetries ranging from 14.1% to 20% (3, 32).
Joint moments range in asymmetry from 5.5% to 22.0% (3), with
Kyert interlimb differences at 9% (6). Studies that report
individual runner biomechanical responses also show considerable
variance within each measure, with the highest variation
occurring in peak hip and knee moments (32). It is important to
note that previously published data collection methods vary
significantly compared with the present study, and this variation
creates difficulty in contextualizing findings across studies (44).
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Specifically, overground runways, instrumented treadmills, runner
experience, pressure measuring insoles, and motion capture were
all used. Moreover, inconsistencies existed in testing protocol
running velocities, cadences, and biomechanical outcomes.
Despite these methodological differences, our data ranges are in

similar ranges to published work.
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4.3 Clinical implications

There are currently no published guidelines on what is
of
asymmetries across runners of different ages. This has limited

considered “acceptable” or naturally occurring levels

clinicians to extrapolating evidence from other sports activities
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and tasks to runners, which have used a 10%-15% interlimb
functional asymmetry threshold as “abnormal” (2). Afonso et al.
(46) suggested that asymmetries should be considered in a
sports-specific context. For runners, we suggest here that
of
professionals may consider that higher natural asymmetry exists

irrespective runner age, clinicians, and performance
for some kinetics and frontal plane joint moments (4%-38%)
and VALR (up to 20% or more) to and frontal plane motion
(8%-41%), but lower asymmetries occur among spatiotemporal
parameters (<5%), sagittal plane joint motion (less than 10%),
and sagittal plane moments (up to 15%). After clinical gait
analysis, these ranges may help clinicians determine kinetic chain
targets for rehabilitation. Gait retraining, adoption of cues to
improve form, and participation in therapeutic exercise can be
focused on areas along the kinetic chain that are well outside the
ranges we observed here. If runners can manage asymmetry
values at these levels or lower, this may define whether
achieved. We

acknowledge that it is not realistic or necessary to fully eliminate

“successful”  rehabilitation ~outcomes were
biomechanical asymmetries across all measures. However, a
positive effect on comfort and load dissipation may be quickly
achieved with even some correction of asymmetries (47).
Additional evidence is needed for runners as to whether even
small symmetry improvements correspond to injury onset or
performance over the long term. These data can be used as
healthy comparative reference values for future prospective
studies of injury onset and fatigue effects in other runner types,
such as trail runners, sprinters, and interval runners (runners
who routinely train using alternating running and walking

intervals), and ultra-endurance athletes.

4.4 Limitations, strengths, and future
directions

This study has both limitations and strengths. This analysis was
comprised of runners tested at one site at a quaternary care setting,
but participants traveled from all over the state and out of state for
services. The cohort profile was closely representative of the global
runner population previously described (12), and as such, the
findings are generalizable to the running greater running
community. We do not have histories of other sports-related
injuries that could have persistent effects on gait asymmetry or
histories of other previous major surgeries that might have
caused persistent impacts on joint kinematics. Moreover, it is not
clear how different combinations or types of cross-training
activities impact the mean values of gait parameters or
asymmetry. All participants wore their own running shoes, which
comprised different features and wear patterns that could
contribute to the average values and degrees of asymmetry. The
strengths of the study include a large sample size and the same
testers and equipment used for all assessments. The present
study improved the characterization of reference biomechanics
through several methods. First, a large sample of runners with
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varying ages was enrolled with no confounding running-related
injury history. Second, there was comprehensive reporting of
spatiotemporal, kinematic, and kinetic outcomes at self-selected
running velocities which may help approximate realistic running
motion. Third, our choice to use joint excursions during a whole
gait cycle, rather than discrete joint positions at initial foot
contact, also provided critical insight into movement control
along the lower extremity kinetic chain. Each age group was free
of running injury history, which enables other researchers to
have access to “clean” data specifically among endurance runners
for future comparison.

As this area of research expands, it will be important to
consider new powerful methods to analyze specific running gait
features that could ultimately be predictive of “healthy” and
“injury-prone” populations. For example, Xu et al. (48) used
principal component analysis to identify which gait features
contribute most to gait pattern recognition and provided a new
method of metaheuristic optimization for realizing the optimal gait
feature selection among high- and low-volume distance runners.
This type of analysis may offer sports and clinical researchers
deeper insight into their populations of study and thereby may help
drive recommendations and injury prediction models.

4.5 Conclusion

These findings can be used as healthy comparative reference
values for future studies and for helping guide clinicians on running
rehabilitation goals and defining success for achieving a healthy gait.
We propose that R-L kinetic or frontal plane joint moment
asymmetries that exceed 4% up to 38%, loading rate asymmetries
that exceed 20%, and frontal plane motion asymmetries that exceed
8%-41% may indicate the need for retraining methods to reduce
these values. We also propose that asymmetries in spatiotemporal
parameters, sagittal plane excursions that are >10%, and sagittal
plane joint moments that exceed 15% may also indicate the need
for retraining and running form modification. These values may be
extended across the age spectrum.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Ethics statement

The studies involving humans were approved by the University
of Florida Institutional Review Board. The studies were conducted
in accordance with the local legislation and institutional
requirements. Written informed consent for participation in this
study was provided by the participants’ legal guardians/next of kin.

frontiersin.org


https://doi.org/10.3389/fspor.2025.1560756
https://www.frontiersin.org/journals/sports-and-active-living
https://www.frontiersin.org/

Vincent et al.

Author contributions

HV: Conceptualization, Data curation, Formal analysis,
Methodology,
administration, Supervision, Visualization, Writing - original

Funding acquisition, Investigation, Project
draft, Writing - review & editing. RP: Conceptualization, Formal
analysis, Writing - original draft, Writing - review & editing.
OC: Conceptualization, Formal analysis, Writing — original draft,

Writing - review & editing. KV: Conceptualization, Data

curation, Formal analysis, Funding acquisition, Resources,
Visualization, Writing - original draft, Writing - review &
editing. LP:  Conceptualization,  Investigation,  Project

administration, Writing - original draft, Writing - review &
editing. MM: Formal Methodology,
Writing - original draft, Writing - review & editing. RN:

analysis, Investigation,

Conceptualization, Data curation, Formal analysis, Investigation,
Methodology, Supervision, Validation, Writing - original draft,
Writing - review & editing.

Funding

The authors declare that financial support was received for the
research and/or publication of this article. This project was
supported in part by the UF Strategic Funding Initiative (HV
and KV).

References

1. Cartén-Llorente A, Cardiel-Sanchez S, Molina-Molina A, Rafales-Perucha A, Rubio-
Peirotén A. Bilateral asymmetry of spatiotemporal running gait parameters in Ul4
athletes at different speeds. Sports (Basel). (2024) 12(5):117. doi: 10.3390/sports12050117

2. Parkinson AO, Apps CL, Morris JG, Barnett CT, Lewis MGC. The
calculation, thresholds and reporting of inter-limb strength asymmetry:
a systematic review. J Sports Sci Med. (2021) 20(4):594-617. doi: 10.52082/jssm.2021.594

3. Stiffler-Joachim MR, Lukes DH, Kliethermes SA, Heiderscheit BC. Lower
extremity kinematic and kinetic asymmetries during running. Med Sci Sports Exerc.
(2021) 53(5):945-50. doi: 10.1249/MSS.0000000000002558

4. Hanley B, Tucker CB. Gait varijability and symmetry remain consistent during
high-intensity 10,000 m treadmill running. ] Biomech. (2018) 79:129-34. doi: 10.
1016/j.jbiomech.2018.08.008

5. Girard O, Millet GP, Micallef JP. Constant low-to-moderate mechanical
asymmetries during 800-m track running. Front Sports Act Living. (2024)
6:1278454. doi: 10.3389/fspor.2024.1278454

6. Radzak KN, Putnam AM, Tamura K, Hetzler RK, Stickley CD. Asymmetry
between lower limbs during rested and fatigued state running gait in healthy
individuals. Gait Posture. (2017) 51:268-74. doi: 10.1016/j.gaitpost.2016.11.005

7. Vannatta CN, Blackman T, Kernozek TW. Kinematic and muscle force
asymmetry in healthy runners: how do different methods measure up? Gait Posture.
(2023) 103:159-65. doi: 10.1016/j.gaitpost.2023.05.010

8. Zifchock RA, Davis I, Higginson J, McCaw S, Royer T. Side-to-side differences in
overuse running injury susceptibility: a retrospective study. Hum Mov Sci. (2008)
27(6):888-902. doi: 10.1016/j.humov.2008.03.007

9. Mo S, Lau FOY, Lok AKY, Chan ZYS, Zhang JH, Shum G, et al. Bilateral
asymmetry of running gait in competitive, recreational and novice runners at
different speeds. Hum Mov Sci. (2020) 71:102600. doi: 10.1016/j.humov.2020.102600

10. Karamanidis K, Arampatzis A, Briggemann GP. Symmetry and reproducibility
of kinematic parameters during various running techniques. Med Sci Sports Exerc.
(2003) 35(6):1009-16. doi: 10.1249/01.MSS.0000069337.49567.F0

11. Statista. Running and jogging participation in the U.S. 2010-2023. article ID did-
18259-1. Published online January 10, 2024.

Frontiers in Sports and Active Living

12

10.3389/fspor.2025.1560756

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Generative Al statement

The author(s) declare that no Generative Al was used in the
creation of this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fspor.2025.
1560756/full#supplementary-material

12. Running USA. 2022 Global Runner Survey. Available at: https://www.
runningusa.org/wp-content/uploads/2022/07/2022-Global-Runner-Survey-final. pdf
(Accessed August 25, 2024)

13. Devita P, Fellin RE, Seay JF, Ip E, Stavro N, Messier SP. The relationships
between age and running biomechanics. Med Sci Sports Exerc. (2016) 48(1):98-106.
doi: 10.1249/MSS.0000000000000744

14. Hahn H, Vincent KR, Herman DC, Chen C, Zdziarski LA, Morgan C, et al.
Biomechanical, metabolic and cardiopulmonary responses of masters recreational
runners during running at different speeds. Res Sports Med. (2017) 25(2):118-31.
doi: 10.1080/15438627.2017.1282359

15. Powell DW, Williams DSB. Changes in vertical and joint stiffness in runners
with advancing age. J Strength Cond Res. (2018) 32(12):3416-22. doi: 10.1519/JSC.
0000000000001869

16. Fukuchi RK, Stefanyshyn D], Stirling L, Duarte M, Ferber R. Flexibility, muscle
strength and running biomechanical adaptations in older runners. Clin Biomech
(Bristol). (2014) 29(3):304-10. doi: 10.1016/j.clinbiomech.2013.12.007

17. Silvernail JF, Boyer K, Rohr E, Briiggemann GP, Hamill J. Running mechanics
and variability with aging. Med Sci Sports Exerc. (2015) 47(10):2175-80. doi: 10.
1249/MSS.0000000000000633

18. von Elm E, Altman DG, Egger M, Pocok SJ, Getzsche PC, Vandenbroucke JP,
et al. The strengthening the reporting of observational studies in epidemiology
(STROBE) statement: guidelines for reporting observational studies. ] Clin
Epidemiol. (2008) 61(4):344-9. doi: 10.1016/j.jclinepi.2007.11.008

19. Running USA. Running USA 2022 Global Runner Survey. Published online
July 2022. Available at: https://www.runningusa.org/wp-content/uploads/2022/07/
2022-Global-Runner-Survey-final.pdf (Accessed January 12, 2024)

20. Morgan DW, Martin PE, Krahenbuhl GS, Baldini FD. Variability in running
economy and mechanics among trained male runners. Med Sci Sports Exerc. (1991)
23(3):378.

21. Vincent HK, Vincent KR. Evaluation of the injured runner. In: Harrast MA,

editor. Clinical Care of the Runner: Assessment, Biomechanical Principles, and Injury
Management. Amsterdam, Netherlands: Elsevier (2020). p. 19-26.

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fspor.2025.1560756/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fspor.2025.1560756/full#supplementary-material
https://doi.org/10.3390/sports12050117
https://doi.org/10.52082/jssm.2021.594
https://doi.org/10.1249/MSS.0000000000002558
https://doi.org/10.1016/j.jbiomech.2018.08.008
https://doi.org/10.1016/j.jbiomech.2018.08.008
https://doi.org/10.3389/fspor.2024.1278454
https://doi.org/10.1016/j.gaitpost.2016.11.005
https://doi.org/10.1016/j.gaitpost.2023.05.010
https://doi.org/10.1016/j.humov.2008.03.007
https://doi.org/10.1016/j.humov.2020.102600
https://doi.org/10.1249/01.MSS.0000069337.49567.F0
https://www.runningusa.org/wp-content/uploads/2022/07/2022-Global-Runner-Survey-final.pdf
https://www.runningusa.org/wp-content/uploads/2022/07/2022-Global-Runner-Survey-final.pdf
https://doi.org/10.1249/MSS.0000000000000744
https://doi.org/10.1080/15438627.2017.1282359
https://doi.org/10.1519/JSC.0000000000001869
https://doi.org/10.1519/JSC.0000000000001869
https://doi.org/10.1016/j.clinbiomech.2013.12.007
https://doi.org/10.1249/MSS.0000000000000633
https://doi.org/10.1249/MSS.0000000000000633
https://doi.org/10.1016/j.jclinepi.2007.11.008
https://www.runningusa.org/wp-content/uploads/2022/07/2022-Global-Runner-Survey-final.pdf
https://www.runningusa.org/wp-content/uploads/2022/07/2022-Global-Runner-Survey-final.pdf
https://doi.org/10.3389/fspor.2025.1560756
https://www.frontiersin.org/journals/sports-and-active-living
https://www.frontiersin.org/

Vincent et al.

22. Madsen A, Sharififar S, Oberhaus J, Vincent KR, Vincent HK. Anxiety state
impact on recovery of runners with lower extremity injuries. PLoS One. (2022)
17(12):e0278444. doi: 10.1371/journal.pone.0278444

23. Vincent HK, Massengill C, Harris A, Wasser JG, Bruner M, Vincent KR.
Cadence impact on cardiopulmonary, metabolic and biomechanical loading during
downbhill running. Gait Posture. (2019) 71:186-91. doi: 10.1016/j.gaitpost.2019.04.022

24. Kadaba MP, Ramakrishnan HK, Wootten ME. Measurement of lower extremity
kinematics during level walking. J Orthop Res. (1990) 8(3):383-92. doi: 10.1002/jor.
1100080310

25. Yang Z, Cui C, Zhou Z, Zheng Z, Yan S. Effect of midsole hardness and surface
type cushioning on landing impact in heel-strike runners. J Biomech. (2024)
165:111996. doi: 10.1016/j.jbiomech.2024.111996

26. Vincent HK, Kilgore JE, Chen C, Bruner M, Horodyski M, Vincent KR. Impact
of body mass index on biomechanics of recreational runners. PM R. (2020)
12(11):1106-12. doi: 10.1002/pmrj.12335

27. de Leva P. Joint center longitudinal positions computed from a selected subset of
Chandler’s data. ] Biomech. (1996) 29(9):1231-3. doi: 10.1016/0021-9290(96)00021-8

28. Tenforde AS, Ruder MC, Jamison ST, Singh PP, Davis IS. Is symmetry of loading
improved for injured runners during novice barefoot running? Gait Posture. (2018)
62:317-20. doi: 10.1016/j.gaitpost.2018.03.043

29. Kawamori N, Nosaka K, Newton RU. Relationships between ground reaction
impulse and sprint acceleration performance in team sport athletes. J Strength Cond
Res. (2013) 27(3):568-73. doi: 10.1519/JSC.0b013¢318257805a

30. McMahon TA, Cheng GC. The mechanics of running: how does stiffness couple with
speed? ] Biomech. (1990) 23(Suppl 1):65-78. doi: 10.1016/0021-9290(90)90042-2

31. Bishop C, Read P, Lake ], Shym C, Turner A. Interlimb asymmetries:
understanding how to calculate differences from bilateral and unilateral tests.
Strength Cond J. (2018) 40(4):1-6.

32. Furlong LAM, Egginton NL. Kinetic asymmetry during running at preferred and
nonpreferred speeds. Med Sci Sports Exerc. (2018) 50(6):1241-8. doi: 10.1249/MSS.
0000000000001560

33. Cohen J. Statistical Power Analysis for the Behavioral Sciences. 2nd ed. New York:
Routledge (1988).

34. Malisoux L, Gette P, Delattre N, Urhausen A, Theisen D. Gait asymmetry in
spatiotemporal and kinetic variables does not increase running-related injury risk in
lower limbs: a secondary analysis of a randomised trial including 800+ recreational
runners. BMJ Open Sport Exerc Med. (2024) 10(1):e001787. doi: 10.1136/bmjsem-
2023-001787

35. Bredeweg SW, Buist I, Kluitenberg B. Differences in kinetic asymmetry between
injured and noninjured novice runners: a prospective cohort study. Gait Posture.
(2013) 38(4):847-52. doi: 10.1016/j.gaitpost.2013.04.014

Frontiers in Sports and Active Living

13

10.3389/fspor.2025.1560756

36. Kim J, Park SK. Differences in physical characteristics of the lower extremity and
running biomechanics between different age groups. Int | Environ Res Public Health.
(2022) 19(7):4320. doi: 10.3390/ijerph19074320

37. Paquette MR, Devita P, Williams DSB. Biomechanical implications of training
volume and intensity in aging runners. Med Sci Sports Exerc. (2018) 50(3):510-5.
doi: 10.1249/MSS.0000000000001452

38. Paquette MR, Powell DW, DeVita P. Age and training volume influence joint
kinetics during running. Scand ] Med Sci Sports. (2021) 31(2):380-7. doi: 10.1111/
sms.13857

39. Sano K, Akiyama M, Hoffrén-Mikkola M, Ito A, Komi PV, Ishikawa M. Age-
specific neuromuscular interaction during elderly habitual running. Acta Physiol
(Oxf). (2015) 215(2):79-88. doi: 10.1111/apha.12550

40. Mosole S, Carraro U, Kern H, Loefler S, Zampieri S. Use it or lose it: tonic
activity of slow motoneurons promotes their survival and preferentially increases
slow fiber-type groupings in muscles of old lifelong recreational sportsmen. Eur
J Transl Myol. (2016) 26(4):5972. doi: 10.4081/ejtm.2016.5972

41. Herzog W, Nigg BM, Read LJ, Olsson E. Asymmetries in ground reaction force
patterns in normal human gait. Med Sci Sports Exerc. (1989) 21(1):110-4. doi: 10.
1249/00005768-198902000-00020

42. Wayner RA, Robinson R, Simon JE. Gait asymmetry and running-related injury
in female collegiate cross-country runners. Phys Ther Sport. (2023) 59:1-6. doi: 10.
1016/j.ptsp.2022.11.001

43. Majaj RM, Powell DW, Weiss LW, Paquette MR. Ankle kinetics and
plantarflexor morphology in older runners with different lifetime running
exposures. Hum Mov Sci. (2020) 72:102660. doi: 10.1016/j.humov.2020.102660

44. D'Hondt ], Chapelle L, Bishop C, Aerenhouts D, De Pauw K, Clarys P, et al.
Association between inter-limb asymmetry and determinants of middle- and long-
distance running performance in healthy populations: a systematic review. Sports
Med Open. (2024) 10(1):127. doi: 10.1186/s40798-024-00790-w

45. Seminati E, Nardello F, Zamparo P, Ardigd LP, Faccioli N, Minetti AE.
Anatomically asymmetrical runners move more asymmetrically at the same
metabolic cost. PLoS One. (2013) 8(9):¢74134. doi: 10.1371/journal.pone.0074134

46. Afonso J, Pefia J, S4 M, Virgile A, Garcia-de-Alcaraz A, Bishop C. Why sports
should embrace bilateral asymmetry: a narrative review. Symmetry (Basel). (2022)
14(10):1993. doi: 10.3390/sym14101993

47. Vincent HK, Vincent KR. Healthy running habits for the distance runner:
clinical utility of the American College of Sports Medicine infographic. Curr Sports
Med Rep. (2022) 21(12):463-9. doi: 10.1249/JSR.0000000000001019

48. Xu D, Zhou H, Quan W, Jiang X, Liang M, Li S, et al. A new method proposed
for realizing human gait pattern recognition: inspirations for the application of sports
and clinical gait analysis. Gait Posture. (2024) 107:293-305. doi: 10.1016/j.gaitpost.
2023.10.019

frontiersin.org


https://doi.org/10.1371/journal.pone.0278444
https://doi.org/10.1016/j.gaitpost.2019.04.022
https://doi.org/10.1002/jor.1100080310
https://doi.org/10.1002/jor.1100080310
https://doi.org/10.1016/j.jbiomech.2024.111996
https://doi.org/10.1002/pmrj.12335
https://doi.org/10.1016/0021-9290(96)00021-8
https://doi.org/10.1016/j.gaitpost.2018.03.043
https://doi.org/10.1519/JSC.0b013e318257805a
https://doi.org/10.1016/0021-9290(90)90042-2
https://doi.org/10.1249/MSS.0000000000001560
https://doi.org/10.1249/MSS.0000000000001560
https://doi.org/10.1136/bmjsem-2023-001787
https://doi.org/10.1136/bmjsem-2023-001787
https://doi.org/10.1016/j.gaitpost.2013.04.014
https://doi.org/10.3390/ijerph19074320
https://doi.org/10.1249/MSS.0000000000001452
https://doi.org/10.1111/sms.13857
https://doi.org/10.1111/sms.13857
https://doi.org/10.1111/apha.12550
https://doi.org/10.4081/ejtm.2016.5972
https://doi.org/10.1249/00005768-198902000-00020
https://doi.org/10.1249/00005768-198902000-00020
https://doi.org/10.1016/j.ptsp.2022.11.001
https://doi.org/10.1016/j.ptsp.2022.11.001
https://doi.org/10.1016/j.humov.2020.102660
https://doi.org/10.1186/s40798-024-00790-w
https://doi.org/10.1371/journal.pone.0074134
https://doi.org/10.3390/sym14101993
https://doi.org/10.1249/JSR.0000000000001019
https://doi.org/10.1016/j.gaitpost.2023.10.019
https://doi.org/10.1016/j.gaitpost.2023.10.019
https://doi.org/10.3389/fspor.2025.1560756
https://www.frontiersin.org/journals/sports-and-active-living
https://www.frontiersin.org/

	Reference biomechanical parameters and natural asymmetry among runners across the age spectrum without a history of running-related injuries
	Introduction
	Materials and methods
	Study design
	Setting
	Participants
	Characteristics

	Data sources and measurements
	Initial procedures and instrumentation for running analysis
	Data collection during running and post-processing

	Statistical considerations

	Results
	Runner characteristics
	Select spatiotemporal parameters and variability
	Kinetic features and vertical stiffness
	Joint excursions during a gait cycle
	Joint moments
	Asymmetries ranked by biomechanical parameter

	Discussion
	Age and running mechanics
	Asymmetries in running motion across the age span
	Clinical implications
	Limitations, strengths, and future directions
	Conclusion

	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher's note
	Supplementary material
	References


