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Background: Identifying atypical lower limb biomechanics may help prevent the occurrence or recurrence of running-related
injuries. No reference values for spatiotemporal or kinetic variables in healthy recreational runners are available in the scientific
literature to support clinical management.

Purpose: To (1) present speed- and sex-stratified reference values for spatiotemporal and kinetic variables in healthy adult rec-
reational runners; (2) identify the determinants of these biomechanical variables; and (3) develop reference regression equations
that can be used as a guide in a clinical context.

Study Design: Descriptive laboratory study.

Methods: This study involved 860 healthy recreational runners (age, 19-65 years [38.5% women)]) tested on an instrumented
treadmill at their preferred running speed in randomly allocated, standardized running shoes with either hard or soft cushioning.
Twelve common spatiotemporal and kinetic variables—including contact time, flight time, duty factor, vertical oscillation, step
cadence, step length, vertical impact peak (VIP), time to VIP, vertical average loading rate, vertical stiffness, peak vertical
ground-reaction force (GRF), and peak braking force—were derived from GRF recordings. Reference values for each biomechan-
ical variable were calculated using descriptive statistics and stratified by sex and running speed category (<7, 8, 9, 10, 11, 12, 13,
14, and >15 km/h). Correlations and multiple regression analyses were performed to identify potential determinants indepen-
dently associated with each biomechanical variable and generate reference equations.

Results: The mean running speed was 10.5 = 1.3 km/h and 9 = 1.1 km/h in men and women, respectively. While all potential
predictors were significantly correlated with many of the 12 biomechanical variables, only running speed showed high correlations
(r > 0.7). The adjusted R? of the multiple regression equations ranged from 0.19 to 0.88.

Conclusion: This study provides reference values and equations that may guide clinicians and researchers in interpreting spa-
tiotemporal and kinetic variables in recreational runners.

Clinical Relevance: The reference values can be used as targets for clinicians working with recreational runners in cases where
there is a clinical suspicion of a causal relationship between atypical biomechanics and running-related injury.
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Long-distance running is one of the most popular physical
activities worldwide'® and provides numerous health ben-
efits.83° However, running-related injuries are common
among novice, recreational, and experienced runners.?’
The consequences of running-related injuries may offset
the health benefits of regular practice as injury has been
identified as the main reason to stop running.'?
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Most running-related injuries are located in the lower
limbs,'”®% have a gradual onset,®?! and are thought to
originate from an imbalance between repetitive loading
of biological tissue and its remodeling capacity.® A running
pattern with atypical lower limb biomechanics has been
proposed as a potential risk factor for running-related
injury, given the effect of biomechanics on the distribution
of loads across different body structures. Biomechanical
factors, such as vertical loading rate,* step rate,'® and
contact time,® have been associated with running-related
injury. Still, these findings are based on cross-sectional
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or prospective studies with limited sample sizes. While the
current prospective evidence on potential biomechanical
risk factors for running-related injury is inconsistent,®
the factors describing how external forces are applied to
the musculoskeletal system are interesting targets for pre-
ventive measures, as they are modifiable and thought to be
involved in the causal mechanism.>?° The effectiveness of
gait retraining targeted at lowering loading rate has
already been demonstrated to decrease injury risk in recre-
ational runners.” However, further trials are required to
define the most relevant biomechanical factors, allowing
clinicians to deliver the proper intervention to the right
patient.

The biomechanical analysis of running techniques has
increased in popularity. Many clinicians offer advice on
running biomechanics. Recent educational interventions
have attempted to advise on proper running biomechanics,
among others, to prevent injury but without knowledge of
the normal range of biomechanics for recreational run-
ners.®!! For example, low step rate,'® high braking force,®
and overstriding'® are usually considered detrimental, but
how much is too much? Identifying atypical lower limb bio-
mechanics may help prevent both the occurrence of a new
and the recurrence of a previous injury (ie, primary and
secondary prevention, respectively). Depending on the
equipment used, researchers and clinicians can assess,
among others: (1) spatiotemporal variables—such as con-
tact and flight time, vertical oscillation, step rate, and
step length; (2) ground-reaction force (GRF) (ie, kinetic)
variables—such as vertical impact peak (VIP), vertical
loading rate, and peak braking force; (3) joint angles (ie,
kinematics)—such as foot ground angle and knee flexion
at initial contact; (4) neuromuscular activity (ie, electromy-
ography); and (5) foot pressure distribution, segment accel-
erations, etc, compared with some reference values. As
both sex* and running speed®® are key determinants of
running biomechanics, reference values should be avail-
able per sex as well as over a range of physiologically rele-
vant speeds in distance running. To the best of our
knowledge, no such reference values for spatiotemporal
and kinetic variables for adult recreational runners are
currently available.

The main objective of this study was to present a speed-
and sex-stratified dataset of reference values for spatio-
temporal and kinetic variables in healthy adult recrea-
tional runners using a treadmill instrumented with force
plates. The secondary aim was to identify determinants
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independently associated with each biomechanical vari-
able and develop reference regression equations for use
in a clinical context.

METHODS

Study Design and Participants

The data of this study stem from 874 adult recreational
runners who participated in a randomized trial conducted
by us in 2017 (ClinicalTrials.gov, NCT03115437) in which
we investigated the association between shoe cushioning,
body mass, running biomechanics, and injury risk.?° The
present study, the protocol of which received ethics com-
mittee approval, only presents baseline data that were
gathered in the framework of the parent study. All volun-
teers received a complete protocol description and provided
written informed consent for participation. Recreational
runners were recruited between September 2017 and Jan-
uary 2018 from Luxembourg and the neighboring regions
(Belgium, France, and Germany) using a convenience sam-
pling approach, which included advertisements in public
media (print, television reports, and social media) and
social networks in Luxembourg.

It was assumed that those in a reference sample were
healthy. “Healthy” was defined as the absence of any cur-
rent pain or health condition that may affect running bio-
mechanics, any running-impeding injury over the previous
month, any medical contraindication to performing a run-
ning activity, any prior (<12 months) lower limb or back
surgery, and no use of orthopaedic insoles for running.
Therefore, the inclusion criteria were set to adults (age,
18-65 years, the youngest participant was 19) in good
health who could perform a minimum of 15 minutes of con-
tinuous running, regardless of their running experience,
fitness level, or body mass. Participants were excluded if
<10 clean steps (ie, without a double-support phase pre-
venting an accurate measurement of temporal variables)
were available for analysis.

Baseline Evaluation

Volunteers registered for the study made an appointment
with the research team via a dedicated website and com-
pleted an online questionnaire regarding running and
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training experience. Eligibility and baseline responses were
checked during the subsequent visit to the laboratory.

Participants randomly received 1 of the 2 standardized
running shoe versions specifically designed for the parent
trial (all shoes manufactured by Decathlon).22! The shoe
versions only differed in their cushioning properties,
defined by their global stiffness at the heel (hard, 94.9 =
5.9 N/mm; soft, 61.3 + 2.7 N/mm),'®?! which was derived
using a standardized protocol.' Cushioning properties
were within the range of other running shoes available
on the market (53.5-97.1 N/mm; unpublished data). Partic-
ipants and assessors were blinded regarding the shoe ver-
sion received.

Height, body mass, fat mass proportion (bioelectrical
impedance analysis; Tanita SC-240 MA), and leg length?’
were measured before the running test was performed in
the randomly allocated study shoe version on a split-belt
treadmill instrumented with force plates (M-Gait; Motek-
Forcelink). The test lasted 13 minutes and comprised a 3-
minute warm-up, an 8-minute habituation phase, and
a 2-minute data recording. The last 10 minutes were per-
formed at the self-declared preferred running speed (here-
after referred to as “running speed”). GRF data were
sampled at 2 kHz and filtered using a cutoff frequency of
30 Hz with a bidirectional second-order Butterworth low-
pass filter. The participant’s body weight (BW) was
obtained by averaging the vertical GRF signal (Fz) of a 5-
second recording during a quiet stance.

Signal Processing

A custom program in Matlab (Matlab R2014a; MathWorks)
was used to process the GRF data. First, initial contact and
toe-off events were identified by the Fz exceeding and fall-
ing below a 20-N threshold. The stride time (ms) was
defined as the interval between 2 consecutive initial con-
tact events from the same foot, and the contact time (ms)
was the interval between initial contact and toe-off. The
flight time (ms) was calculated as the difference between
the stride and contact times. The duty factor (%) was the
ratio between the contact time and the stride time.?® The
step length (m) and the step rate (steps/min) were other
spatiotemporal gait parameters analyzed. Vertical oscilla-
tion of the body center of mass (mm) was calculated as
the difference between minimal and maximum vertical
positions of the center of mass during a step, obtained by
double integration of the vertical acceleration signal.'®
Peak vertical GRF (BW) was the highest Fz value
observed during the stance phase and detected in a window
of =50 ms around midstance. The VIP (BW) was defined as
the first peak of the Fz curve in those steps, displaying 2
peaks in the Fz record. If only 1 peak (ie, peak vertical
GRF) was present, that step was marked as having no
VIP.'® All curves with corresponding peaks were visually
inspected for each participant and manually confirmed.
Time to VIP (ms) was defined as the time interval between
the initial contact and the VIP. The vertical average loading
rate (BW/s) was calculated between 20% and 80% of the
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time between initial contact and the VIP or the time
between initial contact and 13% of the ground contact
time for steps without the VIP.2® Vertical stiffness (BW/m)
was calculated as the ratio of the peak vertical GRF and
the downward displacement of the center of mass from the
foot strike to the lowest position.263% Peak braking force
was defined as the maximum posterior force observed in
the anteroposterior direction.2® The kinetic variables were
normalized to the participant’s BW. Discrete variables
were calculated for each gait cycle of the 2-minute recording
and averaged per participant and from both limbs.

Statistical Analyses

All analyses were performed using STATA/SE Version 15
(StataCorp). Data pertaining to demographic, training,
and biomechanical characteristics were presented as
counts and percentages for dichotomous variables and as
means * standard deviations or medians and interquartile
ranges (IQRs) for normally or nonnormally distributed con-
tinuous variables, respectively. Normality was assessed
using histograms. More detailed descriptive statistics of
the spatiotemporal and kinetic variables were then tabu-
lated by sex and running speed category (<7, 8, 9, 10, 11,
12, 13, 14, and >15 km/h). A 2 X 9 (sex X speed group)
analysis of variance (ANOVA) was used to test the hypoth-
esis that these 2 independent variables should be used to
stratify biomechanical measurements.

The potential explanatory variables for each spatiotem-
poral and kinetic variable were also investigated. The pre-
dictors examined included sex, age, height, body mass,
body mass index (BMI), fat mass proportion, running expe-
rience (years of running practice during adulthood), run-
ning regularity (months of regular running practice over
the previous year), mean number of running sessions per
week over the previous year, mean session distance over
the previous year, running speed, and shoe version (hard
or soft). To avoid multicollinearity, only 1 variable from
moderately or highly intercorrelated variables was
included in the analyses. To explore the relationship
between each potential determinant and the biomechani-
cal variables, Pearson correlation and point-biserial corre-
lation coefficients were wused for continuous and
dichotomous (ie, sex and shoe version) variables, respec-
tively. Finally, 12 forward-selection multiple linear regres-
sion analyses (1 for each biomechanical variable) were
used to generate explanatory equations. The model fit
was inspected using the overall F test for the regression
model, individual ¢ tests for each regression coefficient,
and adjusted R2. We checked for multicollinearity in the
final model using the variance inflation factor, with
a threshold®® set to 10. Thus, each model provided
a reduced set of factors that best predicted and could be
considered independently associated with the biomechani-
cal variables investigated. Variables were retained in the
regression model if P < .05. The recommendation for using
at least 10 participants per predictor included in the
regression analysis was strictly followed.3!
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TABLE 1
Descriptive Statistics of the Participants®

Variable Total (N = 860) Men (n = 529) Women (n = 331)
Age, y 40.2 + 10 41+ 98 39 + 10.2
Height, m 1.74 = 0.09 1.79 = 0.07 1.67 = 0.06
Body mass, kg 73.1 £ 124 79.0 = 10.7 63.7 + 8.4
BMI, kg/m? 24.1 =3 24.7 + 2.8 23 = 2.8
Fat mass, % 224 = 7.2 18.6 + 4.7 28.4 = 6.3
Running experience, y 6 [3-12] 7 [3-15] 5 [2-10]
Regularity during previous year, mo 12 [6-12] 12 [6-12] 11 [5-12]
Running frequency, sessions/wk 2 [1-3] 2 [1-3] 2 [1-3]
Mean session distance, km 9 [6-10] 10 [8-11] 7 [6-10]
Shoe version: soft 430 (50) 264 (49.9) 166 (50.2)
Steps analyzed, n 323 [310-338] 324 [310-337] 322 [308-338]
Running speed, km/h 99 + 15 10.5 = 1.3 9+11
Contact time, ms 289 = 35 283 = 33 299 *+ 36
Flight time, ms 444 + 38 451 + 38 433 = 35
Duty factor, % 39 +4 39 = 4 41 = 4
Vertical oscillation, mm 77 + 12 80 + 13 73 + 11
Step rate, steps/min 164 = 9 164 = 10 164 = 9
Step length, m 1+0.14 1.07 = 0.13 0.91 = 0.10
VIP, BW? 1.49 = 0.23 1.55 = 0.22 1.40 = 0.20
Time to VIP, ms® 45 + 17 44 * 17 45 + 8
VALR, BW/s 43.4 = 11.3 452 + 11.1 40.4 = 10.8
Vertical stiffness, BW/m 37.3 £5.1 37.8 £ 5.2 36.6 = 4.8
Peak vertical GRF, BW 2.23 + 0.23 2.29 + 0.22 2.13 + 0.20
Peak braking force, BW 0.317 = 0.066 0.334 + 0.065 0.291 + 0.057

“Data are presented as mean * SD, n (%), or median [IQR]. BMI, body mass index; BW, body weight; GRF, ground-reaction force; IQR,
interquartile range; VALR, vertical average loading rate; VIP, vertical impact peak.

®32 missing values (ie, no VIP could be detected).

RESULTS

Participants

In total, 1107 volunteers preregistered for the study on the
dedicated electronic platform, and 874 fulfilled the inclu-
sion criteria and performed the running test in the labora-
tory. Fourteen participants were excluded from the
analyses because of a health condition reported by the par-
ticipant after completing the test (n = 2) or the presence of
a double-support phase during running (n = 12). The
descriptive statistics of the 860 participants included in
the analyses are presented in Table 1. The mean age of
participants was 40.2 = 10 years, 38.5% were women,
and 72% lived in Luxembourg, 14% in France, 10% in
Belgium, and 4% in Germany.

Reference Values

The results of the ANOVAs confirmed that each biome-
chanical variable differed significantly (P < .05) by sex
and speed (except for vertical oscillation; P = .074). Tables
2 and 3 present the descriptive statistics for each spatio-
temporal and kinetic variable, stratified by sex and speed
groups. Furthermore, Supplemental Table S1 presents
the descriptive statistics for VIP, time to VIP, and peak
breaking force by sex, speed, and shoe version. To assist

in the visualization of the biomechanical data, box plots
by sex and speed categories are also presented (Figures 1
and 2).

Determinants of the Spatiotemporal and GRF Variables

Before generating the regression models, correlation coeffi-
cients were used to check the assumption of multicollinear-
ity. As BMI was highly correlated with body mass (» = 0.81)
and fat mass proportion was moderately correlated with
sex (r = 0.66) and running speed (r = —0.60), these 2 predic-
tors were not included in the analyses (see Supplemental
Table S2, available separately). The correlation between
the potential determinants and the 12 spatiotemporal
and GRF variables investigated are presented in Supple-
mental Table S3 (available separately). While all potential
predictors significantly correlated with most biomechani-
cal variables, running speed generally showed the highest
correlations (» > 0.7 with contact time, step length, and
peak braking force). Table 4 presents the final multiple lin-
ear regression models for each biomechanical variable.
Among the 10 potential determinants investigated,
between 3 and 6 were associated with each biomechanical
variable. The adjusted models showed that women had lon-
ger contact time, shorter flight time, greater duty factor,
lower vertical oscillation, and lower VIP and peak vertical
GRF than men. Higher running speed was associated with
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TABLE 2
Percentiles of the Spatiotemporal Variables by Sex and Running Speed Category®
Males Females

Running speed, km/h n P10 P25 P50 P75 P90 n P10 P25 P50 P75 P90

Contact time, ms
<7 9 300 323 327 359 381 47 304 319 338 362 387
8 50 285 305 319 333 354 97 277 300 317 333 354
9 68 276 294 306 329 348 99 262 279 288 308 316
10 179 256 273 288 304 319 69 243 257 274 284 300
11 115 245 256 268 286 297 16 234 252 262 267 277
12 86 229 241 248 264 275 2 236 236 238 240 240
13 18 220 237 250 258 271 1 —_— —_— 221 — —
14 2 201 201 215 229 229
>15 2 199 199 201 204 204

Flight time, ms
<7 9 369 409 434 440 483 47 374 399 418 435 456
8 50 379 406 441 463 483 97 384 406 425 452 485
9 68 398 421 446 466 497 99 394 413 440 466 486
10 179 404 425 445 471 493 69 400 420 440 456 481
11 115 405 428 454 476 500 16 406 420 454 473 491
12 86 407 443 469 495 509 2 414 414 431 449 449
13 18 431 440 477 492 531 1 — — 387 — —
14 2 474 474 495 515 515
>15 2 474 474 477 479 479

Duty factor, %
<7 9 40 43 45 46 47 47 41 43 45 47 50
8 50 39 40 42 45 48 97 37 41 42 45 47
9 68 37 39 41 43 45 99 36 37 40 43 44
10 179 35 38 39 41 43 69 35 37 38 40 41
11 115 34 35 37 39 41 16 33 34 37 39 40
12 86 32 33 35 37 39 2 35 35 36 36 36
13 18 30 33 35 37 38 1 — — 36 — —
14 2 30 30 30 31 31
>15 2 29 29 30 30 30

Vertical oscillation, mm
<7 9 57 73 82 83 101 47 56 65 68 76 84
8 50 58 68 79 85 93 97 59 64 71 80 91
9 68 65 71 77 88 97 99 58 65 75 82 89
10 179 64 71 78 87 95 69 60 66 74 79 85
11 115 63 71 80 88 95 16 58 67 76 83 91
12 86 63 75 83 92 98 2 63 63 69 76 76
13 18 72 74 86 93 104 1 — — 53 — —
14 2 82 82 90 97 97
>15 2 83 83 83 84 84

Step rate, steps/min
<7 9 146 152 158 158 176 47 150 154 157 163 173
8 50 149 154 157 164 174 97 151 155 161 168 172
9 68 149 152 158 166 171 99 155 159 164 170 175
10 179 152 157 165 170 174 69 156 163 171 174 180
11 115 154 161 166 171 179 16 157 166 170 175 183
12 86 157 161 168 173 181 2 174 174 179 185 185
13 18 157 162 166 173 179 1 — — 198 — —
14 2 161 161 170 178 178
>15 2 177 177 177 177 177

Step length, m
<7 9 0.66 0.74 0.79 0.80 0.85 47 0.67 0.73 0.76 0.81 0.86
8 50 0.79 0.84 0.88 0.92 0.94 97 0.79 0.83 0.86 0.89 0.93
9 68 0.89 0.93 0.97 1.01 1.05 99 0.87 0.90 0.94 0.97 1.00
10 179 0.96 0.99 1.03 1.08 1.13 69 0.95 0.97 1.00 1.03 1.07
11 115 1.03 1.07 1.13 1.16 1.19 16 1.00 1.06 1.09 1.12 1.18
12 86 1.11 1.16 1.20 1.24 1.28 2 1.08 1.08 1.12 1.15 1.15
13 18 1.21 1.26 1.32 1.36 1.41 1 — — 1.10 — —
14 2 131 1.31 1.38 1.45 1.45
>15 2 1.41 1.41 1.46 1.51 1.51

“P, percentile; —, no data (not applicable).
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TABLE 3
Percentiles of the Ground-Reaction Force Variables by Sex and Running Speed Category®

Males Females

Running speed, km/h n P10 P25 P50 P75 P90 n P10 P25 P50 P75 P90

VIP, BW
<7 6 1.14 1.23 1.29 1.49 1.57 44 1.12 1.17 1.26 1.40 1.52
8 46 1.24 1.35 1.42 1.52 1.59 94 1.15 1.26 1.35 1.47 1.56
9 67 1.23 1.35 1.45 1.55 1.75 97 1.18 1.31 1.41 1.52 1.64
10 177 1.28 1.40 1.50 1.61 1.74 67 1.20 1.28 1.42 1.57 1.73
11 108 131 1.44 1.56 1.73 1.87 15 1.22 1.43 1.59 1.68 2.13
12 83 1.44 1.54 1.63 1.80 1.93 2 1.59 1.59 1.68 1.77 1.77
13 17 1.52 1.57 1.72 1.80 1.87 1 — — 1.60 — —
14 2 2.20 2.20 2.20 2.21 2.21
215 2 2.21 2.21 2.24 2.26 2.26

Time to VIP, ms
<7 6 43 45 48 53 54 44 40 45 50 56 62
8 46 39 44 49 53 56 94 39 42 46 51 54
9 67 39 42 47 50 57 97 36 39 43 47 50
10 177 38 41 46 49 53 67 35 39 42 45 48
11 108 36 40 44 47 49 15 36 37 38 42 46
12 83 33 36 40 44 48 2 35 35 35 35 35
13 17 34 37 39 41 45 1 - - 36 — -
14 2 34 34 36 38 38
215 2 39 39 45 51, 51

VALR, BW/s
<7 9 19.9 30.1 31.1 34.1 40.5 47 21.5 25.4 31.1 37.2 43.9
8 50 255 31.0 37.3 41.9 47.6 97 27.5 31.5 37.0 42.9 49.9
9 68 25.8 35.5 40.2 44.8 51.5 99 30.3 35.8 41.2 48.7 55.7
10 179 333 37.0 42.3 47.6 57.0 69 33.2 35.4 42.9 50.3 56.2
11 115 36.4 40.2 45.8 51.9 57.0 16 39.9 43.0 52.5 59.1 66.9
12 86 42.4 46.2 52.8 60.4 70.8 2 61.4 61.4 63.0 64.6 64.6
13 18 48.6 51.3 53.9 62.1 68.8 1 — — 56.9 — —
14 2 71.7 71.7 77.8 83.9 83.9
215 2 45.8 45.8 61.2 76.6 76.6

Vertical stiffness, BW/m
<7 9 27.5 31.5 33.0 35.3 39.3 47 29.1 30.4 32.1 35.0 38.4
8 50 29.9 31.0 33.3 36.4 41.0 97 30.3 32.7 34.5 37:1 40.4
9 68 29.7 31.9 34.0 36.8 40.0 99 32.2 34.1 36.7 38.9 42.1
10 179 31.6 33.8 36.3 39.1 43.1 69 33.6 36.5 38.8 41.7 45.8
11 115 33.5 35.7 38.7 41.2 44.8 16 36.9 38.9 41.0 43.2 48.5
12 86 35.8 38.8 41.6 44.7 48.5 2 46.4 46.4 47.3 48.3 48.3
13 18 36.2 37.9 42.5 44.3 46.6 1 — — 53.1 — —
14 2 45.0 45.0 49.9 54.8 54.8
>15 2 50.5 50.5 53.1 55.8 55.8

Peak vertical GRF, BW
<7 9 1.99 2.03 2.12 2.23 2.37 47 1.78 1.85 1.97 2.11 2.19
8 50 1.86 2.00 2.16 2.27 2.34 97 1.85 1.95 2.05 2.16 2.29
9 68 1.96 2.07 2.19 2.30 2.41 99 1.91 2.04 2.15 2.28 2.40
10 179 2.04 2.15 2.25 2.34 2.45 69 2.00 2.12 2.25 2.34 2.41
11 115 2.08 2.19 2.33 2.45 2.56 16 2.05 2.15 2.26 2.47 2.55
12 86 2.18 2.31 2.48 2.63 2.74 2 2.27 2.27 2.37 2.47 2.47
13 18 2.30 2.36 2.49 2.61 2.76 1 - - 2.21 — -
14 2 271 2.71 2.73 2.75 2,715
215 2 2.78 2.78 2.80 2.83 2.83

Peak braking force, BW
<7 9 0.19 0.20 0.26 0.26 0.30 47 0.18 0.20 0:2:1 0.26 0.28
8 50 0.21 0.23 0.26 0.29 0.31 97 0.22 0.24 0.26 0.28 0.32
9 68 0.24 0.27 0.29 0.32 0.35 99 0.25 0.28 0.31 0.34 0.35
10 179 0.27 0.29 0.32 0.34 0.38 69 0.27 0.30 0.33 0.36 0.40
11 115 0.29 0.32 0.36 0.38 0.42 16 0.31 0.33 0.37 0.40 0.41
12 86 0.32 0.35 0.38 0.42 0.46 2 0.35 0.35 0.42 0.49 0.49
13 18 0.34 0.40 0.43 0.45 0.56 1 = = 0.29 = =
14 2 0.43 0.43 0.45 0.47 0.47
215 2 0.51 0.51 0.59 0.66 0.66

“BW, body weight; GRF, ground-reaction force; P, percentile; VALR, vertical average loading rate; VIP, vertical impact peak;
—, no data (not applicable).
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Figure 1. Box plots of the spatiotemporal variables for male and female study participants. The lower and upper box boundaries
indicate the 25th and 75th percentiles, respectively. The middle line inside the box represents the median, and the filled diamond
is the mean. Whiskers below and above the boxes represent the 25th percentile — 1.5 X IQR and 75th percentile + 1.5 X IQR,
respectively. IQR, interquartile range.



8 Malisoux et al The Orthopaedic Journal of Sports Medicine

Males Females Males Females
31 =T = 2 31
§ o T 0]
n QT T o -
= - S 21
[0} —_ = —_—
S | T - = -
e - T . o - | -
x [ Q o | —
T © 6 ® - T
[V b *- o
a.c a -
g < H H H £ g .
Q © *
£ . > S
7 o - k5 H
S > 21
= 1 o
) d - 4 - 1 -
g .| 1 | 2 [ -
- - £ g B 1
L e F - 4 1
© | - 4
o T T T T T T T T T T T T T T T T T | § T T T T T T T T T T T T | ] T
<7 8 9 10 11 12 13 14215 <7 8 9 10 11 12 13 <7 8 9 10 11 12 13 1421 <7 8 9 10 11 12 13
o |
(o]

50
1
1
i
1

45

Vertical Average Loading Rate (BW.s 1)
50
{ ¢}
{ ¢ 1
{1
{ » |
IO }
P+ 1 |
{ o}
Vertical stiffness (BW.m 1)
40
{fo }
{ » 1

4 w
T T T  § T T | T T T T T T T T T N T T T T T T T T T T T T T T T T
<7 8 9 10 11 12 13 14 215 <7 8 9 10 11 12 13 <7 8 9 10 11 12 13 14 215 <7 8 9 10 11 12 13
~
o
< |
(s2]
© ]
— - = g S
% [==] om -
= - - =5
- o 2
8 . £
> | — )
e _ 1 - & o
— o < |
8 £ H -
5 - -3
> hi & |
® < x ©
o ©
o 4 L+ (o -
- O o
4 o
w0 | -4
= T T T T T T T ¥ T T T T T T T T o T T T T T T T T T T T T T T T T
<7 8 9 10 11 12 13 14 215 <7 819 10 11 12 13 <78 9 10 11 12 13 14 215 <7 8 9 10 11 12 13
: - . -
Running speed (km.h ') Running speed (km.h ')

Figure 2. Box plots of the ground-reaction force characteristics for male and female study participants. The lower and upper box
boundaries indicate the 25th and 75th percentiles, respectively. The middle line inside the box represents the median, and the
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TABLE 4
Predictive Models for the Spatiotemporal and GRF Variables®

Spatiotemporal Variables Coefficient (95% CI) P GRF Variables Coefficient (95% CI) P
Contact time (adj R? = 0.64) VIP (adj R% = 0.32)

Running speed, km/h —17.3 (—18.5 to —16.1) <.001 Running speed, km/h 0.07 (0.06 to 0.08) <.001

Sex” 12.8 (8.2 to 17.4) <.001 Sex” —0.08 (—0.12 to —0.04) <.001

Body mass, kg 0.86 (0.68 to 1.03) <.001 Shoe version® —0.10 (-=0.12 to —0.07) <.001

Height, m 77.1 (51.1 to 103.2) <.001 Running experience, y —0.003 (—0.005 to —0.002) <.001
Flight time (adj R? = 0.21) Height, m —0.35 (—=0.55 to —0.15) .001

Running speed, km/h 3.31 (1.37 to 5.25) <.001 Age, y 0.003 (0.001 to 0.004) <.001

Sex® —13.2 (—20.6 to —5.8) <.001 Time to VIP (adj R? = 0.27)

Body mass, kg —1.04 (—1.32 to —0.76) <.001 Running speed, km/h -1.99 (-2.29 to —1.68) <.001

Height, m 140 (98 to 181) <.001 Shoe version® —3.29 (—4.17 to —2.42) <.001

Age, y —0.76 (—1 to —0.53) <.001 Body mass, kg 0.19 (0.16 to 0.23) <.001
Duty factor (adj R® = 0.55) VALR (adj R? = 0.34)

Running speed, km/h —1.63 (—1.78 to —1.47) <.001 Running speed, km/h 4.73 (4.26 to 5.19) <.001

Sex® 1.76 (1.19 to 2.32) <.001 Body mass, kg —0.18 (—0.23 to —0.13) <.001

Body mass, kg 0.12 (0.10 to 0.14) <.001 Age, y 0.16 (0.09 to 0.23) <.001

Age, y 0.04 (0.02 to 0.06) <.001 Running experience, y —0.09 (-0.18 to —0.08) .033
Vertical oscillation (adj R? = 0.19) Running frequency, sessions/wk —0.79 (—1.41 to —0.17) .013

Sex® —6.75 (—8.94 to —4.56) <.001 Vertical stiffness (adj R% = 0.39)

Body mass, kg —0.28 (—0.37 to —0.20) <.001 Running speed, km/h 2.31 (2.11 to 2.50) <.001

Height, m 43.1 (29.4 to 56.9) <.001 Height, m —23.1(—26.4 to —19.8) <.001

Age, y —0.27 (—0.35 to —0. 20) <.001 Age, y 0.07 (0.05 to 0.10) <.001
Step rate (adj R? = 0.26) Peak vertical GRF (adj R? = 0.43)

Running speed, km/h 3.07 (2.66 to 3.47) <.001 Running speed, km/h 0.06 (0.05 to 0.07) <.001

Height, m —44.2 (—51.0 to —37.5) <.001 Sex? —0.17 (-0.21 to —0.13) <.001

Age, y 0.19 (0.14 to 0.25) <.001 Body mass, kg —0.006 (—0.007 to —0.005) <.001
Step length (adj R% = 0.88) Age, y —0.003 (—0.005 to —0.002) <.001

Running speed, km/h 0.08 (0.08 to 0.09) <.001 Peak breaking force (adj R? = 0.57)

Height, m 0.28 (0.24 to 0.32) <.001 Running speed, km/h 0.034 (0.032 to 0.036) <.001

Age,y —0.001 (—0.001 to —0.001) <.001 Body mass, kg —0.001 (—0.001 to —0.001) <.001

Shoe version® —0.013 (—0.019 to —0.007) <.001

“adj, adjusted; BW, body weight; GRF, ground-reaction force; VALR, vertical average loading rate; VIP, vertical impact peak.

*Reference = men.
‘Reference = soft.

TABLE 5
Reference Regression Equations Calculated for the Biomechanical Variables Studied”

Variable

Equation

Contact time, ms
Flight time, ms

Duty factor, %

Vertical oscillation, mm
Step cadence

Step length, m

VIP, ms

Time to VIP, ms
Vertical average loading rate

Vertical stiffness, BW/m
Peak vertical GRF, BW
Peak braking force, BW

259.01 + 12.8 X sex + 0.855 X body mass + 77.122 X height — 17.314 X running speed

280.618 — 13.232 X sex — 0.765 X age — 1.039 X body mass + 139.558 X
height + 3.307 X running speed

44.446 + 1.756 X sex + 0.039 X age + 0.121 X body mass — 1.626 X running speed

36.451 — 6.749 X sex — 0.275 X age — 0.284 X body mass + 43.148 X height

203.056 + 0.193 X age — 44.242 X height + 3.067 X running speed

—0.255 — 0.001 X age + 0.279 X height + 0.083 X running speed

1.452 — 0.084 X sex + 0.003 X age — 0.351 X height — 0.096 X shoe type — 0.004 X
running experience + 0.074 X running speed

55.303 + 0.192 X body mass — 3.293 X shoe type — 1.988 X running speed

5.761 + 0.159 X age — 0.179 X body mass — 0.093 X running experience — 0.790 X
running frequency + 4.726 X running speed

51.710 + 0.074 X age — 23.117 X height + 2.305 X running speed

2.263 — 0.171 X sex — 0.003 X age — 0.006 X body mass + 0.063 X running speed

0.052 — 0.001 X body mass — 0.013 X shoe type + 0.034 X running speed

“BW, body weight; GRF, ground-reaction force; VIP, vertical impact peak.

shorter contact time, longer flight time, lower duty factor,
higher step rate, greater step length, greater VIP, faster
time to VIP, and greater vertical average loading rate,

vertical stiffness, peak vertical GRF,

and peak

braking force (Table 4). The adjusted R? ranged from

0.19 to 0.88.



10 Malisoux et al

Reference regression equations that were used for the
calculation of the predicted values are provided in Table
5. Supplemental Material 1 includes a spreadsheet calcula-
tor using different regression models to predict the biome-
chanical variables based on the runner’s characteristics.

DISCUSSION

This study presents speed- and sex-stratified reference val-
ues for spatiotemporal and kinetic variables in healthy
adult recreational runners based on recordings from
a treadmill instrumented with force plates. The reference
dataset provided here may benefit medical doctors, physi-
cal therapists, coaches, and researchers, enabling them to
compare biomechanical values in those with or without
injury to the reference values determined in 860 recrea-
tional runners. We also provided percentiles for each bio-
mechanical variable to assist clinicians and researchers
in interpreting measurements obtained from tested recrea-
tional runners. The reference values can be used as targets
for clinicians working with runners in cases where there is
clinical suspicion of a causal relationship between atypical
biomechanics and a running-related injury. Clinicians
must bear in mind that the scientific evidence for the
role of biomechanics in running-related injury is inconsis-
tent and depends on the study population and the injury
investigated.® Therefore, clinicians should carefully con-
sider whether changing the runner’s technique (toward
the reference values for a given variable) might help recov-
ery from the injury and prevent any recurrence. Notably,
the reference values should not be interpreted as an opti-
mal zone where the risk of injury is lowest in recreational
runners. To the authors’ knowledge, this is the first refer-
ence dataset of spatiotemporal and kinetic variables in
a large cohort of healthy adult recreational runners tested
at their preferred (usual) running speed.

Reference Regression Equations

Reference values stratified according to significant explan-
atory variables (ie, sex and preferred running speed in this
study) are useful. Still, these reference values would
remain less specific than values predicted from regression
equations, which can adjust for additional determinants.
Based on the multivariable linear regression analyses,
the reference equations presented here included 3 to 6
determinants for each spatiotemporal and kinetic variable
(see Table 4 and Supplemental Material 2). Notably, shoe
type was included in the reference equation for only 3 of
the biomechanical variables (VIP, time to VIP, and peak
breaking force), consistent with previous findings.'%?2 As
the participants were tested in 1 of the 2 study shoe ver-
sions (ie, greater or lower cushioning properties),2? clini-
cians should consider the cushioning properties of the
shoe that the patient is being tested in when performing
gait analysis and record it as hard (eg, racing flat or min-
imalist shoe) or soft (eg, maximalist or highly cushioned
shoe). Additional explanations on the use of the regression
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equations are provided in the spreadsheet (Supplemental
Material 2).

Determinants of Running Biomechanics

Each of the 10 potential determinants was statistically cor-
related with several biomechanical variables (see Supple-
mental Table S3). However, only running speed showed
high or very high correlations with these biomechanical
variables, emphasizing that running speed is the primary
factor to consider when assessing running biomechanics.
As expected, all kinetic variables were statistically corre-
lated with running speed. However, the only high correla-
tion with running speed among all kinetic variables was
peak braking force, consistent with previous findings.?’
One may argue that increasing running speed mainly
results in increasing horizontal speed, which could explain
why vertical components showed lower correlations with
(horizontal) running speed than (horizontal) peak braking
force. Running speed was also highly correlated with step
length and contact time. The association with step length
is also in agreement with a previous study.2” Interestingly,
step length was highly correlated with running speed, but
step rate was not. This suggests that differences in run-
ning speed among recreational runners are primarily
a result of a longer step length rather than an increased
step rate. Vertical oscillation also seems stable across run-
ning speeds, as the correlation was negligible and running
speed was not retained in the regression model. This obser-
vation contrasts with that in previous studies that have
reported reduced vertical oscillation at greater speeds.'*
In the parent study, a subgroup of our study participants
was tested at 2 fixed running speeds (10 and 12 km/h)
and showed lower vertical oscillation at higher speeds.?
The decrease in vertical oscillation is an intraindividual
adaptation to running speed. One may argue that our
study participants were tested at the same relative run-
ning speed, that is, their preferred running speed. This
may explain the absence of interindividual variation in
vertical oscillation among absolute running speeds. Sex
was statistically correlated with most of the biomechanical
variables (P < .05). Still, the strength of these correlations
was generally low or negligible (ie, absolute r values were
below 0.5, except for step length). Accordingly, sex was
included in the regression models for only 6 of the 12 bio-
mechanical variables. This means that sex difference is
no longer significant after adjusting for other determinants
in several multivariable models. This suggests that sex dif-
ferences in running biomechanics observed in a previous
study? are explained—at least for half of the variables
investigated here—by some of the other determinants
included in the present study, including age, height, body
mass, running experience, running regularity, mean num-
ber of running sessions per week in the previous year,
mean session distance in the previous year, running speed,
and shoe version.

Among the 10 potential determinants investigated, run-
ning regularity in the previous year and mean session dis-
tance were not included in any multivariable regression
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models. On the other hand, running speed, age, body mass,
sex, and height were included in the regression equations
for many biomechanical variables. The ability of the deter-
minants to explain the variation in the biomechanical var-
iables largely differs among the models. The adjusted R?
was higher for step length, contact time, and peak braking
force but low for vertical oscillation, flight time, and step
cadence, suggesting that other determinants should be
identified and considered to better predict individual val-
ues for these variables.

Reference Testing Conditions

Running is a highly complex task that can be executed in
multiple ways and is influenced by many environmental
(ground characteristics, slope, running shoes, etc) and per-
sonal (sex, age, fitness, prior training, etc) factors. Conse-
quently, the question arises as to what condition can be
considered “normal,” whether this is the case when testing
runners under highly standardized laboratory conditions
as in our study, and whether it is possible to have a refer-
ence population for every runner’s profile. In this study, we
aimed to provide reference values for spatiotemporal and
kinetic variables in healthy adult recreational runners
gathered in standard laboratory or clinical assessment con-
ditions. While the reference values reported here are an
important contribution to the clinical literature on running
gait analysis and retraining, the limitations of such an
approach to preventing and treating running injuries are
noteworthy. Akin to the use of medical imaging in clinical
decision-making, treatment options should not be based on
abnormal biomechanical findings alone. Instead, retrain-
ing atypical biomechanics that are clinically correlated
with the presenting complaint and patient history may
be a potential option to target in conjunction with other
forms of treatment (eg, strengthening, training load modi-
fication, etc). Furthermore, the mean values or those com-
puted with the spreadsheet tool should not be seen as the
ideal that all patients should aspire to. There is significant
variability in “normal” values across patients, depending
on factors such as anatomy, previous training history,
and previous injury.

Strengths and Limitations

The main strengths of this study are the large sample size,
the heterogeneity of the study population regarding run-
ning experience, training load, and age and sex balance,
which support the generalizability of the study results.
Furthermore, conditions for data collection were highly
standardized. This study also has limitations, which call
for caution when interpreting the current results. First,
the reference values were obtained in recreational run-
ners, and only few participants were tested at speeds
>13 km/h for men (n = 22) and >11 km/h for women (n =
1). Furthermore, the IQR for age was 32 to 48 years. As
both running speed and age influence running biomechan-
ics, the reference values are not suited for highly competi-
tive runners, sprinting, or people with an age far from
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our mean. Nevertheless, our regression equations are sug-
gested as an approach to respond to that issue. Second, the
data were collected on a motorized treadmill, influencing
running biomechanics compared with overground run-
ning.?® Third, running technique may depend on other fac-
tors not investigated here (eg, muscle mass, foot type, etc).
Fourth, the participants were tested in 2 standardized,
randomly allocated study shoes, with hard and soft cush-
ioning, representing conditions that may differ from their
usual footwear. However, the standardized study shoes
used here had cushioning properties well within the range
of what can be found on the market. Furthermore, many
recreational runners may use different pairs of running
shoes concomitantly, rotating between different shoe types
during their training.?* In short, a “normal” shoe condition
is virtually impossible to define, suggesting that the refer-
ence values reported in this study may apply to a broad
range of runners. Nevertheless, since the cushioning prop-
erties of the shoes used in the study have been previously
shown to influence some of the variables of interest, results
as per shoe type have been provided for those variables in
Supplementary Table S1. Last, although the present study
focuses primarily on spatiotemporal and kinetic variables,
running kinematics may also be involved in the mecha-
nisms that lead to the development of some injury types.

CONCLUSION

This is the first study to provide reference values for spa-
tiotemporal and kinetic variables based on a large sample
of healthy adult recreational runners stratified according
to preferred running speed and sex. Furthermore, we pres-
ent reference equations and a spreadsheet tool to predict
spatiotemporal and kinetic variables based on the runner’s
characteristics. This information may serve as a guide for
clinicians and researchers when interpreting the results
obtained from their patients or study participants and
can assist in developing gait retraining targets in dedi-
cated treatment programs.
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