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Abstract

Background Treadmills are often used in research, clinical practice, and training. Biomechanical investigations comparing 

treadmill and overground running report inconsistent findings.

Objective This study aimed at comparing biomechanical outcomes between motorized treadmill and overground running.

Methods Four databases were searched until June 2019. Crossover design studies comparing lower limb biomechanics dur-

ing non-inclined, non-cushioned, quasi-constant-velocity motorized treadmill running with overground running in healthy 

humans (18–65 years) and written in English were included. Meta-analyses and meta-regressions were performed where 

possible.

Results 33 studies (n = 494 participants) were included. Most outcomes did not differ between running conditions. However, 

during treadmill running, sagittal foot–ground angle at footstrike (mean difference (MD) − 9.8° [95% confidence interval: 

− 13.1 to − 6.6]; low GRADE evidence), knee flexion range of motion from footstrike to peak during stance (MD 6.3° [4.5 

to 8.2]; low), vertical displacement center of mass/pelvis (MD − 1.5 cm [− 2.7 to − 0.8]; low), and peak propulsive force 

(MD − 0.04 body weights [− 0.06 to − 0.02]; very low) were lower, while contact time (MD 5.0 ms [0.5 to 9.5]; low), knee 

flexion at footstrike (MD − 2.3° [− 3.6 to − 1.1]; low), and ankle sagittal plane internal joint moment (MD − 0.4 Nm/kg 

[− 0.7 to − 0.2]; low) were longer/higher, when pooled across overground surfaces. Conflicting findings were reported for 

amplitude of muscle activity.

Conclusions Spatiotemporal, kinematic, kinetic, muscle activity, and muscle–tendon outcome measures are largely compa-

rable between motorized treadmill and overground running. Considerations should, however, particularly be given to sagittal 

plane kinematic differences at footstrike when extrapolating treadmill running biomechanics to overground running. Protocol 

registration CRD42018083906 (PROSPERO International Prospective Register of Systematic Reviews).
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1 Introduction

Motorized treadmills (MT) are often used for research, 

clinical practice, and training purposes. The 2017 United 

States national runners survey for instance found that 

14% of the runners preferred to run on a MT [1] and MTs 

are also often used as a supplementary training mode 

among elite athletes [2]. In clinical settings, MT running 

is increasingly combined with video analysis to investi-

gate running technique and inform footwear, orthotic, and 

gait retraining strategies for performance enhancement, 

injury prevention and rehabilitation [3–5]. MTs are also 

used during rehabilitation to commence running in a con-

trolled environment [6, 7]. Finally, instrumented MTs are 

frequently used in research settings to evaluate running 

biomechanics [8–12].

Several studies have reported differences in running bio-

mechanics between MT and overground running [6, 13–16], 

although the evidence across studies is often conflicting. 

Biomechanical differences between MT and overground 

running may arise from a variety of aspects. A widely held 

belief is that MT running requires less propulsion as the 

belt moves the supporting leg under the body rather than 

the body moving over the supporting leg [17]. van Ingen 
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Key Points 

Spatiotemporal parameters, kinematic, kinetic, mus-

cle activity, and muscle-tendon outcome measures are 

largely comparable between motorized treadmill and 

overground running.

Motorized treadmill running differs from overground on 

a number of sagittal plane outcome measures, includ-

ing sagittal foot-ground angle at footstrike, knee flexion 

at footstrike, and knee flexion range of motion during 

stance, and vertical displacement of the pelvis.

Conflicting findings were reported for the amplitude of 

muscle activity, with some studies reporting lower mus-

cle activity during treadmill running and other studies 

reporting no differences.

will, therefore, be useful for (1) athletes and coaches to bet-

ter understand the specificity of MT running for improving 

overground running performance, (2) researchers to better 

understand the validity of MT running and the generaliz-

ability of MT running biomechanics to overground running, 

and (3) clinicians that use MT running during rehabilita-

tion or to investigate running biomechanics to inform foot-

wear, orthotic and gait retraining strategies for performance 

enhancement, injury prevention and rehabilitation.

2  Methods

2.1  Registry of Systematic Review Protocol

A systematic review of the literature was performed using 

guidelines in the Cochrane Handbook for Systematic Reviews 

of Interventions (version 5.1.0) and following the checklist 

for the Preferred Reporting Items for Systematic reviews and 

Meta-Analyses 2015 (PRISMA) [29]. The protocol was pro-

spectively registered with the International Prospective Regis-

ter of Systematic Reviews (PROSPERO; registration number 

CRD42018083906) and was part of a larger systematic review 

project comparing MT and overground running across a range 

of variables [30]. Registration occurred after searches had 

been conducted, but before screening was completed.

2.2  Information Sources

A librarian (KS) searched four electronic databases to avoid a 

biased literature sample: MEDLINE via PubMed, SPORTDis-

cus, Web of Science, and Embase. The searches covered all 

dates of available literature as of June, 2017, with the date of 

the last search being June 9, 2017. No limits were applied for 

language within each database to prevent excluding articles 

that were not assigned a language. Search alerts were created 

to monitor any new search results after the date of the last 

search up to June 20, 2019. Any articles identified by this 

search that were deemed to be relevant (based on title and 

abstract) were sent to two researchers (RW and GR) for full-

text eligibility assessment. Another researcher (BVH) double 

checked the included papers from this assessment and modi-

fied the eligibility criteria to limit the scope of the review. 

Hand searching of reference lists and forward citation search-

ing of included studies was also used to identify articles.

2.3  Eligibility Criteria

To be included, studies had to be (1) crossover studies com-

paring non-inclined, non-cushioned, quasi-constant-velocity 

MT and overground running; (2) performed among healthy 

human individuals between 18 and 65 years; (3) focused 

on biomechanical variables of the legs or pelvic area, such 

Schenau [18] investigated this issue and showed that MT and 

overground running are theoretically similar when using a 

coordinate system that moves with the belt, when belt speed 

is constant and air drag (resistance) is negligible. However, 

experimental studies have shown that belt speed is not con-

stant and instead decelerates at foot strike and accelerates 

at toe-off [14, 15, 17, 19, 20], thereby potentially altering 

running biomechanics. Further, faster speeds require higher 

stride frequencies which increases air resistance during 

both treadmill and overground running. However, air resist-

ance increases more with increases in running speed during 

overground running, because the body moves through the 

air, and this could introduce biomechanical differences at 

higher running speeds [21, 22]. MT running biomechanics 

can also be affected by the familiarity/comfort with MT run-

ning [18, 23, 24], visual focus [25], belt dimensions [14] and 

differences in perception [26], surface hardness [7, 27], and 

mechanical treadmill model [28] compared to overground 

running.

Although a large body of research has investigated biome-

chanical differences between MT and overground running, 

there has been no systematic review on this topic. Therefore, 

the objective of this systematic review and meta-analysis 

was to synthesize evidence from crossover studies that inves-

tigated biomechanical differences between overground and 

MT running. This systematic review will highlight whether 

the findings of individual studies are consistent or contra-

dictory and avoid issues associated with inferring results 

from single studies that often have relatively small sample 

sizes. Further, this review will also provide an overview of 

the factors that may influence differences between MT and 

overground running biomechanics and provide suggestions 

on strategies to reduce biomechanical differences between 

MT and overground running. The findings of this review 



787Biomechanical Comparison of Treadmill and Overground Running

as joint angles, ground reaction forces, muscle activity and 

muscle–tendon unit interaction; and (4) written in English. 

Conference abstracts were excluded due to the difficulty in 

obtaining full methods and complete data sets, and hence in 

assessing risk of bias and data analysis. Theses were also 

excluded because it was often unclear whether they were 

published as an original article and included in the review, 

which would have led to assigning double the weight to the 

same study in meta-analysis. Data on sprinting (defined here 

as > 25 km/h or > 7 m/s) [31] were excluded because most 

commercial treadmills cannot reach the speed threshold 

above which we consider running to be sprinting. Barefoot 

running and running in a fatigued status were also excluded. 

Studies with < 3 participants and studies that used a substan-

tially (> 10% difference) different running speed during the 

overground and MT trials were excluded. Studies that did 

not specify whether a motorized or non-motorized treadmill 

was used were assumed to use a MT as this is traditionally 

the most frequently used treadmill in research and practice.

2.4  Search Strategy

A PICO strategy was used to build search criteria for elec-

tronic databases. The PICO consisted of terms for running, 

treadmills, and overground surfaces. The search strategy 

was mapped to appropriate subject headings for each of the 

databases used for this review. The search string used for 

MEDLINE/PubMed is reported in Supplementary file I.

2.5  Study Selection

Duplicate references were removed first by systematic 

review software (Rayyan, QatarComputing Research Insti-

tute, Doha, Qatar) [32] and then manual methods. Two 

authors (RW and GR) independently screened titles and 

abstracts to determine initial eligibility using systematic 

review software (Rayyan). Blinding of authors was used to 

reduce bias during this process. Finally, the authors reviewed 

the full-text to determine eligibility for inclusion based on 

the eligibility criteria. Disagreements in eligibility decisions 

were resolved through discussion, or with a third reviewer 

(BVH) when required.

2.6  Data Collection Process

Data extraction was completed independently by four authors 

(BVH, JF, JM and CBa) using a standardized form that was 

pilot-tested on ten randomly selected included studies and 

refined accordingly. The data were then merged by one 

author (BVH) and any discrepancies in the extracted data 

were resolved through discussion, or with a third reviewer 

(JF) consulted if required. Extracted data from each full-

text article included (1) study identification information, (2) 

study design, (3) sample size, (4) gender, (5) age, height and 

body mass, (6) running ability (e.g., weekly distance), (7) 

experience with MT running, (8) MT brand, model, motor 

power, and belt dimensions, (9) description of overground 

condition (e.g., length, surface), (10) running velocities in 

both conditions, (11) time between conditions, (12) duration 

of familiarization with MT running, (13) means and standard 

deviations for relevant outcome measures and (14) an exact 

p value, t value, or confidence intervals for the comparison 

between conditions. If insufficient data were reported, the 

authors were contacted by-email. When data were not pre-

sented in tables or text and when authors did not provide 

the requested data, these were extracted from figures using 

WebPlot Digitizer (Web Plot Digitizer, V.4.1. Texas, USA) 

[33] where possible.

2.7  Risk of Bias Assessment

After the literature search and selection, a risk of bias assess-

ment was performed independently by two authors (JB and 

CBi) using a modified Cochrane Collaboration’s tool for 

assessing risk of bias in randomised trials [34]. More infor-

mation on the criteria used in risk of bias assessment can be 

found in Supplementary file II. Risk of bias was assessed 

based on the information reported in the published paper 

and not on information provided by authors for Table 1. 

Disagreements in risk of bias assessment was resolved by 

discussion before the scores were merged into a spreadsheet. 

Mean kappa agreement between the authors was 0.99 (nearly 

perfect). Risk of bias was considered in the interpretation 

of the results by applying the Grading of Recommendations 

Assessment, Development and Evaluation (GRADE) system 

[35]. Briefly, the overall quality was rated as high and down-

graded one level to moderate, low or very low for each of the 

following limitations: total sample size < 100 participants 

(imprecision), high statistical heterogeneity (inconsistency), 

more than 50% of studies in meta-analysis had > 1 risk of 

bias item assessed to be high-risk (risk of bias).

2.8  Statistical Analysis

A separate random-effects meta-analysis for each review 

outcome was performed using the Metafor statistical pack-

age in R software (version 3.5.2, R Foundation for Statisti-

cal Computing) [36] when two or more studies reported 

on the same outcome. Sub-group analyses were performed 

with overground surface (i.e., track, lab runway, concrete, 

and grass) as the categorical outcome. Meta-regression 

was performed when at least six effects were available for 

an outcome [37] using the following variables as continu-

ous covariates: running speed, treadmill motor power and 

treadmill belt length and width. Multiple study effects were 

included for studies that used multiple overground surfaces, 
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treadmills or speeds. In this case, the sample size of the 

study was divided evenly among the effects to avoid assign-

ing more weight to these studies [38]. When participants 

could not be divided evenly among the effects (e.g., nine 

participants for two effects), the remaining participant was 

allocated to the stiffer surface (e.g., concrete) as this best 

reflects the running environment of recreational runners 

[1, 39] or to the higher running speed to increase statisti-

cal power as most studies used relatively slow to moderate 

speeds. When multiple study effects were reported that were 

not of direct interest to this review (e.g., separate effects for 

the left and right leg [19], separate effects for heel-strike 

and non-heel-strike runners [40], and separate effects for 

shoes with different rearfoot midsole thicknesses [41]), a 

combined effect was computed across these outcome meas-

ures as detailed by Borenstein et al. [42] for dependent con-

tinuous outcomes. One study reported separate effects for 

males and females [13]. Since they ran at different speeds, 

the effect was not combined into one effect, but the partici-

pants were divided among the speeds. Brookes et al. [43] 

reported stride frequency data for four speeds, but only 

included four participants. To have > 1 participant per con-

dition, we only included only the lowest and highest run-

ning speed in the analysis. Similarly, Asmussen et al. [28] 

reported foot pressure for three different treadmills and at 

three different speeds. To have ≥ 3 participant per condition 

(required for computing Hedge’s grm), we only included the 

highest speed for the commercially available Healthrider 

treadmill and the lowest and highest speed for the Bertec 

research instrumented treadmill.

Individual studies were weighted using the inverse variance 

method. If studies reported data to compute a mean difference 

and an exact p value without reporting the variance of the mean 

difference, we calculated the variance based on the equivalent 

T-statistic. Where sufficient information was available, the 

correlation between treadmill and overground running meas-

urements was also estimated. However, it was often unclear 

whether studies reported a Bonferroni-corrected or uncorrected 

p value. As a result, the estimated correlation coefficient was 

often implausible (e.g., > 1). Therefore, a default correlation 

coefficient of 0.50 was used in all meta-analyses [44]. This 

ensured that the maximum number of studies were included. 

Meta-analysis was performed using raw mean differences when 

included studies reported outcomes in the same units or when 

data could be converted into same units. Standardized mean 

differences were calculated when included studies reported 

outcomes in different units by dividing the mean difference by 

the mean standard deviation, while correcting for small sample 

bias (Hedge’s grm) [45]. The between-subject standard devia-

tion from another study that reported the same outcome meas-

ure and used a similar speed was used if no standard deviation 

or other data to estimate the standard deviation was reported. 

Standardized mean differences were considered trivial (< 0.20), 

small (0.20–0.59), moderate (0.60–1.19), large (1.20–1.99), and 

very large (≥ 2.00) [46]. Heterogeneity was assessed using the 

 I2 and T statistic.  I2 represents the percentage of total variation 

in estimated effects across studies due to heterogeneity rather 

than chance and was interpreted as small (I2 < 25%), moderate 

(I2 = 25–49%), and high (I2 > 50%) [47]. The T statistic repre-

sents the standard deviation of the true effects and is reported in 

the same scale as the meta-analysis [42]. For the meta-analyses, 

limb angular kinematics were expressed such that positive val-

ues corresponded to (a) sagittal plane measures of hip flexion, 

knee extension and dorsiflexion; (b) frontal plane measures of 

hip adduction, knee adduction and ankle eversion; (c) transverse 

plane measures of internal rotation of the hip, knee and ankle.

2.9  Publication Bias

Publication bias was not assessed because there was only a 

small number of studies included in most meta-analyses. and 

we did not see any reason why studies reporting no differ-

ence between treadmill and overground conditions would be 

less likely to be published than studies finding a statistically 

significant difference.

3  Results

3.1  Search Results

The initial literature search yielded 2654 records through 

electronic databases (Fig. 1). Title and abstract screening 

resulted in exclusion of 1543 records. Forward citation 

searching for articles that passed title/abstract screening 

yielded 489 additional records to be screened, and five of 

these were included in the review. Monitoring newly pub-

lished, relevant literature yielded an addition two records for 

consideration in the review. After screening 76 records for 

inclusion/exclusion criteria, 43 records were rejected, result-

ing in 33 articles being included in the review.

3.2  Study Characteristics

Detailed study characteristics are reported in Table 1. All 

33 studies included in this review were crossover studies 

that compared MT to overground running. The total number 

of participants in the included studies was 494 (349 males, 

111 females, 34 not specified). Of the 33 included studies, 

16 included males only, 15 a mix of males and females and 

two did not specify gender. 30 studies recruited participants 

that were runners or physically active in other sports, and 

three studies did not specify the physical activity of the par-

ticipants. 21 studies further specified that the participants 

had prior experience with MT running, while this informa-

tion was unclear in other studies. 23 studies specified the 
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motor power and belt dimensions, or provided enough data 

to gather this information. In the overground conditions, 

nine studies used a synthetic track, three studies used a con-

crete road, 19 used an indoor lab runway and two studies 

used a combination of multiple overground surfaces (track, 

grass, concrete). Running speeds ranged from 9.4 km/h [48] 

to 23.0 km/h [49] and were not specified in four studies. 

Similarly, the time between the MT and overground condi-

tion varied between 1 min [50] to 8 days [19, 51] and was 

not specified in 16 studies. Finally, different approaches 

were used to familiarize the participants with MT running 

before data collection. Fourteen studies provided < 6 min of 

familiarization immediately before data collection, ten stud-

ies provided ≥ 6 min, and nine studies did not specify the 

familiarization procedure.

3.3  Risk of Bias Assessment

The risk of bias score of included studies is reported in 

Fig. 2.

3.4  Spatiotemporal Outcome Measures

MT running did not significantly affect ground contact 

time when compared to track, concrete, lab runway or grass 

surfaces individually (Fig. 3 and Supplementary file IV). 

When combined across all overground surfaces, MT running 

resulted in a significant longer ground contact time by 5 ms 

(95% CI 0.48–9.51; Fig. 3 and Table 2 for GRADE quality 

evidence). MT running speed, motor power, and belt dimen-

sions were no statistically significant moderators of the mean 

difference in contact time (Fig. 4, Supplementary file IV).

MT running did not significantly affect stride time when 

compared to track or lab runway surfaces individually (Sup-

plementary file IV) or when pooled across all surfaces (mean 

difference − 12.0; − 25.8 to 1.8; Table 2). MT running speed 

was no statistically significant moderator of the mean dif-

ference in stride time (Supplementary file IV). MT motor 

power, belt length and width were, however, statistically 

significant moderators of the mean difference in stride time, 

with more powerful motors leading to longer stride times 

Fig. 1  Literature search flow chart. n number of studies
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and longer and wider belts leading to shorter MT stride 

times relative to overground (Supplementary file IV).

MT stride length was not significantly different compared 

to track or lab runway surfaces individually (Supplementary 

file IV) or across all overground surfaces (mean difference 

− 5.0 cm; − 11.5 to 1.6; Table 2). MT running speed, motor 

power and belt dimensions were not statistically significant 

moderators of the mean difference in stride length (Sup-

plementary file IV).

MT stride frequency was not significantly different com-

pared to track, concrete or lab runway surfaces individually 

(Supplementary file IV) or when pooled across surfaces 

(mean difference 0.02 strides/s; − 0.03 to 0.06; Table 2). MT 

running speed, motor power and belt dimensions were not 

statistically significant moderators of the mean difference in 

stride frequency (Supplementary file IV).

All individual spatiotemporal study results used and not 

used in meta-analysis are reported in Supplementary file III, 

Table SI.

3.5  Ankle and Foot Kinematic Outcome Measures

Pooled results from one study indicated that MT sagittal 

foot-ground angle at footstrike was significantly lower (i.e., 

less inclined) than track foot-ground angle by − 7.8° (− 14.4 

to − 1.2; n = 10; k = 2; I2 = 0%). Results from one study indi-

cated that MT foot-ground angle at footstrike was signifi-

cantly lower (i.e., less inclined) compared to concrete by 

− 10.5° (− 14.3 to − 6.7; n = 12; k = 1). When pooled across 

all surfaces, MT foot–ground angle at footstrike was sig-

nificantly lower (less inclined) compared to overground foot 

angle by − 9.8° (− 13.1 to − 6.6; Table 2; Fig. 5a).

Results from one study indicated that MT ankle angle 

at footstrike was significantly lower (i.e., less dorsiflexed 

relative to neutral) compared to concrete by − 6.1° (− 9.6 to 

− 2.6; n = 12; k = 1). Pooled results from three studies indi-

cated that MT ankle angle at footstrike was not significantly 

different from lab runway ankle angle (mean difference 

− 1.9°; − 7.0 to 3.3; n = 43; Table 2). When pooled across all 

surfaces, MT ankle angle at footstrike did not significantly 

differ from overground (mean difference − 2.3 = 9°; − 7.2 to 

1.4; Table 2; Supplementary file IV).

MT peak sagittal ankle angle during stance was not signifi-

cantly different from lab runway peak ankle angle (mean dif-

ference − 0.6°; − 1.3 to 0.2; Table 2; Supplementary file IV).

Results from one study indicated that MT ankle dorsiflex-

ion range of motion was significantly higher (i.e., more dor-

siflexion range of motion) when compared to concrete ankle 

dorsiflexion range of motion by 5.3° (2.5–8.1; n = 12; k = 1). 

Results from one other study, however, indicated that MT 

ankle dorsiflexion range of motion was significantly lower 

when compared to a lab runway by − 6.5° (− 10.4 to − 2.6; 

n = 12; k = 1). Pooled results across all surfaces showed no 

significant difference between MT and overground ankle 

dorsiflexion range of motion (mean difference − 0.52°; 

− 12.1 to 11.0; Table 2; Supplementary file IV).

MT ankle inversion and eversion at footstrike were not sig-

nificantly different from a lab runway condition (mean dif-

ference − 3.3°; − 8.4 to 1.8; Table 2; Supplementary file IV).

Pooled results from two studies showed that MT peak 

ankle inversion and eversion during stance were not signifi-

cantly different from a lab runway condition (mean differ-

ence − 2.5°; − 9.1 to 4.0; n = 32; k = 2; I2 = 85.7%; Table 2; 

Supplementary file IV).

MT ankle adduction and abduction at footstrike and the 

peak values during stance were not significantly different 

from a lab runway condition (mean difference 1.0°; − 4.5 

to 6.5; Table 2; Supplementary file IV and mean difference 

0.45°; − 1.7 to 2.6; Table 2, respectively).Fig. 2  Risk of bias assessment for all included studies
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All individual study results from all included studies that 

investigated ankle and foot kinematic outcomes used and 

not used in meta-analysis are reported in Supplementary file 

III, Table SII.

3.6  Knee Kinematic Outcome Measures

Pooled results from one study show that MT knee flexion 

at footstrike was significantly higher (i.e., more flexed) 

Fig. 3  Random-effects meta-analysis of ground contact time during 

MT compared to overground running. Subgroup analysis based on 

overground surface with subgroups organized from least stiff surface 

to stiffest surface and studies organized from slowest to fastest speed. 

CI confidence interval, df degrees of freedom, MD mean difference, 

N sample size
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Table 2  Summary of meta-analysis findings and quality of evidence synthesis

Outcome Summary of findings Quality of evidence synthesis (GRADE)

k n Effect (95% CI) Direction effect 

compared to over-

ground

Imprecision Inconsistency Risk of bias Overall 

quality

Spatiotemporal outcomes

Contact time (ms)

 Track 10 79 4.3 (− 3.4 to 12.1) ↔ − 1 − 1 None Low

Concrete 3 25 6.7 (− 7.2 to 20.7) ↔ − 1 − 1 None Low

 Lab runway 10 90 5.8 (− 2.7 to 14.3) ↔ − 1 − 1 None Low

 Grass 2 12 2.4 (− 7.6 to 12.4) ↔ − 1 − 1 None Low

 All 25 106 5.0 (0.48 to 9.5) ↑ None − 1 None Low

Stride time (ms)

 Track 5 38 − 19.4 (− 46.6 to 7.8) ↔ − 1 − 1 None Low

 Lab runway 8 71 − 7.4 (− 22.6 to 7.8) ↔ − 1 − 1 None Low

 All 13 109 − 12.0 (− 25.8 to 1.8) ↔ None − 1 None Low

Stride length (cm)

 Track 8 61 − 9.6 (− 20.6 to 1.5) ↔ − 1 − 1 None Low

 Lab runway 7 84 − 1.4 (− 8.2 to 5.4) ↔ − 1 − 1 None Low

 All 15 145 − 5.0 (− 11.5 to 1.6) ↔ None − 1 None Low

Stride frequency 

(strides/s)

 Track 8 61 0.05 (− 0.02 to 0.12) ↔ − 1 − 1 None Low

 Lab runway 6 68 − 0.02 (− 0.07 to 0.03) ↔ − 1 None − 1 Very low

 All 16 133 0.02 (− 0.03 to 0.06) ↔ None − 1 None Low

 Ankle and foot kinematic 

outcomes

Foot–ground angle at 

footstrike (°)

 All 3 22 − 9.8 (− 13.1 to − 6.6) ↓ − 1 None None Low

Ankle angle at footstrike 

(°)

 Lab runway 4 43 − 1.9 (− 7.0 to 3.3) ↔ − 1 − 1 None Low

 All 5 55 − 2.3 (− 7.2 to 1.4) ↔ − 1 − 1 None Low

Peak ankle angle during 

stance (°)

 Lab runway 4 70 − 0.6 (− 1.3 to 0.2) ↔ − 1 None None Low

Ankle dorsiflexion ROM 

(°)

 All 2 24 − 0.52 (− 12.1 to 11.0) ↔ − 1 − 1 None Low

Ankle in- and eversion a 

footstrike (°)

 Lab runway 2 32 − 3.3 (− 8.4 to 1.8) ↔ − 1 − 1 None Low

Peak ankle in- and ever-

sion during stance (°)

 Lab runway 2 32 − 2.5 (− 9.1 to 4.0) − 1 − 1 None Low

Ankle add- and abduction 

at footstrike (°)

 Lab runway 2 32 1.0 (− 4.5 to 6.5) ↔ − 1 − 1 None Low

Peak ankle add- and 

abduction during stance 

(°)

 Lab runway 2 32 0.45 (− 1.7 to 2.6) ↔ − 1 − 1 None Low

 Knee kinematic outcomes
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Table 2  (continued)

Outcome Summary of findings Quality of evidence synthesis (GRADE)

k n Effect (95% CI) Direction effect 

compared to over-

ground

Imprecision Inconsistency Risk of bias Overall 

quality

Knee flexion at footstrike 

(°)

 Lab runway 4 43 − 1.7 (− 3.7 to 0.4) ↔ − 1 None − 1 Very low

 All 7 65 − 2.3 (− 3.6 to − 1.1) ↑ − 1 None None Low

Peak knee flexion during 

swing (°)

 Lab runway 2 40 3.4 (− 0.8 to 7.5) ↔ − 1 None − 1 Very low

 All 4 50 1.2 (− 2.2 to 4.5) ↔ − 1 None − 1 Very low

Peak knee flexion during 

stance (°)

 Lab runway 3 50 1.9 (− 0.8 to 4.5) ↔ − 1 − 1 None Low

 All 5 60 0.5 (− 1.8 to 2.8) ↔ − 1 − 1 None Low

Minimum knee flexion 

during gait cycle (°)

 Lab runway 2 40 − 0.8 (− 2.7 to 1.2) ↔ − 1 None − 1 Very low

Knee flexion ROM (°)

 All 2 24 6.3 (4.5 to 8.2) ↓ − 1 None None Low

Knee angle toe-off (°)

 All 4 21 − 0.7 (− 2.5 to 1.1) ↔ − 1 None None Low

Knee add- and abduction 

at footstrike (°)

 Lab runway 2 32 0.6 (− 1.7 to 2.9) ↔ − 1 − 1 None Low

Peak knee add- and 

abduction during stance 

(°)

 Lab runway 2 32 0.3 (− 3.2 to 3.8) ↔ − 1 − 1 None Low

Peak knee add- and 

abduction at footstrike 

(°)

 Lab runway 2 32 0.3 (− 3.2 to 3.8) ↔ − 1 − 1 None Low

Knee in- and external 

rotation at footstrike (°)

 Lab runway 2 32 1.0 (− 1.7 to 3.6) ↔ − 1 None None Low

Peak knee in- and external 

rotation during stance 

(°)

 Lab runway 2 32 − 0.9 (− 3.1 to 1.2) ↔ − 1 None None Low

 Hip and pelvis outcomes

Hip flexion at footstrike 

(°)

 Lab runway 4 43 − 2.5 (− 7.4 to 2.4) ↔ − 1  − 1 − 1 Very low

 All 5 53 − 2.7 (− 6.2 to 0.8) ↔ − 1  − 1 None Low

Peak hip flexion during 

stance (°)

Lab runway 2 32 − 6.5 (− 18.3 to 5.2) ↔ − 1 − 1 − 1 Very low

 All 43 42 − 5.6 (− 12.3 to 1.1) ↔ − 1 − 1 − 1 Very low

Peak hip flexion during 

gait cycle (°)

 Track 3 20 − 3.2 (− 7.1 to 0.8) ↔ − 1 − 1 None Low

 All 4 40 − 2.2 (− 4.6 to 0.2) ↔ − 1 None None Low
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Table 2  (continued)

Outcome Summary of findings Quality of evidence synthesis (GRADE)

k n Effect (95% CI) Direction effect 

compared to over-

ground

Imprecision Inconsistency Risk of bias Overall 

quality

Hip ROM during stance 

(°)

 Lab runway 2 32 − 9.0 (− 24.2 to 6.1) ↔ − 1 − 1 − 1 Very low

Peak hip extension during 

gait cycle (°)

 Track 3 20 3.6 (− 2.7 to 10.0) ↔ − 1 − 1 None Low

 All 4 30 2.8 (− 2.0 to 7.5) ↔ − 1 − 1 None Low

Hip angle at toe-off (°)

 All 3 21 1.5 (− 6.5 to 3.6) ↔ − 1 − 1 None Low

Hip add- and abduction at 

footstrike (°)

 Lab runway 2 32 0.75 (− 0.7 to 2.2) ↔ − 1 None None Low

 All 3 42 0.6 (− 0.4 to 1.6) ↔ − 1 None None Low

Peak hip add- and abduc-

tion during stance (°)

 Lab runway 3 52 0.6 (− 0.5 to 1.8) ↔ − 1 None − 1 Very low

 All 4 62 0.6 (− 0.4 to 1.7) ↔ − 1 None None Low

Vertical displacement 

(cm)

 Lab runway 3 25 − 1.8 (− 3.99 to 0.03) ↔ − 1 − 1 None Low

 All 5 35 − 1.5 (− 2.7 to − 0.2) ↓ − 1 − 1 None Low

 Kinetic outcomes

Total foot pressure (SMD)

 Track 2 18 − 1.25 (− 2.13 to − 0.37) ↔ − 1 − 1 None Low

 All 7 38 − 0.34 (− 0.89 to 0.21) ↔ − 1 − 1 None Low

Peak vertical ground reac-

tion force (BW)

 Lab runway 6 55 − 0.05 (− 0.11 to 0.01) ↔ − 1 None − 1 Very low

Average vertical loading 

rate (BW/s)

 Lab runway 5 35 0.56 (− 4.7 to 5.8) ↔ − 1 None None Low

 All 6 47 − 7.7 (− 24.0 to 8.6) ↔ − 1 − 1 None Low

Instantaneous vertical 

loading rate (BW/s)

 Lab runway 5 35 5.8 (− 1.1 to 12.7) ↔ − 1 None None Low

Transient peak (BW/s)

 All 4 36 − 0.02 (− 0.16 to 0.12) ↔ − 1  − 1 None Low

Peak propulsive force 

(BW)

 Lab runway 3 31 − 0.04 (− 0.06 to − 0.02) ↓ − 1 None − 1 Very low

Ankle joint moment (Nm/

kg)

 Lab runway 2 38 − 0.4 (− 0.7 to − 0.2) ↑ − 1 None None Low

Knee joint moment (Nm/

kg)

 Lab runway 2 38 − 0.3 (− 1.0 to 0.4) ↔ − 1 − 1 None Low

Eccentric ankle power 

(W/kg)

 Lab runway 2 38 − 2.3 (− 3.3 to 0.8) ↔ − 1 − 1 None Low
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than track knee flexion by − 2.7° (− 4.9 to − 0.5; n = 10; 

k = 2; I2 = 0%). Results from one study show that MT knee 

flexion at footstrike was significantly higher than concrete 

knee flexion by − 2.8° (− 5.1 to − 0.5; n = 12; k = 1). Pooled 

results from three studies show that MT knee flexion at foot-

strike was not significantly different from lab runway knee 

flexion (mean difference − 1.7°; − 3.7 to 0.4; n = 43; k = 4; 

I2 = 0%). When pooled across all surfaces, MT knee flexion 

at footstrike was significantly higher (i.e., more flexed) than 

overground knee flexion by − 2.3° (− 3.6 to − 1.1; Table 2; 

Fig. 5b). As heterogeneity was very low, meta-regression 

was not performed.

MT peak knee flexion during swing or the peak during 

stance was not significantly different compared to track or 

lab runway surfaces individually (Supplementary file IV) 

or when pooled across all surfaces (mean difference 1.2°; 

− 2.2 to 4.5; Table 2 and mean difference 0.5°; − 1.8 to 2.8; 

Table 2, respectively).

MT minimum knee flexion during the entire gait cycle 

was not significantly different from lab runway minimum 

knee flexion (mean difference − 0.8°; − 2.7 to 1.2; Table 2; 

Supplementary file IV).

MT knee flexion range of motion from footstrike to peak 

during stance was significantly smaller compared to track or 

lab runway surfaces individually (Fig. 5c and Supplementary 

file IV) or when compared to overground by 6.3° (4.5–8.2; 

Table 2).

MT knee angle at toe-off was not significantly different 

from track or lab runway surfaces individually (Supplemen-

tary file IV) or when pooled across surfaces (mean differ-

ence − 0.7°; − 2.5 to 1.1; Table 2).

MT knee adduction and abduction angle at footstrike and 

the peak values during stance were not significantly differ-

ent from a lab runway condition (mean difference 0.6°; 

− 1.7 to 2.9; Table 2; Supplementary file IV and mean dif-

ference 0.3°; − 3.2 to 3.8; Table 2; Supplementary file IV, 

respectively).

MT knee internal and external rotation at footstrike and 

the peak values during stance were not significantly dif-

ferent from a lab runway condition (mean difference 1.0°; 

− 1.7 to 3.6; Table 2; Supplementary file IV and mean dif-

ference − 0.9°; − 3.1 to 1.2; Table 2; Supplementary file IV, 

respectively).

All individual study results from all included studies that 

investigated knee kinematic outcomes used and not used in 

meta-analysis are reported in Supplementary file III, Table 

SIII.

Table 2  (continued)

Outcome Summary of findings Quality of evidence synthesis (GRADE)

k n Effect (95% CI) Direction effect 

compared to over-

ground

Imprecision Inconsistency Risk of bias Overall 

quality

Peak tibial acceleration 

(g)

 Track 2 24 − 4.2 (− 14.0 to 5.6) ↔ − 1 − 1 None Low

 Lab runway 2 27 0.01 (− 0.02 to 0.2) ↔ − 1 None None Low

 All 7 60 − 0.8 (− 2.8 to 1.3) ↔ − 1 − 1 None Low

Only outcomes with k > 1 are included in this table

CI confidence interval, GRADE Grading of Recommendations Assessment, Development and Evaluation, k number of outcomes, n number of 

participants, ROM range of motion, SMD standardized mean difference

Fig. 4  Random-effects meta-regression of contact time during MT 

compared with overground running based on running speed. Larger 

data points received greater weighting than smaller data points. Solid 

lines represent the estimated relationship and dashed lines represent 

the upper and lower 95% confidence limits
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Fig. 5  Random-effects meta-analysis of a sagittal foot–ground angle 

at footstrike, b knee flexion angle at footstrike and c knee flexion 

range of motion from footstrike to peak during stance during MT 

compared to overground running. Subgroup analysis based on over-

ground surface with subgroups organized from least stiff surface to 

stiffest surface and studies organized from slowest to fastest speed. CI 

confidence interval, df degrees of freedom, MD mean difference, N 

sample size
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3.7  Hip and Pelvic Kinematic Outcome Measures

Results from one study show a significantly less flexed hip 

at footstrike during MT running compared to track by − 4.1° 

(− 6.4 to − 1.8; n = 10; k = 1). MT hip flexion at footstrike 

was not significantly different from lab runway hip flexion 

(mean difference − 2.5°; − 7.4 to 2.4; Table 2) or the pooled 

effect across all surfaces (mean difference − 2.7°; − 6.2 to 

0.8; Table 2; Supplementary file IV).

Results from one study show significantly less peak hip 

flexion during stance during MT compared to track by − 4.2° 

(− 6.3 to − 2.1; n = 10; k = 1). MT peak hip flexion during 

stance was not significantly different from lab runway hip 

flexion (mean difference − 6.5°; − 18.3 to 5.2; Table 2). 

When pooled across all surfaces, there were no significant 

differences between MT and overground running for peak 

hip flexion during stance (mean difference − 5.6°; − 12.3 to 

1.1; Table 2; Supplementary file IV) or the entire gait cycle 

(mean difference − 2.2°; − 4.6 to 0.2; Table 2; Supplemen-

tary file IV).

MT hip range of motion during stance was not signifi-

cantly different from lab runway hip range of motion (mean 

difference − 9.0°; − 24.2 to 6.1; Table 2; Supplementary file 

IV).

There were no significant differences in peak hip exten-

sion angle during the entire gait cycle for MT and over 

ground conditions when pooled across all surfaces (mean 

difference 2.8°; − 2.0 to 7.5; Table 2; Supplementary file IV) 

or when considering track or lab runway surfaces separately.

Results from one study indicated that MT hip angle at 

toe-off was significantly higher than track by − 6.1° (− 9.4 

to − 2.8; n = 10; k = 1). MT hip angle at toe-off was not sig-

nificantly different from lab runway (mean difference 1.2°; 

− 2.1 to 4.5; Table 2) or when pooled across all surfaces 

(mean difference − 1.5°; − 6.5 to 3.6; Table 2).

MT hip adduction and abduction at footstrike were not 

significantly different compared to track or lab runway sur-

faces individually or when pooled across all surface (mean 

difference 0.6°; − 0.4 to 1.6; Table 2; Supplementary file 

IV). MT peak hip adduction and abduction during stance 

were also not significantly different compared to track or lab 

runway surfaces individually or when pooled across surfaces 

(mean difference 0.6°; − 0.4 to 1.7; Table 2; Supplementary 

file IV).

MT vertical displacement of pelvic markers/center of 

mass was significantly lower compared to track, but not lab 

runway surfaces individually (Fig. 6 and Supplementary file 

IV) and significantly lower when pooled across surfaces by 

− 1.47 cm (− 2.72 to − 0.23; Table 2).

All individual study results from all included studies that 

investigated hip and pelvis kinematic outcomes used and not 

used in meta-analysis are reported in Supplementary file III, 

Table SIV.

3.8  Kinetic Outcome Measures

MT total foot peak pressure was significantly lower com-

pared to track peak pressure by − 1.25 (Hedge’s g); − 2,13 

to − 037; Table 2) but not concrete, lab runway or grass peak 

pressures (Supplementary file IV) or when pooled across all 

surfaces (− 0.34; − 0.89 to 0.21; Table 2).

MT peak vertical ground reaction force was not signifi-

cantly different from lab runway peak vertical ground reac-

tion force (mean difference − 0.05 BWs; − 0.11 to 0.01; 

Table 2; Supplementary file IV). MT running speed, motor 

power and belt dimensions were not statistically significant 

moderators of the mean difference in peak vertical ground 

reaction force (Supplementary file IV).

Results from one study show that MT average vertical 

loading rate is significantly lower compared to concrete by 

− 50 BW/s (− 64.5 to − 35.5; n = 12; k = 1). Average verti-

cal loading rate did not significantly differ from lab runway 

(mean difference 0.56 BW/s; − 4.7 to 5.8; Table 2) or the 

pooled effect across surfaces (mean difference − 7.7 BW/s; 

− 24.0 to 8.6; Table 2; Supplementary file IV). MT instan-

taneous vertical loading rate did also not significantly differ 

from lab runway (mean difference 5.8 BW/s; − 1.1 to 12.7; 

Table 2; Supplementary file IV).

Results from one study indicated that MT impact tran-

sient was significantly lower than concrete transient peak 

by − 0.17 BW/s (− 0.28 to − 0.05; n = 12; k = 1; I2 = 0) and 

not significantly different from lab runway (mean difference 

0.05 BW/s; − 0.06 to 0.17; Table 2) or when pooled across 

all surfaces, (mean difference − 0.02 BW/s; − 0.16 to 0.12; 

Table 2; Supplementary file IV).

Pooled results from two studies indicated that MT peak 

propulsive force was significantly lower than lab runway by 

− 0.04 BW (− 0.06 to − 0.02; Table 2; Supplementary file 

IV).

Pooled results from two studies indicated that MT ankle 

sagittal plane joint moment was significantly higher than lab 

runway ankle sagittal plane joint moment by − 0.4 Nm/kg 

(− 0.7 to − 0.2; Table 2; Supplementary file IV).

Pooled results from two studies indicated that MT knee 

sagittal plane joint moment was not significantly different 

from lab runway knee sagittal plane joint moment (mean dif-

ference − 0.3 Nm/kg; − 1.0 to 0.4; Table 2; Supplementary 

file IV).

Pooled results from two studies indicated that MT eccen-

tric ankle power was not significantly different from lab run-

way eccentric ankle power (mean difference − 2.3 W/kg; 

− 3.3 to 0.8; Table 2; Supplementary file IV).

Pooled results indicated that MT peak positive tibial 

acceleration (i.e., tibial shock) was not significantly differ-

ent compared to track, concrete, lab runway or grass surfaces 

individually (Supplementary file IV). When pooled across 

all surfaces, MT peak positive tibial acceleration was not 



804 B. Van Hooren et al.

significantly different from overground peak tibial accelera-

tion with (mean difference − 0.8 g; − 2.8 to 1.3; Table 2) or 

without (mean difference 0.01 g; − 0.18 to 0.21; Table 2) the 

inclusion of one outlier study (Supplementary file III). MT 

speed, motor power and belt dimensions were not a statisti-

cally significant moderator of the mean difference in peak 

positive tibial acceleration both with and without outlier 

(Supplementary file IV).

All individual study results from all included studies that 

investigated kinetic outcomes used and not used in meta-

analysis are reported in Supplementary file III, Table SV.

3.9  Electromyography Outcome Measures

Results from all included studies that investigated electro-

myography outcomes are reported in Supplementary file III, 

Table SVI.

3.10  Muscle–Tendon Unit and Bone Outcome 
Measures

Results from all included studies that investigated mus-

cle–tendon unit or bone outcomes are reported in Sup-

plementary file III, Table SVII. Briefly, muscle–tendon 

outcomes such as fascicle lengths and velocities were 

comparable between the two modes, while bone outcomes 

such as peak tibial axial compression strain and compression 

strain rate were lower during MT running.

4  Discussion

Thirty-three studies comparing running biomechanics 

between MT and overground running with a total of 494 

participants were included in this review. Considering the 

large number of outcome measures evaluated, the discussion 

focuses on outcome measures used in meta-analyses and 

additional outcome measures from individual studies that 

we considered most relevant for research, clinical practice 

or training. Potential reasons for biomechanical differences 

between both conditions, the implications of the findings and 

practical recommendations are discussed.

4.1  Spatiotemporal Outcome Measures

Very low to low GRADE quality evidence indicated no dif-

ferences in stride time, stride length and stride frequency. 

Low GRADE evidence indicated a 5-ms difference in ground 

contact time between MT and overground running. This dif-

ference may be too small to be of relevance for training, 

Fig. 6  Random-effects meta-analysis of vertical displacement during 

MT compared to overground running. Subgroup analysis based on 

overground surface with subgroups organized from least stiff surface 

to stiffest surface and studies organized from slowest to fastest speed. 

CI confidence interval, df degrees of freedom, MD mean difference, 

N sample size
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clinical practice and even research purposes because this is 

smaller than the minimum detectable change reported for 

contact time in several studies [11, 12]. Although these find-

ings indicate that overall spatiotemporal measures do not dif-

fer between MT and overground running, there was notable 

inconsistency across individual studies, which sometimes 

reported significant differences between the two conditions 

(Supplementary file III). Inconsistent findings may result 

due to variation in the degree of comfort/familiarity with 

MT running, with a greater stride frequency and shorter 

stride length and contact time reported in individuals who 

are less comfortable [24]. Meta-regression showed a signifi-

cant association between treadmill motor power, belt length 

and belt width and stride time, with a higher motor power 

being associated with longer MT stride times, and longer and 

wider belts being associated with shorter MT stride times 

relative to overground (Appendix IV in ESM). These find-

ings likely represent type I errors for the following reason: a 

large number of studies investigated contact time and other 

outcomes such as stride length and frequency, but we found 

no significant association in the meta-regression with these 

outcomes and motor power or belt dimensions. Only four 

studies investigated stride time, while also providing infor-

mation on motor power or belt dimensions and we, therefore, 

suspect these analyses to be more prone to co-variation of 

other variables and inferential errors and thus to represent 

a false positive finding given the non-significant effects 

with a larger number of studies on other outcomes. Further, 

the magnitude of the differences are likely trivial to small, 

since a one-meter increase in belt length or width would 

be required to decrease stride time by 22 ms and 70.2 ms 

relative to overground, respectively. Similarly, a one-kW 

increase in motor power is associated with an increase of 

only 2.88 ms in stride time relative to overground.

4.2  Kinematic Outcome Measures

Overall, MT running kinematics are largely compara-

ble to overground running kinematics, particularly in the 

frontal and transverse planes, although less studies inves-

tigated these outcomes. Nevertheless, some differences 

were observed for sagittal plane kinematics, particularly at 

footstrike.

Low GRADE evidence indicates ~ 10° lower foot-ground 

angle at footstrike (i.e., the angle between the shoe and 

ground) when running on a MT compared to overground. 

This finding remained when analysis was limited to concrete 

overground surfaces, but not lab runway surfaces. Similarly, 

subgroup analysis showed a larger ankle dorsiflexion range 

of motion during MT running when compared to concrete, 

but a smaller range of motion compared to a lab runway, 

resulting in no significant difference when pooled across sur-

faces. During MT running, the knee was also more flexed at 

footstrike by ~ 2° when pooled across all surfaces and track 

and concrete overground surfaces individually, but not lab 

runway surfaces. Further, MT knee flexion range of motion 

from footstrike to peak during stance was significantly 

smaller compared to concrete, lab runway and the combina-

tion of both surfaces by ~ 6°, likely because the knee was 

already placed in a more flexed position at footstrike during 

MT running. Similar findings were reported by a study pub-

lished after the completion of the meta-analyses [70]. Hip 

flexion at footstrike was, however smaller (i.e., less flexed) 

when compared to track by ~ 4°. Further, MT peak hip flex-

ion during stance was lower compared to track, but not lab 

runway and the hip was more extended at toe-off during MT 

running compared to track but not lab runway surfaces.

Similar to the spatiotemporal differences, some of the 

statistically significant kinematic differences between MT 

and overground running may be too small to be of practi-

cal relevance when considered in isolation. For example, 

the ~ 4° lower peak hip flexion during MT running is smaller 

than the standard error of measurement with manual marker 

placement [71]. Similarly, the ~ 2° larger knee flexion at foot-

strike in overground running is smaller than the smallest 

detectable difference with two-dimensional motion analysis 

[72]. However, other outcomes such as the foot-ground angle 

and ankle angle at footstrike are larger than the smallest 

detectable change reported for this outcome [72]. Although 

some kinematic differences may therefore be too small to 

be relevant when considered in isolation, their combined 

effect may be relevant and primarily reflect a strategy to 

compensate for differences in surface stiffness between 

the two conditions, although none of the studies actually 

reported surface stiffness. Specifically, it has been sug-

gested that increases in knee flexion and ankle dorsiflexion 

at footstrike and increases in their peak values during stance 

are strategies to reduce lower extremity stiffness, which in 

turn compensates for increases in surface stiffness [73]. 

Indeed, increases in knee and hip angle at initial contact 

(i.e., a more flexed leg) have been observed with increases 

in surface stiffness [74, 75]. The increased knee flexion and 

smaller foot angle at initial contact during MT running could 

therefore reflect a compensatory strategy to reduce lower 

extremity stiffness when running on a stiffer MT running 

surface compared to a more compliant overground surface. 

Interestingly, these findings contrast with the findings of a 

recent study that found a lower surface stiffness in a tread-

mill compared to both concrete and tartan (track) overground 

surfaces [76]. Differences in surface stiffness between dif-

ferent treadmills and overground surfaces may explain these 

conflicting findings.

MT running vertical displacement during the entire gait 

cycle was significantly lower by ~ 1.5 cm when compared 

against the pooled effect of all overground surfaces, or 

track or lab runway separately. Similar findings have been 
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reported by a study among three athletes not included in this 

review [77]. This difference is larger than the typical inter-

trial variability in vertical displacement [78] and comparable 

to the difference in vertical displacement reported between 

highly trained, well trained and non-trained runners [79], 

suggesting it may be of practical relevance. The smaller ver-

tical displacement may be a consequence of a higher stride 

frequency in MT running in this small sub-set of studies, as 

one of the studies that reported a smaller vertical displace-

ment also reported a significantly higher stride frequency 

during MT running [69]. The higher stride frequency may 

again reflect insufficient familiarization/comfort with MT 

running in these studies [24]. In support of this, all studies 

that measured vertical displacement were of high risk of 

bias for providing insufficient familiarization. The higher hip 

extension at toe-off during MT running compared to track 

running found in subgroup analysis could be due to intra-

belt speed variations [15, 19]. Specifically, the decreasing 

vertical friction force and increasing propulsive forces will 

accelerate the belt at the end of the stance phase and this can 

drag the hip joint into further extension at toe-off. This effect 

may however only occur in MTs with a less powerful motor, 

lightweight roller/flywheel or slow belt speed update fre-

quency [15, 81, 82] and differences in these aspects between 

studies may explain the conflicting findings.

4.3  Kinetic Outcome Measures

Meta-analyses provided very low to low GRADE quality 

evidence that MT most kinetic outcomes were not differ-

ent from overground. Conflicting findings were found for 

total foot pressure, average vertical loading rate and tran-

sient peak, with subgroup analysis showing MT total foot 

pressure, average vertical loading rate and transient peak to 

be lower compared to running on track for foot pressure or 

concrete for loading rates and transient peaks. Meta-analyses 

further provided very low to low GRADE quality evidence 

that MT peak propulsive force was lower and ankle sagittal 

plane joint moment was significantly higher compared to 

overground (lab runway) surfaces.

The differences in some of the kinetic outcome measures 

result from various aspects. First, it is often believed that 

instrumented MTs cannot measure vertical and horizontal 

forces as accurate as a force platform. Using a simplified 

model of an instrumented MT, Willems, Gosseye [81] how-

ever mathematically demonstrated that both vertical and 

horizontal forces applied to the MT belt can be measured 

accurately by force sensors mounted under the MT, although 

compliance in the mechanical model can introduce some 

biomechanical differences [20, 28, 81–83]. Related to this, 

several studies have showed reduced plantar pressure when 

running on more compliant surfaces [27, 84], suggesting the 

decreased plantar force in MT running compared to running 

on a track found in this review could be due to differences in 

surface stiffness. However, no differences were found when 

comparing MT to concrete or lab runway surfaces, poten-

tially due to the smaller groups and hence lack of statistical 

power. Peak vertical ground reaction force has been shown 

to remain constant within the range of surface stiffness likely 

used in the included studies due to changes in lower extrem-

ity stiffness [73, 74, 80]. Therefore, the altered sagittal plane 

kinematics in MT running likely partly compensated for the 

reduced surface stiffness, resulting in no significant differ-

ence in vertical peak ground reaction forces between MT 

and overground running. Loading rates have however found 

to be higher with increases in surface stiffness [73] and the 

higher surface stiffness of concrete compared to the MTs 

therefore likely partly explains the lower loading rate and 

transient peak found in MT running in this review. Finally, 

the reduced propulsive force during MT could be due to 

several reasons. First, a lack of air resistance during MT 

running reduces propulsion requirements, but this effect is 

expected to be negligible at the relatively low speeds investi-

gated (10–13.7 km/h). Further, belt speed was relatively sta-

ble when peak propulsive force was exerted [63] and intra-

belt speed fluctuations are therefore also unlikely to explain 

this effect. Rather, the authors suggested that the reduced 

peak propulsive force was due to insufficient familiarization 

(~ 5 min). Indeed, insufficient familiarization/comfort with 

MT running and perception differences can result in a higher 

stride frequency, and hence shorter stride length during MT 

running [24, 85]. The shorter stride length in turn reduces 

braking forces [86] and hence also requires less propulsive 

forces to maintain speed. Indeed, one study also reported 

significantly lower braking forces during MT running [56].

4.4  Electromyographic Outcome Measures

No meta-analysis was performed for electromyography 

outcome measures as the outcomes measures were mostly 

expressed in different units, normalized using different pro-

cedures, or only reported for a specific phase. Further, sev-

eral studies did also not report sufficient data to calculate 

(standardized) mean differences. With regard to the quali-

tative findings, the timing of muscle onset, offset, time of 

maximum muscle activity, and co-contractions tended to be 

similar between MT and overground running (Supplemen-

tary file III). Some differences were however reported in the 

amplitude of muscle activity.

It is often believed that MT running requires less propul-

sion as the MT moves the legs below the body, while in 

overground running the body needs to move over the legs. It 

has for example been suggested that whilst an explicit push-

off is required in overground running, the leg only needs 

to be lifted at the end of stance in MT running, resulting 

in reduced soleus activity in MT running [51]. However, 
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the evidence for this is conflicting, with one study report-

ing no significant difference in soleus muscle activity [69], 

one study reporting higher and lower activity in the weight 

acceptance and push-off phase respectively [51], and two 

other studies reporting significantly lower activity in MT 

running [50, 61]. Similarly, it has been suggested that the 

hamstrings are used to a greater extent in overground than 

MT running to produce propulsive forces [87]. However, 

the evidence is also conflicting with most studies reported 

no significant difference in hamstrings muscle activity 

[50, 61, 69], one study reporting lower activity during the 

stance phase only [68], one study reporting lower activ-

ity during the first 50% of the stance phase only [65], and 

another study reporting lower hamstring activity during the 

whole gait cycle [64]. Nevertheless, van Ingen Schenau [18] 

mathematically demonstrated MT running to be mechani-

cally comparable to overground running when belt speed is 

constant and air drag is negligible. Both conditions therefore 

require equal propulsion of the body if these assumptions 

are met. Studies investigating muscle activity have been per-

formed at relatively slow speeds (10.8–15.4 km/h), making 

the lack of air drag [21] unlikely to primarily contribute 

to these differences. A higher surface stiffness has however 

been shown to induce higher muscle activity in several mus-

cles [68, 88]. Of the seven studies investigating differences 

in the amplitude of muscle activation, two studies used track 

as an overground surface [51, 69], three studies used a lab 

runway [50, 61, 65], one study used concrete [64], and one 

used a combination of different surfaces [68]. Most studies 

that reported lower muscle activity in MT running used a 

relatively stiff overground running surface such as concrete 

or a lab runway and this could therefore (partly) explain the 

potential for lower muscle activity in the MT condition in 

some but not all studies. Although this would be in line with 

a lower surface stiffness in a MT compared to concrete and 

tartan surfaces observed in a recent study [76], this would 

be in contrast to the findings of the kinematic differences 

discussed before, which suggest MT are often stiffer than the 

overground surfaces. A final explanation for the lower mus-

cle activity could be the reduced vertical displacement of 

the center of mass [51] found in some studies. Specifically, 

a reduced vertical displacement will require less accelera-

tion in the vertical direction, and it follows from Newton’s 

second law; force = mass × acceleration, that this reduced 

vertical acceleration will reduce total vertical forces when 

body mass remains equal. These lower forces in turn require 

less muscle activation.

These findings collectively indicate that the majority of 

electromyography outcome measures do not significantly 

differ between MT and overground running, but also that 

some muscles are activated to a lower extent during MT 

compared to overground running.

4.5  Implications for Training, Research and Clinical 
Practice

Overall, the findings of this review indicate that the bio-

mechanics of MT running are largely comparable to over-

ground running, with most outcomes not being significantly 

different, and some outcomes being significantly different 

but of trivial magnitude. However, some outcomes differ 

significantly and with substantial magnitude to potentially 

impact training, research and clinical practice. Figure 7 sum-

marizes the most important findings of this review. Since 

researchers, clinicians and athletes often aim to use a MT to 

simulate overground training conditions as closely as pos-

sible, we provide several suggestions on how to minimize 

biomechanical differences between the two conditions and 

we also discuss the implications of the biomechanical dif-

ferences found in this review.

First, differences in surface stiffness can affect running 

biomechanics and are likely partly responsible for the 

reported biomechanical differences between MT and over-

ground running. MT surface stiffness should therefore be 

matched as closely as possible to the specific overground 

surface to improve generalizability of results. Since most 

runners run on concrete [1, 39], researchers, but also clini-

cians and athletes should attempt to use MTs that mimic 

the surface stiffness of concrete rather than a lab runway to 

mimic overground running conditions as closely as possible. 

Despite the importance of this aspect, none of the included 

studies reported the surface stiffness of the MT or over-

ground condition and these could also not be derived from 

the MT manuals. We therefore urge future research to assess 

surface stiffness (see Colino et al. [89] for a standardized 

test) and match surface stiffness between the two conditions.

Second, intra-belt speed variations have been shown to 

affect running biomechanics [15] and these can also contrib-

ute to biomechanical differences. Intra-belt speed variations 

can result from inadequate motor power, too low belt speed 

update frequency or slip of the belt over the drivers [82]. 

The motor power and update frequency required to minimize 

biomechanical differences depends on factors such as the 

weight of the subject and the running speed, with heavier 

subjects and higher running speeds resulting in higher fric-

tion and braking forces and hence higher intra-belt speed 

variations. These higher intra-belt speed variations could in 

turn contribute to larger biomechanical differences observed 

at higher running speeds in some studies [13]. A high 

motor power and belt speed update frequency are therefore 

required to minimize biomechanical differences, particularly 

for heavier individuals and at higher running speeds. Meta-

regression analyses did however not provide sufficient infor-

mation on the required motor power to minimize differences. 

Nevertheless, lower quality commercial MTs usually have 

a lower motor power and belt speed update frequency and 
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care should therefore be taken with generalizing the findings 

of biomechanical data collected in these MTs to overground 

running. Further, although intra-belt speed variations likely 

increase with increases in running speed due to the higher 

braking and propulsion forces, meta-regression showed no 

significant associations of running speed with any outcome.

Third, the degree of familiarization or comfort with MT 

running can affect MT running biomechanics. Several stud-

ies have investigated how much familiarization is required 

to achieve stable MT running biomechanics within one ses-

sion. Although estimates vary considerably from 30 s [90] 

up to 9 min [23, 24, 91, 92], most studies report ~ 8 min 

[24, 91]. However, substantial individual differences have 

been reported and some individuals may therefore require 

considerably more or less familiarization [93]. Despite the 

importance of sufficient familiarization, only few studies 

reported the familiarization period or, if reported, provided 

sufficient familiarization prior to data collection (Table 1). 

Therefore, insufficient familiarization may also have con-

tributed to some of the biomechanical differences and we 

suggest adopting at least 8 min of familiarization in novice 

MT runners before each condition and check their comfort 

prior to MT tests to minimize biomechanical differences.

Fourth, perceptual differences may also influence MT 

running biomechanics and should therefore be matched 

between both conditions. Specifically, it has been shown 

that individuals perceive MT running speed as faster than 

overground running speed [30] and the higher perceived MT 

running speed may result in higher stride frequencies and 

shorter stride lengths compared to overground running [85].

In some situations, the subtle differences in MT running 

biomechanics could be useful for training and rehabilitation. 

MTs with a less stiff surface may for example be preferable 

in rehabilitation settings as this will reduce vertical loading 

rates and transient peaks compared to stiff overground sur-

faces, such as concrete, as indicated by this review. It is how-

ever important to realize that this will also alter kinematics 

and muscle activation, hereby potentially changing the train-

ing stimulus and leading to mode-specific adaptations [94]. 

Further, there is likely a tradeoff between lower impacts in 

MT running, but also more regular stride dynamics [59] 

that will result in the same tissue being subjected to repeti-

tive loading, which may in turn increase injury risk [95]. 

Fig. 7  Summary of significant differences between treadmill and 

overground running biomechanics found with meta-analyses. Overall 

surface effects are indicated in black, subgroup (individual surface) 

effects in gray. Amplitude of muscle activity represents a qualitative 

interpretation of the findings as meta-analysis could not be performed 

for this outcome. ROM range of motion. Treadmill; “down arrow” 

lower; “up arrow”, greater/longer compared to overground
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Similarly, although bone compression and strains, measured 

via an implanted bone strain gauge, [6] and plantar fascia 

strains [67] have been found to be lower in MT running, 

peak forces and loading rates on the Achilles tendon have 

been shown to be higher during MT running [16]. In line 

with this, a study published after completion of the meta-

analysis also found higher muscle forces in the gastrocne-

mius and soleus during MT running [70]. MT running may 

therefore be suitable for rehabilitation from lower limb stress 

fractures, but not Achilles tendinopathy, Achilles ruptures or 

calf muscle strains. Finally, our previous systematic review 

found reduced endurance performance and no significant 

difference in oxygen uptake between non-inclined MT and 

overground running at speeds < 18 km/h [30]. The absence 

of air resistance in MT running reduces oxygen uptake and 

theoretically improves MT performance compared to over-

ground running. In addition to a lack of comfort and lack 

of sweat evaporation and hence thermoregulation that can 

explain these differences [30], the findings of the current 

review suggest that biomechanical differences may also con-

tribute to a higher energy cost and hence reduced running 

performance during MT compared to overground running. 

Specifically, numerous studies have found that modifications 

of running technique acutely decrease running economy 

[96–99]. Since some individuals -particularly individuals 

that are uncomfortable with MT running- show differences 

in their running technique during MT running, this may 

increase energy cost and hence partly mask the lack of air 

resistance, particularly at lower running speeds.

5  Limitations and Future Directions

There are several limitations to this review that should 

be considered when interpreting the findings. First, most 

studies compared MT running to running in a lab runway, 

which does not necessarily reflect the concrete running sur-

face, where most runners run [1, 39]. The findings of sev-

eral subgroup analyses suggest that the overground surface 

used affects the biomechanical differences between MT and 

overground running and the current findings may, therefore, 

underestimate the actual biomechanical differences. Related 

to this, several studies used relatively high-quality MTs 

and biomechanical differences may be smaller and hence 

underestimated in these MTs [7, 14, 15, 27], although these 

findings could not be confirmed in the meta-regression with 

MT motor power and belt dimensions as co-variates. Nev-

ertheless, these findings indicate that care should be taken 

with generalizing MT running biomechanics to overground 

running. Second, this review was restricted to non-incline, 

shod, non-fatigued motorized MT and constant-velocity 

running below 25 km/h in healthy adults. Biomechanical 

differences are likely larger when accelerating [100, 101] 

and when running at higher speeds (i.e., sprinting) on regu-

lar MT’s [17, 21] and may also be impacted by the use of 

shoes [41] and fatigue status [57, 58] and the findings of 

this review can therefore not be generalized to these condi-

tions. Indeed, special MTs have been developed for sprint-

ing that may reduce biomechanical differences [102–104]. 

Third, most meta-analyses were affected by high levels of 

heterogeneity. Although we attempted to explore the causes 

of the heterogeneity by performing sub-group analysis based 

on overground surface and meta-regression based on run-

ning speed, MT motor power and belt dimensions when 

sufficient studies were available, other factors that were not 

investigated such as running shoes used and footstrike pat-

tern may also contribute to the high heterogeneity. Indeed, 

we could not include MT running experience or familiari-

zation as a subgroup or in meta-regression because most 

studies did not clearly specify the prior experience of the 

participants with MT running, even though this is likely 

to affect the differences between the two modes [23, 24, 

91, 92]. Similarly, most studies did not specify the running 

shoes and footstrike pattern used. Fourth, some studies did 

not report all information required for meta-analysis and 

we therefore extracted the required information from fig-

ures or estimated the information based on other studies. 

This likely introduced some error and we therefore urge 

researchers to improve the reporting and provide open data. 

In line with these suggestions, we have provided all data 

extracted or provided by authors in the supplementary file to 

facilitate further research. Finally, the estimated correlation 

coefficient used for computation of the variance was often 

implausible (e.g., > 1), likely because Bonferroni-corrected 

p-values were reported. This necessitated the use of a default 

correlation coefficient of 0.50 for all studies which could 

cause underestimation of the actual differences between MT 

and overground running.

6  Conclusion

Overall, the findings indicate that MT running biomechanics 

are largely comparable to overground running biomechanics, 

but nevertheless differ on several aspects. These differences 

likely result from (1) differences in MT and overground 

surface stiffness, (2) insufficient MT running experience 

and comfort, (3) insufficient MT motor power, restricting 

belt dimensions and a compliant mechanical model, (4) dif-

ferences in air resistance at higher running speeds, and (5) 

altered speed perception. Researchers, clinicians and ath-

letes should therefore take these factors into consideration to 

minimize biomechanical differences between MT and over-

ground running. Minimizing these biomechanics differences 

can in turn improve the generalizability of research and 

clinical gait analysis and improve the transfer of training.



810 B. Van Hooren et al.

Author Contributions BVH wrote the first draft of the manuscript and 

performed the meta-analysis and meta-regression together with JF. All 

authors edited and revised the manuscript and approved the final ver-

sion of the manuscript.

Data Availability Statement The datasets generated and/or analyzed 

during the current systematic review are available in Electronic Sup-

plementary Material file III and V.

Compliance with Ethical Standards 

Funding BVH was funded by the Kootstra Talent Fellowship awarded 

by the Centre for Research Innovation, Support and Policy (CRISP) 

of Maastricht University Medical Center + . The Open Access fee was 

paid by Maastricht University.

Conflict of interest Joel T. Fuller and Jonathan D. Buckley have been 

authors on some research projects that have evaluated the effects of 

different running shoes on running performance, biomechanics and 

physiology; those projects involved the use of running shoes that were 

donated by the shoe industry, either from running shoe retail stores or 

ASICS Oceania. Chris Bishop has received funding from both ASICS 

Oceania and Brittain Wynyard for professional services related to foot-

wear. Guillaume Rao has received funding from Decathlon for profes-

sional services related to footwear to evaluate the effects of different 

running shoes on running performance, biomechanics and physiology. 

No companies played any role in the design, conduct or interpretation 

of the present research. The remaining authors declare no conflicts of 

interest.

Open Access This article is distributed under the terms of the Crea-

tive Commons Attribution 4.0 International License (http://creat iveco 

mmons .org/licen ses/by/4.0/), which permits unrestricted use, distribu-

tion, and reproduction in any medium, provided you give appropriate 

credit to the original author(s) and the source, provide a link to the 

Creative Commons license, and indicate if changes were made.

References

 1. Running USA. 2017 National Runner Survey. 2017. https ://

www.runni ngusa .org/RUSA/Resea rch/Recen t_Surve ys/Natio 

nal_Runne r_Surve y.aspx?Websi teKey =9842e 655-a213-4bae-

9401-5ff3a c06e6 da.

 2. Tjelta LI. A longitudinal case study of the training of the 

2012 European 1500 m track champion. Int J Appl Sports Sci. 

2013;25:11–8. https ://doi.org/10.24985 /ijass .2013.25.1.11.

 3. Barton CJ, Bonanno DR, Carr J, Neal BS, Malliaras P, Franklyn-

Miller A, et al. Running retraining to treat lower limb injuries: 

a mixed-methods study of current evidence synthesised with 

expert opinion. Br J Sports Med. 2016;50(9):513–26. https ://

doi.org/10.1136/bjspo rts-2015-09527 8.

 4. Souza RB. An Evidence-Based Videotaped Running Biomechan-

ics Analysis. Phys Med Rehabil Clin N Am. 2016;27(1):217–36. 

https ://doi.org/10.1016/j.pmr.2015.08.006.

 5. Dingenen B, Malliaras P, Janssen T, Ceyssens L, Vanelderen 

R, Barton CJ. Two-dimensional video analysis can discriminate 

differences in running kinematics between recreational runners 

with and without running-related knee injury. Phys Ther Sport. 

2019;38:184–91. https ://doi.org/10.1016/j.ptsp.2019.05.008.

 6. Milgrom C, Finestone A, Segev S, Olin C, Arndt T, Ekenman I. 

Are overground or treadmill runners more likely to sustain tibial 

stress fracture? Br J Sports Med. 2003;37(2):160–3. https ://doi.

org/10.1136/bjsm.37.2.160.

 7. Fu WJ, Fang Y, Liu DMS, Wang L, Ren SC, Liu Y. Surface 

effects on in-shoe plantar pressure and tibial impact during 

running. J Sport Health Sci. 2015;4(4):384–90. https ://doi.

org/10.1016/j.jshs.2015.09.001.

 8. Napier C, MacLean CL, Maurer J, Taunton JE, Hunt MA. Kin-

ematic correlates of kinetic outcomes associated with running-

related injury. J Appl Biomech. 2019;35(2):123–30. https ://doi.

org/10.1123/jab.2018-0203.

 9. Hamner SR, Seth A, Delp SL. Muscle contributions to propulsion 

and support during running. J Biomech. 2010;43(14):2709–16. 

https ://doi.org/10.1016/j.jbiom ech.2010.06.025.

 10. Folland JP, Allen SJ, Black MI, Handsaker JC, Forrester SE. 

Running technique is an important component of running econ-

omy and performance. Med Sci Sports Exerc. 2017;49(7):1412–

23. https ://doi.org/10.1249/MSS.00000 00000 00124 5.

 11. Adams D, Pozzi F, Carroll A, Rombach A, Zeni J Jr. Validity and 

reliability of a commercial fitness watch for measuring running 

dynamics. J Orthop Sports Phys Ther. 2016;46(6):471–6. https 

://doi.org/10.2519/jospt .2016.6391.

 12. Mann R, Malisoux L, Brunner R, Gette P, Urhausen A, Statham 

A, et al. Reliability and validity of pressure and temporal param-

eters recorded using a pressure-sensitive insole during running. 

Gait Posture. 2014;39(1):455–9. https ://doi.org/10.1016/j.gaitp 

ost.2013.08.026.

 13. Elliott BC, Blanksby BA. A cinematographic analysis of over-

ground and treadmill running by males and females. Med Sci 

Sports. 1976;8(2):84–7. https ://doi.org/10.1249/00005 768-19760 

0820-00013 .

 14. Nigg BM, De Boer RW, Fisher V. A kinematic comparison 

of overground and treadmill running. Med Sci Sports Exerc. 

1995;27(1):98–105. https ://doi.org/10.1249/00005 768-19950 

1000-00018 .

 15. Savelberg HHCM, Vorstenbosch MATM, Kamman EH, van de 

Weijer JGW, Schambardt HC. Intra-stride belt-speed variation 

affects treadmill locomotion. Gait Posture. 1998;7(1):26–34. 

https ://doi.org/10.1016/S0966 -6362(97)00023 -4.

 16. Willy RW, Halsey L, Hayek A, Johnson H, Willson JD. patel-

lofemoral joint and achilles tendon loads during overground and 

treadmill running. J Orthop Sports Phys Ther. 2016;46(8):664–

72. https ://doi.org/10.2519/jospt .2016.6494.

 17. Frishberg BA. An analysis of overground and treadmill sprinting. 

Med Sci Sports Exerc. 1983;15(6):478–85.

 18. van Ingen Schenau GJ. Some fundamental aspects of the bio-

mechanics of overground versus treadmill locomotion. Med Sci 

Sports Exerc. 1980;12(4):257–61. https ://doi.org/10.1249/00005 

768-19802 4000-00005 .

 19. Schache AG, Blanch PD, Rath DA, Wrigley TV, Starr R, Ben-

nell KL. A comparison of overground and treadmill running for 

measuring the three-dimensional kinematics of the lumbo-pelvic-

hip complex. Clin Biomech (Bristol, Avon). 2001;16(8):667–80. 

https ://doi.org/10.1016/S0268 -0033(01)00061 -4.

 20. Kram R, Griffin TM, Donelan JM, Chang YH. Force treadmill 

for measuring vertical and horizontal ground reaction forces. J 

Appl Physiol. 1998;85(2):764–9. https ://doi.org/10.1152/jappl 

.1998.85.2.764.

 21. Pugh LGCE. The influence of wind resistance in running and 

walking and the mechanical efficiency of work against horizon-

tal or vertical forces. J Physiol. 1971;213(2):255–76. https ://doi.

org/10.1113/jphys iol.1971.sp009 381.

 22. Bailey J, Mata T, Mercer JA. Is the relationship between stride 

length, frequency, and velocity influenced by running on a tread-

mill or overground? Int J Exerc Sci. 2017;10(7):1067–75.

 23. Lavcanska V, Taylor NF, Schache AG. Familiarization to 

treadmill running in young unimpaired adults. Hum Mov 

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.runningusa.org/RUSA/Research/Recent_Surveys/National_Runner_Survey.aspx%3fWebsiteKey%3d9842e655-a213-4bae-9401-5ff3ac06e6da
https://www.runningusa.org/RUSA/Research/Recent_Surveys/National_Runner_Survey.aspx%3fWebsiteKey%3d9842e655-a213-4bae-9401-5ff3ac06e6da
https://www.runningusa.org/RUSA/Research/Recent_Surveys/National_Runner_Survey.aspx%3fWebsiteKey%3d9842e655-a213-4bae-9401-5ff3ac06e6da
https://www.runningusa.org/RUSA/Research/Recent_Surveys/National_Runner_Survey.aspx%3fWebsiteKey%3d9842e655-a213-4bae-9401-5ff3ac06e6da
https://doi.org/10.24985/ijass.2013.25.1.11
https://doi.org/10.1136/bjsports-2015-095278
https://doi.org/10.1136/bjsports-2015-095278
https://doi.org/10.1016/j.pmr.2015.08.006
https://doi.org/10.1016/j.ptsp.2019.05.008
https://doi.org/10.1136/bjsm.37.2.160
https://doi.org/10.1136/bjsm.37.2.160
https://doi.org/10.1016/j.jshs.2015.09.001
https://doi.org/10.1016/j.jshs.2015.09.001
https://doi.org/10.1123/jab.2018-0203
https://doi.org/10.1123/jab.2018-0203
https://doi.org/10.1016/j.jbiomech.2010.06.025
https://doi.org/10.1249/MSS.0000000000001245
https://doi.org/10.2519/jospt.2016.6391
https://doi.org/10.2519/jospt.2016.6391
https://doi.org/10.1016/j.gaitpost.2013.08.026
https://doi.org/10.1016/j.gaitpost.2013.08.026
https://doi.org/10.1249/00005768-197600820-00013
https://doi.org/10.1249/00005768-197600820-00013
https://doi.org/10.1249/00005768-199501000-00018
https://doi.org/10.1249/00005768-199501000-00018
https://doi.org/10.1016/S0966-6362(97)00023-4
https://doi.org/10.2519/jospt.2016.6494
https://doi.org/10.1249/00005768-198024000-00005
https://doi.org/10.1249/00005768-198024000-00005
https://doi.org/10.1016/S0268-0033(01)00061-4
https://doi.org/10.1152/jappl.1998.85.2.764
https://doi.org/10.1152/jappl.1998.85.2.764
https://doi.org/10.1113/jphysiol.1971.sp009381
https://doi.org/10.1113/jphysiol.1971.sp009381


811Biomechanical Comparison of Treadmill and Overground Running

Sci. 2005;24(4):544–57. https ://doi.org/10.1016/j.humov 

.2005.08.001.

 24. Schieb DA. Kinematic accommodation of novice treadmill 

runners. Res Q Exerc Sport. 1986;57(1):1–7. https ://doi.

org/10.1080/02701 367.1986.10605 381.

 25. Lucas-Cuevas AG, Priego Quesada JI, Gooding J, Lewis MGC, 

Encarnacion-Martinez A, Perez-Soriano P. The effect of visual 

focus on spatio-temporal and kinematic parameters of treadmill 

running. Gait Posture. 2018;59:292–7. https ://doi.org/10.1016/j.

gaitp ost.2017.07.039.

 26. Sloot LH, van der Krogt MM, Harlaar J. Effects of adding a vir-

tual reality environment to different modes of treadmill walking. 

Gait Posture. 2014;39(3):939–45. https ://doi.org/10.1016/j.gaitp 

ost.2013.12.005.

 27. Hong Y, Wang L, Li JX, Zhou JH. Comparison of plantar loads 

during treadmill and overground running. J Sci Med Sport. 

2012;15(6):554–60. https ://doi.org/10.1016/j.jsams .2012.01.004.

 28. Asmussen MJ, Kaltenbach C, Hashlamoun K, Shen H, Federico 

S, Nigg BM. Force measurements during running on different 

instrumented treadmills. J Biomech. 2019;84:263–8. https ://doi.

org/10.1016/j.jbiom ech.2018.12.025.

 29. Moher D, Shamseer L, Clarke M, Ghersi D, Liberati A, Petticrew 

M, et al. Preferred reporting items for systematic review and 

meta-analysis protocols (PRISMA-P) 2015 statement. Syst Rev. 

2015;4(1):1–9. https ://doi.org/10.1186/2046-4053-4-1.

 30. Miller JR, Van Hooren B, Bishop C, Buckley JD, Willy R, Fuller 

JT. A systematic review and meta-analysis of cross-over studies 

comparing physiological, perceptual and performance meas-

ures between treadmill and overground running. Sports Med. 

2019;49(5):763–82. https ://doi.org/10.1007/s4027 9-019-01087 

-9.

 31. Dorn TW, Schache AG, Pandy MG. Muscular strategy shift in 

human running: dependence of running speed on hip and ankle 

muscle performance. J Exp Biol. 2012;215(Pt 11):1944–56. https 

://doi.org/10.1242/jeb.06452 7.

 32. Ouzzani M, Hammady H, Fedorowicz Z, Elmagarmid A. 

Rayyan—a web and mobile app for systematic reviews. Syst Rev. 

2016;5(1):210. https ://doi.org/10.1186/s1364 3-016-0384-4.

 33. Rohatgi A. WebPlotDigitizer. 2018. https ://autom eris.io/WebPl 

otDig itize r/. Accessed 13 Aug 2018.

 34. Higgins JP, Altman DG, Gotzsche PC, Juni P, Moher D, Oxman 

AD, et al. The Cochrane Collaboration’s tool for assessing risk 

of bias in randomised trials. BMJ. 2011;343:d5928. https ://doi.

org/10.1136/bmj.d5928 .

 35. Atkins D, Best D, Briss PA, Eccles M, Falck-Ytter Y, Flottorp 

S, et al. Grading quality of evidence and strength of recommen-

dations. BMJ. 2004;328(7454):1490. https ://doi.org/10.1136/

bmj.328.7454.1490.

 36. Viechtbauer W. Conducting meta-analyses in R with the metafor 

package. J Stat Softw. 2010;36(3):1–48. https ://doi.org/10.18637 

/jss.v036.i03.

 37. Fu R, Gartlehner G, Grant M, Shamliyan T, Sedrakyan A, Wilt 

TJ, et al. Conducting quantitative synthesis when comparing 

medical interventions: AHRQ and the Effective Health Care 

Program. J Clin Epidemiol. 2011;64(11):1187–97. https ://doi.

org/10.1016/j.jclin epi.2010.08.010.

 38. Higgins JPT, Deeks JJ, Altman DG. Chapter 16: special topics in 

statistics. In: Higgins JPT, Green S, editors. Cochrane handbook 

for systematic reviews of interventions. Chichester: Wiley; 2008. 

p. 481–529.

 39. Taunton JE, Ryan MB, Clement DB, McKenzie DC, Lloyd-

Smith DR, Zumbo BD. A prospective study of running injuries: 

the Vancouver Sun Run “In Training” clinics. Br J Sports Med. 

2003;37(3):239–44. https ://doi.org/10.1136/bjsm.37.3.239.

 40. Kluitenberg B, Bredeweg SW, Zijlstra S, Zijlstra W, Buist I. 

Comparison of vertical ground reaction forces during overground 

and treadmill running. A validation study. BMC Musculoskelet 

Disord. 2012;13:235. https ://doi.org/10.1186/1471-2474-13-235.

 41. Chambon N, Delattre N, Gueguen N, Berton E, Rao G. Shoe drop 

has opposite influence on running pattern when running over-

ground or on a treadmill. Eur J Appl Physiol. 2015;115(5):911–8. 

https ://doi.org/10.1007/s0042 1-014-3072-x.

 42. Borenstein M, Hedges LV, Higgins JP, Rothstein HR. Introduc-

tion to meta-analysis. West Sussex: Wiley; 2009.

 43. Brookes FBC, Knibbs AV, Pantlin CM, Wilson JK. Investigation 

into the biomechanical and physiological differences between 

road and treadmill running. Res Pap Phys Educ. 1971;2(2):28–

35. https ://doi.org/10.5604/20831 862.11444 18.

 44. Elbourne DR, Altman DG, Higgins JP, Curtin F, Worthington 

HV, Vail A. Meta-analyses involving cross-over trials: methodo-

logical issues. Int J Epidemiol. 2002;31(1):140–9. https ://doi.

org/10.1093/ije/31.1.140.

 45. Lakens D. Calculating and reporting effect sizes to facilitate 

cumulative science: a practical primer for t-tests and ANO-

VAs. Front Psychol. 2013;4:863. https ://doi.org/10.3389/fpsyg 

.2013.00863 .

 46. Hopkins WG. A scale of magnitudes for effect statistics. 2002. 

http://newst ats.org/effec tmag.html. Accessed 1 Mar 2015.

 47. Higgins JP, Thompson SG, Deeks JJ, Altman DG. Measuring 

inconsistency in meta-analyses. BMJ. 2003;327(7414):557–60. 

https ://doi.org/10.1136/bmj.327.7414.557.

 48. Fullenkamp AM, Tolusso DV, Laurent CM, Campbell BM, 

Cripps AE. A comparison of both motorized and nonmotor-

ized treadmill gait kinematics to overground locomotion. J 

Sport Rehabil. 2018;27(4):357–63. https ://doi.org/10.1123/

jsr.2016-0125.

 49. Nelson RC, Dillman CJ, Lagasse P, Bickett P. Biomechan-

ics of overground versus treadmill running. Med Sci Sports. 

1972;4(4):233–40. https ://doi.org/10.1249/00005 768-19720 

0440-00029 .

 50. Oliveira AS, Gizzi L, Ketabi S, Farina D, Kersting UG. 

Modular control of treadmill vs overground running. PLoS 

One. 2016;11(4):e0153307. https ://doi.org/10.1371/journ 

al.pone.01533 07.

 51. Baur H, Hirschmuller A, Muller S, Gollhofer A, Mayer F. Muscu-

lar activity in treadmill and overground running. Isokinet Exerc 

Sci. 2007;15(3):165–71. https ://doi.org/10.3233/Ies-2007-0262.

 52. Barton CJ, Kappel SL, Ahrendt P, Simonsen O, Rathleff MS. 

Dynamic navicular motion measured using a stretch sensor is 

different between walking and running, and between over-ground 

and treadmill conditions. J Foot Ankle Res. 2015;8:5. https ://doi.

org/10.1186/s1304 7-015-0063-z.

 53. Bigelow EM, Elvin NG, Elvin AA, Arnoczky SP. Peak impact 

accelerations during track and treadmill running. J Appl Bio-

mech. 2013;29(5):639–44. https ://doi.org/10.1123/jab.29.5.639.

 54. Cronin NJ, Finni T. Treadmill versus overground and barefoot 

versus shod comparisons of triceps surae fascicle behaviour in 

human walking and running. Gait Posture. 2013;38(3):528–33. 

https ://doi.org/10.1016/j.gaitp ost.2013.01.027.

 55. Fellin RE, Manal K, Davis IS. Comparison of lower extrem-

ity kinematic curves during overground and treadmill running. 

J Appl Biomech. 2010;26(4):407–14. https ://doi.org/10.1123/

jab.26.4.407.

 56. Firminger CR, Vernillo G, Savoldelli A, Stefanyshyn DJ, Millet 

GY, Edwards WB. Joint kinematics and ground reaction forces 

in overground versus treadmill graded running. Gait Posture. 

2018;63:109–13. https ://doi.org/10.1016/j.gaitp ost.2018.04.042.

 57. Garcia-Perez JA, Perez-Soriano P, Llana S, Martinez-Nova 

A, Sanchez-Zuriaga D. Effect of overground vs treadmill 

running on plantar pressure: influence of fatigue. Gait Pos-

ture. 2013;38(4):929–33. https ://doi.org/10.1016/j.gaitp 

ost.2013.04.026.

https://doi.org/10.1016/j.humov.2005.08.001
https://doi.org/10.1016/j.humov.2005.08.001
https://doi.org/10.1080/02701367.1986.10605381
https://doi.org/10.1080/02701367.1986.10605381
https://doi.org/10.1016/j.gaitpost.2017.07.039
https://doi.org/10.1016/j.gaitpost.2017.07.039
https://doi.org/10.1016/j.gaitpost.2013.12.005
https://doi.org/10.1016/j.gaitpost.2013.12.005
https://doi.org/10.1016/j.jsams.2012.01.004
https://doi.org/10.1016/j.jbiomech.2018.12.025
https://doi.org/10.1016/j.jbiomech.2018.12.025
https://doi.org/10.1186/2046-4053-4-1
https://doi.org/10.1007/s40279-019-01087-9
https://doi.org/10.1007/s40279-019-01087-9
https://doi.org/10.1242/jeb.064527
https://doi.org/10.1242/jeb.064527
https://doi.org/10.1186/s13643-016-0384-4
https://automeris.io/WebPlotDigitizer/
https://automeris.io/WebPlotDigitizer/
https://doi.org/10.1136/bmj.d5928
https://doi.org/10.1136/bmj.d5928
https://doi.org/10.1136/bmj.328.7454.1490
https://doi.org/10.1136/bmj.328.7454.1490
https://doi.org/10.18637/jss.v036.i03
https://doi.org/10.18637/jss.v036.i03
https://doi.org/10.1016/j.jclinepi.2010.08.010
https://doi.org/10.1016/j.jclinepi.2010.08.010
https://doi.org/10.1136/bjsm.37.3.239
https://doi.org/10.1186/1471-2474-13-235
https://doi.org/10.1007/s00421-014-3072-x
https://doi.org/10.5604/20831862.1144418
https://doi.org/10.1093/ije/31.1.140
https://doi.org/10.1093/ije/31.1.140
https://doi.org/10.3389/fpsyg.2013.00863
https://doi.org/10.3389/fpsyg.2013.00863
http://newstats.org/effectmag.html
https://doi.org/10.1136/bmj.327.7414.557
https://doi.org/10.1123/jsr.2016-0125
https://doi.org/10.1123/jsr.2016-0125
https://doi.org/10.1249/00005768-197200440-00029
https://doi.org/10.1249/00005768-197200440-00029
https://doi.org/10.1371/journal.pone.0153307
https://doi.org/10.1371/journal.pone.0153307
https://doi.org/10.3233/Ies-2007-0262
https://doi.org/10.1186/s13047-015-0063-z
https://doi.org/10.1186/s13047-015-0063-z
https://doi.org/10.1123/jab.29.5.639
https://doi.org/10.1016/j.gaitpost.2013.01.027
https://doi.org/10.1123/jab.26.4.407
https://doi.org/10.1123/jab.26.4.407
https://doi.org/10.1016/j.gaitpost.2018.04.042
https://doi.org/10.1016/j.gaitpost.2013.04.026
https://doi.org/10.1016/j.gaitpost.2013.04.026


812 B. Van Hooren et al.

 58. Garcia-Perez JA, Perez-Soriano P, Llana Belloch S, Lucas-

Cuevas AG, Sanchez-Zuriaga D. Effects of treadmill running 

and fatigue on impact acceleration in distance running. Sports 

Biomech. 2014;13(3):259–66. https ://doi.org/10.1080/14763 

141.2014.90952 7.

 59. Lindsay TR, Noakes TD, McGregor SJ. Effect of treadmill ver-

sus overground running on the structure of variability of stride 

timing. Percept Mot Skills. 2014;118(2):331–46. https ://doi.

org/10.2466/30.26.PMS.118k1 8w8.

 60. Meinert I, Brown N, Alt W. Effect of footwear modifications on 

oscillations at the Achilles tendon during running on a treadmill 

and over ground: a cross-sectional study. PLoS One. 2016. https 

://doi.org/10.1371/journ al.pone.01524 35.

 61. Montgomery G, Abt G, Dobson C, Smith T, Ditroilo M. Tibial 

impacts and muscle activation during walking, jogging and run-

ning when performed overground, and on motorised and non-

motorised treadmills. Gait Posture. 2016;49:120–6. https ://doi.

org/10.1016/j.gaitp ost.2016.06.037.

 62. Pink M, Perry J, Houglum PA, Devine DJ. Lower extremity range 

of motion in the recreational sport runner. Am J Sports Med. 

1994;22(4):541–9. https ://doi.org/10.1177/03635 46594 02200 

418.

 63. Riley PO, Dicharry J, Franz J, Della Croce U, Wilder RP, Kerri-

gan DC. A kinematics and kinetic comparison of overground and 

treadmill running. Med Sci Sports Exerc. 2008;40(6):1093–100. 

https ://doi.org/10.1249/MSS.0b013 e3181 67753 0.

 64. Roussos T, Smirniotou A, Philippou A, Galanos A, Triantafyl-

lopoulos I. Effect of running environment and slope gradient on 

lower limb muscle activation. Am J Sports Sci. 2019;7(1):20–5. 

https ://doi.org/10.11648 /j.ajss.20190 701.14.

 65. Sedighi AR, Anbarian M, Ghesemi MH. Comparison of the elec-

tromyography activity of selected leg-dominant lower limb mus-

cles during stance phase of running on treadmill and overground. 

Turk J Sport Exerc. 2019;21(1):46–51. https ://doi.org/10.15314 /

tsed.46773 5.

 66. Sinclair J, Richards J, Taylor PJ, Edmundson CJ, Brooks D, 

Hobbs SJ. Three-dimensional kinematic comparison of treadmill 

and overground running. Sports Biomech. 2013;12(3):272–82. 

https ://doi.org/10.1080/14763 141.2012.75961 4.

 67. Sinclair JK, Taylor PJ, Vincent H. Multi-segment foot kinemat-

ics and plantar fascia strain during treadmill and overground 

running. Foot Ankle Online J. 2014. https ://doi.org/10.3827/

faoj.2014.0704.0004.

 68. Wang L, Hong Y, Li JX. Muscular activity of lower extrem-

ity muscles running on treadmill compared with different over-

ground surfaces. Am J Sports Sci Med. 2014;2(4):161–5. https 

://doi.org/10.12691 /ajssm -2-4-8.

 69. Wank V, Frick U, Schmidtbleicher D. Kinematics and electro-

myography of lower limb muscles in overground and treadmill 

running. Int J Sports Med. 1998;19(7):455–61. https ://doi.

org/10.1055/s-2007-97194 4.

 70. Yao J, Guo N, Xiao Y, Li Z, Li Y, Pu F, et al. Lower limb joint 

motion and muscle force in treadmill and over-ground exercise. 

Biomed Eng Online. 2019;18(1):89. https ://doi.org/10.1186/

s1293 8-019-0708-4.

 71. Noehren B, Manal K, Davis I. Improving between-day kine-

matic reliability using a marker placement device. J Orthop Res. 

2010;28(11):1405–10. https ://doi.org/10.1002/jor.21172 .

 72. Dingenen B, Barton C, Janssen T, Benoit A, Malliaras P. Test-

retest reliability of two-dimensional video analysis during run-

ning. Phys Ther Sport. 2018;33:40–7. https ://doi.org/10.1016/j.

ptsp.2018.06.009.

 73. Dixon SJ, Collop AC, Batt ME. Surface effects on ground 

reaction forces and lower extremity kinematics in running. 

Med Sci Sports Exerc. 2000;32(11):1919–26. https ://doi.

org/10.1097/00005 768-20001 1000-00016 .

 74. Kerdok AE, Biewener AA, McMahon TA, Weyand PG, Herr 

HM. Energetics and mechanics of human running on surfaces of 

different stiffnesses. J Appl Physiol. 2002;92(2):469–78. https ://

doi.org/10.1152/jappl physi ol.01164 .2000.

 75. Hardin EC, van den Bogert AJ, Hamill J. Kinematic adaptations 

during running: effects of footwear, surface, and duration. Med 

Sci Sports Exerc. 2004;36(5):838–44. https ://doi.org/10.1249/01.

MSS.00001 26605 .65966 .40.

 76. Colino E, Garcia UJ, Gallardo L, Foster C, lucia A, Felipe JL. 

Mechanical properties of treadmill surfaces and their effects on 

endurance running. Int J Sports Physiol Perform. 2019. https ://

doi.org/10.1123/ijspp .2019-0539.

 77. Dal Monte A, Fucci S, Manoni A. The Treadmill used as a 

Training and a Simulator Instrument in Middle-and Long-Dis-

tance Running. In: Cerquiglini S, Venerando A, Wartenweiler 

J, editors. Biomechanics III. Basel: Karger Publishers; 1973. p. 

359–63.

 78. Gullstrand L, Halvorsen K, Tinmark F, Eriksson M, Nilsson J. 

Measurements of vertical displacement in running, a methodo-

logical comparison. Gait Posture. 2009;30(1):71–5. https ://doi.

org/10.1016/j.gaitp ost.2009.03.001.

 79. Slawinski JS, Billat VL. Difference in mechanical and energy 

cost between highly, well, and nontrained runners. Med Sci 

Sports Exerc. 2004;36(8):1440–6. https ://doi.org/10.1249/01.

Mss.00001 35785 .68760 .96.

 80. Ferris DP, Louie M, Farley CT. Running in the real world: 

adjusting leg stiffness for different surfaces. Proc Biol 

Sci. 1998;265(1400):989–94. https ://doi.org/10.1098/

rspb.1998.0388.

 81. Willems PA, Gosseye TP. Does an instrumented treadmill 

correctly measure the ground reaction forces? Biol Open. 

2013;2(12):1421–4. https ://doi.org/10.1242/bio.20136 379.

 82. Sloot LH, Houdijk H, Harlaar J. A comprehensive protocol to 

test instrumented treadmills. Med Eng Phys. 2015;37(6):610–6. 

https ://doi.org/10.1016/j.meden gphy.2015.03.018.

 83. Garofolini A, Taylor S, Lepine J. Evaluating dynamic error of 

a treadmill and the effect on measured kinetic gait parameters: 

implications and possible solutions. J Biomech. 2019;82:156–63. 

https ://doi.org/10.1016/j.jbiom ech.2018.10.025.

 84. Shi H, Li H, Liu H, Yu B. Effects of treadmill cushion and run-

ning speed on plantar force and metabolic energy consumption in 

running. Gait Posture. 2019;69:79–84. https ://doi.org/10.1016/j.

gaitp ost.2019.01.024.

 85. Caramenti M, Lafortuna CL, Mugellini E, Abou Khaled 

O, Bresciani JP, Dubois A. Matching optical flow to motor 

speed in virtual reality while running on a treadmill. PLoS 

One. 2018;13(4):e0195781. https ://doi.org/10.1371/journ 

al.pone.01957 81.

 86. Lieberman DE, Warrener AG, Wang J, Castillo ER. Effects of 

stride frequency and foot position at landing on braking force, 

hip torque, impact peak force and the metabolic cost of running 

in humans. J Exp Biol. 2015;218(Pt 21):3406–14. https ://doi.

org/10.1242/jeb.12550 0.

 87. Saunders PU, Pyne DB, Telford RD, Hawley JA. Factors affect-

ing running economy in trained distance runners. Sports Med. 

2004;34(7):465–85. https ://doi.org/10.2165/00007 256-20043 

4070-00005 .

 88. Dolenec A, Stirn I, Strojnik V. Activation pattern of lower leg 

muscles in running on asphalt, gravel and grass. Coll Antropol. 

2015;39(Suppl 1):167–72.

 89. Colino E, Sanchez-Sanchez J, Garcia-Unanue J, Ubago-Guisado 

E, Haxaire P, Le Blan A, et al. Validity and reliability of two 

standard test devices in assessing mechanical properties of dif-

ferent sport surfaces. Polym Testing. 2017;62:61–7. https ://doi.

org/10.1016/j.polym ertes ting.2017.06.011.

https://doi.org/10.1080/14763141.2014.909527
https://doi.org/10.1080/14763141.2014.909527
https://doi.org/10.2466/30.26.PMS.118k18w8
https://doi.org/10.2466/30.26.PMS.118k18w8
https://doi.org/10.1371/journal.pone.0152435
https://doi.org/10.1371/journal.pone.0152435
https://doi.org/10.1016/j.gaitpost.2016.06.037
https://doi.org/10.1016/j.gaitpost.2016.06.037
https://doi.org/10.1177/036354659402200418
https://doi.org/10.1177/036354659402200418
https://doi.org/10.1249/MSS.0b013e3181677530
https://doi.org/10.11648/j.ajss.20190701.14
https://doi.org/10.15314/tsed.467735
https://doi.org/10.15314/tsed.467735
https://doi.org/10.1080/14763141.2012.759614
https://doi.org/10.3827/faoj.2014.0704.0004
https://doi.org/10.3827/faoj.2014.0704.0004
https://doi.org/10.12691/ajssm-2-4-8
https://doi.org/10.12691/ajssm-2-4-8
https://doi.org/10.1055/s-2007-971944
https://doi.org/10.1055/s-2007-971944
https://doi.org/10.1186/s12938-019-0708-4
https://doi.org/10.1186/s12938-019-0708-4
https://doi.org/10.1002/jor.21172
https://doi.org/10.1016/j.ptsp.2018.06.009
https://doi.org/10.1016/j.ptsp.2018.06.009
https://doi.org/10.1097/00005768-200011000-00016
https://doi.org/10.1097/00005768-200011000-00016
https://doi.org/10.1152/japplphysiol.01164.2000
https://doi.org/10.1152/japplphysiol.01164.2000
https://doi.org/10.1249/01.MSS.0000126605.65966.40
https://doi.org/10.1249/01.MSS.0000126605.65966.40
https://doi.org/10.1123/ijspp.2019-0539
https://doi.org/10.1123/ijspp.2019-0539
https://doi.org/10.1016/j.gaitpost.2009.03.001
https://doi.org/10.1016/j.gaitpost.2009.03.001
https://doi.org/10.1249/01.Mss.0000135785.68760.96
https://doi.org/10.1249/01.Mss.0000135785.68760.96
https://doi.org/10.1098/rspb.1998.0388
https://doi.org/10.1098/rspb.1998.0388
https://doi.org/10.1242/bio.20136379
https://doi.org/10.1016/j.medengphy.2015.03.018
https://doi.org/10.1016/j.jbiomech.2018.10.025
https://doi.org/10.1016/j.gaitpost.2019.01.024
https://doi.org/10.1016/j.gaitpost.2019.01.024
https://doi.org/10.1371/journal.pone.0195781
https://doi.org/10.1371/journal.pone.0195781
https://doi.org/10.1242/jeb.125500
https://doi.org/10.1242/jeb.125500
https://doi.org/10.2165/00007256-200434070-00005
https://doi.org/10.2165/00007256-200434070-00005
https://doi.org/10.1016/j.polymertesting.2017.06.011
https://doi.org/10.1016/j.polymertesting.2017.06.011


813Biomechanical Comparison of Treadmill and Overground Running

 90. White SC, Gilchrist LA, Christina KA. Within-day accommo-

dation effects on vertical reaction forces for treadmill running. 

J Appl Biomech. 2002;18(1):74–82. https ://doi.org/10.1123/

jab.18.1.74.

 91. Arnold BJW, Weeks BK, Horan SA. An examination of tread-

mill running familiarisation in barefoot and shod conditions 

in healthy men. J Sports Sci. 2019;37(1):5–12. https ://doi.

org/10.1080/02640 414.2018.14795 33.

 92. Williams KR, Cavanagh PR. Relationship between distance 

running mechanics, running economy, and performance. J Appl 

Physiol. 1987;63(3):1236–45. https ://doi.org/10.1152/jappl 

.1987.63.3.1236.

 93. Lindorfer J, Kröll J, Schwameder H. Detection of biome-

chanical adaptation in treadmill running. ISBS Proc Arch. 

2017;35(1):262.

 94. Dorgo S, Perales JJ, Boyle JB, Hausselle J, Montalvo S. Sprint 

training on a treadmill vs overground results in modality-specific 

impact on sprint performance but similar positive improvement 

in body composition in young adults. J Strength Cond Res. 2019. 

https ://doi.org/10.1519/jsc.00000 00000 00302 4 (epub ahead of 

print).

 95. Hamill J, Palmer C, Van Emmerik RE. Coordinative variability 

and overuse injury. Sports Med Arthrosc Rehabil Ther Technol. 

2012;4(1):45. https ://doi.org/10.1186/1758-2555-4-45.

 96. Townshend AD, Franettovich Smith MM, Creaby MW. The 

energetic cost of gait retraining: a pilot study of the acute effect. 

Phys Ther Sport. 2017;23:113–7. https ://doi.org/10.1016/j.

ptsp.2016.08.010.

 97. de Ruiter CJ, Verdijk PW, Werker W, Zuidema MJ, de Haan 

A. Stride frequency in relation to oxygen consumption in 

experienced and novice runners. Eur J Sport Sci. 2014;14(3):251–

8. https ://doi.org/10.1080/17461 391.2013.78362 7.

 98. Hunter I, Smith GA. Preferred and optimal stride frequency, 

stiffness and economy: changes with fatigue during a 1-h high-

intensity run. Eur J Appl Physiol. 2007;100(6):653–61. https ://

doi.org/10.1007/s0042 1-007-0456-1.

 99. Snyder KL, Farley CT. Energetically optimal stride frequency 

in running: the effects of incline and decline. J Exp Biol. 

2011;214(Pt 12):2089–95. https ://doi.org/10.1242/jeb.05315 7.

 100. Van Caekenberghe I, Segers V, Aerts P, Willems P, De Clercq D. 

Joint kinematics and kinetics of overground accelerated running 

versus running on an accelerated treadmill. J R Soc Interface. 

2013;10(84):1–11. https ://doi.org/10.1098/rsif.2013.0222.

 101. Van Caekenberghe I, Segers V, Willems P, Gosseye T, Aerts P, De 

Clercq D. Mechanics of overground accelerated running vs. run-

ning on an accelerated treadmill. Gait Posture. 2013;38(1):125–

31. https ://doi.org/10.1016/j.gaitp ost.2012.10.022.

 102. Bundle MW, Powell MO, Ryan LJ. Design and testing of a high-

speed treadmill to measure ground reaction forces at the limit 

of human gait. Med Eng Phys. 2015;37(9):892–7. https ://doi.

org/10.1016/j.meden gphy.2015.04.009.

 103. Morin JB, Seve P. Sprint running performance: compari-

son between treadmill and field conditions. Eur J Appl Phys-

iol. 2011;111(8):1695–703. https ://doi.org/10.1007/s0042 

1-010-1804-0.

 104. McKenna M, Riches PE. A comparison of sprinting kin-

ematics on two types of treadmill and over-ground. Scand J 

Med Sci Sports. 2007;17(6):649–55. https ://doi.org/10.111

1/j.1600-0838.2006.00625 .x.

Affiliations

Bas Van Hooren1,2  · Joel T. Fuller3  · Jonathan D. Buckley4  · Jayme R. Miller4  · Kerry Sewell5 · 

Guillaume Rao6  · Christian Barton7,10 · Chris Bishop4,8 · Richard W. Willy9

1 Department of Nutrition and Movement Sciences, 

NUTRIM School of Nutrition and Translational Research 

in Metabolism, Maastricht University Medical Centre+, 

Universiteitssingel 50, 6229 ER Maastricht, The Netherlands

2 Institute of Sport Studies, Fontys University of Applied 

Sciences, Eindhoven, The Netherlands

3 Department of Health Professions, Faculty of Medicine 

and Health Sciences, Macquarie University, 75 Talavera Rd, 

Macquarie Park, NSW 2109, Australia

4 Alliance for Research in Exercise, Nutrition and Activity 

(ARENA), School of Health Sciences, University of South 

Australia, Adelaide, SA 5001, Australia

5 East Carolina University, Greenville, NC, USA

6 Aix Marseille University, CNRS, ISM, Marseille, France

7 La Trobe Sports and Exercise Medicine Research Centre, 

School of Allied Health, La Trobe University, Bundoora, 

VIC, Australia

8 The Biomechanics Lab, Adelaide, SA, Australia

9 School of Physical Therapy and Rehabilitation Sciences, 

University of Montana, Missoula, MT, USA

10 Department of Surgery, St Vincent’s Hospital, University 

of Melbourne, Melbourne, Australia

https://doi.org/10.1123/jab.18.1.74
https://doi.org/10.1123/jab.18.1.74
https://doi.org/10.1080/02640414.2018.1479533
https://doi.org/10.1080/02640414.2018.1479533
https://doi.org/10.1152/jappl.1987.63.3.1236
https://doi.org/10.1152/jappl.1987.63.3.1236
https://doi.org/10.1519/jsc.0000000000003024
https://doi.org/10.1186/1758-2555-4-45
https://doi.org/10.1016/j.ptsp.2016.08.010
https://doi.org/10.1016/j.ptsp.2016.08.010
https://doi.org/10.1080/17461391.2013.783627
https://doi.org/10.1007/s00421-007-0456-1
https://doi.org/10.1007/s00421-007-0456-1
https://doi.org/10.1242/jeb.053157
https://doi.org/10.1098/rsif.2013.0222
https://doi.org/10.1016/j.gaitpost.2012.10.022
https://doi.org/10.1016/j.medengphy.2015.04.009
https://doi.org/10.1016/j.medengphy.2015.04.009
https://doi.org/10.1007/s00421-010-1804-0
https://doi.org/10.1007/s00421-010-1804-0
https://doi.org/10.1111/j.1600-0838.2006.00625.x
https://doi.org/10.1111/j.1600-0838.2006.00625.x
http://orcid.org/0000-0001-8163-693X
http://orcid.org/0000-0002-0997-4878
http://orcid.org/0000-0003-0298-2186
http://orcid.org/0000-0002-6858-4837
http://orcid.org/0000-0002-7751-6959

	Is Motorized Treadmill Running Biomechanically Comparable to Overground Running? A Systematic Review and Meta-Analysis of Cross-Over Studies
	Abstract
	Background 
	Objective 
	Methods 
	Results 
	Conclusions 

	1 Introduction
	2 Methods
	2.1 Registry of Systematic Review Protocol
	2.2 Information Sources
	2.3 Eligibility Criteria
	2.4 Search Strategy
	2.5 Study Selection
	2.6 Data Collection Process
	2.7 Risk of Bias Assessment
	2.8 Statistical Analysis
	2.9 Publication Bias

	3 Results
	3.1 Search Results
	3.2 Study Characteristics
	3.3 Risk of Bias Assessment
	3.4 Spatiotemporal Outcome Measures
	3.5 Ankle and Foot Kinematic Outcome Measures
	3.6 Knee Kinematic Outcome Measures
	3.7 Hip and Pelvic Kinematic Outcome Measures
	3.8 Kinetic Outcome Measures
	3.9 Electromyography Outcome Measures
	3.10 Muscle–Tendon Unit and Bone Outcome Measures

	4 Discussion
	4.1 Spatiotemporal Outcome Measures
	4.2 Kinematic Outcome Measures
	4.3 Kinetic Outcome Measures
	4.4 Electromyographic Outcome Measures
	4.5 Implications for Training, Research and Clinical Practice

	5 Limitations and Future Directions
	6 Conclusion
	References


