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Abstract

Background Treadmills are routinely used to assess running performance and training parameters related to physiological or
perceived effort. These measurements are presumed to replicate overground running but there has been no systematic review
comparing performance, physiology and perceived effort between treadmill and overground running.

Objective The objective of this systematic review was to compare physiological, perceptual and performance measures
between treadmill and overground running in healthy adults.

Methods AMED (Allied and Contemporary Medicine), CINAHL (Cumulative Index to Nursing and Allied Health),
EMBASE, MEDLINE, SCOPUS, SPORTDiscus and Web of Science databases were searched from inception until May
2018. Included studies used a crossover study design to compare physiological (oxygen uptake [VO,], heart rate [HR],
blood lactate concentration [La]), perceptual (rating of perceived exertion [RPE] and preferred speed) or running endurance
and sprint performance (i.e. time trial duration or sprint speed) outcomes between treadmill (motorised or non-motorised)
and overground running. Physiological outcomes were considered across submaximal, near-maximal and maximal run-
ning intensity subgroups. Meta-analyses were used to determine mean difference (MD) or standardised MD (SMD) + 95%
confidence intervals.

Results Thirty-four studies were included. Twelve studies used a 1% grade for the treadmill condition and three used grades
> 1%. Similar VO, but lower La occurred during submaximal motorised treadmill running at 0% (VO, MD: —0.55 =+ 0.93 mL/
kg/min; La MD: —1.26 + 0.71 mmol/L) and 1% (VO, MD: 0.37 + 1.12 mL/kg/min; La MD: —0.52 +0.50 mmol/L) grade
than during overground running. HR and RPE during motorised treadmill running were higher at faster submaximal speeds
and lower at slower submaximal speeds than during overground running. VO, (MD: — 1.25 +2.09 mL/kg/min) and La (MD:
—0.54+0.63 mmol/L) tended to be lower, but HR (MD: 0+ 1 bpm), and RPE (MD: —0.4 + 2.0 units [6-20 scale]) were simi-
lar during near-maximal motorised treadmill running to during overground running. Maximal motorised treadmill running
caused similar VO, (MD: 0.78 + 1.55 mL/kg/min) and HR (MD: — 1 +2 bpm) to overground running. Endurance performance
was poorer (SMD: —0.50+0.36) on a motorised treadmill than overground but sprint performance varied considerably and
was not significantly different (MD: — 1.4 +5.8 km/h).

Conclusions Some, but not all, variables differ between treadmill and overground running, and may be dependent on the
running speed at which they are assessed.

Protocol registration CRD42017074640 (PROSPERO International Prospective Register of Systematic Reviews).

1 Introduction

Electronic supplementary material The online version of this
article (https://doi.org/10.1007/s40279-019-01087-9) contains
supplementary material, which is available to authorized users.

>4 Joel T. Fuller
joel.fuller@mg.edu.au

Extended author information available on the last page of the article

Motorised treadmills are widely used by clinicians, research-
ers and athletes to approximate overground running for
diagnosis and rehabilitation of injuries, training, athletic
performance testing and research purposes [1-3]. Non-
motorised treadmills have also been used for these pur-
poses, particularly when instantaneous changes in running
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During submaximal motorised treadmill running, oxy-
gen uptake (VO,), heart rate and perceived effort were

similar, but blood lactate concentration (La) was lower
and preferred running speeds were slower than during

overground running.

At near maximal running speeds, VO, and La were lower
during motorised treadmill running than during over-
ground running but there was no difference in VO, at
maximal running speed.

Endurance performance was poorer on a motorised
treadmill than overground but sprint performance varied
considerably.

speed are required [4], and anecdotal reports suggest they
are becoming a popular training device for runners [5]. The
main advantage of treadmills, compared with overground
running, is that they allow various physiological measures
to be captured within a limited and controlled space, greater
control over performance variables such as running velocity
and surface gradient, and greater control over environmen-
tal variables such as ambient temperature, wind speed and
relative humidity when compared with outdoor running [6].

Despite the widespread use of treadmills, there remain
concerns about whether treadmill running is a valid sur-
rogate of the physiological demands required during over-
ground running. Pugh [7] was the first to investigate this
issue and demonstrated a higher rate of oxygen uptake (VO,)
in one group of runners on an outdoor track compared with a
different group of runners on a motorised treadmill. Maksud
and colleagues [8] were the first to use a crossover study
design and found that minute ventilation was similar, but 1%
O, was generally higher, during overground compared with
motorised treadmill running. Both authors suggested that
the lack of air resistance during treadmill running was the
reason for the VOZ differences [7, 8]. However, subsequent
studies have reported conflicting findings, with some [9, 10]
finding no significant difference in VO, between the two
conditions and others [11, 12] reporting higher VO, during
motorised treadmill running than during overground running
at the same speed. Notably, Jones and Doust [2] found that
VO, could be matched between overground and motorised
treadmill conditions by adjusting the treadmill grade to 1%.
As a result, many researchers adjust the treadmill grade to
1% [12-16], despite not all studies supporting this practice
[5, 12]. Using a treadmill grade such as 1% might be particu-
larly important at faster running speeds, which tend to dem-
onstrate greater air resistance during overground running
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and hence larger VO2 differences between motorised tread-
mill and overground running than at slower speeds [8, 17].

While VO, is the most commonly compared variable
between treadmill and overground running, a range of other
variables have also been investigated. Physiological vari-
ables such as heart rate (HR) and blood lactate concentration
(La) have been investigated, with initial studies suggesting
mixed results for blood lactate [18] and minimal differences
for HR [8]. Studies investigating running performance have
produced conflicting results for maximal 100 m sprint speed
[6, 19] and poorer endurance performance (i.e. slower 5 km
and 1-h time trials) on a motorised treadmill compared with
overground running [16, 20]. Consistent with findings of
poorer endurance running performance, some studies have
reported that motorised treadmill running is perceived as
requiring greater effort than overground running [14] and
runners select slower running speeds on a motorised tread-
mill than overground when instructed to run at a fixed level
of perceived effort [21].

Despite a considerable amount of original research com-
paring physiological, perceptual and performance measures
between treadmill and overground running, there has been
no systematic review and synthesis of the current literature
on this topic. Such a review is important, considering the
widespread use of treadmills within research and clinical
settings and the apparent inconsistent findings of existing
literature. Additionally, the ability to more precisely apply
laboratory-based findings to overground conditions could be
beneficial to researchers, clinicians and athletes in the con-
text of running performance enhancement and rehabilitation.
A systematic review would also highlight best practices in
data collection procedures so that clinicians can maximise
generalisability between treadmill and overground testing.
As a result, the aim of this review was to compare physi-
ological, perceptual and performance measures between
treadmill and overground running conditions by reviewing
crossover studies that have compared these two conditions
in healthy adult participants.

2 Methods
2.1 Registration of Systematic Review Protocol

A systematic review of the literature was performed accord-
ing to the Cochrane Handbook for Systematic Reviews of
Interventions (version 5.1.0; http://handbook-5-1.cochrane.
org/) and following the checklist for the Preferred Reporting
Items for Systematic reviews and Meta-Analyses (PRISMA)
2015. The original protocol was prospectively registered
with the International Prospective Register of Systematic
Reviews (PROSPERO) in October 2017 and involved a
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larger systematic review project comparing overground and
treadmill running across a broader range of outcome meas-
ures (Registration number CRD42017074640). A revised
version of the review protocol was registered with Open Sci-
ence Framework in December 2018 [51] and published with
PROSPERO in January 2019 after the scope of the review
was narrowed to include only physiological, perceptual and
performance outcome measures.

2.2 Information Sources

The following bibliographic databases were searched from
inception to May 2018: AMED (Allied and Contemporary
Medicine), CINAHL (Cumulative Index to Nursing and
Allied Health), EMBASE, MEDLINE, SCOPUS, SPORT-
Discus and Web of Science. Database searches were sup-
plemented by forward citation tracking and manual reference
list searches of eligible studies. Search alerts were used to
monitor for new search results after the date of the initial
search (October 2017) until the completion of the review
(May 2018). Any relevant articles identified by these alerts
were assessed for eligibility by two reviewers (JRM and
JTF).

2.3 Eligibility Criteria

Eligibility criteria for the search strategy are shown in
Table 1. VOZ, HR, blood lactate, rating of perceived exertion
(RPE) and preferred running speed outcomes were consid-
ered submaximal (< 80% maximal VO, [VO,,,.] or La <4
mmol/L), near-maximal (>80% VO,,,,, or La >4 mmol/L)
or maximal (100% VO,,,,,) intensity. For studies that did
not report percentage VO, ... (%VO,,...), the estimated %V
0, Was calculated using the reported group mean VO,
and VO,,,,,., information provided by corresponding authors
of the included studies or qualitative comparison with other
studies involving similar speeds and participants of similar
running ability. For studies that compared outcomes between
treadmill and overground running in shod and barefoot con-
ditions, we included only data from the shod condition.

2.4 Search Strategy

The following search strategy was adapted for each database
and applied to the title, abstract and keyword search fields:

run* and treadmill and [over-ground or over ground
or overground or track or field or outdoor] and [rpe or
exertion or effort or perce* or psychophysic* or perfor-
mance* or time* or distance* or speed* or accelerat™®
or endurance or economy or efficiency or energy or
oxygen or vo2 or aerobic or cardiovascular or heart
or hr or lactic or lactate or biomechanic* or motion or

Table 1 Eligibility criteria

Criterion Description

Type of participant Healthy adults (aged > 18 years), males and

females

Type of condition Motorised and non-motorised treadmill

Type of comparison  Overground (indoors and outdoors)

Type of outcomes Physiological measures: oxygen uptake, heart
rate and blood lactate concentration

Perceptual measures: rating of perceived exer-
tion; preferred running speed

Performance measures: time trial; maximal

sprint speed, maximal aerobic speed
Type of study Crossover studies
Publication status Peer-reviewed journal

Publication language English

camera* or kinematic* or kinetic* or force* or analy-
sis* or 3d or three-dimension* or three dimension* or
grf or work or torque* or moment* or impulse or emg
or electromyography or muscle* or stride* or step* or
pelvis or hip* or knee* or ankle* or thigh* or shank*
or leg* or foot*]

Free-text terms were chosen based on pilot searches that
achieved an appropriate balance between search sensitivity
and precision without the use of controlled vocabulary (e.g.
MeSH [Medical Subject Headings]). Searches were limited
to English-language articles only, but no limits were placed
on publication date. Biomechanical search terms were used
because the search was part of a larger systematic review
project comparing overground and treadmill running across
arange of outcome measures.

2.5 Study Selection

Study eligibility assessments were completed independently
by two reviewers (JRM and JTF). Records were downloaded
into Endnote (version X8.2, Clarivate Analytics, Philadel-
phia, PA, USA) and duplicates were removed before being
screened by title and abstract. The full texts of the remain-
ing records were then retrieved and assessed for eligibility.
Any discrepancies throughout the study selection process
were settled through consultation with all reviewers until a
consensus decision was reached.

2.6 Data Collection Process

Data extraction was performed independently by three
reviewers (JRM, JTF and BvH) using a standardised form.
The data were then merged by two authors (JRM and JTF)
and any discrepancies were settled through consultation with
all authors. The data extracted from each study included
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(1) publication details; (2) participant characteristics; (3)
study design; (4) experimental conditions; (5) randomisa-
tion method; (6) outcome measures; (7) attrition; (8) statis-
tical analysis; (9) mechanism for controlling environmen-
tal conditions; and (10) running intensity. If insufficient
information was reported, the corresponding authors of the
included studies were contacted by e-mail to obtain missing
information.

2.7 Risk of Bias Assessment

This review used a modified version of the Cochrane Col-
laboration tool for risk of bias assessment [22]. Modifica-
tions included removal of the performance bias criterion
and addition of statistical bias, environmental bias and
intensity bias criteria. The performance bias criterion was
removed because it was considered impossible to success-
fully blind participants and personnel to running conditions.
Statistical bias related to whether the included studies used
appropriate statistical analysis for paired data [23]. Envi-
ronmental bias was a qualitative assessment of how effec-
tively temperature, humidity, wind and surface gradient
were matched between overground and treadmill running
conditions. Studies performed outdoors were considered to
have a high risk of environmental bias. Intensity bias was
a qualitative assessment of how effectively running speed,
distance and duration were matched between overground
and treadmill running conditions. Risk of bias assessment
was performed independently by three reviewers (JRM, JTF
and RWW) and any discrepancies were settled through con-
sultation with all authors.

2.8 Statistical Considerations

Random-effects meta-analyses were performed using the
Metafor statistical package in R software (version 3.4.3,
R Foundation for Statistical Computing). A separate
random-effects meta-analysis was performed for each
individual review outcome. Subgroup analyses were per-
formed based on treadmill grade and whether the treadmill
was motorised or not, and meta-regression was performed
using running speed as a continuous predictor variable.
Individual study effects were weighted using the inverse
variance method. If studies reported a mean difference
(MD) and exact p-value without reporting the variance of
the MD, we calculated the variance based on the equiva-
lent T-statistic. Where sufficient information was avail-
able, the correlation between treadmill and overground
running measurements was also estimated. The lowest cor-
relation coefficient for each review outcome measure was
then used to estimate the variance of the MD for studies
that did not report sufficient information. A correlation

A\ Adis

coefficient of 0.50 was used when no correlation estimates
were available for a specific review outcome. This process
has been described in detail previously [24] and ensured
that the maximum number of studies was included in each
meta-analysis.

Multiple study effect sizes and variances were included
for studies investigating multiple treadmill grades. The study
sample was divided amongst the effects to avoid double
counting of individuals from the same study. For studies that
compared outcomes between treadmill and overground run-
ning at multiple running speeds and using multiple running
surfaces or treadmill models, we included a single effect
size and variance to avoid double counting individuals from
those studies in the meta-analysis. The included effect size
and variance represented the mean value across the different
speeds, surfaces or treadmill models that were compared
within the study.

Raw MDs were used for meta-analyses when the included
studies reported results for review outcomes using the same
measurement scale. Standardised MDs (SMDs) were cal-
culated for review outcomes when the included studies
reported results for review outcome using difference meas-
urement scales (i.e. 620 vs. 0—10 perceived exertion scales
or 5 km vs. 10 km vs. 1-h time trials). Raw MDs were con-
verted to SMDs by dividing by the pooled between-subject
standard deviation using the Cohen’s d, ., method with
Hedges’ correction [25]. If the between-subject standard
deviation was not reported, the MD was converted to a SMD
by dividing by the pooled between-subject standard devia-
tion from all other included studies that reported the same
outcome measure. SMDs 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) [26].

The Cochran’s Q and I? statistics were used to investi-
gate the presence of statistical heterogeneity within each
meta-analysis. Statistical heterogeneity was considered
low (I> <25%), moderate (I* 25-49%) and high (I> > 50%)
[27]. Publication bias was not assessed because there was
only a small number of studies included in each meta-
analysis and there was no reason to expect that studies
finding no difference between treadmill and overground
would be less likely to be published than studies reporting
a statistically significant difference. The overall quality of
the evidence synthesis was rated high, moderate, low or
very low using the Grading of Recommendations Assess-
ment, Development and Evaluation (GRADE) system [28].
The quality rating was downgraded one level from high for
each of the following limitations: total sample size < 100
participants (imprecision); high statistical heterogeneity
(inconsistency); and more than 50% of studies in meta-
analysis had more than one risk of bias item assessed to
be high risk.
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3 Results
3.1 Search Results

Database searching identified 1138 records after duplicates
were removed. An additional eight records were identified
through forward citation searching and manual checking of
the reference lists of included articles. A summary of the
search results and reasons for exclusion are shown in Fig. 1.
Thirty-four studies were included in this review and are sum-
marised in Table 2. Non-motorised treadmill running was
considered in only three of the 34 included studies [5, 14,
29]. This small number of studies was considered insuffi-
cient for undertaking a systematic review. Results of these
studies are summarised in Appendix S1 of the Electronic
Supplementary Material (ESM).

3.2 Participants

This review contained a total of 468 total participants (350
males, 102 females, 16 not specified). Of the 34 studies
included in the review, 23 studies [1, 2, 6, 8-10, 14, 16-19,
21, 29, 30, 32, 34, 35, 37, 38, 40-43] included only male
participants, two studies [12, 36] did not specify partici-
pant sex, and nine studies [5, 11, 13, 15, 20, 31, 33, 39, 44]
included a mix of male and female participants. Twenty-one
studies recruited only runners and typically described the
runners in their studies as ‘trained’, ‘distance’ or ‘recrea-
tional’ runners. The remaining 13 studies included healthy
individuals, non-runners or athletes from other sporting

backgrounds. Only one study [29] reported recruiting par-
ticipants with previous treadmill running experience. Seven
studies [13, 15-17, 20, 39, 43] reported the minimum or
mean weekly running distance of participants. Hanson and
colleagues [13] recruited participants with the lowest weekly
running distance (range: 16—40 km per week). Aubry and
colleagues [17] reported the highest weekly running distance
(mean: 120 + 32 km per week). Ten studies [2, 5, 9, 10, 13,
17,30, 38, 41, 44] reported the VOZmaX of participants at the
time of enrolment. Hanson and colleagues [13] recruited
participants with the lowest VO, values (mean [males]:
48.0 +3.6 mL/kg/min; mean [females]: 44.4 +9.2 mL/kg/
min). White et al. [44] recruited participants with the highest
VO, values (mean [males]: 72.7 + 1.1 mL/kg/min; mean
[females]: 64.0 + 3.3 mL/kg/min).

3.3 Conditions

Of the 34 studies, 12 studies used a 1% grade for the tread-
mill condition [2, 5, 12-16, 18, 31, 38, 39, 42] and three
used grades > 1% [2, 30, 41]. The remaining studies either
stated that no treadmill grade was set or did not mention
treadmill grade. Nine studies [5, 8, 11, 13, 14, 33, 38-40]
included overground running trials indoors on synthetic,
wooden or unspecified surfaces (Table 2). For the 26 stud-
ies that included overground trials outdoors, 14 studies [1,
2,6,16,18,19,29-32, 34, 35, 39, 41] specified the running
surface and the remaining 12 studies [9, 10, 12, 15, 17, 20,
21, 36, 37, 42-44] were described as ‘track’, ‘athletic track’
or ‘outdoors’ (Table 2).

8 additional studies identified through
pearling of reference lists

4546 records identified through database
searching

1138 records screened after duplicates
removed

1033 records excluded by title and abstract

105 full-text articles assessed for eligibility

79 studies excluded by eligibility criteria

Type of study design (n=28)

34 studies included in qualitative synthesis

Type of study population (n=12)
Type of study conditions (n=5)

6 studies not included in meta-analysis

Case series only (n=3)

Type of outcome measure (n=5)
Other (n=29)

No common outcomes used (n=2)
Only used speeds >80% maximal oxygen

28 studies included in meta-analysis

uptake (n=1)

Fig. 1 Literature search flow chart. » number of studies
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Table2 Summary of included studies

Study

Year n (M/F) Runners Treadmill (grade)

Overground (surface)

Workload

MT vs. overground

Aubry et al. [17]
Bassett et al. [30]
Bidder et al. [31]

Bonen et al. [32]

Bowtell et al. [33]
Brookes et al. [34]

Cappacetal. [1]

Ceci and Hassmén
[21]
Chu et al. [35]

Dal Monte et al. [36]
Edwards et al. [5]

Frishberg [19]
Hanson et al. [13]
Harte and Eifert [37]
Heck et al. [18]

Heesch and Slivka
[38]
Jones and Doust [2]

LaCaille et al. [39]
Maksud et al. [8]

McMiken and Dan-
iels [9]
McMurray et al. [10]

Meyer et al. [40]
Mooses et al. [12]

Morin and Séve [6]

Olivier and Scott.
[41]

Panasci et al. [42]

Peserico and
Machado [16]

Ramsbottom et al.
[20]

Ramsbottom et al.
[43]

2018

1985

2017

1974

2009

1971

2014
1991

2010

1974
2017

1983
2011
1995
1985
2015

1996

2004

1971

1976

1988

2003

2015

2011

1993

2017

2014

1992

1992

24/0

7/0

7/13

2/0

6/5

3/0

14/0
11/0

26/0

3ﬂ
117

5/0
5/5
10/0
6/0
10/0

9/0

22/38

15/0

8/0

8/0

18/0

13*

11/0

11/0

15/0

18/0

6/6

6/0

Yes

No

No
Yes

Yes

No

Yes

Yes

Yes

Yes

No

Yes

Yes

Yes

No

Yes

Yes

Yes

No
Yes

Yes

Yes

Yes

MT (0%)

MT (0%, 5.7%)
MT (0%, 1%)
MT (0%)

MT (0%)

MT (0%)

MT (0%)
MT (0%)

MT (0%)
MT (0%)

MT (1%), NMT
(unclear)

MT (0%)
MT (1%)
MT (0%)
MT (1%)
MT (1%)

MT (0%, 1%, 2%,
3%)

MT (1%)
MT (0%)
MT (0%)
MT (0%)
MT (0.5%)
MT (1%)
MT (0%)
MT (3.8-7.5%)
MT (1%)
MT (1%)
MT (0%)

MT (0%)

Outdoor (track)

Outdoor (track 0%;
road 5.7%)

Outdoor (tarmac;
grass)

Outdoor (cement;
sidewalk; tartan;
cinder)

Indoor (hard-floor)
Outdoor (road)

Outdoor (grass)
Outdoor (track)

Outdoor (rubber)

Outdoor (track)

Indoor (wooden)

Outdoor (artificial)
Indoor (track)
Outdoor (unclear)
Outdoor (rekortan)

Indoor (rubber)

Outdoor (road)

Indoor (track); out-
door (road)

Indoor (track)
Outdoor (track)
Outdoor (track)
Indoor (tartan)

Outdoor (track)

Outdoor (tartan)

Outdoor (road
3.8-7.5%)

Outdoor (track)

Outdoor (woodland
trail)

Outdoor (track)

Outdoor (track)

2-4 min; 11, 12, 14,
16, 18 km/h

950 m; 8.4—
16.8 km/h

4 min; 8 km/h

10 min; 10 km/h

10 s sprint

9.6, 12.9, 16.1,
19.3 km/h

Maximal GET

3 min; RPE 11, 13,
15

20 min; self-selected
speed
15, 18, 20 km/h

6 min; 9, 10.5, 12,
13.5, 15, 16.5 km/h

91 m sprint
6 min; 70% VO,
30 min; 15-18 km/h

3 min; 9.4, 10.8,
12.2,13.7,
15.1 km/h

10 km time trial

6 min; 10.5, 12.0,
13.5, 15.0, 16.5,
18 km/h

5 km time trial

2 min; 11.2, 16.1,
19.3 km/h

6 min; 10.8, 12.6,
15.5 km/h

16 km; 70% VO,

Maximal GET

3 min; 16 km/h
(> 85% VOZmax);
maximal GET

100 m sprint
20 min; 70% VO,

15 x 30/30 s HIIT;
MAS
1 h time trial

5 km time trial

5 km time trial

VO, (1)

VO, (<)
VO, (1)

VO, (<)
Velocity (1)
HR, VO, (<)

MAS (1)
HR, La, velocity ()

HR (1)

VO, (<)
HR, RPE VO, (<>)

Velocity (<)

HR, VO,, RPE(<>)
RPE (1)

La (condition X speed)

Time (|), HR, RPE
(<)

HR, VO, (condi-
tion X grade)

RPE, time (1)
HR, VO, (<)
VO, (<)

HR, RPE, VO, (<>),
La(l)

HRmax (l)v VOZmax (H)

HR (<),VO, (1), V
02max (H)

Time (1), velocity (|)
HR, V02 (<>), RPE (1)

HR (<), RPE, VO, (})

HR, velocity (]),
HR . ()

Time (1)

Time (1)
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Table 2 (continued)

Overground (surface) Workload MT vs. overground

Study Year n (M/F) Runners Treadmill (grade)
Stevens et al. [29] 2015 10/0 Yes NMT (curve)
Turner and Stevinson 2017 14/8 Yes MT (1%)

[15]
Wee et al. [14] 2016 10/0 Yes MT, NMT (1%)
White et al. [44] 1998 12/6 Yes MT (0%)
Yngve et al. [11] 2003 14/14 No MT (0%)

Outdoor (tartan) 5 km time trial N/A (NMT results

only)
RPE (<)

Outdoor (track) 3 km; “steady pace”

Indoor (mondo track) 1000 m; 12, 14, HR, La, V02 (<),
16 km/h, maximum RPE (1)
Outdoor (track) 60 min; 75% VO,,,,, HR (1), La (condi-
tion X sex)
Indoor (gym) 5 min; “comfortable HR (<), V02 ()

pace”

F female, GET graded exercise test, HIIT high-intensity interval training, HR heart rate, HR,

maximum heart rate, La blood lactate concen-

max

tration, M male, MAS maximal aerobic speed, MT motorised treadmill, n sample size, N/A not applicable, NMT non-motorised treadmill, RPE
rating of perceived exertion, VO, oxygen uptake, VO,,,,. maximal oxygen uptake, <> indicates no statistically significant difference between
treadmill and overground running, 1 indicates statistically significant increase during treadmill compared to overground running, | indicates sta-
tistically significant decrease during treadmill compared with overground running

*Participant sex unclear

3.4 Running Workload

Fourteen studies involved participants running at a fixed run-
ning speed [2, 5, 8,9, 12, 14, 17, 18, 30-32, 34, 36, 37], four
studies involved participants running at a fixed self-selected
pace [11, 15, 35] or RPE [21] and four studies involved par-
ticipants running at a fixed percentage of VO,,... (70-75%
VOz) [10, 13, 41, 44]. Six studies involved set distance or
duration time trials [16, 20, 29, 30, 38, 43], three studies
involved maximal effort sprint protocols [6, 19, 33] and two
studies involved maximal effort graded exercise tests [1, 40].
One study involved repeated high-intensity running bouts
[42].

3.5 Risk of Bias

All eligible studies used a crossover design. Sixteen stud-
ies [1, 10-12, 14, 16, 17, 19, 20, 30, 32-34, 36, 41, 43]
were at high risk of an order effect, reporting a fixed starting
condition or not reporting any randomisation. Only three
studies [13, 15, 44] were classified as low risk, providing
sufficient information regarding method of randomisation.
All other studies were classified as unclear risk because they
did not provide sufficient information regarding method of
randomisation. No studies provided information regarding
allocation concealment. No studies referred to publicly avail-
able study protocols, so it was unclear whether results were
affected by selective reporting. Only three studies [8, 14,
38] conducted all trials in the same testing area indoors and
were at low risk of environmental bias. Twenty-six studies
conducted their overground trials outdoors and were classi-
fied as having high risk of bias due to difficulties control-
ling wind speed, relative humidity and ambient tempera-
ture. The remaining five studies [5, 11, 13, 33, 40] either

did not provide sufficient information to determine whether
the overground condition took place indoors or outdoors or
did not report sufficient information regarding control of
indoor environmental conditions. Eight studies [2, 10, 14,
17,31, 39, 40, 42] did not provide sufficient information on
the number of participants assessed and included in analysis
and were at an unclear risk of attrition bias. Five studies [8,
15, 20, 30, 33] were at high risk of attrition bias, reporting
incomplete data for all subjects or reporting study dropouts
without sufficient reason. Five studies [15, 18, 19, 32, 36]
did not provide sufficient information regarding how they
controlled the speed for the overground trials and were clas-
sified as at unclear risk of intensity bias. Eight studies [17,
21, 30, 34, 37, 39, 41, 42] were at high risk of intensity bias
because they did not appropriately control running intensity
between conditions or due to discrepancies in the protocol
for each condition. There was a low risk of statistical bias in
25 studies and unclear risk in six studies [5, 6, 9, 11, 17, 42].
Risk of statistical bias was high in one study [33] because
the authors reported using a Mann—Whitney U test instead of
a Wilcoxon signed-rank test to compare paired data, and in
two other studies [34, 36] because no interferential statistics
were attempted due to sample size.

3.6 Oxygen Uptake
3.6.1 Submaximal Running

Pooled results indicated that submaximal motorised
treadmill running at 0% grade reduced VO, by 0.55 mL/
kg/min and 1% grade increased VO, by 0.37 mL/kg/
min (Fig. 2) compared with overground running. These
pooled differences were affected by high heterogene-
ity (> >75%) and were not significant at 0% (p = 0.251;
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n = 116; number of independent studies [k] = 9) or 1%
relative grade (p = 0.695; n = 48; k = 5). The GRADE
quality of evidence was low for the 0% and 1% subgroups
and moderate for the overall motorised treadmill pooled
results (Table 3). Motorised treadmill running speed was
not a significant moderator of the MD in submaximal V
O, (f=-0.03 mL/kg/min; 95% confidence interval [CI]
—0.52 t0 0.47; p = 0.914; Fig. 3).

One study investigating the effect of treadmill grades
ranging from 0% to 3% in nine runners indicated that 1%
grade resulted in the most closely matched VO, between
submaximal motorised treadmill and overground running
[2]. Three case series with only two to three runners or non-
runners concluded that VO, was similar during submaximal
overground and motorised treadmill running at 0% [32, 34,
36].

3.6.2 Maximal Running

Pooled results indicated that near-maximal (>80% VO,,,..)
motorised treadmill running at 0% grade significantly
reduced VO, by 3.12 mL/kg/min (p = 0.011; n = 44; k = 3)
compared with overground running but there was no sig-
nificant difference at 1% grade (p = 0.898; n = 45; k=5)
(Fig. 4). These pooled differences were affected by high het-
erogeneity (I* >87%). The GRADE quality of evidence was
low for the 0% and 1% subgroups and the overall motorised
treadmill pooled results (Table 3). Pooled results indicated
that maximal motorised treadmill running caused non-sig-
nificant 0.78 mL/kg/min increases in VO, compared with
overground running (p = 0.323; n = 29; k = 3) with moder-
ate heterogeneity (I* = 27%; Fig. 4) and moderate GRADE
quality of evidence (Table 3).

Author(s) and Year N Grade Speed MD [95% CI]
Bidder et al., 2017 [31] 10 0% 8.0 km/h I—-—v—l -3.42[-8.19, 1.35]
Yngve et al., 2003 [11] 28 0% 9.6 km/h - 0.50[0.02, 0.98]
Aubry et al., 2018 (recreational) [17] 13 0% 11.0 km/h - 0.50 [-0.91, 1.91]
Maksud et al., 1971 [8] 15 0% 11.2 km/h —— -0.97 [-3.01, 1.08]
Bassett et al., 1985 [30] 7 0% 12.6 km/h —_— -0.07 [-3.10, 2.96]
Jones & Doust, 1996 [2] 5 0%  12.8 km/h* - -2.12[-3.01, -1.24]
McMiken & Daniels, 1976 [9] 8 0%  13.0 km/h* — -0.30 [-2.73, 2.13]
Aubry et al., 2018 (elite) [17] 11 0% 14.0 km/h —— -3.50 [-6.58, -0.42]
McMurray et al., 1988 [10] 8 0% 14.1 km/h** —— -1.00 [-3.96, 1.96]
Olivier & Scott, 1993 [41] 11 0% 15.6 km/h** HH 0.86[0.07, 1.65]
Motorised Treadmill 0% Grade Subgroup 0 -0.55 [-1.48, 0.39]
Test for heterogeneity (Q = 39.53, df = 9, p = 0.000; 1= 75.9%)

Test for overall effect (Z =-1.15, p = 0.251)

Bidder et al., 2017 [31] 10 +1% 8.0 km/h n—-—.—| -2.85[-8.03, 2.33]
Edwards et al., 2017 (female) [5] 7 +1%  10.5 km/h* C—— 3.81[1.41, 6.20]
Hanson et al., 2012 [13] 10 +1% 10.7 km/h —a— -0.07 [-1.83, 1.69]
Edwards et al., 2017 (male) [5] 7 +1% 12 km/h* P 2.59 [-0.35, 5.52]
Jones & Doust, 1996 [2] 4 +1%  12.8 km/h* - 0.20 [-0.66, 1.06]
Wee et al., 2016 [14] 10 +1%  13.0 km/h* Al -1.95[-2.80, -1.10]
Motorised Treadmill 1% Grade Subgroup ’ 0.37 [-1.49, 2.23]
Test for heterogeneity (Q = 31.49, df = 5, p = 0.000; 1= 87.4%) :

Test for overall effect (Z =0.39, p = 0.695) .

All Motorised Treadmill Studies <> -0.28 [-1.12, 0.56]
Test for heterogeneity (Q = 73.27, df = 15, p = 0.000; 12 = 81.9%) :

Test for overall effect (Z =-0.64, p =0.519)

[ I | I |
-10 -5 0 5 10

Fig.2 Random-effects meta-analysis of submaximal oxygen uptake
during treadmill compared to overground running. Subgroup analysis
based on relative treadmill grade. *Mean submaximal running speed
used in study. **Running speed estimated from the Jones and Doust
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[2] study that involved runners of similar running ability. CI confi-
dence interval, df degrees of freedom, MD mean difference, N sample
size
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Table 3 Summary of motorised treadmill findings and quality of evidence synthesis
Outcome Summary of findings Quality of evidence synthesis (GRADE)
k n Effect (95% CI) Imprecision Inconsistency Risk of bias  Overall quality

Submaximal VO, (mL/kg/min)

0% grade 9 116 —0.55(—1.48t00.39) None -1 -1? Low

1% grade 5 48 0.37(-1.491t02.23) -1 -1 None Low

All studies 12 164 —0.28 (—1.121t00.56) None -1 None Moderate
Near-maximal VO, (mL/kg/min)

0% grade 44 -312(-512t0-0.72) -1 -1 None Low

1% grade 45  0.18 (—2.64 t0 3.01) -1 -1 None Low

All studies 89 —1.25(-3.341t00.85) -1 -1 None Low
Maximal VO, (mL/kg/min)

All studies 3 29  0.78 (=0.77 to 2.33) -1 None None Moderate
Submaximal HR (bpm)

0% grade 8 122 —-3(-12to6) None -1 None Moderate

1% grade 38 3(0to)) -1 None None Moderate

All studies 12 160 —-1(-6t05) None -1 None Moderate
Near-maximal HR (bpm)

0% grade 20 -3(-6to—-1) -1 None None Moderate

1% grade 5 45 0(-1to?2) -1 None None Moderate

All studies 65 0(-2tol) -1 -1 None Low
Maximal HR (bpm)

All studies 2 23 —-1(-3tol) -1 None None Moderate
Submaximal blood lactate (mmol/L)

0% grade 3 37 —-126(-197t0-0.56) -1 None -1 Low

1% grade 16 -052(-1.02t0-0.02) -1 None None Moderate

All studies 53 —-095(-150t0-0.40) -1 -1 None Low
Near-maximal blood lactate (mmol/L)

All studies 2 20 —=0.54 (-=1.17 t0 0.09) -1 None None Moderate
Submaximal RPE (SMD)

0% grade 4 55 0.19(=0.81to 1.18) -1 -1 -1 Very low

1% grade 4 56 0.10 (= 0.40 to 0.60) -1 -1 None Low

All studies 111 0.16 (—0.31t0 0.63) None -1 None Moderate
Near-maximal RPE (MD)

All studies 3 39 -0.44 (—-2.48 to 1.60) -1 -1 None Low
Sprint performance (km/h)

0% grade 16 —-3.5(-103t034) -1 -1 —1* Very low

All studies 3 27 —-14(-7.1t044) -1 -1 -1° Very low
Endurance performance (SMD)

0% grade 18 —-0.55(-0.82t0-0.29) -1 None -1° Low

1% grade 3 88 —0.39 (- 1.021t00.25) -1 -1 -1 Very low

All studies 106 —-0.50(—0.86t0 —0.14) None -1 -1? Low

CI confidence interval, GRADE Grading of Recommendations Assessment, Development and Evaluation, HR heart rate, kK number of independ-
ent studies, MD mean difference, n number of participants, RPE rating of perceived exertion, SMD standardised mean difference, VO, oxygen

uptake

#>50% of studies with > 1 risk of bias assessment item rated as high-risk
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Fig. 3 Random-effects meta-regression of submaximal oxygen uptake
(top left), heart rate (top right), blood lactate (bottom left) and rating
of perceived exertion (bottom right) during treadmill compared with
overground running based on running speed. Subgroup analysis based
on relative treadmill grade. Positive values indicate outcome measure
is higher for treadmill running. Larger datapoints received greater

3.7 HeartRate
3.7.1 Submaximal Running

Pooled results indicated that submaximal motorised tread-
mill running at 0% relative grade reduced HR by 3 bpm com-
pared with overground running (Fig. 5). This reduction was
not significant (p = 0.546; n = 122; k = 8) and was affected
by high heterogeneity (/> = 97%). Pooled results indicated
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weighting than smaller datapoints. Solid black datapoints indicate 0%
treadmill grade. Open grey datapoints indicate 1% treadmill grade.
Solid lines represent the estimated relationship and dashed lines rep-
resent the upper and lower limits of the 95% confidence interval. RPE
rating of perceived exertion

that submaximal motorised treadmill running at 1% relative
grade increased HR by 3 bpm compared with overground
running (Fig. 5). This increase was significant (p = 0.019;
n = 38; k = 4) but was affected by moderate heterogeneity
(> = 31%). The GRADE quality of evidence was moderate
for the overall motorised treadmill pooled results (Table 3).
Motorised treadmill running speed was a significant modera-
tor of the MD in submaximal HR (p = 3 bpm; 95% CI 1-5;
p =0.012; Fig. 3). HR was estimated to be similar between
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Author(s) and Year N Grade Speed MD [95% CI]
Aubry et al., 2018 (recreational) [17] 13 0% 14 km/h* —— -3.37 [-4.90, -1.84]
Aubry et al., 2018 (elite) [17] 11 0% 17 km/h* —— : -5.90 [-7.67, -4.13]
Jones & Doust, 1996 [2] 5 0%  17.2 km/h* —_— -3.50 [-5.27, -1.73]
Maksud et al., 1971 [8] 15 0%  17.7 km/h* [ | -0.14 [-0.30, 0.01]
Motorised Treadmill 0% Grade Subgroup i -3.12 [-5.52, -0.72]
Test for heterogeneity (Q = 69.80, df = 3, p = 0.000; 1= 93.6%)
Test for overall effect (Z =-2.55, p =0.011) .
Edwards et al., 2017 (female) [5] 7 +1%  14.3 km/h* »—-—4 2.19[-0.25, 4.63]
Edwards et al., 2017 (male) [5] 7 +1%  15.8 km/h* —_ 0.93 [-3.22, 5.08]
Wee et al., 2016 [14] 5 +1% 16 km/h — -3.12[-5.39, -0.86]
Mooses et al., 2015 [12] 7 +1% 16 km/h . —— 5.71[3.23, 8.18]
Jones & Doust, 1996 [2] 4 +1%  17.2 km/h* —— -0.95[-2.93, 1.03]
Panasci et al., 2017 [42] 15 +1% 18.6 km/h —_ -3.30 [-5.54, -1.06]
Motorised Treadmill 1% Grade Subgroup — 0.18 [-2.64, 3.01]
Test for heterogeneity (Q = 40.15, df = 5, p = 0.000; 1= 87.4%)
Test for overall effect (Z=0.13, p = 0.898)
All Motorised Treadmill Studies ——— -1.25 [-3.34, 0.85]
Test for heterogeneity (Q = 109.99, df = 9, p = 0.000; 2= 94.7%)
Test for overall effect (Z =-1.16, p = 0.244)
Meyer et al., 2003 [40] 18 +0.5% Max GET - 0.20 [-0.84, 1.24]
Mooses et al., 2015 [12] 6 +1% Max GET — 2.90[-0.34, 6.14]
Wee et al., 2016 [14] 5 +1% Max ———— 0.78 [-3.03, 4.59]
Motorised Treadmill Max effort Subgroup - 0.78 [-0.77, 2.33]
Test for heterogeneity (Q = 2.45, df = 2, p = 0.294; I? = 26.5%) g
Test for overall effect (Z=0.99, p = 0.323)
| | i | |
-10 -5 0 5 10

Fig.4 Random-effects meta-analysis of near-maximal (>80% V
0,00 and maximal oxygen uptake during treadmill compared with
overground running. Subgroup analysis based on relative treadmill

overground and motorised treadmill running at 13.6 km/h
for 0% grade and 10.8 km/h for 1% grade.

One study investigating the effect of treadmill grades
ranging from 0% to 3% in nine runners indicated that 1%
grade resulted in the most closely matched HR between sub-
maximal motorised treadmill and overground running [2].

3.7.2 Maximal Running

Pooled results indicated that near-maximal (>80% VO,,,..)
motorised treadmill running at 0% grade significantly
reduced HR by 3 bpm (p = 0.011; n = 20; k = 2) compared
with overground running but there was no significant differ-
ence at 1% grade (p = 0.633; n =45; k = 5) (Fig. 6). These
pooled differences were affected by no (I* = 0%) or moderate
(P = 47%) heterogeneity, respectively (Fig. 6). The GRADE
quality of evidence was moderate for the 0% and 1% sub-
groups and low for the overall motorised treadmill pooled

Treadmill Lower Treadmill Higher

Mean Difference (ml/kg/min)

grade. *Mean submaximal running speed used in study. CI confi-
dence interval, df degrees of freedom, GET graded exercise test, Max
maximum, MD mean difference, N sample size, VO,,,,, maximal oxy-
gen uptake

results (Table 3). Pooled results indicated no significant dif-
ference in HR between motorised treadmill and overground
running at maximal intensity (p = 0.518; n = 23; k = 2) with
low heterogeneity (I = 18%; Fig. 6) and moderate GRADE
quality of evidence (Table 3).

3.8 Lactate
3.8.1 Submaximal Running

Pooled results indicated that submaximal motorised tread-
mill running reduced La compared to overground running
by 1.26 and 0.52 mmol/L when the treadmill was set to 0%
and 1% relative grade, respectively (Fig. 7a). These differ-
ences were significant at 0% (p < 0.001; n = 37; k = 3) and
1% relative grade (p = 0.041; n = 16; k = 2). There was
no heterogeneity (I* = 0.0%) for the pooled estimate at 1%
treadmill grade and moderate heterogeneity (1> = 48%) for
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Author(s) and Year N Grade Speed MD [95% CI]
Ceci & Hassmen, 1991 [21] 11 0% 9.2 km/h* —— : -28.2 [-35.8, -20.6]
Yngve et al., 2003 [11] 28 0% 9.6 km/h Y -2.0[-4.5, 0.5]
Chu et al., 2010 [35] 26 0% 9.8 km/h —_— -12.3[-24.3, -0.3]
Maksud et al., 1971 [8] 15 0% 11.2 km/h by -3.3[-8.3, 1.7]
Jones & Doust, 1996 [2] 5 0%  12.8 km/h* - -3.5[-6.7, -0.3]
White et al., 1998 (female) [44] 6 0% 13.6 km/h : —— 21.1[13.5, 28.7]
McMurray et al., 1988 [10] 8 0% 14.1 km/h** —.— -8.0[-13.0, -3.0]
Olivier & Scott, 1993 [41] 11 0% 15.6 km/h** . -1.0[-5.1, 3.1]
White et al., 1998 (male) [44] 12 0% 16.9 km/h L 11.1[ 7.2, 15.0]
Motorised Treadmill 0% Grade Subgroup - -2.7 [-11.5, 6.1]
Test for heterogeneity (Q = 133.45, df = 8, p = 0.000; 1= 97.2%) :

Test for overall effect (Z =-0.60, p = 0.546)

Edwards et al., 2017 (female) [5] 7 +1%  10.5 km/h* - 1.3[-2.6, 5.1]
Hanson et al., 2011 [13] 10 +1% 10.7 km/h —-— 2.4[-3.3, 81]
Edwards et al., 2017 (male) [5] 7 +1% 12 km/h* - 46[ 1.0, 81]
Jones & Doust, 1996 [2] 4 +1%  12.8 km/h* —— 0.0[-3.7, 3.7]
Wee et al., 2016 [14] 10 +1%  13.0 km/h* [—— 6.6[ 1.3, 11.9]
Motorised Treadmill 1% Grade Subgroup fo 2.7[0.4, 5.0]
Test for heterogeneity (Q = 5.67, df = 4, p = 0.225; 1= 30.7%) .

Test for overall effect (Z =2.34, p=0.019)

All Motorised Treadmill Studies ’ -0.6 [-6.2, 5.0]
Test for heterogeneity (Q = 150.25, df = 13, p = 0.000; 1= 95.8%) :

Test for overall effect (Z =-0.20, p = 0.838) :

| | i | |
-40.0 -20.0 0.0 20.0 40.0

Fig.5 Random-effects meta-analysis of submaximal heart rate dur-
ing treadmill compared with overground running. Subgroup analysis
based on relative treadmill grade. *Mean submaximal running speed

pooled results at 0% treadmill grade. The GRADE quality of
evidence was moderate for the 1% grade subgroup and low
for the 0% grade subgroup and overall motorised treadmill
pooled results (Table 3). Motorised treadmill running speed
was not a significant moderator of the MD in submaximal La
(# = 0.00 mmol/L; 95% CI —0.25 to 0.24; p = 0.970; Fig. 3).

3.8.2 Maximal Running

Pooled results indicated that near-maximal (>80% VO,,,,.)
motorised treadmill running reduced blood lactate by 0.54
mmol/L compared with overground running (Fig. 7b). This
difference was not significant (p = 0.092; n = 20; k = 2),
was affected by low heterogeneity (I* = 0%) and provided
moderate GRADE quality of evidence (Table 3).
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used in study. **Running speed estimated from the Jones and Doust
[2] study that involved runners of similar ability. CI confidence inter-
val, df degrees of freedom, MD mean difference, N sample size

3.9 Rating of Perceived Exertion
3.9.1 Submaximal Running

Pooled results indicated that submaximal motorised tread-
mill running caused a small, non-significant increase in RPE
compared with overground running when the treadmill was
set to 0% (p = 0.714; n = 55; k = 4) and a trivial non-sig-
nificant increase for 1% relative grade (p = 0.702; n = 56;
k = 4) (Fig. 8a). Both pooled results were affected by high
heterogeneity (I* > 77%). The GRADE quality of evidence
was low for the 1% grade subgroup and very low for the
0% grade subgroup and overall motorised treadmill pooled
results (Table 3). Motorised treadmill running speed was a
significant moderator of the MD in submaximal RPE (SMD
p =0.37;95% CI10.21-0.53; p < 0.001; Fig. 3). RPE was
estimated to be equal between overground and motorised
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Author(s) and Year N Grade Speed MD [95% CI]
Jones & Doust, 1996 [2] 5 0%  17.2 km/h* —_ -4.0 [-7.0,-1.0]
Maksud et al., 1971 [8] 15 0%  17.7 km/h* —— -1.7[-6.5, 3.2
Motorised Treadmill 0% Grade Subgroup —~~— -3.3[-5.9, -0.8]
Test for heterogeneity (Q = 0.64, df = 1, p = 0.425; 12 = 0.0%)

Test for overall effect (Z =-2.56, p = 0.011) .

Edwards et al., 2017 (female) [5] 7 +1%  14.3 km/h* —_—y 1.2[-2.3, 4.7]
Edwards et al., 2017 (male) [5] 7 +1%  15.8 km/h* I 1.3[-1.2, 3.8]
Wee et al., 2016 [14] 5 +1% 16 km/h —_— 4.6 [-1.3, 10.5]
Mooses et al., 2015 [12] 7 +1% 16 km/h —_—— 2.0[-1.2, 5.2]
Jones & Doust, 1996 [2] 4 +1%  17.2 km/h* —_— -1.0[-4.3, 2.3]
Panasci et al., 2017 [42] 15 +1% 18.6 km/h —— -2.0[-3.9,-0.1]
Motorised Treadmill 1% Grade Subgroup ’: 0.4[-1.3, 2.1]
Test for heterogeneity (Q = 9.75, df = 5, p = 0.083; 1= 46.7%)

Test for overall effect (Z=0.48, p = 0.633) :

All Motorised Treadmill Studies - -0.4[-1.7, 0.9]
Test for heterogeneity (Q = 17.23, df = 9, p = 0.045; I? = 54.7%) :

Test for overall effect (Z =-0.56, p = 0.574) :

Meyer et al., 2003 [40] 18 +0.5% Max GET - -1.0[-1.8,-0.2]
Wee et al., 2016 [14] 5 +1% Max —_— 2.3[-3.5, 8.1]
Motorised Treadmill Max effort Subgroup ‘ -0.7 [-2.6, 1.3]
Test for heterogeneity (Q = 1.22, df = 1, p = 0.269; 1= 18.3%) .

Test for overall effect (Z =-0.65, p = 0.518)

| | i | | |
-10.0 -5.0 0.0 50 100 15.0

Fig.6 Random-effects meta-analysis of near-maximal (>80% V
O,na) and maximal heart rate during treadmill compared with over-
ground running. Subgroup analysis based on relative treadmill grade.

treadmill running at 13.8 km/h for 0% grade and 11.0 km/h
for 1% grade.

3.9.2 Maximal Running

Pooled results indicated that RPE during near-maximal
(>80% VO,,,,,) motorised treadmill running at 1% grade
was not significantly different from overground (p = 0.672;
n = 39; k = 3) (Fig. 8b). This pooled result was affected by
large heterogeneity (12 = 95%) and provided low GRADE
quality of evidence (Table 3).

RPE during a 5 km time trial on a treadmill with 1%
grade was significantly greater than overground running
indoors (SMD = 0.42) or outdoors (SMD = 0.76) [39].

3.10 Submaximal Velocity

One study compared the submaximal running speeds
selected by runners when they were asked to run at three

Treadmill Lower Treadmill Higher

Mean Difference (bpm)

*Mean submaximal running speed used in study. CI confidence inter-
val, df degrees of freedom, GET graded exercise test, MD mean dif-
ference, N sample size, VO,,,,, maximal oxygen uptake

different fixed perceived levels of effort on a motorised
treadmill and overground [21]. The runners chose signifi-
cantly slower running speeds when running on the motorised
treadmill than overground (MD 3.2-5.9 km/h across speeds)
[21].

3.11 Endurance Performance
3.11.1 Pooled Results

Pooled results indicated that performing endurance time trial
testing on a treadmill with 0% relative grade was associated
with small, significant decreases in 5 km performance (i.e.
increased time taken to run a 5 km distance) when compared
with overground (p < 0.001; n = 18; k = 2) (Fig. 9a). This
difference was equivalent to ~40 s over 5 km. This result
was not affected by any heterogeneity (/> = 0.0%) and pro-
vided low GRADE quality of evidence (Table 3). Pooled
results indicated that performing endurance testing on a
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a Blood lactate concentration (submaximal speeds)

Author(s) and Year N Grade Speed MD [95% CI]
Ceci et al., 1991 [21] 11 0% 9.2 km/h* —_— -1.14 [-2.30, 0.02]
White et al., 1998 [44] 6 (female) 0% 13.6 km/h —_ -0.73 [-1.94, 0.48]
McMurray et al., 1988 [10] 8 0% 14.1 km/h** e : -2.30[-3.32, -1.28]
White et al., 1998 [44] 12 (male) 0% 16.9 km/h —— -0.88 [-1.64, -0.13]
Motorised Treadmill 0% Grade Subgroup - -1.26 [-1.97, -0.56]
Test for heterogeneity (Q = 5.72, df = 3, p = 0.126; 1= 47.9%)
Test for overall effect (Z =-3.52, p = 0.000)
Heck et al., 1985 [18] 6 +1%  10.1 km/h* —_—y -0.12[-1.29, 1.05]
Wee et al., 2016 [14] 10 +1% 13 km/h* —— -0.61 [-1.16, -0.06]
Motorised Treadmill 1% Grade Subgroup ‘ -0.52 [-1.02, -0.02]
Test for heterogeneity (Q = 0.55, df = 1, p = 0.460; 12 = 0.0%) :
Test for overall effect (Z = -2.04, p = 0.041)
All Motorised Treadmill Studies P -0.95 [-1.50, -0.40]
Test for heterogeneity (Q = 10.26, df = 5, p = 0.068; 1= 52.9%)
Test for overall effect (Z =-3.38, p = 0.001)

[ | I [ [ I |

-4 -3 -2 -1 0 1 2

b Blood lactate concentration (near-maximal speeds)

Treadmill Lower Treadmill Higher

Blood Lactate (mmol/l)

Author(s) and Year N Grade Speed MD [95% CI]
Heck et al., 1985 [18] 10 +1%  14.4 km/h* n—-—.—| -0.57 [-1.60, 0.45]
Wee et al., 2016 [14] 10 +1% 16 km/h —— -0.52 [-1.32, 0.27]
All Motorised Treadmill Studies -0.54 [-1.17, 0.09]

Test for heterogeneity (Q = 0.01, df =1, p = 0.940; 1= 0.0%)
Test for overall effect (Z =-1.69, p = 0.092)

Fig.7 Random-effects meta-analysis comparing blood lactate during
treadmill and overground running at submaximal (a) and near-max-
imal (>80% VO,,,,,) (b) running intensity. Subgroup analysis based
on relative treadmill grade. *Mean submaximal running speed used

treadmill with 1% relative grade was associated with small,
non-significant decreases in performance (i.e. increased time
taken to complete a 5-10 km set distance or decreased dis-
tance covered in a 1 h trial) when compared with overground
(p =0.234; n = 88; k = 3) (Fig. 9a). This result was affected
by large heterogeneity (> = 96%) and provided very low
GRADE quality of evidence (Table 3).

Results from one study indicated that maximal aerobic
speed determined on a treadmill was 2.0 km/h (95% CI
1.3-2.7) faster than testing on an overground track [1].
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-1 0 1 2
Treadmill Lower Treadmill Higher

Blood Lactate (mmol/l)

in study. **Running speed estimated from the Jones and Doust [2]
study that involved runners of similar ability. CI confidence interval,
df degrees of freedom, MD mean difference, N sample size, VO,
maximal oxygen uptake

3.12 Sprint Performance
3.12.1 Pooled Results

Sprint performance results varied considerably across stud-
ies (Fig. 9b). Of the three studies identified, one indicated
no difference in 91 m sprint maximum speed amongst five
runners (MD: 0.0 km/h) [19], one indicated a 7.0 km/h
reduction in 100 m sprint maximum speed amongst non-
runners [6] and one indicated a 3.0 km/h increase in 10 s
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a Rating of Perceived Exertion (submaximal speeds)

Test for heterogeneity (Q = 38.14, df = 8, p = 0.000; 1= 82.1%)

Author(s) and Year N Grade Intensity SMD [95% CIl]
Chu et al., 2010 [35] 26 0% 9.8 km/h »—-—4 -1.00 [-2.12, 0.11]
McMurray et al., 1988 [10] 8 0% 14.1 km/h** —e— -0.36 [-1.14, 0.42]
Olivier & Scott, 1993 [41] 11 0% 15.6 km/h** . 0.46 [-0.14, 1.07]
Harte & Eifert, 1995 [37] 10 0% 16.5 km : — 1.39[0.77, 2.01]
Motorised Treadmill 0% Grade Subgroup —i— 0.19 [-0.81, 1.18]
Test for heterogeneity (Q = 19.47, df = 3, p = 0.000; 1= 86.0%) :

Test for overall effect (Z=0.37, p=0.714) :

Turner & Stevinson, 2017 [15] 22 +1% 10.0 km/h*** »—-—| -0.56 [-1.03, -0.08]
Edwards et al., 2017 (female) [5] 7 +1% 10.5 km/h* i 0.02 [-0.31, 0.35]
Hanson et al., 2011 [13] 10 +1% 10.7 km/h —_— 0.00 [-1.10, 1.10]
Edwards et al., 2017 (male) [5] 7 +1% 12 km/h* ——— 0.11[-0.37, 0.60]
Wee et al., 2016 [14] 10 +1% 13.0 km/h* Do 1.01[0.36, 1.66]
Motorised Treadmill 1% Grade Subgroup ’: 0.10 [-0.40, 0.60]
Test for heterogeneity (Q = 14.82, df = 4, p = 0.005; 1% = 77.4%) :

Test for overall effect (Z=0.38, p = 0.702)

All Motorised Treadmill Studies . 0.16 [-0.31, 0.63]

Test for overall effect (Z = 0.66, p = 0.508)

b Rating of Perceived Exertion (near-maximal speeds)

Treadmill Lower

NN B S e — —

-3 -2 -1 0 1 2 3
Treadmill Higher
Standardised Mean Difference

Author(s) and Year N Grade Intensity MD [95% CI]
Edwards et al., 2017 (female) [5] 7 +1%  14.3 km/h* »—-—- 0.07 [-0.78, 0.92]
Edwards et al., 2017 (male) [5] 7 +1%  15.8 km/h* il 0.35[-0.29, 1.00]
Wee et al., 2016 [14] 10 +1% 16 km/h —— 1.27[0.14, 2.39]
Panasci et al., 2017 [42] 15 +1% 18.6 km/h —_— : -3.60 [-4.92, -2.28]
Motorised Treadmill Subgroup — -0.44 [-2.48, 1.60]
Test for heterogeneity (Q = 34.80, df = 3, p = 0.000; 12 = 94.7%) .
Test for overall effect (Z=-0.42, p = 0.672) '

[ I [ I

-6 -3 0 3

Fig. 8 Random-effects meta-analysis comparing rating of perceived
exertion during treadmill and overground running at submaximal (a)
and near-maximal (>80% VO,,,..) (b) running intensity. Subgroup
analysis based on relative treadmill grade. *Mean submaximal run-
ning speed used in study. **Running speed estimated from the Jones

sprint maximum speed amongst non-runners [33]. Pooled
estimates indicated no significant difference (p > 0.317) and
were affected by large heterogeneity (Fig. 9b), and provided
very low GRADE quality of evidence (Table 3).

Treadmill Lower

Treadmill Higher
Rating of Perceived Exertion

and Doust [2] study that involved runners of similar ability. ***Esti-
mated based on running speed being 12.0 km/h during the maxi-
mal stage of testing. CI confidence interval, df degrees of freedom,
N sample size, SMD standardised mean difference, VO,,,,, maximal
oxygen uptake

4 Discussion

The aim of this review was to compare physiological, per-
ceptual and performance measures between treadmill and
overground running. Thirty-four studies identified by the
search were eligible for inclusion; all but one study consid-
ered motorised treadmill running, whereas only three studies
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a Endurance Performance

Author(s) and Year N Grade Intensity SMD [95% CI]
Ramsbottom et al., 1992a (male) [20] 6 0% 5 km trial —_ -1.21[-2.06, -0.36]
Ramsbottom et al., 1992a (female) [20] 6 0% 5 km trial —a— -0.49 [-0.88, -0.09]
Ramsbottom et al., 1992b [43] 6 0% 5 km trial —— -0.47 [-0.87, -0.07]
Motorised Treadmill 0% Grade Subgroup - | -0.55 [-0.82, -0.29]
Test for heterogeneity (Q = 2.55, df = 2, p = 0.279; 1> = 0.0%)
Test for overall effect (Z = -4.05, p = 0.000)
LaCaille et al., 2004 [39] 60 +1% 5 km trial HEH : -0.87 [-1.03, -0.72]
Peserico & Machado, 2014 [16] 18 +1% 1 hour trial (I -0.49 [-0.74, -0.24]
Heesch & Slivka, 2015 [38] 10 +1% 10 km trial ] 0.24 [-0.08, 0.56]
Motorised Treadmill 1% Grade Subgroup .— -0.39 [-1.02, 0.25]
Test for heterogeneity (Q = 39.17, df = 2, p = 0.000; 12 = 95.5%)
Test for overall effect (Z=-1.19, p = 0.234)
All Motorised Treadmill Studies P -0.50 [-0.86, -0.14]
Test for heterogeneity (Q =41.92, df = 5, p = 0.000; 1= 87.3%) :
Test for overall effect (Z =-2.73, p = 0.006)

[ | I [ I

-3 -2 -1 0 1

b Sprint Performance

Treadmill Slower

Treadmill Faster
Standardised Mean Difference

Author(s) and Year N Grade Intensity MD [95% Cl]
Morin & Séve, 2011 [6] 11 0% 100 m max speed - : -7.0 [-7.5, -6.5]
Frishberg, 1983 [19] 5 0% 91 m max speed [ ] -0.0 [-0.2, 0.1]
Motorised Treadmill 0% Grade Subgroup ———— -3.5[-10.3, 3.3]
Test for heterogeneity (Q = 654.20, df = 1, p = 0.000; %= 99.8%) :

Test for overall effect (Z=-1.00, p = 0.317)

Bowtell et al., 2009 [33] 11 Unclear 10 sec max speed [ — 3.0[1.9, 4.0]
All Motorised Treadmill Studies ———— 1.4 [-71,4.4]
Test for heterogeneity (Q = 696.40, df = 2, p = 0.000; I = 99.8%)

Test for overall effect (Z =-0.46, p = 0.645) .

| | I |
-12.0 -6.0 0.0 6.0

Fig.9 Random-effects meta-analysis of endurance (a) and sprint (b)
performance during treadmill compared with overground running.
Subgroup analysis based on relative treadmill grade. CI confidence

considered non-motorised treadmill running. Meta-analyses
comparing submaximal motorised treadmill and overground
running suggested that (1) VO, was not different at 0% or
1% treadmill grade (low-to-moderate evidence); (2) La was
lower at 0% and to a lesser extent 1% treadmill grade (low-
to-moderate evidence); and (3) HR and RPE were higher
than overground running at faster submaximal speeds but
lower at slower speeds (very low-to-moderate evidence).
Meta-analyses comparing near-maximal and maximal
motorised treadmill and overground running suggested that
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Treadmill Slower

Treadmill Faster
Mean Difference (km/h)

interval, df degrees of freedom, max maximum, MD mean difference,
N sample size, SMD standardised mean difference

(1) near-maximal VO, and HR were lower at 0% and similar
at 1% treadmill grade (low evidence); (2) VO,,,,, and maxi-
mal HR were similar (moderate evidence); (3) La tended to
be lower at 1% treadmill grade (moderate evidence); and (4)
RPE tended to be similar (low evidence). Endurance running
performance was better overground than motorised treadmill
(low evidence), whereas sprint performance did not differ
consistently (very low evidence).

To the authors’ knowledge, this is the first attempt to
systematically review and synthesise studies that have
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compared treadmill and overground running. Summaris-
ing this literature is important because treadmills are com-
monly used in clinical and research settings to simulate the
demands of overground running and a high percentage of
runners regularly train on treadmills [45]. Any discrepan-
cies between treadmill and overground running may lead
to incorrect prescription of training workloads. This could
lead to poor rehabilitation outcomes in clinical settings and
suboptimal adaptations to training amongst competitive run-
ners. Findings from this review allow practitioners to more
precisely apply treadmill-based assessments of running to
real-life conditions, which could improve rehabilitation and
performance outcomes.

Submaximal VO, was the most commonly used variable
for comparing motorised treadmill and overground running.
Meta-analysis revealed that there was no overall difference
in submaximal VO, between motorised treadmill and over-
ground running, although there was considerable uncertainty
across studies. CIs from the meta-analysis suggested that dif-
ferences were between 1.12 mL/kg/min lower and 0.56 mL/
kg/min higher for treadmill running, with values tending
to be lower at 0% grade and higher at 1% treadmill grade.
The null finding for submaximal VO, is notable considering
the widespread belief that a 1% treadmill grade effectively
matches the physiological workload of submaximal over-
ground running but a 0% treadmill grade does not. Jones
and Doust [2] were the first to propose that a 1% treadmill
grade is required to compensate for the lack of air resistance
during treadmill compared with overground running. This
has become widespread practice among researchers seek-
ing to match workloads between motorised treadmill and
overground running, with the paper cited over 600 times.
However, the results of this review suggest that researchers,
coaches and athletes can infer overground running economy
at submaximal speeds <80% VO,,.,. (typically equivalent
to < 13—-16 km/h for runners included in the meta-analysis)
from motorised treadmill VO, testing without adjusting
treadmill grade.

VO, during near-maximal motorised treadmill running
was lower at 0% grade but similar at 1% grade compared with
overground running. This finding provides some support for
following the Jones and Doust [2] 1% treadmill grade recom-
mendation at higher running intensities (> 80% VO,,,,,,) and
is consistent with the energy required to overcome air resist-
ance becoming greater at faster running speeds [46]. Two
previous studies have also demonstrated greater VO, differ-
ences between motorised treadmill and overground running
at near-maximal compared with submaximal speeds [8, 17].
VO, findings at near-maximal speeds should be interpreted
with caution because they require greater involvement of
anaerobic processes and do not allow energy expenditure
to be inferred from VO,. Nonetheless, our findings suggest
that treadmill-based measurements of the running velocities

associated with >80% VO,,,.. are likely to overestimate
the equivalent overground running speed. A 1% treadmill
grade should be used if accurate determination of running
velocities associated with >80% VO,,,.. are required (typi-
cally equivalent to > 13—-16 km/h for runners included in
the meta-analysis). There was no difference between VO,, ..
values measured on a motorised treadmill compared with
overground; therefore, researchers, coaches and athletes can
rely on VO, treadmill testing as a valid measure of aero-
bic power.

La values were lower during motorised treadmill run-
ning than overground running, irrespective of running speed.
La values were more closely matched between conditions
at 1% compared with 0% treadmill grade; however, val-
ues remained lower for the motorised treadmill condition,
suggesting that a 1% treadmill grade may not be enough
to match La values compared with overground running.
This explanation is not consistent with other findings of this
review that suggest submaximal VO, is similar between
motorised treadmill and overground running. The lactate
meta-analysis was based on fewer studies (5 vs. 12 stud-
ies) and fewer total participants (53 vs. 164 participants)
than the submaximal VO, meta-analysis, so the conflicting
results may relate to the lower precision of the analysis.
Additionally, submaximal blood lactate measurements are
associated with high typical error (approximately 27%) [47]
and this could have influenced the accuracy of individual
studies included in the lactate meta-analysis. Alternatively,
La values and the associated anaerobic processes might be
more sensitive than VO, to the proposed greater energy
demands of overground running. Nonetheless, findings from
this review suggest that a greater than 1% grade is needed
to accurately match La values between treadmill and over-
ground running. This finding is important because coaches
commonly use running velocities associated with different
La values to prescribe training intensities.

HR and RPE tended to be similar between motorised
treadmill and overground running at submaximal speeds but
speed moderated the direction and magnitude of the differ-
ence. Overground and motorised treadmill running were best
matched at 14 and 11 km/h for 0% and 1% treadmill grade,
respectively. HR and RPE were lower for motorised tread-
mill running if submaximal speeds were below these values
and higher if submaximal speeds were above these values.
The higher HR and RPE during motorised treadmill than
during overground running at faster submaximal speeds was
unexpected, especially since air resistance increases with
an increase in speed [46]. The difference might relate to
participants feeling less comfortable when running at faster
speeds on a motorised treadmill. Treadmill running experi-
ence and comfort was rarely considered by studies included
in this review. Most runners prefer running overground over
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running on a treadmill [45] and we speculate this could
partly relate to having greater control over their speed and
ability to stop moving, and a lower risk of falling. If cor-
rect, the lack of comfort with higher-speed treadmill running
might cause greater increases in HR and perceived effort due
to feelings of anxiety about falling. The greater perceived
effort might also relate to greater increases in body tempera-
ture during treadmill running because there is less relative
air movement that can reduce body temperature due to evap-
oration of sweat [44]. Consistent with these explanations,
one study included in this review [21] and another study that
was excluded from this review due to participants being ado-
lescents [48] demonstrated that participants selected slower
running speeds on a motorised treadmill than overground
when asked to exercise at fixed levels of perceived effort.
Collectively, these findings suggest that researchers, coaches
and athletes should be cautious when attempting to apply
HR and RPE measures derived from submaximal treadmill
running to overground running.

Based on the aforementioned relationship between sub-
maximal speed, HR and RPE, large differences in HR and
RPE between motorised treadmill and overground running
would be expected at near-maximal and maximal intensi-
ties. However, HR and RPE were similar or slightly lower at
near-maximal and maximal intensities. We speculate that as
running speed approaches maximum values, the differences
in HR and RPE between treadmill and overground running
will be minimal because runners will reach their bodily lim-
its. For example, we do not expect that fear of falling on a
treadmill can increase HR beyond physiological limits. As
a result, participant comfort and experience with treadmill
running is likely to be most important when assessing HR
and RPE at submaximal speeds.

Pooled results provided low evidence that running perfor-
mance during set-distance or set-duration trials on a motor-
ised treadmill was poorer than equivalent trials performed
overground. This finding is contradictory to the lower La
values and similar VO2 during treadmill running; however, it
is consistent with the higher RPE during treadmill running at
faster speeds and the observation that runners choose to run
at slower speeds on treadmills than overground. It is likely
that participants feel less comfortable during maximal effort
running on treadmills than overground (due to falling risks
and less effective thermoregulation) and therefore select
slower pacing strategies, despite the reduced air resistance
that needs to be overcome during treadmill running. Addi-
tionally, treadmill running is absent of the extra attentional
requirements inherent with overground running, allowing
for increased internal focus on physiological sensations such
as muscle fatigue or HR, which might further affect pacing
strategy [38] or running technique and running economy
[49].
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Sprint performance varied considerably between motor-
ised treadmill and overground running. Based on the meta-
analysis CI, maximum sprint speed ranges from 7.1 km/h
slower to 4.4 km/h faster when running on a motorised tread-
mill than overground. The considerable uncertainty across
studies might reflect difficulties in replicating the accelera-
tion and deceleration phases of sprinting on a treadmill more
so than true differences in sprint performance between the
two running mediums [19].

Several important limitations should be considered when
interpreting the findings of this review. First, common meth-
odological issues were found in the included studies, such as
using a fixed order of conditions and difficulties in matching
or controlling running speeds and environmental conditions.
Most overground trials were conducted outdoors and were
highly likely to be affected by variability in temperature,
wind and humidity. Second, very few studies included tread-
mill running experience and comfort as a study eligibility
criterion, despite familiarity and comfort with treadmill run-
ning being highly likely to influence study findings. As a
result, this review was unable to explore whether treadmill
running experience contributed to the inconsistent results
across studies. Third, a high level of heterogeneity was pre-
sent for most meta-analyses in this review and as such results
should be interpreted with caution. Improved reporting of
studies and open data will facilitate further exploration of
possible moderating variables that may explain the high het-
erogeneity observed across studies. We attempted to account
for some of the missing information by estimating values
from other studies, but this approach is likely to introduce
some error that could be avoided by improved reporting.
Fourth, the high heterogeneity could also be caused by dif-
ferences in the motorised treadmill models used across stud-
ies and this factor was not investigated in this review. Previ-
ous research has demonstrated a 7% difference in VO, and
5% difference in HR when running at submaximal speed on
motorised treadmills from different manufacturers [50]. VO2
and HR were higher for the treadmill with a stiffer treadmill
platform and this should be considered by coaches and clini-
cians performing treadmill testing. Last, thermoregulation
outcome measures were not included as review outcomes,
but should be considered when attempting to match tread-
mill and overground running.

5 Conclusion

This review found that (1) VO2 was similar but LA val-
ues were lower and preferred running speeds were slower
during submaximal running on a motorised treadmill than
overground; (2) HR and RPE during submaximal treadmill
running were higher at faster submaximal speeds and lower
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at slower submaximal speeds than overground running; (3)
VO2 and La values tended to be lower, whereas HR and
RPE were similar during near-maximal running on a motor-
ised treadmill compared with overground; (4) VO,,... and
maximal HR were similar across conditions; and (5) per-
formance in set-distance and set-duration trials was poorer
when performed on a motorised treadmill than overground
but sprint performance varied considerably across condi-
tions. As a result, it might not be possible to balance all
outcomes between motorised treadmill and overground run-
ning. Researchers, clinicians, coaches and athletes should
carefully select motorised treadmill speeds and grades based
on the outcome measures they want to most closely match
and the experience and comfort of the athlete with treadmill
running.
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