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Abstract

Background Running economy is defined as the energy demand at submaximal running speed, a key determinant of overall
running performance. Strength training can improve running economy, although the magnitude of its effect may depend on
factors such as the strength training method and the speed at which running economy is assessed.

Aim To compare the effect of different strength training methods (e.g., high loads, plyometric, combined methods) on the
running economy in middle- and long-distance runners, over different running speeds, through a systematic review with
meta-analysis.

Methods A systematic search was conducted across several electronic databases including Web of Science, PubMed, SPORT-
Discus, and SCOPUS. Using different keywords and Boolean operators for the search, all articles indexed up to November
2022 were considered for inclusion. In addition, the PICOS criteria were applied: Population: middle- and long-distance
runners, without restriction on sex or training/competitive level; Intervention: application of a strength training method
for >3 weeks (i.e., high loads (>80% of one repetition maximum); submaximal loads [40-79% of one repetition maximum);
plyometric; isometric; combined methods (i.e., two or more methods); Comparator: control group that performed endurance
running training but did not receive strength training or received it with low loads (< 40% of one repetition maximum); Out-
come: running economy, measured before and after a strength training intervention programme; Study design: randomized
and non-randomized controlled studies. Certainty of evidence was assessed with the GRADE approach. A three-level
random-effects meta-analysis and moderator analysis were performed using R software (version 4.2.1).

Results The certainty of the evidence was found to be moderate for high load training, submaximal load training, plyometric
training and isometric training methods and low for combined methods. The studies included 195 moderately trained, 272
well trained, and 185 highly trained athletes. The strength training programmes were between 6 and 24 weeks’ duration,
with one to four sessions executed per week. The high load and combined methods induced small (ES =—0.266, p=0.039)
and moderate (ES =—0.426, p=0.018) improvements in running economy at speeds from 8.64 to 17.85 km/h and 10.00 to
14.45 km/h, respectively. Plyometric training improved running economy at speeds < 12.00 km/h (small effect, ES=—-0.307,
p=0.028, 3,=0.470, p=0.017). Compared to control groups, no improvement in running economy (assessed speed: 10.00 to
15.28 and 9.75 to 16.00 km/h, respectively) was noted after either submaximal or isometric strength training (all, p>0.131).
The moderator analyses showed that running speed (3, =—0.117, p=0.027) and VO,max (3, =—0.040, p=0.020) modulated
the effect of high load strength training on running economy (i.e., greater improvements at higher speeds and higher VO,max).
Conclusions Compared to a control condition, strength training with high loads, plyometric training, and a combination
of strength training methods may improve running economy in middle- and long-distance runners. Other methods such as
submaximal load training and isometric strength training seem less effective to improve running economy in this population.
Of note, the data derived from this systematic review suggest that although both high load training and plyometric training
may improve running economy, plyometric training might be effective at lower speeds (i.e., <12.00 km/h) and high load
strength training might be particularly effective in improving running economy (i) in athletes with a high VO,max, and (ii)
at high running speeds.

Protocol Registration The original protocol was registered (https://osf.io/gyeku) at the Open Science Framework.

Extended author information available on the last page of the article
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Strength training with high loads (>80% of one repeti-
tion maximum) can improve running economy and
might be particularly effective in athletes running at high
speeds (e.g., > 12.00 km/h) and/or possessing a well-
developed VO,max.

Plyometric training could improve running economy at
speeds less than 12.00 km/h.

The combination of two or more strength training meth-
ods (e.g., high load training, plyometric training) may
induce greater running economy improvement, com-
pared to isolated training methods.

These results are based on 31 studies with moderate to
low certainty of evidence for the main outcomes, involv-
ing a total of 652 middle- and long-distance runners.

1 Introduction

Concurrent training involves the execution of both endur-
ance and strength training within the same training cycle [1]
and is effective in enhancing the running performance [2, 3]
and running economy (RE) [2, 4, 5] of middle- and long-
distance runners. RE is defined as the energy demanded at
submaximal running speeds [6] and is one of the key deter-
minants of overall running performance along with maximal
oxygen uptake (VO,max), anaerobic threshold and anaerobic
capacity [7, 8]. However, a variety of other strength training
methods, or combinations thereof, may generate different
types of adaptations [2] that could affect changes in RE and,
whilst the different protocols used to measure RE may also
affect the results of the effect of strength training [2, 9].
RE has been shown to be associated with performance
in middle- and long- distance running [10-12]. It has
been found that trained runners have better RE than active
untrained subjects [13]. Indeed, in athletes with a similar
VO,max, those with better RE have demonstrated better
running performance [11] because they can run at a higher
relative intensity or maintain a constant intensity for a
relatively longer period of time [14]. One of the strategies
for improving RE has traditionally been strength train-
ing which can generate various neuromuscular adapta-
tions such as improved intra- and inter-muscular coordi-
nation, improved muscle—tendon stiffness, and increased
recruitment and firing rate of motor units, in addition to

morphological changes [15]. However, strength training
programmes can be designed in multiple different ways
by varying some of the training parameters (e.g., load,
number of sets and repetitions, exercise sequence) [16],
which could induce different neuromuscular adaptations
in middle- and long-distance runners [15]. For example,
strength training with high loads [HL, i.e., >80% 1 rep-
etition maximum (1 RM)], submaximal loads (SL, i.e.,
40-79% 1 RM), isometric training (ISO) and plyometric
training (PL) can enhance maximal strength development,
strength at submaximal loads, isometric force production
and stretch-shortening cycle activity, respectively [15, 17].
In addition, the inclusion of different strength training
methods (e.g., HL with PL) have been used as a strategy
to improve in different areas of the force—velocity relation-
ship (i.e., different loads and speeds of movements) [18].

In addition to the above, the improvement of RE through
strength training has exhibited varying effects depending
on the running speed that is being assessed. For example,
Piacentini et al. [19] found that strength training with HL
only significantly improved RE at marathon pace (p <0.05),
but not at 1.00 km/h faster or slower than marathon pace.
Another study [20] found that HL, PL, and complex train-
ing (i.e., HL with PL executed within the same session)
improved RE at a speed of 12.00 km/h, whereas HL and
complex training improved it at 14.00 km/h, while complex
training only elicited improvements at 16.00 km/h. These
differences in results could possibly have occurred due
to differences in the measurement of RE (e.g., as energy
cost or oxygen cost) and the chosen running speed, which
could be classified as absolute speed or relative speed (e.g.,
speed relative to anaerobic threshold or race pace) [21, 22].
Moreover, a U-shaped relationship between energy cost
and running speed has been found because at the lowest
and highest speeds, there appears to be varying utilisation
of the stretch-shortening cycle and activation of skeletal
muscle in the muscle—-tendon unit [23]. In addition, it has
been suggested that RE should be measured at a speed rela-
tive to the anaerobic threshold [22] as it ensures the same
relative intensity for each participant. Accordingly, several
methodological aspects related to running speed should be
considered when assessing changes in RE. Although there
are several systematic reviews and meta-analyses that have
examined the effect of strength training on RE [2, 4, 5, 24],
none of these have assessed the effect of different strength
training methods on RE and the influence of running speed
used in the assessment of RE.

Therefore, this systematic review with meta-analysis
aimed to compare the effect of different strength training
methods on the RE in middle- and long-distance runners,
over different running speeds.
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2 Methods

This systematic review and meta-analysis was conducted
according to the guidelines established by the PRISMA
statement [25]. The protocol was registered prior to analy-
sis of the data at the Open Science Framework (https://osf.
io/gyeku).

2.1 Information Sources and Search Strategy

The search for articles was carried out in PubMed, Web of
Science (all databases), Scopus and SPORTDiscus data-
bases. All articles indexed up to January 2022 were included
for the selection. Different terms and Boolean operators were
used for the search [Table S1 in the Online Supplementary
Material (OSM)]. No limits of study design, date, language,
age, or sex were imposed on the search. The search was
updated in November 2022, through notifications of new
studies found in the search strategy in the different data-
bases. In addition, the reference lists of includable articles,
and from reviews, systematic reviews and meta-analyses
retrieved from our search were scanned for additional arti-
cles of interest.

2.2 Selection Process

All titles and abstracts obtained from the database searches
were screened independently by two authors (LL and SV)
and those potentially meeting the inclusion criteria (Table 1)
were included for full text analysis. In the case of a disagree-
ment between the two authors, a third author (RRC) was
consulted.

Table 1 Inclusion and exclusion criteria for meta-analysis

2.3 Eligibility Criteria

Studies were eligible for inclusion according to the partici-
pants, intervention, comparator, outcome, and study design
(PICOS) criteria (Table 1).

2.4 Data Collection Process

From included studies, an independent reviewer (LL)
extracted the data regarding participants characteristics,
intervention characteristics, and the main outcomes (means
and standard deviations). In those articles where only figure
data were available, the validated (r=0.99, p <0.001) [26]
software WebPlotDigitizer (version 4.5, Pacifica, Califor-
nia, USA) was used to extract the data. Once recoded, the
reviewers (LL, SV and RRC) discussed on disagreements
and controversial data.

2.4.1 Participants

Only subjects over 16 years of age were considered as
pubertal stage can affect physical fitness due to hormonal
changes during this period [27]. Subjects were considered
to have strength training experience based on the informa-
tion from each study. According to VO,max mean values,
the performance level was categorized as moderately trained
(male <55 ml/kg/min, female <45 ml/kg/min), well-trained
(male 55-65 ml/kg/min, female 45-55 ml/kg/min) or highly
trained (> 65 ml/kg/min, >55 ml/kg/min) [28]. When both
sexes were measured without distinction, the ranges estab-
lished were the average of males and females for the respec-
tive performance levels. In the case where VO,max was
not recorded in a study, level performance was based on
participants’ level of competition (moderately trained =rec-
reational or local club level; well-trained = collegiate or

Category Inclusion criteria Exclusion criteria

Population Amateur and competitive middle- and long-distance runners Subject with injuries, comorbidities, or non-runners endurance
(i.e., running distances > 1500 m), aged > 16 years old, with- athletes
out restriction to sex or training/competitive level

Intervention A strength training programme (i.e., HL, SL, PL, ISO, or a The programme includes alternative methods in addition to
combination of them) which was in addition to, or in partial strength training (e.g., electrical stimulation or body vibra-
replacement (i.e., matched training load) of endurance run- tion), and/or supplementations (e.g., creatin)
ning training, lasting >3 weeks, with> 1 weekly session

Comparator ~ Control group that performed endurance running training but Absence of control group
did not receive strength training or received it with low loads
(<40% 1 RM or>20 RM)

Outcome Running economy was recorded in at least one speed before and Baseline and/or follow-up data not available
after the strength training intervention

Study design Randomised and non-randomized controlled studies Cross-sectional, observational, or case studies

HL high load training, ISO isometric training, PL plyometric training, RM repetition maximum, SL submaximal training, / RM one repetition

maximum
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provincial level; highly trained = national or international
level) [9].

2.4.2 Strength Training Intervention

Strength training methods (i.e., HL, SL, PL, ISO, or a com-
bination of strength training methods), duration of inter-
vention (i.e., weeks; frequency; total sessions), program-
ming model (i.e., lineal; constant; undulating) and exercise
sequence (i.e., traditional training; complex training) were
recorded. The strength training programme was considered
when it was added to, or partially substituted (i.e., matched
the training load) for, endurance running training, with an
intervention duration of three weeks or more. This corre-
sponds to the time in which both neural and hypertrophic
factors can affect strength gains [29], with at least one ses-
sion undertaken per week. The strength training methods
were classified focusing on load (% 1 RM) and/or training
target: HL was defined as a program in which exercise was
performed with heavy loads (>80% 1 RM or <7 RM) that
were intended to improve maximal force development (e.g.,
barbell squat, deadlift, etc.); SL with moderate to low loads
(peak power load, 40-79% 1 RM or 8-20 RM) with the aim
of improving strength development at SL; PL using light-
load exercises (<40% 1 RM) with the aim of improving the
stretch-shortening cycle and muscle—tendon stiffness (e.g.,
drop jumps) and; ISO using isometric contraction exercises
(e.g., isometric mid-thigh pull). Those groups that per-
formed strength training with low loads (<40% 1 RM or
>20 RM) were considered as a control group. The duration
of the intervention was counted as total number of weeks,
sessions per week and total sessions. The exercise sequence
within the session was classified into two, comprising of
traditional sequences where exercises are executed with light
loads followed by heavy loads and complex sequences where
exercises are executed with heavy loads followed by light
loads [18]. In the case that the different strength training
methods were performed in separate sessions or in differ-
ent periods, these were considered as traditional sequences.

2.4.3 Outcome Measurements

RE was recorded as the energy demand at submaximal run-
ning speed. Of note, energy among studies was reported in
different units of measurement (i.e., calorie; oxygen). When
both units were reported in a study, the unit “calorie” was
selected because it considers differences in substrate use and
is more sensitive to changes in speed [21]. In addition, when
the respiratory exchange ratio (RER) is less than one, oxida-
tive metabolism is the main metabolic pathway; thus, when
the RER is greater than one, and blood lactate values were
presented, the energy value was corrected with the energy
values of blood lactate [30]. RE values were collected for

all speeds assessed in the studies and for methodologi-
cal purposes, different variables were generated from this
data. In RE at absolute speed (km/h), the absolute speed
was collected and, when data were presented in relation to
a physiological value [e.g., anaerobic threshold or velocity
at VO,max (vVO,max)] or a race pace (e.g., 3000 m race
pace), we calculated the speed from the average baseline val-
ues of both groups (i.e., experimental and control groups).
Categorical speeds (<12.00 km/h or > 12.00 km/h) were
generated from the mean value of all speeds reported in the
included studies. On the other hand, when RE is assessed
as absolute speed, the difference in substrate energy rela-
tive to anaerobic threshold and VO,max is not considered
[21]. Therefore, two categories were generated relative to
anaerobic threshold (i.e., second lactate threshold, onset of
blood lactate accumulation, maximal lactate steady state,
lactate turn point, second ventilatory threshold or criti-
cal speed) and VO,max. For RE relative to the anaerobic
threshold, speed values were classified: speeds > anaerobic
threshold and speeds < anaerobic threshold. If speed values
were given as an absolute value and anaerobic threshold
values were reported, then the average baseline values of
anaerobic threshold of both groups was used to determine
the corresponding category. For RE relative to VO,max, the
speed was presented as percentage of vVO,max or VO,max
(%V0O,max), but when the speed values were presented as an
absolute value and vVO,max was provided, we then calcu-
lated the mean baseline vVO,max of both groups and calcu-
lated the percentage corresponding to vVO,max. In addition,
we created a category of the U-shaped RE—speed relation-
ship (< 11.50 km/h, 11.50-14.50 km/h or > 14.50 km/h)
[23]. Where the study reported multiple time points (i.e.,
more than two data points), the first record and the last
record immediately after the intervention were recorded.

2.5 Risk of Bias, Publication Bias and Certainty
Assessment

The PEDro (Physiotherapy Evidence Database) scale was
used to assess the risk of bias of the studies [31, 32]. Of note,
in the context of this systematic review, items five to seven
from the PEDro scale were removed from the scale because
subjects, assessors and researchers are rarely blinded in
supervised exercise interventions [31, 33]. Following previ-
ous criteria [33], the studies were categorized as follows: > 6
points = “low risk”, 4-5 points = “moderate risk”, and <3
points = “high risk”. A funnel plot was performed to assess
the publication bias of the studies examining each method
of strength training. It was considered to have publication
bias if an asymmetry was observed in the funnel plot. The
funnel plots were built following the R code provided by
Fernandez-Castilla et al. [34].
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The GRADE (Grading of Recommendations Assessment,
Development and Evaluation) approach was conducted for
rate the certainty of evidence of this systematic review
[35-37]. For each of the analyses, we started with a high
level of certainty of evidence, which decreases according
to the following criteria: risk of bias, downgraded by one
level if the median PEDro scale score was moderate risk
(< 6 points), or by two levels if it was high risk (<4 points);
inconsistency, downgraded by one level if the Q-test for
heterogeneity was significant (i.e., p <0.05); indirectness,
it was considered low risk because the PICO criteria were
assured by default; imprecision, downgraded by one level
if the number of participants in the control group with the
strength training group was < 800 or if the confidence inter-
val was crossed by a small effect size (i.e., ES=—-0.15 to
0.15); publication bias, downgraded by one level if an asym-
metry was observed in the funnel plot.

2.6 Effect Measures

The between-group (i.e., control-experimental) standardized
mean difference was calculated as previously recommended
[38] and expressed as Hedges’ g effect size (ES) [39], which
helps to cope with small sample sizes [40], common to sport
science literature [41]. When only the mean and standard
error (SE) were presented, the standard deviation (SD) was
calculated from the SE as follows:

SD = SE x VN

where N is the sample size. Thresholds for the magnitude of
ESs were set as 0.15, 0.45 and 0.80 for a small, moderate,
and large effect, respectively [42].

2.7 Statistical Analyses

A meta-analysis was performed for each strength training
method (i.e., HL, SL, PL, ISO, or combined methods) and
its effect on RE when at least three studies provided an out-
come measure [43]. If a study had two or more comparison
groups in the same analysis, the sample size of the control
group was divided by the number of intervention groups
[44]. In several studies, different speeds were selected to
assess RE. In these cases, the procedure is usually to select
a representative ES, to synthesise separately the ES for each
outcome across all studies, or to average the sizes of the
dependent effects within the study [45]. However, in the
first two approaches the sample size is reduced decreas-
ing the statistical power [45], while in the third approach
it may negatively impact the validity of the results due to
overestimation of standard errors [46]. In addition, these

procedures cannot assess the potential differences between
ES within studies [47, 48]. Therefore, we used a three-level
meta-analysis model [47, 48], which is an extension of the
random effect meta-analysis model [40], that considers sam-
pling (level 1), within study (level 2) and between study
(level 3) variation.

Due to multiple sources of variation between studies
(e.g., training and participant characteristics), a randomized
effect model with restricted maximum likelihood estima-
tion method was conducted for estimating the parameters
model (72) recommended over the traditional DerSimonian
and Laird method for continuous data [49]. We based the
test statistic and CI in #-distribution with Knapp and Husting
adjustment [50].

For each of the strength training methods, the heteroge-
neity of all ES in the data set was analysed using the test
for heterogeneity (Q-test) [51]. Additionally, the one-side
log-likelihood-ratio test (LRT) was performed to determine
whether the within-study variance (LRT),.,.},) and between-
study variance (LRT),3) are significant [52]. Outliers were
defined as ES in which the upper limit of the 95% confi-
dence interval (95% CI) was lower than the lower limit of
the pooled effect confidence interval or the lower limit of
the 95% CI higher than the upper limit of the pooled effect
confidence interval [53]. A sensitivity analysis was then per-
formed with and without the outlier ES to assess their impact
on the analysis [53] (i.e., p value from Q-test).

The omnibus test (Q,,-test) was used to perform a meta-
regression (for continuous data), or subgroup analysis (for
categorical data), if at least eight studies were pooled. For all
analysis alpha was set as 0.05. The three-level meta-analysis
were conducted in R (version 4.2.1) with the metafor pack-
age [51], following the syntax by Assink and Wibbelink
[52]. The forest plot for the three-level meta-analysis was
performed using the R code provided by Fernandez-Castilla
et al. [34], and meta-regression and subgroup analysis plots
were built with GraphPad Prism 9 (version 9.2.0).

3 Results
3.1 Study Selection

A total of 1749 records were identified through the search
strategy (Fig. 1). Once duplicate records, records not
retrieved and articles excluded after review of titles and/
or abstracts were excluded, 73 studies were assessed for
eligibility. After reading the full text of each document,
42 studies were excluded due to: participants being under
16 years old [54-59] being injured before intervention
[60-62]; studies having no comparator outcomes [63-72];
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Identification of studies via databases and registers ]

Records identified from:

= PubMed (n = 787)
£ WOS (n =351) Records removed before
S Scopus (n = 276) screening:
= SportDiscus (n = 327) ’ Duplicate records removed (n
_§ Reviews and studies® (n = 4) = 594)
- New included™ (n = 4)
Total (n = 1749)
—/
S l
Records screened Records excluded
—>
(n=1155) (n =1080)
Repor’ts SOUght for retrieval Reports not retrieved
o (n=75) ’ (n=2)
=
‘=
3
: '
n
Reports assessed for eligibility Rep<or1't(ss ;églrusd(?l(cjl: (n=6)
(n=73) Injuries (n = 3)
No comparator (n = 10)
Different ST (n = 6)
No outcomes (n = 11)
Repeated results (n = 4)
Cross sectional (n = 2)
Total (n = 42)
—/
v
<
s Studies included in meta-analysis
S Total (n = 31)

Fig. 1 Flow diagram of the study selection process. *Studies found from notifications of new studies found in the search strategy in the different
databases. **Studies found in the reference lists of articles, reviews, systematic reviews, and meta-analyses retrieved from our search strategy

the strength training method was considered ineligible for
inclusion (e.g., core, isokinetic eccentric training and body
weight training) [73-78]; RE was not measured [79-89];
outcome results were repeated [90-93] or study was cross-
sectional by design [94, 95]. Therefore, 31 studies were
included in the final meta-analyses.

3.2 Study Characteristics

A summary of participants’ characteristics and analysis
of the studies included in the meta-analysis are presented
in Tables 2 and 3, respectively. Thirty-one studies were
included in at least one analysis: 11 studies implemented
HL, providing 19 ESs [19, 20, 96-104]. Of note, the greater
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Table 2 (continued)

Strength training intervention

Subject characteristics

G

Study

Exercise

Rest

Set X repetition

Load

Fq TS Exercises

VO,max PLv STExp D

Age BM H

sequence

NR

184 60 WT

74

37

7 (M)

C

Age (years), BM body mass (kg), C control, D duration (weeks), Fg frequency (session/week), F' female, G group, H height (cm), HL high load training, HT highly trained, ISO isometric train-
ing, M male, min minute/s, MT moderately trained, MVC maximal voluntary contraction, n sample size, NR not reported, LL low load, PL plyometric training, PLv performance level, s seconds,

SL submaximal training, ST exp strength training experience, TS total sessions, VO,max (ml/kg/min), wk week/s, WL well trained, / RM one repetition maximum

4SL training was not considered relevant to the training

number of ES values (i.e., 19) compared to the number of
studies (i.e., 11) indicates that some studies assessed RE at
two or more running speeds. Eleven studies implemented
PL interventions, providing 28 ESs in total [12, 105-114].
Three studies implemented SL interventions, providing
seven ESs [19, 114, 115]. Three studies implemented ISO
interventions, providing 7 ESs [112, 116, 117], and nine
studies implemented combined methods, providing 20 ESs
[8, 20, 102, 115, 118, 119]. The studies included 652 par-
ticipants [472 males (204 control and 268 treatments) and
180 females (79 control and 101 treatments)], aged between
17 and 45 years old, mean body mass and height of 68.5 kg
and 174.3 cm, respectively. Participants were moderately
trained (n=195), well trained (n=272), and highly trained
(n=185). The strength training programmes were between 6
and 24 weeks’ duration, with one to four sessions per week.

3.3 Risk of Bias, Publication Bias and Certainty
Assessment

The median of risk of bias was 6 of 7 [ranging from 5 to 7;
moderate to low risk of bias; Table S2 (OSM)]. No publica-
tion bias was found in any of the analyses [Fig. S1 (OSM)].
We found a moderate and low level of certainty of evidence,
due to an analysis with moderate risk of bias in the combined
methods group, and low number of participants included in
the analyses and/or the confidence interval crossed the small
effect size in all main analyses (Table 4).

3.4 Main Effects

Thirty-one studies (involving 37 experimental-control
comparisons) measured RE at speeds between 7.00 and
18.00 km/h, providing a total of 80 ES for analysis.

Compared to the control group, the HL exerted a small
significant effect on RE at speeds ranging from 8.64 to
17.85 km/h (ES [95% CI]=-0.266 [-0.516 to —0.015],
p=0.039; 0(18)=16.816, p=0.536, LRT.,.,, =0, p=1,
LRT,.,3=0.089, p=0.765, Fig. 2). Combined meth-
ods group induced a moderate significant effect, although
with significant heterogeneity (ES [95% CI]=-0.647
[—1.140 to — 0.154], p=0.013; Q(19) =40.696, p=0.003,
LRT,.\n=0.033, p=0.855, LRT},3=2.569, p=0.109).
After removing outlier groups (i.e., Paavolainen et al.
[8] and the 16.00 km/h group in Li et al. [20]), the main
effect remained moderate significant on RE (i.e., from
10.00 to 14.45 km/h), although without significant het-
erogeneity (ES [95% CI]=-0.426 [-0.768 to —0.083],
p=0.018, Q(17)=19.3, p=0.312, LRT ., =0, p=1,
LRT,.,3=1.671, p=0.196, Fig. 3).

Compared to the control condition, no significant effect
was found for SL at speeds between 9.75 to 16.00 km/h
(ES [95% CI]=-0.365 [—-0.875 to 0.146], p=0.131,

Content courtesy of Springer Nature, terms of use apply. Rights reserved.
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Table 3 Analysis of the studies included in the meta-analysis of running economy

Study G n Running economy
Intensity Mean pre Mean post
; 5 (SD) (SD)
Measure- Speed U-shaped Relative to  Relative to
ment reported RE-speed AT VO,max
relationship (%)
Ache-Dias  PL 9 (M=4; kcal/min 9.00 km/h <11.50km/h  <AT 65.03 12.84 (1.61) 12.57 (1.99)
etal. [110] F=5)
C 9 (M=4, kcal/min 9.00 km/h <11.50km/h  <AT 65.03 12.63 (2.28) 12.31 (2.23)
F=5)
Albracht &  ISO 13 (M) J/m/kg 10.80km/h  <11.50km/h <AT 425(0.34)  4.05(0.32)
Arampatzis
[116]
J/m/kg 12.60 km/h 11.50- <AT 427(0.32)  4.12(0.31)
14.50 km/h
C 13 (M) J/m/kg 10.80km/h  <11.50km/h <AT 4.11(0.32) 4.11 (0.28)
J/m/kg 12.60 km/h 11.50- <AT 4.18 (0.34)  4.19 (0.30)
14.50 km/h
Berryman  SL 12 (M) ml/kg/km  12.00 km/h 11.50- 73.11 207.00 199.00
etal. [114] 14.50 km/h (15.00) (12.00)
PL 11 (M) ml/kg/km  12.00 km/h 11.50- 73.11 218.00 203.00
14.50 km/h (16.00) (13.00)
C 5 (M) ml/kg/km  12.00 km/h 11.50- 73.11 199.00 199.00
14.50 km/h (18.00) (20.00)
Blagrove SL+PL 9 (M=4; kI/kg®/km  sLTP 11.50- <AT 83.53 18.70 (1.30) 18.10 (1.40)
etal. [118] F=5) 14.50 km/h
kI/kg®%7/km  sLTP— 11.50- <AT 71.75 18.50 (1.30) 18.30 (0.90)
1.00 km/h 14.50 km/h
kI/kg®%7/km  sLTP— 11.50— <AT 71.97 18.80 (1.20) 18.10 (1.50)
2.00 km/h 14.50 km/h
C 9 (M=4; kI/kg®®/km  sLTP 11.50- <AT 83.53 18.50 (1.30) 18.30 (0.80)
F=5) 14.50 km/h
kI/kg®%7/km  sLTP— 11.50- <AT 71.75 19.20 (1.40) 18.50 (1.60)
1.00 km/h 14.50 km/h
kI/kg®%7/km  sLTP— 11.50— <AT 71.97 18.80 (1.30) 18.70 (1.20)
2.00 km/h 14.50 km/h
Damasceno HL 9 (M) ml/kg/min  12.00 km/h 11.50- <AT 76.57 42.50 (3.10) 41.90 (4.00)
etal. [101] 14.50 km/h
C 9 (M) ml/kg/min  12.00 km/h 11.50- <AT 76.57 41.80 (4.60) 41.00 (4.20)
14.50 km/h
doCarmo  PL 15 (M) ml/kg/min  Avg 11.00to  11.50— <AT 73.95 226.05 215.90
etal. [108] 12.00 km/h 14.50 km/h (18.40) (17.70)
C 13 (M) ml/kg/min ~ Avg 11.00to  11.50- <AT 73.95 224.90 224.90
12.00 km/h 14.50 km/h (18.00) (19.90)
Ferrauti HL 11M=9; mlkg/min  10.08 km/h <1150 km/h  <AT 71.77 36.90 (2.10) 37.70 (2.90)
et al. [97] F=2)
ml/kg/min  8.64 km/h <11.50km/h <AT 62.56 31.70 (1.90) 33.30 (3.10)
C 11M=7; mlkg/min  10.08 km/h <11.50km/h <AT 71.77 37.10 (3.10) 38.80 (2.80)
F=4)
ml/kg/min ~ 8.64 km/h <11.50km/h <AT 62.56 32.80 (4.30) 34.1(3.00)
Fletcher ISO 6 (M) kJ/kg/km 95% sLT 11.50- <AT 446 (0.16)  4.44 (0.21)
etal. [117] 14.50 km/h
75% sLT 11.50- <AT 4.17(0.33) 421 (0.27)
14.50 km/h
85% sLT 11.50- <AT 427(0.18) 426 (0.28)
14.50 km/h
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Table 3 (continued)

Study G n Running economy
Intensity Mean pre Mean post
- - (SD) (SD)
Measure- Speed U-shaped Relative to  Relative to
ment reported RE-speed AT VO,max
relationship (%)
C 6 (M) kJ/kg/km 95% sLT 11.50- <AT 4.64 (0.16) 4.63(0.16)
14.50 km/h
75% sLT 11.50- <AT 4.49(0.22) 4.50(0.21)
14.50 km/h
85% sLT 11.50- <AT 4.64 (0.16) 4.63 (0.16)
14.50 km/h
Johnston HL+SL 6 (F) ml/kg/min 13.80 km/h 11.50- 85.59 44.50 (1.00) 42.80 (1.10)
etal. [136] 14.50 km/h
12.84 km/h 11.50- 79.80 41.60 (1.10) 39.90 (0.80)
14.50 km/h
C 6 (F) ml/kg/min 13.80 km/h 11.50- 85.59 42.80 (0.70) 43.20 (0.70)
14.50 km/h
12.84 km/h 11.50- 79.80 39.80 (0.50) 40.00 (0.70)
14.50 km/h
Kelly et al. HL 7 (F) ml/kg/min 3 km race < 11.50 km/h 71.91 27.50 (3.60) 29.30 (2.60)
[100] pace
C 9 (F) ml/kg/min 3 km race <11.50 km/h 71.91 29.60 (4.60) 30.20 (7.00)
pace
Lietal. [20] HL+PL 10 (M) ml/kg/min 16.00 km/h >14.50 km/h <AT 91.67 60.77 (4.17) 56.09 (2.55)
ml/kg/min 12.00 km/h 11.50- <AT 72.08 46.62 (3.2) 44.20 (2.32)
14.50 km/h
ml/kg/min 14.00 km/h 11.50- <AT 81.61 54.45 (3.18) 50.17 (3.04)
14.50 km/h
HL 9 M) ml/kg/min 16.00 km/h >14.50 km/h <AT 91.67 59.60 (3.04) 57.88 (4.11)
ml/kg/min 12.00 km/h 11.50- <AT 72.08 47.01 (3.14) 45.06 (3.82)
14.50 km/h
ml/kg/min 14.00 km/h 11.50- <AT 81.61 53.41 (3.26) 50.78 (4.07)
14.50 km/h
C 9 (M) ml/kg/min 16.00 km/h >14.50 km/h <AT 91.67 61.00 (3.00) 61.35(1.79)
ml/kg/min 12.00 km/h 11.50- <AT 72.08 47.81(3.24) 45.71 (3.05)
14.50 km/h
ml/kg/min 14.00 km/h 11.50- <AT 81.61 53.95 (2.27) 5233 (2.31)
14.50 km/h
Luckin- SL+HL 14M=10; ml/kg®™/ Different 665.48 633.14
Baldwin F=4) min speeds (53.81) (59.37)
et al. [135]
C 11 (M=9; mlkg®™/  Different 685.84 670.42
F=2) min speeds (45.18) (65.78)
Lum et al. PL 7 (M) ml/kg/min 12.00 km/h 11.50- <AT 83.47 45.30 (1.80) 44.60 (2.30)
[105] 14.50 km/h
ml/kg/min 10.00 km/h <11.50km/h <AT 70.54 37.90 (2.10) 36.80 (1.70)
C 7M) ml/kg/min 12.00 km/h 11.50- <AT 83.47 45.10 (3.40) 44.70 (4.10)
14.50 km/h
ml/kg/min 10.00 km/h <AT 70.54 38.50 (3.30) 37.30(3.10)
Lum et al. PL 9 M=6; J/kg/km F: 10.00 km/h; 11.50- 69.40 1.08 (0.06)  1.07 (0.06)
[112] F=3) M: 14.50 km/h
12.00 km/h
J/kg/km F: 12.00 km/h; 11.50- 82.02 1.09 (0.07)  1.08 (0.07)
M: 14.50 km/h
14.00 km/h
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Table 3 (continued)

Study G n Running economy
Intensity Mean pre Mean post
- - (SD) (SD)
Measure- Speed U-shaped Relative to  Relative to
ment reported RE-speed AT VO,max
relationship (%)
ISO 9 (M=6; J/kg/km F: 10.00 km/h; 11.50— 69.40 1.06 (0.06)  1.04 (0.08)
F=3) M: 14.50 km/h
12.00 km/h
J/kg/km F: 12.00 km/h; 11.50- 82.02 1.08 (0.10)  1.04 (0.09)
M: 14.50 km/h
14.00 km/h
C 8 (M=6; J/kg/km F: 10.00 km/h; 11.50- 69.40 1.13(0.12)  1.11 (0.07)
F=2) M: 14.50 km/h
12.00 km/h
J/kg/km F: 12.00 km/h; 11.50— 82.02 1.12(0.12)  1.10 (0.06)
M: 14.50 km/h
14.00 km/h
Lundstrom  PL 11 M=7, ml/kg/min  Avg values 216.30 200.20
etal. [109] F=4) over incre- (17.90) (29.50)
mental test
C 11 M=6; ml/kg/min  Avg values 218.60 192.90
F=5) over incre- (19.40) (37.00)
mental test
Mikkola SL+PL 13(M=9; mlkg/min 14.00 km/h 11.50- 83.01 52.10 (3.10) 50.60 (3.60)
etal. [137] F=4) 14.50 km/h
ml/kg/min ~ 10.00 km/h <11.50 km/h 61.43 38.20 (2.80) 38.70 (3.00)
ml/kg/min ~ 12.00 km/h 11.50- 72.54 45.00 (3.10) 44.10 (3.30)
14.50 km/h
ml/kg/min  13.00 km/h 11.50- 77.05 48.10 (3.20) 47.40 (3.30)
14.50 km/h
C 12(M=9; ml/kg/min  14.00 km/h 11.50- 83.01 51.00 (4.30) 52.30(3.90)
F=3) 14.50 km/h
ml/kg/min ~ 10.00 km/h <11.50 km/h 61.43 38.10(3.10) 38.90 (3.00)
ml/kg/min ~ 12.00 km/h 11.50- 72.54 45.10 (3.70) 45.90 (3.90)
14.50 km/h
ml/kg/min  13.00 km/h 11.50- 77.05 47.60 (4.10) 49.00 (3.40)
14.50 km/h
Mikkola HL 11 (M) ml/kg/min ~ 12.00 km/h 11.50- >AT 86.06 218.00 219.00
etal. [102] 14.50 km/h (10.00) (11.00)
ml/kg/min ~ 10.00 km/h <11.50 km/h  <AT 74.07 224.00 225.00
(10.00) (11.00)
SL+PL 10 (M) ml/kg/min  12.00 km/h 11.50- >AT 86.06 212.00 210.00
14.50 km/h (17.00) (16.00)
ml/kg/min ~ 10.00 km/h <11.50km/h <AT 74.07 217.00 217.00
(18.00) (20.00)
C 6 (M) ml/kg/min  12.00 km/h 11.50— >AT 86.06 208.00 206.00
14.50 km/h (15.00) (18.00)
ml/kg/min  10.00 km/h <11.50km/h <AT 74.07 216.00 217.00
(14.00) (22.00)
Milletet al. HL 7 (M) ml/kg/km 75% sVO,max >14.50km/h <AT 75.00 193.60 180.30
[103] (4.30) (20.00)
ml/kg/km 92% sVO,max >14.50km/h >AT 92.00 196.40 185.40
(5.50) (16.30)
C 8 (M) ml/kg/km 75% sVO,max >14.50km/h <AT 75.00 189.80 203.20
(13.10) (20.20)
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Table 3 (continued)

Study G n Running economy
Intensity Mean pre Mean post
- - (SD) (SD)
Measure- Speed U-shaped Relative to  Relative to
ment reported RE-speed AT VO,max
relationship (%)
ml/kg/km 92% sVO,max >14.50km/h >AT 92.00 194.60 205.20
(22.30) (18.10)
Paavolainen PL+SL 10 (M) ml/kg/min  15.01 km/h >14.50 km/h >AT 78.17 51.80 (1.20) 47.60 (1.30)
et al. [8]
C 8 (M) ml/kg/min ~ 15.01 km/h >14.50km/h  >AT 78.17 50.70 (1.50) 51.40 (2.10)
Pellegrino PL 11 M=7;,  J/kg/min 12.10 km/h 11.50- <AT 927.00 920.00
etal. [12] F=4) 14.50 km/h (28.00) (29.00)
J/kg/min 7.74 km/h <11.50 km/h  <AT 646.00 643.00
(17.00) (20.00)
J/kg/min 9.18 km/h <11.50 km/h <AT 703.00 696.00
(17.00) (18.00)
J/kg/min 10.62 km/h <11.50 km/h  <AT 789.00 779.00
(19.00) (28.00)
J/kg/min 13.53 km/h 11.50- >AT 1070.00 1095.00
14.50 km/h (39.00) (35.00)
J/kg/min 14.97 km/h >14.50 km/h  >AT 1220.00 1217.00
(50.00) (34.00)
J/kg/min 16.41 km/h >14.50km/h  >AT 1337.00 1415.00
(84.00) (52.00)
C 11 M=7;  J/kg/min 12.10 km/h 11.50- <AT 998.00 991.00
F=4) 14.50 km/h (30.00) (31.00)
J/kg/min 7.74 km/h <11.50 km/h <AT 673.00 685.00
(17.00) (20.00)
J/kg/min 9.18 km/h <11.50 km/h  <AT 746.00 763.00
(17.00) (18.00)
J/kg/min 10.62 km/h <11.50 km/h  <AT 857.00 882.00
(19.00) (28.00)
J/kg/min 13.53 km/h 11.50- > AT 1163.00 1131.00
14.50 km/h (41.00) (37.00)
J/kg/min 14.97 km/h >14.50 km/h  >AT 1383.00 1340.00
(59.00) (41.00)
J/kg/min 16.41 km/h >1450km/h  >AT 1518.00 1451.00
(168.00) (105.00)
Piacentini SL SM=3; ml/kg/min ~ Avg 11.50- 42.30 (7.40) 42.20 (8.20)
etal. [19] F=2) 11.75 km/h 14.50 km/h
ml/kg/min ~ Avg 9.75 km/h <11.50 km/h  <AT 35.30 (6.20) 34.90 (7.00)
ml/kg/min ~ Avg <11.50km/h <AT 39.20 (6.90) 38.00 (7.10)
10.75 km/h
HL 6 M=4; ml/kg/min ~ Avg 11.50- 42.80 (5.00) 44.20 (4.00)
F=2) 11.75 km/h 14.50 km/h
ml/kg/min ~ Avg 9.75 km/h <11.50 km/h <AT 37.00 (5.20) 36.20 (4.20)
ml/kg/min ~ Avg <11.50km/h <AT 42.10 (4.00) 39.50 (3.50)
10.75 km/h
C 5 (M) ml/kg/min Avg 11.50- 43.40 (3.60) 42.90 (40)
11.75 km/h 14.50 km/h
ml/kg/min ~ Avg 9.75 km/h <11.50 km/h <AT 34.70 (2.40) 34.60 (2.30)
ml/kg/min ~ Avg <11.50km/h <AT 39.50 (2.80) 39.20 (0.80)
10.75 km/h
Saunders PL 7(M) J/kg/min 16.00 km/h >14.50 km/h <AT 81.04 1190.80 1162.80
etal. [113] (87.20) (116.10)
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Table 3 (continued)

Study G n Running economy
Intensity Mean pre Mean post
- - (SD) (SD)
Measure- Speed U-shaped Relative to  Relative to
ment reported RE-speed AT VO,max
relationship (%)
J/kg/min 18.00 km/h >14.50km/h  >AT 90.96 1539.20 1481.40
(292.20) (216.60)
C 8 (M) J/kg/min 16.00 km/h >14.50km/h <AT 81.04 1209.40 1138.60
(41.90) (133.60)
J/kg/min 18.00 km/h >14.50km/h  >AT 90.96 1528.20 1435.70
(256.60) (176.90)
Sedanoetal. SL+PL 6 (M) ml/kg/min ~ 16.00 km/h > 14.50 km/h 74.64 50.92 (0.89) 49.37 (1.03)
[115]
ml/kg/min ~ 12.00 km/h 11.50- 55.98 38.69 (1.05) 37.25(0.75)
14.50 km/h
ml/kg/min  14.00 km/h > 14.50 km/h 65.31 44.80 (1.11) 42.48 (1.05)
SL 6 (M) ml/kg/min  16.00 km/h > 14.50 km/h 74.64 50.60 (1.27) 49.84 (1.53)
ml/kg/min  12.00 km/h 11.50- 55.98 38.92 (1.41) 37.92(1.50)
14.50 km/h
ml/kg/min 14.00 km/h > 14.50 km/h 65.31 45.40 (1.09) 44.30 (1.19)
C 6 (M) ml/kg/min 16.00 km/h > 14.50 km/h 74.64 50.67 (0.95) 50.69 (0.94)
ml/kg/min 12.00 km/h 11.50- 55.98 38.66 (1.22) 38.59 (1.02)
14.50 km/h
ml/kg/min ~ 14.00 km/h > 14.50 km/h 65.31 46.95 (2.82) 46.88 (2.14)
Skovgaard ~ HL 12 (M) ml/kg/km 12.00 km/h 11.50- 62.71 195.00 189.00 (4.00)
et al. [104] 14.50 km/h (4.00)
C 9 M) ml/kg/km 12.00 km/h 11.50- 62.71 180.00 178.00 (6.00)
14.50 km/h (4.00)
Spurrs etal. PL 8 (M) ml/kg/min  14.00 km/h 11.50- <AT 55.43 33.35(5.15) 32.23 (4.27)
[107] 14.50 km/h
ml/kg/min ~ 12.00 km/h 11.50- <AT 43.44 26.05 (4.11) 24.30 (3.68)
14.50 km/h
ml/kg/min ~ 16.00 km/h >14.50 km/h  >AT 69.84 41.96 (6.14) 40.22 (5.43)
C 9M) ml/kg/min ~ 14.00 km/h 11.50— <AT 55.43 30.62 (3.29) 30.46 (3.98)
14.50 km/h
ml/kg/min 12.00 km/h 11.50- <AT 43.44 24.08 (2.87) 24.21(3.37)
14.50 km/h
ml/kg/min ~ 16.00 km/h >14.50 km/h  >AT 69.84 38.64 (4.95) 38.85(5.33)
Stohanzl PL 9 (F) ml/kg/min ~ sVT, <11.50km/h <AT 80.74 28.90 (2.70) 28.40 (2.60)
etal. [111]
ml/kg/min  7.00 km/h <11.50 km/h <AT 73.77 28.10 (2.50) 26.80 (3.10)
ml/kg/min ~ 9.00 km/h <11.50 km/h  >AT 87.30 33.10 (2.70) 32.10(3.10)
PL 11 (F) ml/kg/min  sVT, <11.50 km/h  <AT 83.88 31.20 (3.50) 30.80 (3.50)
ml/kg/min  7.00 km/h <11.50 km/h  <AT 68.99 24.60 (4.20) 23.60 (4.90)
ml/kg/min ~ 9.00 km/h <11.50 km/h <AT 81.69 29.00 (5.00) 28.60 (5.30)
C 11 (F) ml/kg/min ~ sVT, <11.50 km/h <AT 83.88 30.20 (3.40) 31.60 (3.80)
ml/kg/min  7.00 km/h <11.50 km/h <AT 68.99 25.90 (1.90) 25.30 (2.40)
ml/kg/min ~ 9.00 km/h <11.50 km/h <AT 81.69 30.80 (2.20) 30.50 (1.90)
Stgrenetal. HL 8 (M=4; ml/kg®™/  70% sVO,max <AT 70.00 0.68 (0.04)  0.65 (0.03)
[99] F=4) min
C 9M=5;  mlkg™  70% sVO,max <AT 70.00 0.68 (0.05)  0.69 (0.05)
F=4) min
Trowelletal. SL+PL 14 M=8;  kl/kg/min 12.00 km/h 11.50- <AT 66.23 4.51 (0.40) 4.50(0.33)
[119] F=6) 14.50 km/h
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Table 3 (continued)

Study G n Running economy
Intensity Mean pre Mean post
- - (SD) (SD)
Measure- Speed U-shaped Relative to  Relative to
ment reported RE-speed AT VO,max
relationship (%)
C 14M=9; KkJ/kg/min 12.00 km/h 11.50- <AT 66.23 4.43(0.41) 4.35(0.37)
F=5) 14.50 km/h
Turner et al. PL 10 M =4, m/ml/kg 11.27 km/h <11.50 km/h 5.20(0.34) 5.32(0.39)
[106] F=6)
m/ml/kg 9.65 km/h <11.50 km/h 5.14 (0.36)  5.30(0.36)
C 8 (M=4; m/ml/kg 11.27 km/h <11.50 km/h 5.07 (0.42) 5.04(0.45)
F=4)
m/ml/kg 9.65 km/h <11.50 km/h 5.21(0.37)  5.12(0.28)
Vikmoen HL 11 (F) ml/kg/min ~ 10.00 km/h <11.50 km/h <AT 85.74 45.83 (1.65) 46.13 (1.73)
et al. [98]
C 8 (F) ml/kg/min 10.00 km/h <11.50km/h <AT 85.74 45.39 (1.48) 45.35(1.40)
Vorupetal. HL 9 (M) ml/kg/min Avg >14.50 km/h >AT 81.74 54.70 (6.00) 52.50 (4.60)
[96] 15.00 km/h
ml/kg/min  Avg <11.50km/h <AT 59.95 42.40 (4.80) 40.30 (2.70)
11.00 km/h
C 7 (M) ml/kg/min ~ Avg >14.50km/h  >AT 81.74 53.10 (4.20) 53.60 (6.10)
15.00 km/h
ml/kg/min ~ Avg <11.50km/h <AT 59.95 42.30 (1.90) 42.30 (3.70)
11.00 km/h

avg average, AT anaerobic threshold, C control, F' female, G group, HL high load training, /SO isometric training, M male, n sample size, PL
plyometric training, SD standard deviation, SL submaximal load training, sLT speed at lactate threshold, sLTP speed at lactate turn point, sVT,
speed at VT,, sVO,max speed at VO,max

Table 4 GRADE assessment for the certainty of evidence

Certainty assessment No. of participants Certainty

No. of studies  Risk of bias  Inconsistency  Indirectness  Imprecision  Publication bias  Strength ~ Control group

training
High load training (follow-up: mean 8.6 weeks)
11 Not serious  Not serious Not serious  Serious® Undetected 108 98 SPPO
Moderate
Submaximal training (follow-up: mean 8.7 weeks)
3 Not serious ~ Not serious Not serious  Serious® Undetected 23 16 Sl ]@)
Moderate
Plyometric training (follow-up: mean 7.9 weeks)
11 Not serious  Not serious Not serious  Serious® Undetected 118 100 S]]
Moderate
Isometric training (follow-up: mean 9.3 weeks)
3 Not serious  Not serious Not serious  Serious® Undetected 28 27 S]]
Moderate
Combined methods training (follow-up: mean 11.5 weeks)
9 Serious” Not serious Not serious  Serious® Undetected 82 73 D00
Low

“Downgraded by one level because n < 800 and/or the 95% confidence interval crossed the small effect size

®Downgraded by one level because the median PEDro scale score was < 6
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Millet et al., 2002 [103] i

Storen et al., 2008 [99]

Kelly et al., 2008 [100]
Ferrauti et al., 2010 [97]
Mikkola et al., 2011 [102]
Piacentini et al., 2013 [19]
Skovgaard et al., 2014 [104]
Damasceno et al., 2015 [101]
Vorup et al., 2016 [96] ]
Vikmoen et al., 2016 [98]

Lietal, 2019 [20]

Summary
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Fig.2 Forest plots of the included studies for high load training and
its effect on running economy. The black squares represent the mean
observed effect size of the study, the size of square represent the
weight of the study and the black lines represent the 95% confidence

Q(6)=1.607, p=0.952, LRT,.,c;»=0, p=1, LRT},c;3=0,
p=1, Fig. 4), for PL at speeds ranging from 7.00 to
18.00 km/h (ES [95% CI]=-0.122 [—-0.299 to 0.054],
p=0.167, Q(27)=16.855, p=0.935, LRT}.,.n, =0, p=1,
LRT,.,.3<0.001, p=0.999, Fig. 5) and for ISO at speed
between 10.00 to 15.28 km/h. ES [95% CI]=-0.269 [—0.79
to 0.252], p=0.253, Q (6)=3.276, p=0.774, LRT).,;, =0,
p=1,LRT,,3=0.211, p=0.646, Fig. 6).

3.5 Sub-group and Meta-regression Analysis

A beneficial moderation for the effect of HL on RE was
noted for continuous absolute speed (#,=—0.177, p=0.027,
Table 5 and Fig. 7), categorical speed (8, =—0.653,
p=0.021, Table 5) and initial (before intervention)
VO,max (f,=-0.040, p=0.020, Table 5 and Fig. 8). In
PL, moderator analysis showed significant detrimental
moderation in categorical speed (f#; =0.470, p=0.017,
Table 6 and Fig. 9). In combined methods group, signifi-
cant beneficial moderation was observed for continuous
absolute speed (f; =—0.263, p=0.003), categorical speed
(B =-0.679, p=0.020) and U-shaped RE-speed relation-
ship (3, =-0.385, p,=—2.008, p=0.001). However, when

-10 -05 0.0 0.5 1.0 1.5
Pooled Effect Size -0.27

interval. The grey line represents a 95% confidence interval based on
the sampling variance of individual observed effect sizes in a study,
and its thickness is proportional to the number of effect sizes reported
within studies. J number of effect sizes within studies

outliers were removed, no moderating effects were observed
[all p>0.059, Table S3 (OSM)]. An analysis of possible
moderators for SL and ISO was not performed because the
minimum number of studies (i.e., eight studies) to perform
the analysis was not reached.

4 Discussion

The purpose of this systematic review with meta-analysis
was to evaluate the effect of different formats of strength
training methods (i.e., HL, SL, PL, ISO, and combined
methods) on RE in middle- and long-distance runners and
to examine the effect of strength training on RE as a func-
tion of assessed running speed. The main findings indicate
that HL and combined methods formats induced a small
improvement in RE, whereas no significant main effect
was found after SL or ISO. Moderator analyses revealed
that when HL was adjusted for absolute categorical speed
(i.e., £12.00 km/h and > 12.00 km/h) or absolute continu-
ous speed (i.e., 8.64 km/h to 17.85 km/h), or VO,max,
the higher the speed or VO,max, the greater the benefi-
cial effect on RE. In contrast, when PL was adjusted for
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Johnston et al., 1997 [136]

Mikkola et al., 2007 [137]

Mikkola et al., 2011 [102]

Sedano et al., 2013 [115] |

Blagrove et al., 2018 [118]

Li etal., 2019 [20]

Trowell et al., 2021 [119]

Luckin—Baldwin et al., 2021 [135]

Summary
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Fig.3 Forest plots of the included studies for combined methods
training and its effect on running economy. The black squares repre-
sent the mean observed effect size of the study, the size of square rep-
resent the weight of the study and the black lines represent the 95%

absolute categorical speed, it induced an improvement in
RE at speeds <12.00 km/h. These results suggest that HL,
PL, and combined methods can improve RE, although the
beneficial effect can be moderated by factors such as RE
speed selected for assessment and athletes’ fitness level (i.e.,
VO,max levels). These results and their implications are dis-
cussed in the sections below.

4.1 Main Analysis
4.1.1 High Load Training

HL is characterised by low-speed exercises and high force
requirements (>80% 1 RM or<7 RM) which aim to
improve the development of maximal strength [15]. The
main analysis revealed that HL induced a small improve-
ment on RE (ES=-0.266, p=0.039), a result that is in
line with other meta-analyses on this topic [4, 5, 24, 120].
These improvements were observed in interventions of
between 6 and 14 weeks’ duration with a training frequency
of 2-4 days per week. There appeared to be no moderating
effect of duration in weeks, sessions per week or total ses-
sions on RE (all p>0.111). These results are contrary to

20 -15 -10 -05 00 05 10
Pooled Effect Size -0.43

confidence interval. The grey line represents a 95% confidence inter-
val based on the sampling variance of individual observed effect sizes
in a study, and its thickness is proportional to the number of effect
sizes reported within studies. J number of effect sizes within studies

those of a recent meta-analysis [120] which found that the
implementation of HL over a period of ten weeks or more
had a greater effect on RE compared to shorter programmes.
This is possibly because the authors of that study included
ISO in the analysis, adding two further studies [116, 121]
that incorporated 14-week programmes. In contrast, in the
current analysis, just one study [103] included a training
programme of 14 weeks’ duration. However, despite find-
ing no significant moderating effect of training duration, the
slope of the curve in the conducted meta-regression was
negative (i.e., the longer the duration of the study, the better
the RE; f;,=—0.09, p=0.111). It is therefore possible that
studies of longer intervention duration may induce an effect
of HL on RE.

The improvement of RE following HL. may be due to
different mechanisms. It is known that HL may induce neu-
romuscular changes, such as altered recruitment and firing
frequency of motor units and changes in fibre type, result-
ing in increased rate of force development (RFD) [99, 122].
The early-phase RFD (e.g., isometric mid-thigh pull; 90°
squat) has been correlated with RE at 10.00 km/h [123],
12.00 km/h [124], and speed corresponding at 70% VO,max
[99]. For example, in a study by Stgren et al. [99] it was

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



Strength Training and Running Economy

:
!

Berryman et al., 2010 [114] I i J=1
i
1
i
1

Piacentini et al., 2013 [19] | ; I - ] J=3
1
1
1
i

Sedano et al., 2013 [115] [ - - : - ] J=3
1
1
1
i
i
1
i
i

Summary
i

-1.5 -1.0 -05 0.0 05 1.0

Fig.4 Forest plots of the included studies for submaximal load train-
ing and its effect on running economy. The black squares represent
the mean observed effect size of the study, the size of square repre-
sent the weight of the study and the black lines represent the 95%

found that eight weeks of HL improved RFD by 26% in
the 90° squat and that this correlated with improvements in
RE pre- and post-intervention. Furthermore, this increase
occurred independent of changes in body weight, and thus
the reported increase in RFD may have been due to neuro-
muscular adaptations [122]. A greater RFD after HL inter-
ventions would allow athletes to generate higher levels of
force in short periods of time, allowing a rapid transition
from the braking phase to the propulsion phase of the gait
cycle, promoting favourable muscular conditions [123] that
maximise the force—velocity relationship [125] and, thus,
RE. On the other hand, HL. may improve RE due to changes
in lower limb stiffness [123, 126, 127], which would result
in more efficient energy storage and release from the lower
limbs, thus reducing the energy cost of running [128]. For
example, a study by Millet et al. [103] reported significant
increases in RE after 14 weeks of HL and this was accom-
panied by an increase in leg stiffness.

4.1.2 Submaximal Load Training

Only three studies included SL (Fig. 4). The main analysis
found no significant effect of this strength training method

Pooled Effect Size -0.36

confidence interval. The grey line represents a 95% confidence inter-
val based on the sampling variance of individual observed effect sizes
in a study, and its thickness is proportional to the number of effect
sizes reported within studies. J number of effect sizes within studies

on RE at speeds between 9.75 to 16.00 km/h (p=0.131),
which could be attributed to several reasons. It has been
found that SL training is not as intense a stimulus as HL.
for the generation of adaptations in muscle-tendon stiff-
ness [129]. For instance, in a study by Piacentini et al.
[19], a significant improvement in RE was found after HL
whereas no significant improvement was observed after
SL. On the other hand, it seems that SL is not as effective
a stimulus for improving stretch-shortening cycle function
as PL [130]. For example, Berryman et al. [114] found that
both PL and SL improved RE but the percentage improve-
ment was greater after PL (7% vs 4%). In another study
[115], PL combined with SL and isolated SL improved RE
at 12.00 km/h, whilst improvement in RE at 16.00 km/h
was only found in PL combined with SL and not SL as a
singular training method.

However, these results should be interpreted with cau-
tion, as only three studies were included in the analysis
meaning that the conclusion could be undermined by low
statistical power. Moreover, an analysis of possible mod-
erators was not possible in this case.
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Fig.5 Forest plots of the included studies for plyometric training and
its effect on running economy. The black squares represent the mean
observed effect size of the study, the size of square represent the
weight of the study and the black lines represent the 95% confidence

4.1.3 Plyometric Training

The main analysis found no significant effect of PL on RE
(»p=0.167). This result does not align with recent systematic
reviews with meta-analysis related to the effect of strength
training on RE in endurance runners [5, 43, 120]. For exam-
ple, it has been suggested that PL may have a greater effect in
athletes with higher performance levels [43, 120] or in train-
ing programmes of longer duration in endurance athletes
[120] and healthy adults (i.e., longer than 7 weeks) [131].
However, we found no moderating effect of participant char-
acteristics or intervention duration (all p > 0.120, Table 6).
From the studies included in the analysis, improvements in
RE were found in moderately trained athletes [12] and in
6-week intervention programmes [12, 106, 107]. The lack of
any significant effect of PL in the main analysis is possibly
due to methodological differences with other meta-analyses
that have been carried out on this topic. For example, two
meta-analyses [5, 43] included PL with resistance training
within the same analysis while only one meta-analysis [120]
included isolated PL interventions, as in the current study.
This may be relevant given that PL combined with other
strength training methods may have a greater effect on RE

-1.25

075 -025 025 0.75 1.25
Pooled Effect Size -0.13

interval. The grey line represents a 95% confidence interval based on
the sampling variance of individual observed effect sizes in a study,
and its thickness is proportional to the number of effect sizes reported
within studies. J number of effect sizes within studies

(see Sect. 4.1.5). Furthermore, the difference in the speeds
used to evaluate RE could also have given rise to the dis-
crepancies observed between various different studies [9].
Contrary to the results of other meta-analyses [5, 43, 120],
we included all effect sizes that were documented within
each study (i.e., different speeds at which RE was assessed).
Interestingly, after performing sub-group analysis, we found
that PL had a beneficial effect when the speeds are less or
equal to 12.00 km/h compared to when the speed is higher
than 12.00 km/h (#,=0.47, p=0.017, Fig. 9). Therefore,
from these results it is possible that the improvement in RE
is primarily influenced by running speed, rather than perfor-
mance level and/or duration of training programmes.

4.1.4 Isometric Training

ISO is characterised by exercises that require muscle con-
traction without external movement. ISO can improve RFD
[17] and tendon stiffness (i.e., Achilles tendon) [116, 117]
without changes in joint stiffness [132, 133], adaptations
that could be related to improved RE [117, 123]. However,
the main analysis found no significant effect of ISO on RE
(p=0.253). A possible explanation for this result may be due
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Fig.6 Forest plots of the included studies for isometric training and
its effect on running economy. The black squares represent the mean
observed effect size of the study, the size of square represent the
weight of the study and the black lines represent the 95% confidence

to the difference in muscle action times that were evaluated
in the various different studies. For example, of the three
studies [112, 116, 117] included in this analysis, just one
[117] showed no improvement in RE. Although all three
studies performed the same exercise (i.e., isometric ankle
plantarflexion) at intensities equal to or greater than 80%
of the maximal voluntary contraction, they differed in mus-
cle action times. While two studies [112, 116] used mus-
cle action times of 3 s, in the study by Fletcher et al. [117]
the action time was 20 s. This could be relevant because it
is known that improvement in RFD is determined by neu-
romuscular adaptations, muscle size and tendon stiffness
[134] and isometric efforts of 1-5 s have been suggested to
generate such neuromuscular adaptations [17]. Given that
improvements in tendon stiffness were found in both short
duration (i.e., 3 s) [116] and long duration (i.e., 20 s) [117]
isometric efforts, it is possible that the failure to improve
RE was due to an inadequate stimulus to the neuromuscular
system in the way that short duration efforts at maximal
speed do. However, these interpretations need to be made
with caution given the small number of studies in the analy-
sis and the small sample sizes of those studies. In addition,
in the three included studies [112, 116, 117], participants

-3 -2 -1 0 1
Pooled Effect Size -0.27

interval. The grey line represents a 95% confidence interval based on
the sampling variance of individual observed effect sizes in a study,
and its thickness is proportional to the number of effect sizes reported
within studies. J number of effect sizes within studies

performed the same single-joint exercise (i.e., ankle plantar-
flexion), while the other strength training methods included
multi-joint exercises (e.g., squat or jump squat). Therefore,
additional investigations are needed to elucidate the effects
of ISO on RE including multi-joint exercises (e.g., specific
hip or knee run exercises).

4.1.5 Combined Methods Training

Various different studies implemented more than one
strength training method, such as SL with PL [8, 102, 115,
118, 119], HL with SL [135, 136] and HL with PL [20].
From the main analysis, we found that combined methods
group had a significant small effect on RE (ES =—0.426,
p=0.018), which was superior to that found in HL and PL
after adjusting for categorical speed. One possible expla-
nation for this is that all studies included in the analysis
included PL and/or HL. Therefore, it could be hypothesised
that the different adaptations induced by these strength train-
ing methods could complement each other when included
in the same programme, generating a greater effect on RE
[20]. However, it is important to mention that most studies
included SL [102, 115, 118, 119, 135-137] and given that
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Table 5 Results of meta-regression and subgroup analyses in search of possible moderators of high load training on running economy

High load train- n groups J f,Hedges'g 95% CI to(df), p value  f, Hedges' g 95% CI t,(df), p value F(df,, df,), p
ing (SE) (SE) value
Subject characteristics
Sex 11 19 F(2,16)=1.076,
p=0.364
Male 6 11 —-0.360 —0.703 to 1(16) = —2.226,
(0.162) -0.170 p=0.041
Female 2 2 0.203 —0.536 to 1(16)=—1.465, 0.563 —-0252t0  #(16)=1.465,
(0.349) 0.943 p=0.162 (0.384) 1.378 p=0.162
Male—female 3 6 —0.280 —0.758 to #(16)=-0.289, 0.080 —-0.508t0  #(16)=0.289,
(0.226) 0.198 p=0.777 (0.278) 0.668 p=0.777
Age 11 19 —-0.724 —1.818 to 1(17)=-1.395, 0.014 —-0.019t0  #(17)=0.908, F(1,17)=0.824,
0.519) 0.371 p=0.181 (0.016) 0.047 p=0.377 p=0.377
Body mass 11 19 —-0.973 —3.629 to 1(17)=-0.773, 0.010 —-0.028t0  #(17)=0.565, F(1,17)=0.319,
(1.259) 1.682 p=0.450 (0.018) 0.048 p=0.58 p=0.580
Height 10 17 4.845 —6.15to #(15)=0.939, —0.029 —-0.092t0  #(15)=-0.996, F(1,15)=0.992,
(5.159) 15.841 p=0.362 (0.029) 0.033 p=0.335 p=0.335
VO,max 10 16 1.991 0.117 to t(14)=2.279, —0.040 -0.072t0  #(14)=-2.619, F(1,14)=6.862,
(0.873) 3.864 p=0.039 (0.015) —0.007 p=0.02 p=0.020
Performance 11 19 F(2,16)=2.837,
level p=0.088
Moderately 5 8 0.018 —0.401 to 1(16)=0.089,
trained (0.198) 0.437 p=0.930
Well trained 3 5 —-0.201 —0.597 to #(16)=—-1.076, —0.219 —-0.796t0  #(16)=-0.804,
(0.187) 0.195 p=0.298 0.272) 0.358 p=0433
Highly 3 6 —0.651 —1.089 to t(16) =—3.159, —0.669 —-1275t0  t(16)=—2.343,
trained (0.206) -0.214 p=0.006 (0.286) —0.064 p=0.032
Strength train- 7 10 F(1,8)=0.795,
ing experi- p=0.399
ence
No 6 8 —0.232 —0.599 to #(8)=—1.459,
(0.159) 0.135 p=0.183
Yes 1 2 0.103 —0.683 to #(8)=0.303, 0.336 —-0.532t0  #(8)=0.892,
(0.341) 0.890 p=0.770 (0.376) 1.204 p=0.399
Strength training intervention
Weeks 11 19 0.533 —0.494 to 1(17)=1.095, —0.093 -0.21to t(17)=-1.682, F(1,17)=2.828,
(0.487) 1.560 p=0.289 (0.055) 0.024 p=0.111 p=0.111
Sessions per 11 19 -0.214 —1.295 to 1(17)=-0.417, —0.022 —-0456t0  #(17)=-0.106, F(1,17)=0.011,
week (0.512) 0.868 p=0.682 (0.206) 0.415 p=0.917 p=0917
Total sessions 11 19 0.139 —0.716 to #(17)=0.344, —0.020 —-0.060t0 #(17)=-1.042, F(1,17)=1.086,
(0.406) 0.995 p=0.735 (0.019) 0.020 p=0312 p=0.312
Speed assessed
Absolute speed 10 18 1.178 —0.069 to #(16)=2.003, —0.117 -0219t0  t(16)=-2.440, F(1,16)=5.955,
(continuous) (0.588) 2.424 p=0.062 (0.048) -0.015 p=0.027 p=0.027
Absolute speed 10 18 F(1,16)=6.573,
(category) p=0.021
<12.00km/h 9 13 —0.060 —0.336 to #(16)=—0.460,
(0.130) 0.216 p=0.652
>12.00km/h 3 5 —-0.713 —1.177 to t(16) =—3.258, —0.653 —1.193t0  t(16)=—2.564,
0.219) —0.249 p=0.005 (0.255) -0.113 p=0.021
U-shaped 10 18 F(2,15)=3.552,
RE-speed p=0.055
relationship
(category)
<11.50km/h 6 8 —0.136 —0.491 to 1(15)=-0.814,
0.167) 0.220 p=0.429
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Table 5 (continued)

High load train- n groups J f,Hedges'g 95% CI to(df), p value  f, Hedges' g 95% CI t,(df), p value Fdf,, df>), p
ing (SE) (SE) value
11.50- 5 5 0.059 —0.386 to 1(15)=0.282, 0.195 -0375t0  #(15)=0.728,
14.50 km/h (0.209) 0.504 p=0.782 0.267) 0.764 p=0.478
>1450km/h 3 5 -0.713 —1.18to t(15)=-3.258, —0.577 —1.164t0  #(15)=-2.098,
(0.219) —0.247 p=0.005 (0.275) 0.009 p=0.053
Speed relative 9 16 F(1,14)=0.057,
to AT p=0.815
<AT 9 13 -0.322 —0.658 to t(14) = —2.060,
(0.156) 0.013 p=0.059
> AT 3 3 —-0.403 —1.077 to 1(14)=-1.282, —0.081 —-0.806t0  #(14)=-0.238,
0.314) 0.271 p=0.221 (0.338) 0.645 p=0.815
Speed relative 10 16 0.189 —1.996 to 1(14)=0.186, —0.006 —-0.035t0 #«(14)=-0.464, F(1,14)=14.15,
to VO,max (1.019) 2.374 p=0.855 (0.013) 0.023 p=0.650 p=0.439

In the subgroup analysis (categorical variables), the first variable of the category was considered as the reference

AT anaerobic threshold, CI confidence interval, df degrees of freedom, n groups number of experimental groups, J number of effect sizes, SE

standard error

Results in bold represent a significant effect (a=0.05)
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Fig. 7 Meta-regression analysis for the effect of absolute speed (continuous) on running economy effect size in high load training. ES effect size,

J number of effect sizes within studies

in the individual analysis of this strength training method
we found no significant effect on RE (see Sect. 4.1.2), it is
possible that this type training, executed in isolation, may
not be enough of a stimulus to generate changes in RE. How-
ever, combined with other types of strength training it may
be [20, 114, 115].

On the other hand, these strength training methods used
were either combined within the same training session [20,
102, 115, 118, 119, 137] or performed in a different part of
the programme [135, 136]. In the first case, we found dif-
ferent types of exercise sequences within training sessions,
such as traditional and complex training (Table 2). A recent

meta-analysis found that different exercise sequences can
improve the force- and velocity-producing capabilities of an
athlete [18]. For example, a complex sequence can be used
combining heavy exercises (e.g., HL and/or SL exercises)
followed by light exercises (e.g., PL and/or SL exercises),
thus inducing post-activation performance enhancement
by improving the speed at which PL exercises are executed
[18]. This concept refers to the phenomenon in which maxi-
mal strength, power and speed are increased after a condi-
tioned contraction [138]. Traditional training employs light
exercises followed by heavy exercises which can enhance
strength development [18]. The moderator analysis of
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Fig.8 Meta-regression analysis for the effect of initial VO,max on running economy effect size in high load training. ES effect size, J/ number of
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exercise sequence in this meta-analysis showed no signifi-
cant moderating effect on this variable (p =0.956). This may
be because the strength training method is more influential
than the sequence of exercises within a prescribed training
session. Also, it is important to mention that complex train-
ing also has different sequences within it (e.g., ascending,
descending, French contrast and contrast) that can generate
different adaptations [139]. Therefore, future research could
investigate the effect of different strength training methods
and with different complex training strategies on RE.

4.2 Strength Training and Running Economy Speed
4.2.1 Absolute Speed (Continuous and Categorical)

Absolute and categorical speed acted as beneficial mod-
erators on the effect of HL on RE (3,=-0.177, p=0.027,
Fig. 7; p;=-0.653, p=0.021, respectively). Since the
increase in energy cost as speed increases could be the result
of an increase in muscle energy cost to generate higher levels
of force in short periods of time [125], an increase in RFD
may be reflected particularly at higher running speeds. Addi-
tionally, we found a significant moderator effect of VO,max
on RE in HL (#,=-0.05, p=0.02, Fig. 8). Indeed, it has
been observed that the correlation between leg stiffness and
RE increases with VO,max [127]. Given that more highly
trained athletes make more efficient use of elastic energy
(i.e., the Achilles tendon) to minimise muscle energy cost
[140], coupled with a possible increase in tendon stiffness
generated by HL [133], it is possible that athletes with
higher levels of performance (i.e., higher initial VO,max)
may be better able to transfer these adaptations to running at

a lower energy cost. However, it is possible that the speeds
chosen to assess RE were in line with the performance level
of the runners, with lower speeds for lower-level runners and
higher speeds for higher level runners.

Aside from HL, we found that in PL categorical speed
has a positive moderating (i.e., detrimental) effect on RE
($,=047, p=0.017, Fig. 9). It has been observed that PL
can improve joint stiffness in runners [107] and healthy indi-
viduals [141], which may be due to an increase in tendon
elongation (i.e., Achilles tendon) and a decrease in fascicle
length (i.e., medial gastrocnemius) [141]. A more compliant
tendon could store and release more elastic energy, decreas-
ing muscle energy cost, in situations where substantial pre-
stretching occurs [125], as at low running speeds. Conversely,
it has been found that in plantar flexors, as speed increases,
tendon energy storage and release become prioritised over
muscle work [142], and thus a more compliant tendon could
be detrimental. In fact, in the study by Pellegrino et al.
[12] it was found that after 6 weeks of PL, RE improved at
speeds ranging from 7.74 to 10.62 km/h, while no improve-
ment or detriment was observed at speeds between 12.10 and
16.42 km/h. Taken together, it appears that HL and PL may
improve RE but with varied effects depending on running
speed. However, future research is required to elucidate the
possible mechanisms of RE improvement.

4.2.2 U-Shaped RE-Speed Relationship

Several studies have found a U-shaped relationship
between the energy cost of running and speed (from 8.00 to
18.00 km/h) [23, 143], with elastic energy being independ-
ent of running speed [23]. This higher energy cost at low
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Table 6 Results of meta-regression and subgroup analyses in search of possible moderators of plyometric training on running economy

Plyometric train- n groups J f, Hedges'g 95% CI to(df), p value  p, Hedges'g 95% CI t,(df), p value  F(df, dfy), p
ing (SE) (SE) value
Subject characteristics
Sex 12 28 F(2,25)=1.068,
p=0.359
Male 5 9 —0.247 —-0.569t0  #25)=-1.574,
(0.157) 0.076 p=0.128
Female 2 6 —0.266 —-0.690t0  #(25)=-1.295, -0.020 —-0.552t0  #25)=-0.076,
(0.206) 0.157 p=0.207 (0.258) 0.513 p=0.940
Male—female 5 13 -0.002 —-0247t0  1(25)=-0.018, 0.244 —-0.161t0  #(25)=1.242,
(0.119) 0.243 p=0.986 (0.197) 0.650 p=0.226
Age 12 28 —0.016 —-1472t0  #26)=-0.023, —0.004 —-0.052t0  #26)=-0.165, F(1,26)=0.027,
(0.708) 1.440 p=0.982 (0.023) 0.044 p=0.870 p=0.870
Body mass 12 28 3.834 -1229t0  #26)=1.557, —0.057 —0.131t0  #26)=-1.609, F(1,26)=2.588,
(2.463) 8.897 p=0.132 (0.036) 0.016 p=0.120 p=0.120
Height 10 25 7.055 -3390t0  #23)=1.397, —0.042 —-0.103t0  #(23)=-1.432, F(1,23)=2.052,
(5.049) 17.50 p=0.176 (0.029) 0.019 p=0.166 p=0.166
VO,max 12 28 —0.289 —1433t0  #26)=-0.520, 0.003 —-0.019t0  #26)=0.291, F(1,26)=0.085,
(0.556) 0.854 p=0.607 (0.011) 0.026 p=0.773 p=0.773
Performance 12 28
level
Moderately 5 16 —0.06 —0.294 to 1(25)=-0.528, F(1,25)=1.342,
trained (0.114) 0.174 p=0.602 p=0.280
Well trained 6 10 —0.283 —-0.577t0  #25)=-1.982, -0.223 —-0.598t0  #25)=-1.222,
(0.143) 0.110 p=0.059 (0.182) 0.153 p=0.233
Highly 1 2 0.244 —-0.469t0  1(25)=0.704, 0.304 —0.446t0  1(25)=0.834,
trained (0.346) 0.956 p=0.488 (0.364) 1.054 p=0412
Strength train- 8 22 F(1,20)=2.176,
ing experi- p=0.156
ence
No 6 18 -0.221 -0476t0  1#(20)=-1.815,
(0.122) 0.033 p=0.085
Yes 2 4 0.192 —-0.334t0  #20)=0.761, 0.413 —-0.171t0  #20)=1.475,
(0.252) 0.718 p=0.455 (0.280) 0.998 p=0.156
Strength training intervention
Weeks 12 28 —0.158 —-0925t0  #(26)=-0.425, 0.004 —-0.096t0  1#26)=0.076, F(1,26)=0.006,
(0.373) 0.608 p=0.674 (0.048) 0.103 p=0.940 p=0.940
Sessions per 12 28 —-0.152 -0.858t0  #26)=-0.442, 0.011 —-0310to  #(26)=0.069, F(1,26)=0.005,
week (0.344) 0.554 p=0.662 (0.156) 0.331 p=0.945 p=0.945
Total sessions 12 28 —0.238 —-0966t0  1#26)=-0.672, 0.007 —-0.039t0  #26)=0.320, F(1,26)=0.103,
(0.354) 0.490 p=0.507 (0.022) 0.053 p=0.751 p=0.751
Speed assessed
Absolute speed 11 25 —-0.755 —1.538t0  #(23)=-1.995, 0.055 -0.010t0  #23)=1.737, F(1,23)=3.016,
(continuous) (0.378) 0.028 p=0.058 (0.031) 0.119 p=0.096 p=0.096
Absolute speed 11 27 F(1,25)=6.526,
(category) p=0.017
<12.00 km/h 10 18 —0.307 —-0.532t0  #25)=-2.802,
(0.110) 0.081 p=0.010
>1200km/h 5 9 0.163 —0.141t0  #(25)=1.104, 0.470 0.091 to 1(25)=2.555,
(0.148) 0.468 p=0.280 (0.184) 0.849 p=0.017
U-shaped 11 27 F(1,24)=2.187,
RE-speed p=0.134
relationship
(category)
<11.50km/h 8 15 —-0.276 —-0.521t0  #24)=-2.335,
(0.118) —0.032 p=0.028
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Table 6 (continued)

Plyometric train- n groups J f,Hedges'g 95% CI to(df), p value P, Hedges' g 95% CI t,(df), p value Fdf,, df,), p
ing (SE) (SE) value
11.50- 5 7 —0.108 —-0467t0  1#24)=-0.620, 0.169 —-0.265t0  #24)=0.802,
14.50 km/h 0.174) 0.251 p=0.541 (0.210) 0.603 p=0.431
>1450km/h 3 5 0.210 —-0.206t0  #(24)=1.042, 0.486 0.004 to t(24) =2.080,
(0.202) 0.626 p=0.308 (0.234) 0.969 p=0.048
Speed relative 8 22 F(1,20)=2.722,
to AT p=0.115
<AT 8 16 —0.246 —-0484t0  #20)=-2.155,
0.114) 0.008 p=0.044
>AT 4 6 0.109 —0.804t0  #20)=-1.650, 0.355 —-0.094t0 1#(20)=1.650,
(0.183) 0.094 p=0.115 (0.215) 0.804 p=0.115
Speed relative 9 18 —0.349 —-1920t0  #16)=-0.471, 0.001 —-0.020t0  #(16)=0.144, F(1,16)=0.021,
to VO,max (0.741) 1.222 p=0.644 (0.010) 0.023 p=0.887 p=0.887

In the subgroup analysis (categorical variables), the first variable of the category was considered as the reference

AT anaerobic threshold, CI confidence interval, df degrees of freedom, n groups number of experimental groups, J number of effect sizes, SE

standard error
Results in bold represent a significant effect (a=0.05)

Fig.9 Sub-group analysis for 1.5+ =.0.307 + 0.47 speed. p = 0.017
the effect of absolute speed (cat- ’ 1 8peed, p=0.
egorical) on running economy Speed category
effect size in plyometric train- 1.04 ® <12kmh
ing. ES effect size, J number of > 12 kmh
effect sizes within studies 0.5+
0 Q
w 0.0 --ooc-.o---o‘ooi‘oc-.o--é.--.o---oc-.oc--o--.oc--oc-.ocu
o e
o 06
-0.54 . @ Relative weight
o @ 2587
1.0 O @ «n
@ s
1.5 T T T T T T T T T T T
6 7 8 9 10 11 12 13 14 15 16 17 18 19

speeds (i.e., <11.50 km/h) may be due to greater muscle
activation for greater neuromotor control [144], whereas at
high speeds (i.e., > 14.50 km/h) it may be due to the muscle
being in a less favourable contractile condition as a priority
for storage and release of elastic energy from the tendon
[142]. When we performed the moderator analysis with
the variable U-shaped RE—speed relationship, we did not
find a significant moderating effect for HL, PL or combined
methods. However, we did find a near-significant moderat-
ing effect for HL (p =0.055). Indeed, the almost significant
regression coefficient showed a beneficial effect at higher
speed (f,=—0.557, p=0.053) compared to the regression
coefficient at moderate speed (3, =—0.195, p=0.478). This
could suggest a role of HL in improving RE at high speeds,
covering the higher muscle energy cost at high speeds. A

Speed (km/h)

possible explanation for finding a moderating effect on abso-
lute speed and not on U-shaped RE—speed relationship may
be due to the wide range of athletes that were included in
this analysis. It was reported that recreational athletes had
a curvilinear energy cost relationship at a range of speeds
lower than those observed in highly trained athletes [143].
Therefore, future research could analyse the impact of HL on
RE at higher speeds where muscle energy cost is higher, as
well as consider the difference between athletes of different
performance levels.

4.2.3 Speed Relative to Anaerobic Threshold

The assessment of RE at speeds relative to the anaero-
bic threshold has been suggested [22] as this allows
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consideration of the differences in energy substrates and
anaerobic threshold [21] or running at a race pace (e.g., at
marathon pace), with the intention of equalising the meta-
bolic conditions of the runners [22]. For example, Piacentini
et al. [19] found that HL improved RE only at marathon
running pace speed, whereas at 1.00 km/h below or above
marathon pace no improvement was found. On the other
hand, when the speed is above the anaerobic threshold,
anaerobic metabolism starts to become relevant, and it is
recommended to correct the values by adding blood lac-
tate energy values [30, 145]. When anaerobic metabolism
is added to the energy cost, it has a linear relationship with
running speed [30, 145]. However, among the studies that
included groups with values above the anaerobic threshold,
only one study [113] reported blood lactate concentration
values, and thus only one study would allow the application
of correction procedures to adjust for anaerobic metabolism
contribution. Surprisingly, this study [113] found that PL
improved RE at 18.00 km/h (measured in LO,/min); how-
ever, a detrimental effect was noted after adjusting for blood
lactate values. In the moderator analysis performed with the
categorical speed relative to anaerobic threshold we did not
find a moderating effect for this variable (all p>0.115),
possibly because the number of groups with speeds less
than or equal to the anaerobic threshold was considerably
higher than the number of groups with speeds greater than
the anaerobic threshold. It is therefore recommended that
future research should include the contribution of anaerobic
metabolism when assessing RE at speeds above the anaero-
bic threshold, allowing the effect of strength training on RE
at higher speeds to be assessed.

4.2.4 Speed Relative to VO,max

It has been found that athletes are more economical at the
speeds at which they compete (i.e., at middle- or long-dis-
tance speeds) and that differences in RE between men and
women are not significant when assessed at relative running
intensity (i.e., as a percentage of VO,max) [146]. Therefore,
we created a new variable whereby speeds were estimated
as speed relative to VO,max. However, we found no mod-
erating effect of this variable in HL, PL, or combined meth-
ods (all p>0.419). This may be because only two studies
[99, 103] assessed running economy at speeds relative to
VO,max, while the other values were estimated. On the other
hand, it is possible that speed relative to VO,max may not
consider differences in energy substrates as speed relative to
anaerobic threshold would.

4.3 Strengths and Limitations

Some limitations of this meta-analysis should be men-
tioned. Firstly, we performed analyses separately for each

strength training method due to their different composi-
tions and this limited the number of studies (i.e., < 8) for
which a moderator analysis for the effects of SL and ISO
could be performed. Secondly, in terms of speeds assessed
in RE, all but six studies [99, 100, 103, 111, 117, 118]
used absolute speeds; however this does not consider the
difference in energy substrates and anaerobic threshold
[21], so it is recommended to use speeds relative to anaer-
obic threshold or relative to race pace [22]. The strengths
of this meta-analysis should also be acknowledged. To
our knowledge, this is the first meta-analysis to inves-
tigate the moderation of assessed speed on the effect of
strength training on RE by including all assessed speeds
from each study, allowing the effect of different strength
training methods on RE at different running speeds to be
elucidated.

5 Conclusions

Based on these results, HL, PL, and combined methods
can improve RE. Furthermore, PL improves RE at speeds
of <12.00 km/h, combined methods group at 10.00 to
14.45 km/h and, HL at 8.64 to 17.85 km/h (particularly at
higher speeds), and as a function of athletes VO,max level.
No RE improvement was noted after SL or ISO. There-
fore, athletes and coaches might consider including dif-
ferent strength training methods (HL, PL and/or combined
methods) in traditional endurance training to improve run-
ning economy at different speed ranges in middle- and
long-distance runners. Future experimental research is
needed to understand the potential effects, and underlying
mechanisms, of different strength training methods on RE
assessed at different speeds in middle- and long-distance
runners, particularly among under-researched populations
(e.g., females; highly trained athletes).
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