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ABSTRACT

The purpose of this study was to perform a systemaview and meta-analysis of
controlled trials to determine the effect of stridntyaining programs on the running
economy (RE) of high-level middle- and long-distanounners. Four electronic
databases were searched in September 2015 (PuBf@®RTDiscus, MEDLINE and
CINAHL) for original research articles. After anaigg 699 resultant original articles,
studies were included if the following criteria wemet: (a) participants were
competitive middle- and/or long-distance runnets) participants had &Oomax >
60mL-kg-min™; (c) studies were controlled trials published @epreviewed journals;
(d) studies analyzed the effects of strength-trginprograms with a duration greater
than 4 weeks; (e) RE was measured before andthéiestrength-training intervention.
Five studies met the inclusion criteria, resulting total sample size of 93 competitive,
high-level middle- and long-distance runners. Four of five of the included studies
used low to moderate training intensities (40-7086-cepetition maximum), and all of
them used low to moderate training volume (2-4stasice lower-body exercises plus
up to 200 jumps and 5-10 short sprints) 2-3 perkwiee 8-12 weeks. The meta-
analyzed effect of strength training programs on iRigh-level middle- and long-
distance runners showed a large, beneficial effstandardized mean difference
[95%Confidence Interval] = -1.42 [-2.23, -0.60]n tonclusion, a strength-training
program including low to high intensity resistareoeercises and plyometric exercises
performed 2-3 times per week for 8-12 weeks is@pr@priate strategy to improve RE

in highly training middle- and long-distance rursmer
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INTRODUCTION

Sustained running performance is reliant on a cermpiteraction of factors that lead to
efficient muscular work and should result in fastl &ffective running gait (25). Among
the factors that may predict middle- and long-aisearunning performance, running
economy (RE), commonly defined as the steady-std&de required at a given
submaximal speed, has garnered the most attentientloe last decade, although it is

often still referred to addeing relatively ignored in the scientific litera&li (12).

Traditionally, biomechanical factors (30,50), mesfiber distribution (7,38)age (28),

sex (8) and anthropometric factors (I&gye been found to account for inter-individual
variability in RE. However, RE is also largely wdénced by training strategies,
including a wide range of forms of strength tragisuch as low-resistance training,
high-resistance training, explosive training angopietric training(3). These different
strength-training modalities have been reporteninjorove RE not only in recreational,

but also in moderately trained and highly traingadners (3,4,58).

RE improvements consequence of strength-trainitgyuentions have been attributed
to improved lower limb coordination and muscle ctiration, which would ultimately
increase muscle stiffness and decrease groundatdmntees (37). Similarly, strength-
training interventions have been suggested to aseréype | and type Il fibers’ strength
(53), resulting in less motor unit activation t@guce a given force (3). This increase in
strength may also improve biomechanical efficieaogl muscle recruitment patterns

(43), thus allowing a runner to run more efficigrdat a given running speed.



However, despite the body of evidence supportirg wke of strength training to
improve RE, it has been traditionally overlooked lbpg-distance runners and their
coaches to the extent that runners competing irR@@8 US Olympic Marathon trials
“included little strength training in their trainingrogrammes... and nearly half the
runners did no strength training at &l(26). This may be a consequence of long-
distance runners and their coaches being unawatteegbotential benefits of strength

training to improve RE and thus, performance.

Previous review articles on the effects of stredgidiming programs on RE did not
perform a meta-analysis as they only summarisedvhdable data (3,4,58). Thus, the
aim of this study was to systematically review thady of scientific literature for

original research and perform a meta-analysis addrg the effects of strength training

on RE in highly-trained runners.

METHODS

Experimental approach to the problem

A literature search was conducted on 25 SeptentliEs. Z'he following databases were
searched: Pubmed, SPORTDiscus, Medline and CINAKun{ulative Index to
Nursing and Allied Health Literature). Databasesessearched from inception up to
September 2015, with no language limitation. Alidsraand citations from scientific

conferences were excluded.

Literaturesearch



In each database the title, abstract and keywoedscls fields were searched. The
following keywords, combined with Boolean operatdND, OR), were used:
“running economy”, “cost of running”, “strength tn&ng”, “resistance training”,
“weight training”, “weight lifting”, “plyometric”, “sled training”, “resisted sprints” and

“lJump”. No additional filters or search limitationgere used.

Inclusion criteria

Studies were eligible for further analysis if tiidldwing inclusion criteria were met: (a)
participants were middle- and/or long- distancenars (studies with triathletes or any
other kind of athletes were excluded); (b) particits had &/O,max valuie > 60mL-kg
-min’; (c) studies were controlled trials published @epreviewed journals; (d) studies
analyzed strength-training programs with a duragjosater than 4 weeks; (e) RE was

measured before and after the strength-trainiregyention.

Two independent observers reviewed the studiegteerdindividually decided whether
inclusion was appropriate. In the event of a disagrent, a third observer was
consulted to determine the inclusion of the stullyflow chart of the search strategy

and study selection is shown in Figure 1.

#*+E|GURE 1 ABOUT HERE****

Quality assessment
The Physiotherapy Evidence Database (PEDro) s@d¢ &nd Oxford’'s levels of
evidence (36) were used by two independent obseruerorder to assess the

methodological quality of the articles includedtire meta-analysis. Oxford’s level of



evidence ranges from la to 5, with l1a being sydiemaviews of high-quality
randomized controlled trials and 5 being expernmpis. The PEDro scale consists of
11 different items related to scientific rigor.rtie 2-11 can be rated with O or 1, so the

highest rate in the PEDro scale is 10, and the $ovie

Statistical analyses

Standardized mean difference (SMD) with 95% Comicde Intervals (Cl) between
strength training and control conditions were cla@d with RevMan 5.3.5 for Mac
using a random effects model. Mean and standartitavs for the outcome measures
were present in each original article and it wasnmexessary to contact the authors for
further data. Significance for an overall effectswset at p<0.05. Heterogeneity of the
analyzed studies was assessed using an I-squateddting the significance level at
p<0.01. If heterogeneity was significant, furthealysis (removing studies to detect the
potential source of heterogeneity) was performeldoAthe contribution (%) of each
study to the overall combined effect of the intetv@n was computed as an inverse
proportion of the within-study variance (20). Figaleffects of the interventions
(strength-training programs) were qualitativelyessed using the following threshold
for the standardized mean difference, which wasipally designed for high-level

athletes (40): <0.25, trivial; 0.25-0.50, smalb®@-.1.0, moderate; >1.0, large.

RESULTS

Studies selected

Search strategy yielded 699 total citations asemtesl in Figure 1. After removing
duplicates and reviewing the resultant 174 fulktasticles, 5 studies met the inclusion
criteria (33,37,51,52,54). Excluded studies had ledst one of the following

characteristics: (a) participants h&@.max values < 60 ml-kgmin®; (b) participants



were not middle and/or long distance runners;dck lof a control group; (d) strength-
training interventions lasted less than 4 weeky;RE was not measured. Thus, the
overall sample for the present meta-analysis reduit 93 high-level middle- and long-

distance runners withOzmax> 60 ml-kg'min™.

L evel of evidence and quality of the studies

Three of the 5 included studies had a level of v 1b (high quality randomized
controlled trials). The two remaining studies halé\ael of evidence 2b as participants
were not randomly allocated into the interventioantrol groups: Also, mean score in

the PEDro scale was 5.4, with values ranging fraim @ (Table 1).

Characteristics of the participants

A summary of participants' characteristics is pnés@ in Table 2. The total number of
participants was 93 (78 males and 15 females) aitlage ranging from 17.3 to 29.8
years. Participants/O,a ranged between 61.2-71.1 mikain®. All participants
competed in middle- and long-distance running ev@mtnational and/or international

level.

Characteristics of the training programs

The characteristics of the training programs ohestady are depicted in Table 3. Three
studies (51,52,54) randomly allocated the partitipanto the intervention or control
groups, while the other two (33,37) matched theaugsofor age and training level in a
non-randomized way. Training interventions rangeanf8 to 12 weeks: 2 studies used
8-week programs (33,54), 2 studies used 9-weekranog (37,51) and 1 study used a

12-week program (52). Participants trained 3 tipesweek in 4 studies (33,37,51,54),



and 2 times per week in the other study (52). Tmgirduration ranged from 15 to 90
minutes, with 4 of the 5 studies having sessiongédo than 30 minutes (33,37,51,52).
One study (54) used high loads (85% of one-repatithaximum, 1-RM) and just the
half squat exercise for the intervention group.ctmtrast, four studies (33,37,51,52)
used 4 resistance-exercises with 1-3 sets of 4ep@titions at low and moderate
intensities (40-70% 1RM) in combination with 2-6laeded plyometric exercises for a

total of 30-200 jumps and/or 5-10 repetitions of1IBD m sprints.

Effects of strength training on running economy

The average RE change was -2:822.07 and 0.57 2.48 ml-kg"-min* for the
intervention and control group, respectively. Thetamanalysis demonstrated an
overall, significant, large beneficial effect ofetlstrength-training interventions on RE
when compared to the control group (SMD [95%CI]143 [-2.23, -0.64], Z = 3.53,
p<0.001). Four studies showed a large effect of itiervention (SMD >1.0) and

another one showed a moderate effect. See Figure 2.

***FIGURE 2 ABOUT HERE****

The I-squared test showed a significant heterofgranong the included studies
(1>=61%; p=0.03). However, further analysis showed thea removal of the study by
Paavolainen et al. (37) reduced the heterogeneify(® = 0%, p=0.77), indicating that
this study was the source of heterogeneity. Intaagithe contribution of this particular
study was the lowest of the 5 studies (13.88620.3-24.1%). When removing the
aforementioned study, the re-calculated averagelRiage was -1.882.31 and 0.5%

2.76 ml-kg-min® for the intervention and control group, respedfiv&his resulted in



an overall large, beneficial and significant effettthe strength-training interventions
(SMD [95%CI] = -1.06 [-1.56, -0.56], Z = 4.16, po01).

DISCUSSION

The present meta-analysis shows an overall largeefiogal effect of the strength
training interventions on RE in highly trained mieldand long-distance runners when
compared to the control group. Four of the 5 inetlgtudies presented an absolute
SMD greater than 1, which is considered a largecefivhen studying high-level
athletes (40), and the fifth study showed a moedetat high effect.. Moreover, the
overall 95% CI ranged from -2.23 to -0.64 SMD, tlstit did not cross 0 or positive
values, which would have meant trivial or negatéfeects of the intervention. Thus,
100% of the studies showed a significant and megmlireneficial effect of strength-
training interventions on RE in highly trained mield and long-distance runners.
Interestingly, one particular study (37) showedeayMarge SMD, which was greater
than those observed in the other studies (i.e78-8s. -1.43 for the overall effect).
However, we could not find any particular explaoatior the superior benefits of the
intervention used in Paavolainen et al. (37) asntmaber of strength-training sessions
conducted (3 sessions), its contents (resistargemptrics and sprint exercises), the
range of loads used (0-40% 1-RM) and the duratfathe intervention (9 weeks) were

very similar to those in the other studies.

One of the main concerns when training strength emdlurance concurrently is the
well-known interference phenomenon, by which theetlgpment of one of these
capacities is impaired by training the other (IBjus, finding the right balance between
strength- and endurance-training sessions appedrs trucial (1,13,16). It has been

previously reported that just one resistance tngirsession per week is not enough to



increase muscle strength or power in elite middled long-distance runners probably
because of the high endurance:strength training (2}. In this regard, although every
study in this meta-analysis used a different camfitjion of exercises and training
intensities, all included at least 2 strength-tregn sessions per week during the
intervention, with most studies (4/5) having 3 g&%s per week (Table 3). Taking into
account that runners conducted also 6-9 enduraaneAg sessions per week, it results
in a 6:2-9:3 ratio between weekly endurance:trgnsessionsAll analyzed studies

found significant improvements in muscle strengibyer output, jJump height and RE
(33,37,51,52,54); therefore, strength-training isessbeing ~30% of the total training
sessions might be an valid strategy to improve RéErauscle strength concurrently in

highly trained runners according to our analysis.

The most common strength-training programs in thelyaed studies consisted of
lower-body resistance exercises such as back squdég extensions combined with
plyometrics (33,37,51,52,54). Both types of strbrghining modalities have been
probed, in both an isolated or combined way (153)lfo improve several variables
related to neuromuscular performance such as masirength muscle power output,
tendon stiffness and rate of force developmentl(2,4,29,42). While these factors have
been specially studied in strength or explosivdetés such as weightlifters, rugby
players or sprinters (5,18,44), there is a growiogdy of research that highlights the
importance of neuromuscular performance in middid long-distance runners
(4,10,38,39). For example, a significant correlatias been observed between jumping
ability and the time to cover 800, 3000 and 5000nmhighly trained runners (21).
Similarly, recent studies describing the muscledtenproperties of world-class Kenyan

runners found that these athletes have higher jugnability, muscle power and smaller



stretch-shortening amplitudes and contact times tlagéional level Japanese athletes

(47,48), variables likely related to their more@ént RE (31,35,42).

It has to be noted that most strength-training o (4 out of 5 of the included
studies in the present meta-analysis) used low ddemate training intensities for the
resistance exercises (40-70% 1-RM), and all of thesed low to moderate training
volumes (2-4 resistance lower-body exercises plugou200 jumps and 5-10 short
sprints, for a total session duration of 30-60 mikjst one study used heavy loads (85%
1-RM), but each strength-training session consistefust 4 sets of 4 repetitions of
back squat for about 15 min. Furthermore, noné@ftudies used repetitions to failure,
a common practice in bodybuilding that seems to imae muscle hypertrophy
(11,45), but that may impair muscular performanee produce an excessive degree of

fatigue (19,23,24,57).

Training to failure (reaching the maximal numberrepetitions that could be done
within a set for a determined load) produces anranas metabolic and neuromuscular
fatigue (19,46) that could lead to a transitiorskaw-twitch fiber type (14) and reduce
the muscle power output (19,23). Therefore, sirargables related to muscle power are
crucial for distance running performance, a noffieibe approach aiming the
improvement of the neuromuscular performance mighimore appropriate for highly-

trained middle- and long-distance runners.

The main limitation of the present meta-analysishe small number of included

studies. Although the role of strength training fime improvement of running

performance has received a lot of attention dutiveylast decade (4,42,58), the vast
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majority of the studies recruited amateur-recresticunners instead of highly trained
athletes (27,35,38). Considering that highly trdingunners have different
biomechanical and physiological profiles than nbteeathletes (6,48,49,56), future
research analysing elite runners is thus warranf@ids may provide valuable
information for coaches and applied scientists tfee ongoing management of elite
running training programmes and may be especialgvant in the context of a

multifactorial approach to reach historic milestesech as the sub-2h marathon (22).

PRACTICAL APPLICATIONS

The present meta-analysis shows an overall unamsatge, beneficial effect of the
strength training in the RE of highly trained mieldand long-distance runners when
compared to the control group. It appears thatength-training program consisting of
2-4 resistance exercises at 40-70% 1-RM withouthieg failure, plus plyometric
exercises performed 2-3 times per week for an dv@rh endurance:strength training
ratio and lasting 8-12-week is a safe strategymprove RE. This may help highly

trained middle- and long-distance runners to achsvoptimum performance.
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FIGURESLEGENDS

Figure 1. Flow chart of search strategy and seleatf articles

Figure 2. Forest plot showing the individual andhbined effects of the intervention on
running economy (RE). Black square with horizonitaés indicates the standardized
mean difference (SMD), with 95% Confidence Inter(@l) between the intervention

(experimental) and control groups for each studyilevthe black diamond represents
the overall SMD and CI for all studies in the metelysis. Mean and SD represent

absolute measures of RE in mifkapin™.
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Table 1. PEDro ratings and evidence levels of theincluded studies

Evidence
Study PEDro ratings*

levels

1 2 3 4 5 6 7 8 9 10 11 Total

Paavolainen No 1 1 1 1 1 5 2b
etal. 1999
Saunders et Yes 1 1 1 1 1 1 6 1b
al. 2006
Mikkola et Yes 1 1 1 1 1 5 2b
al. 2007
Stgrenetal. Yes 1 1 1 1 1 5 1b
2008
Sedanoetal. Yes 1 1 1 1 1 1 6 1b
2013

*Items in the PEDro scale: 1 = eligibility critengere specified; 2 = subjects were
randomly allocated to groups; 3 = allocation wascealed; 4 = the groups were similar
at baseline regarding the most important prognastiicators; 5 = blinding of all
subjects; 6 = blinding of all therapists who adrsiiered the therapy; 7 = blinding of all
assessors who measured at least 1 key outcomeeasures of 1 key outcome were
obtained from .85% of subjects initially allocatedgroups; 9 = all subjects for whom
outcome measures were available received the tesdton control condition as
allocated or, where this was not the case, datatfl@ast 1 key outcome was analysed
by “intention to treat”; 10 = the results of betwegroup statistical comparisons are

reported for at least 1 key outcome; 11 = the spudyides both point measures and



measures of variability for at least 1 key outcome.
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Table 2. Characteristics of the studies and the participants

Participants Study design
VO,Max
First author, Number Randomized:
Age (yrs.)  (mL*kg’ Main outcome*
year (M/F) YES/NO
Lmin™
Paavolainen etal. 18 RE at 15km/h;
23.3+3 63.3+2.1 NO
1999 (18/0) VO,Max
Saunders et al. 15 RE at 18km/h,
24.2 +2.3 71.1+6.0 YES
2006 (15/0) VO,Max
Mikkola et al. 25 RE at 14km/h,
17.3+05 626+3.9 NO
2007 (18/7) VO,Max
RE at
Stgren et al. 200817 (9/8) 29.1+6.1 61.2+3.9 YES 70%VOMax,
VO,Max
Sedano et al. 18 RE at 12km/h,
23.8+x12 696+20 YES
2013 (18/0) VO,Max

RE = running economy; M/F = male/female; Max = maximal oxygen consumption. *RE
and VOQMax values were measured in mL*kgnin™, except in Stgren et al (CITA), in
which RE was measured in mL*Rg>*min, and in Sauders et al. (CITA), in which RE was

measured in L*miit.



Table 3. Characteristics of the training programs

Range of
First author, Program #weeks of
Program exercises loads Sessions/week Duration (min) SMD [95% Cl]
year type intervention
(%BW/RM)*
Paavolainen et ST/PLY/ ST: (5-10reps of ST/PLY: 0O; 9 Not reported; 2.7h 15-90 -3.78[-5.45, -2.1]
al. 1999 RT 20-100m); PLY: RT: 40 per week,

(alternative jumps,
CMJ, jump squats,
drop jumps, 30-200
total jumps); RT:
(leg extension, leg
curl, leg-press,

1set/5-10 rep)

according to
session duration

most likely 3



Saunders etal. PLY/RT  PLY: (alternate leg- PLY: O; RT: 9 3 30 -0.54 [-1.58, 0.49]
2006 bounds, skip for 60

height, single-leg

ankle jumps, CMJ,

hurdle jumps,

scissors jumps, 1-

2sets/6-15reps; 36-

180 total jumps);

RT (leg press,

hamstring curls, 1-

2sets/6-10reps)
Mikkola et al. ST/PLY/ ST:(5-10reps of  ST/PLY: 0O; 8 3 30-60 -1.03[-1.87,-0.18]
2007 RT 30-150m); PLY: RT: Low

(alternative jumps, loads,

calf jumps, squat repetitions



Stgren et al.

2008

RT

jumps, hurdle NOT until
jumps, reps/sets notfailure, %RM
reported); RT (half- not reported
squats, knee

extensions, calf

raises, abdominal

crunches, back

extensions, 2-

3sets/6-10reps)

RT: (half squats, 85

4sets/4reps)

Not reported.
Considering
number of
exercises, sets
and reps, about

15min

-1.45 [-2.56, -0.35]



Sedano et al. RT/PLY  RT: (back squat, RT: 40-70; 12 2 Not reported. -1.17 [-2.24, -0.10]

2013 lying leg curl, PLY: 0 Considering
seated calf raises, number of
leg extension, exercises, sets
3sets/7reps); PLY: and reps, about
(hurdle jumps, 45-60min

horizontal jumps,
6sets/10reps; 120

total jumps)

ST = sprint training. Short sprints performed akimeal intended velocity; PLY = plyometric traininBT = resistance training; BW = body
weight; RM =1-repetition maximum; SMD = standardizaean difference between experimental and cogtmlps, bias corrected (Hedge’s g)
as reported by RevMan 5.3; CI = confidence intexval

*Range of loads is reported as a percentage of &/8T and PLY, and as a percentage of RM for RT.
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Experimental Control Std. Mean Difference Std. Mean Difference
Study or Subgroup _ Mean _SD_Total Mean SD Total Weight IV, Random, 95% CI_Year 1V, Random, 95% CI
Paavolainen et al. -41 113 10 08 136 8 13.5%

Saunders et al. -31503 7 04513 8 2LI% —_—
Mikkola et al. -15 238 13 13 29 12 24.3% —
Storen etal. -122 084 8 043 125 9 203% - . —
Sedano etal. -17 099 12 -01 18 6 20.8% -117(-2.25-0.10] 2013 —
Total (95% CI) 50 43 1000% -143(-223,-0.64] -
Heterogeneity: Tau? = 0.49; Chi® = 10.39, df = 4 (P = 0.03); I = 61%

Test for overall effect: Z = 3.53 (P = 0.0004)

-4 - 2 4
Favours [experimental] Favours [control]

Copyright © National Strength and Conditioning Association Unauthorized reproduction of this article is prohibited.



