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Abstract

Running economy (RE) and velocity at maximal oxygetake { VO2 may are considered to
be the best physiological performance indicator®lite distance runnersin addition to
cardiovascular function, RE aRd/O2 maxare partly dictated by neuromuscular factors. One
technique to improve neuromuscular function in et is through strength training:he
aim of this study was to investigate the effecaafO week strength training intervention on
strength (maximal- & reactive-strength)\/Ozmax €CoOnomy and body composition (body
mass, fat & lean mass) in competitive distance el wenty competitive distance runners
were divided into an intervention group (n = 11;529 10.0 years; 72.8 + 6.6 kg; 1.83 £ 0.08
m) and a control group (n = 9; 27.4 £ 7.2 years2 #6.4 kg; 1.77 + 0.04 m). During week
0, 20 and 40, each subject completed three assetssmghysiology f2mmol/L Bla,
vAmmol/L BLa, RE,y VO2max VOzmay, strength (LRM back squat; countermovement jump &
0.3m drop-jump) and body composition (body madsniass, overall-lean & leg-lean). The
intervention group.showed significant improvememsmaximal- and reactive-strength
qualities, RE an@ VOz2max at weeks 20 (p < 0.05) and 40 (p < 0.05). Tdetrol group
showed no significant changes at either time poifhere were no significant changes in
body composition variables between or within grougghis study demonstrates that forty
weeks of strength training can significantly impeawnaximal- and reactive-strength qualities,

RE and,VOzmax Without concomitant hypertrophy, in competitivistence runners.

Key Words: strength, running economy)O2zmax distance running.
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Strength Training in Distance Runners 2

INTRODUCTION

Performance in distance running is multi-facetedlying on an intricate interaction of
physiological, biomechanical and psychological de€t Even within the physiological
domain, there is a complex synergy between theraleahd peripheral system’s role in
facilitating adenosine triphosphate (ATP) regenenafor sustained running locomotion (4).
Since the original work of Hill & Lupton (15), therhas been an abundance of research

studies investigating the role of maximal oxygenstonption §/O,ma) in distance running.
Research has shown strong relationships betW&iax and middle- (800m, r = 0.75) and
long-distance (marathon, r = 0.78) performance atetogeneous groups (17, 37). Due to
this, maximal oxygen uptakeVQO.ma) protocols have been traditionally used in the
laboratory to monitor and predict the performancteptial of both middle- and long-distance
runners. However, at elite long-distance levelr@atieon time < 2 h 30 min), the relationship
betweenVOmax and performance is weak (r = 0.01), and it isljikbat this relationship is

negligible at ‘world-class’ standard (marathon tisn& h 10 min) (37).A high VOzmax(> 70
mL/kg/min) may be a pre-requisite to be an elitstatice runner, but additional physical
gualities are needed to succeed at this level. pajormance indicators such as running
economy (RE), velocity at maximal oxygen uptake/®:may and anaerobic function
(velocity during maximum anaerobic running te8fART; & max-velocity sprinting) have
been established as superior markers of succéisesa elite populations (5).

RE is defined as the metabolic cost to cover argiistance at a constant velocity (36).
RE represents the ability of a runner to transtsbular energy production into running
locomotion and is normally expressed as the volafrexygen consumption per unit of body

mass required to run a kilometer (mL/kg/km) (36RE has been shown to be a stronger

indicator of performance thawO.maxalone within elite homogenous populations, witteinat

individual variability ranging between 20-30% (27)he east African dominance in distance
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Strength Training in Distance Runners 3

running has been partly attributed to their supegimonomy (36). RE is determined by the
athlete’s physiology, anthropometrics, biomechanied environment; however
improvements in RE may be difficult to obtain imitred runners, and therefore any novel

training modality that results in marginal improvemts may be crucial for success (2).

The velocity attained a¥O.max (v VO2may) iS @ ‘functional’ expression of maximal oxygen

consumption in velocity units (km/h)y \'/OZmax is a composite of both-maximal oxygen
consumption and economy. Due to this, the variflale shown to be strongly associated
with elite middle- (r = 0.71) (17) and long-distang = 0.89-0.94) (27) running performance.
Even thoughVO,max may remain stable throughout an elite distanceetis career, research
has shown that the velocity ajO,max can improve by approximately 14% (19). This
demonstrates that elite distance runners can inepitoeir ability to translate maximal aerobic
energy production into faster running velocitieDuring middle-distance events (800m &
1500m), or sprint finishes in long-distance evewtsere velocities exceed\Ozmax the
contribution of the anaerobic energy system isaased (27). Endurance-specific ‘muscle
power’ is the ability of the neuromuscular systeonrapidly produce force following a
sustained period of high-intensity exercise (hitycgytic and/or oxidative energy demand)
(28). This ability may be the differentiating factfor succeeding in elite distance running
(i.e. sprint finish). Therefore, rate of force d®pment (RFD) is essential not only in short-
distance events (i.e. 100m, 200m & 400m), but aismiddle- and long-distance running.
Consequently, in addition to cardiovascular capadimitations to elite distance running
performance may be dictated by peripheral neuroatastorce production ability.

One training technique for improving rate of forpeoduction in athletes is strength
training. Early work from Paavolainen et al (29) 3lemonstrated that the neuromuscular
adaptations from strength training (i.e. musculdieous stiffness, motor unit recruitment

and synchronization, rate coding, intra- and integgoular coordination & neural inhibition)



51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

Strength Training in Distance Runners 4

(10, 45) have the potential to improve performancgistance runners (44) by improving RE
(2), v VO2max and/or anaerobic function (24). However, strertgiiming is generally still an
uncommon physical preparation modality in the disearunning community. This is most
likely due to the ‘hypertrophic’ connotations asated with lifting weights, with distance
runners inadvertently linking strength adaptatiomecreased musculature and body mass -
which would potentially negatively affect relatipdysiological performance parameters (i.e.
VO2max RE). Nonetheless, a recent systematic revievBégttie et al (5)n competitive
distance runners reported that strength trainimgiwgorove 3 km (2.7%, ES = 0.13) (38) and
5 km time-trial performance (3.1%) (30), economyd(4 8.1%, ES: 0.3 — 1.03) (6, 21, 24,
30, 32, 38, 40)y VO2max (1.2%, ES: 0.43 — 0.49) (6, 2d4hd maximum anaerobic running
velocity (\MART) (3%) (24, 30). However, Beattie et al.’s (f&view showed that the
strength interventions in these studies were kedbti short-term (~ 8 weeks), and used
inadequate exercises (i.e. machine-based, isotatertises) that may have limited optimal
strength development of the leg musculature fotadise running performance (41).
Therefore, the current study addressed for thengtineand conditioning community, the
uncertainty surrounding long term adaptations tergjth training in trained distance runners

(1500 m — 10 000 m).

To our knowledge, the effects of a strength trgniervention longer than 10 weeks, on
v VOzmaxand RE in distance runners, is unknown. Theretbeeaim of the current study was
to investigate the effect of a 40 week (20 weekgmason & 20 week in-season) strength
training intervention on strength qualities (maxim& reactive-strength), key physiology
performance indicators, {fOz2max and RE) and body composition in collegiate andonat-
level distance runners (1500 m — 10 000 m). Theeemental approach to answer this
research question was to conduct a 40 week lorigaldtrength intervention study with a

parallel control group, measuring physiologicatesgth and body composition variables at
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Strength Training in Distance Runners 5

weeks 0, 20 and 40. We hypothesised that a 40 w&ekgth intervention in distance

runners would result in significant changes in rggte qualities (maximal- & reactive-

strength), key physiology performance indicatgrg¢@.max & RE) and body composition.

METHODS
Experimental approach to the problem

To investigate the hypothesis of the study, a ldjnal and controlled experimental
design was used to investigate the effect of a d6kw (20 week pre-season & 20 week in-
season) strength training intervention on strerggthlities (maximal- & reactive-strength),
key physiology performance indicatorg\[Oz2max and economy) and body composition in
collegiate and national-level distance runners (180— 10 000 m). A two group, repeated
measures (pre-, mid- and post-testing) design wad.lAfter an 8-week off-season, subjects
were divided into the two groups based on theilitsitio adhere to the study conditions (i.e.
time commitments and location relative to trainfagility). The two groups consisted of an
intervention group (endurance training AND strengéining: n = 11; 29.5 + 10.0 years; 72.8
+ 6.6 kg; 1.83 + 0.08 m) and a control group (eadae training ONLY: n=9; 27.4 + 7.2
years; 70.2 + 6.4 kg; 1.77 = 0.04 m). There wearsignificant differences between groups at
baseline for all measures. All athletes and cosetere instructed not to deviate from their
normal 1500 m — 10 000 m endurance training. s known that the control group did not
employ any strength training as part of their ndrtraaning programme. Due to the extensive
longitudinal nature of the study, endurance tragr(volume & intensity) was not controlled.

In addition to their endurance training, the in&riton group strength trained twice a
week during the pre-season period (weeks 1-20, Deee — March, winter months), and
once a week during the in-season ‘racing’ perioegeks 20-40, April — July, summer

months) (see Figure 1). All strength sessions wesehed by an experienced UK Strength
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Strength Training in Distance Runners 6

& Conditioning Association (UKSCA) accredited coafthe lead author). Each strength
session lasted approximately sixty minutes (sedel’Bb
Subjects

Thirty competitive collegiate and national-levestdince runners (1500 m — 10 000 m)
participated in the study, however due to unrelatgdry and time commitment, twenty
subjects (n = 20; 28.2 + 8.6 years; 71.6 = 6.6Xkg0 + 0.07 m) completed the study. The
subjects had a mean maximum oxygen uptake,of 61.3 £ 3.2 mL/kg/min, which is
close to the BASES ‘national-level’ physiologicdbrsdard (65-75 mL/kg/min) for male
distance runners (Jones, 200®&)is also important to note that all subjects imadstrength
training experience. All subjects were recruitbdotigh poster and email. After being
informed of the benefits and potential risks of theestigation, each subject completed a
health-screening questionnaire and provided writi@rmed consent prior to participation in
the study. All experimental procedures were ratitoy the University of Limerick Research
Ethics Committee in accordance with the provisia@isthe most recent Declaration of

Helsinki.

Insert Figure 1 here

Strength, Physiology & Body Composition Assessment

During week 0, 20 and 40, each subject completexbthssessment days: physiology,
strength and a body composition assessment day.sthdingth, physiology and body
composition assessments were undertaken at the tsamef day to avoid diurnal variation

in performance. There were 48 hours between esstimg day. To control the effect of diet
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Strength Training in Distance Runners 7

and physical readiness, each subject was askezshtume a habitual diet and avoid alcohol
(< 48 hours), limit caffeine ingestion (< 4 hourahd avoid vigorous exercise (< 24 hours)
prior to assessmentdzor body composition assessment, participants tegoto the
laboratory following a 3h fast, having consumed rf0M®f water, one hour prior to

measurement.

Strength Assessment

Prior to the strength assessment day, each sulgewtd out a familiarisation day to
ensure habituation with the back squat, countermeve jump and drop-jump tests. The
familiarisation day included the same protocol las $trength assessment day (see below).
Also, all subjects were familiarised with the pljsgical measurement equipment during the
warm-up period before physiological measuremeyzsinol/L BLa, 4mmol/L BLa, RE,
v VOzmax VO2may) Were taken. Before back squat 1 repetition marin{RM) testing, each
subject completed a five minute warm-up (self-mgofal release, stretching and dynamic
mobility exercises). Following completion of thern-up, subjects started the back squat 1
RM testing protocol to assess maximal-strength. (Bbis protocol consisted of a warm-up of
10 repetitions at 50% of their [estimated] 1RM lp&dk 70% 1RM, 3 x 80% 1RM, and 1 x
90% 1RM. Each participant's 1RM was estimated liy tesearcher based on the athlete’s
body mass, age and gender (25). Following the wagsnprotocol, each subject had three
attempts to determine their actual 1RM (with 3 nésuin between sets). To ensure safe
conditions during testing, a box was set at theekiwdepth the athlete could squat while
keeping optimal lumbar spinal position. Theref@guat depth was specific to each subject
and knee angles ranged fronf 9020 flexion. Only trials in which the subject touchtn
box were considered successful lifts. The kneadteangle was recorded to ensure the same

squat depth during week 0, 20 and 40 assessments.
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Strength Training in Distance Runners 8

Approximately ten minutes after the 1RM back sqsabjects started the reactive-
strength assessment. Reactive-strength movementsaegorised depending on their slow
or fast stretch-shortening cycle (SSC) charactesig84). Slow SSC function was assessed
through a countermovement jump (CMJ), and fast &B€Ction was assessed through a 0.3m
drop-jump. Both jumps were performed on a forcatfpim (AMTI OR6-5; AMTI,
Watertown, MA, USA) operating at a sampling ratel600Hz. Each subject addressed the
CMJ in a standing position while keeping their h&mah their hips in order to restrict arm
movement. After instruction, subjects initiate@ famp via a downward countermovement.
All subjects were instructed to choose a depthttiney felt would maximise jump heighior
each trial the subject was told to “jump as higlpassible”. Two minutes recovery was given
between jumps. Three jumps were performed with Highest value used for analysis.
Following CMJs, subjects performed three individdedp-jumps from a 0.3 m box onto a
force platform. Each jump was separated by twoubes of recovery. Prior to each drop-
jump, the subject was instructed to step forwafdbad box, and on contact with the platform
to immediately jump as high as possible. They vase instructed to keep their hands on
their hips in order to restrict arm movement. EhdFop-jumps were performed with the

highest reactive-strength index [RSI = jump heigh} / contact time (s)] used for analysis.

Physiology Assessment

All physiological variables YO2max v VOzmax RE,v2mmol/L & ,4mmol/L BLa) were
determined during a two-part treadmill protocol RPHZosmos Pulsar treadmill, H/P/Cosmos
Sports & Medical gmbh, Germany). The treadmill vea$ at 1% gradient throughout the
protocol. Oxygen consumption was determined caotisly using a gas analyser (MOXUS,
Model DC-3A, AEI Technologies, Naperville, IL, USA) Before each test, the metabolic

cart was calibrated for air flow, and the gas aseywas calibrated against a certified gas
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Strength Training in Distance Runners 9

mixture. Prior to the protocol, each subject watrap on the treadmill for ten minutes. The
first five minutes was completed at a velocity thais 7 km/h slower than their estimated 4
mmol/L blood lactate velocity4mmol/L BLa), and the second five minutes at a dpbat
was 6 km/h slower thagimmol/L. Following the warm-up, a resting BLa saenplas taken
using a Lactate Pro Analyser (Lactate Pro, ARKAYdpe, Amstelveen, Netherlands).

The first part of the treadmill protocol consistefia twenty minute sub-maximal
‘step’ test. The step test consisted of five, founute stages. Each stage was four minutes
in length to allow for steady-state oxygen consuamptheart rate and BlLa levels. The first
stage was performed at a velocity 5 km/h slowen tha subject’s estimatgdmmol/L. Each
stage increased by 1 km/h every four minutes sditia¢ stage was at estimatedimmol/L
BLa. Heart rate (Polar s610 HR Monitor, Kempeleldnd) and VQ values used for
analysis were the mean values from the last miofiteach sub-maximal stage. RE, the
oxygen cost of running a kilometer at a specifibuigy was calculated using the following
formula: VO, (mL/kg/min) / [speed (km/h) / 60]. After every stathe subject stepped off the
treadmill for 15-20 s to allow ear-lobe blood sa@splo be taken for determination of BLa
concentration. The velocity at 2mmol/L & 4mmol/L bfood lactate were calculated using
Lactate-E 2.0 Software (26). The subjects restedeio minutes following the sub-maximal
treadmill protocol.

The second part of the treadmill protocol consistéd maximal ‘ramp’ test until
exhaustion. The initial velocity of the treadmilag/set at 2 km/h slower than the subjects’s
estimated,4 mmol/L BLa stage velocity, and increased by Oré/fk every 30s until
exhaustion. To ensure thatO,m.x was reached, each subject had to meet the folipwin
criteria: respiratory exchange ratio (RER) > 1.0€art rate within 5% of their age-predicted

maximum; and/or BLa of 8-10 mM. Maximal oxygen ak® was taken as the highest 60s

VO, value. Velocity at V@nax was taken as the minimum velocity that elicite®omax
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Following the maximal ramp test, the subject coaledn for ten minutes at a velocity that

was 7 km/h slower than their estimatddnmol/L velocity.

Body Composition Assessment

A Lunar iIDXA™ (dual energy X-ray absorptiometry)asmer (GE Healthcare,
Chalfont St Giles, Bucks., UK) with enCORE™ 200711 .software was used to perform
total body scans. Each subject was instructedftainefrom exercise for 12 h, to refrain from
eating for 3 h and to consume 500 ml of water tidrpo testing. Each subject emptied their
bladder immediately prior to the measurement. i€pants were positioned on the scanner
bed according to the manufacturer's recommendaitamts instructed to remain as still as

possible for the duration of the scan.

Strength Programme

The lead author, an experienced UKSCA accreditedC S®%ach, designed and
coached the strength programme over the 40 we€ks. subcategories for strength training
in this programme included (1) maximal-strengtht ttemgets maximal force development
through high-load, low-velocity movements (e.g. lbbasquats); (2) explosive-strength
(strength-speed and speed-strength) that impro¥s &d maximal power output through
medium to high-load, high-velocity movements (gugap-squats); and (iii) reactive-strength
that targets musculotendinous stiffness and sthtontening cycle (SSC) function through
low-load, high-velocity exercises (e.g. pogo-jumggp jumps) (12).

The programme’s aim can simplistically be describsdto fncrease the athlete’s
motor potential, and gradually improve their capggdo use [this] motor potential during the
performance of specific competition exercigéd). Reactive-strength is the most important

strength quality for short-, middle- and long-dimsta running events (42). The kinematic and
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kinetic characteristics of ‘fast’ SSC reactive-styth exercises (i.e. knee & hip joint
displacement, elastic musculotendinous force priahic are similar to that of running.
However, during the first twenty weeks (pre-seafdecember - March), the primary focus
of the programme was maximal-strength developmewith a secondary focus on
developmental reactive-strength training (see TahpleThere were two strength sessions per
week with at least 48 hours of recovery betweesises during the pre-season period. The
rationale for a ‘general’ maximal-strength emphasithat (i) there is-a positive correlation
between relative maximum-strength and reactiveagtielevels .in athletes (r = 0.63) (11),
(i) a maximum-strength programme can concurremtgrove maximal-strength, explosive-
and sSSC reactive-strength qualities in relativelak’ athletes (7), (iii) maximum-strength
training improves stiffness () in relatively ‘weak’ athletes (8), and (iv) rakaly ‘strong’
athletes adapt quicker to power training when coepéo the ‘weaker’ athletes (9).

During the in-season ‘racing’ period (weeks 20 @ April - July), after an increased
level of maximum-strength had been attained, thengoy emphasis of the programme
changed to reactive- and explosive-strength dewedop, with the secondary focus on
maintenance of maximal-strength adaptations. Tégukncy of strength sessions decreased
to one per week during the in-season ‘racing’ [gkerio

Assistance work throughout the forty weeks condistieeither single-leg squat (e.g.
split-squat, reverse-lunge & single-leg squat)ingle-leg deadlift variations (e.g. single-leg
Romanian deadlift) in the 5-12 repetition rangeamet (i) additional strength development
through the ‘sub-maximal effort’ method (45) angl gluteal strength and femoral control for
knee stability (43). Supplementary gluteal andoabidal strength work was performed
during the warm-up and ‘core-circuit’ at the endeaich session. The strength programme
was designed and developed from the works of Haffli&phius (12), Rippetoe & Baker

(31), Verkhoshanky & Verkhoshanky (41) and Zatdgr& Kraemer (45).
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Insert Table 1

Statistical Analyses

Independent variables were defined in terms ofdifferent interventions (strength
vs. control) and the three measurement points tgstevs. mid-test vs. post-test). The
dependent variables were strength (maximum-streddtM back squat; slow SSC reactive-
strength: CMJ; fast SSC reactive-strength: 0.3np-guaip), physiology (2 & 4 mmol/L BLa
LT, VO2max VVO2omax & economy) and body composition (body mass, badydverall lean
& leg lean). All data sets are presented as mestaidard deviation or percentage change.
To test for differences between groups at weeknGndependent-test was used. For each
group, variables (physiology, strength & body cosipon) at week 0, week 20 and week 40
were compared using a one-way repeated measure¥ AN@o test for differences between
groups, two-way repeated measures ANOVA was udddmogeneity of variance was
evaluated using Mauchly’s test of sphericity andewtviolated, the Greenhouse-Geisser
adjustment was used. To determine the magnitudeitbin group change in variables, a
Cohen’sd effect size was performed. The criteria to interphe magnitude of the effect size
were: 0.0-0.2 trivial, 0.2-0.6 small, 0.6-1.2 maater 1.2-2.0 large, and > 2.0 very large (16).
The level of significance was set akR.05. IBM SPSS Statistics 22 software (IBM Corp.
Released 2013. IBM SPSS Statistics for Windowssier22.0. Armonk, NY) was used for
all statistical calculations. Reliability (coefient of variation, CV %; intraclass correlation

coefficient, ICC) values for back squat 1 RM (<%;30.91-0.99) (23), CMJ (< 6.5%; 0.83-
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0.99) (23), 0.3m drop-jump RSI (< 5%; > 0.90) (2&)b-maximal and maximal W< 2.4

%), v4mmol/L BLa (< 6 %) ang VOzmax (< 2.4 %) (33) are all within acceptable ranges.

RESULTS
There were no significant differences between ttiength and control group at
baseline (week 0) with respect to strength, phggichl and body composition variables (see

Table 2).

Strength

No significant differences were observed for anmergjth measures between the
intervention and control groups at baseline. Tinenge in absolute maximal-strength in the
intervention group (85.7 £ 14.7 kg 99.3 £ 19.0 kg) was not significantly different ttoe
change in the control group (100.0 + 18.4kg101.6 £ 17.1 kg) throughout the 40 weeks (p
= .116). However, the change in relative maximurarggth (L1RM back squat) in the
intervention group was significantly different toetchange in the control group throughout
the forty weeks (p = .039). Specifically, thereswa 19.3 = 24.1 % increase in the
intervention group maximum strength from week Oveek 40 (d = 0.7, p = .052), largely
accounted for by week 0 to 20 increases (d = 122,@01). The control group had a 3.1 +
9.2 % increase In maximum-strength from week 0aqdi= 0.2, p > 0.05); however these
changes were not significantly different. Theresvaasignificant 12.7 + 13.2 % increase in
sSSC reactive-strength from week 0 to week 40 Qd6=p = .007), largely accounted for by
week 0 to week 20 increases (11.2 + 15.2 %; d 7 §.5 .009). The change in sSSC
reactive-strength in the intervention group wassighificantly different to the change in the
control group. The change in ‘fast’ SSC (fSSC)ctea-strength (drop-jump RSI) in the

intervention group was significantly different toetchange in the control group (p = .035).
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Specifically, there was a 7.2 £ 20.1 % increas&iBC reactive-strength in the intervention
group from week 0 to week 20 (d = 0.3, p = .596)] a 14.7 + 27.8 % increase from week 0
to week 40 (d = 0.5, p = .155). However, in theitom group, fSSC reactive-strength

deteriorated by 1.6 £ 22.4 % from week 0 to weeKd6 0.9, p > 0.05), and by 9.5 £ 24.0 %

from week 0 to week 40 (d = 0.5, p =.793).

Physiology

No significant differences were observed for anysuplogical measures between the
intervention and control groups at week 0. Thraugtthe forty week intervention period,
the increases iR2 mmol/L BLa, 4 mmol/L BLa and VQyax for both intervention and
control groups were not significant (all p > 0.03nere was a 3.5 + 2.9 % increase in
wWO2maxin the intervention group from week 0 to week 20=(0.7, p = .013), and a 4.0
3.1% increase from week 0 to week 40 (d = 0.9,.903). The control group demonstrated
no significant increase from week 0 to week 20 @3; p = .579) or week 0 to week 40 (d =
0.3, p =.507). There was a 3.5 + 3.2 % increadeknn the intervention group from week 0
to week 40 (d = 0.6, p = .183), largely accountmdbly week 0 to 20 increases (d = 1.0, p
=.01). The control group had a 1.7 + 2.2 % inceeflasm week 0 to week 20 (d = 0.3, p =
.648), and a 2.3 + 4.4 % increase from week 0 tekwkd) (d = 0.5, p = .353). These changes

were not significantly different from week 0 values

Body Composition

No significant differences were observed for angypboomposition measures (body
mass, fat, overall lean & leg-lean) between intetiom and control groups at week 0. Over
the forty week intervention period there were ngngicant changes in body composition

variables between or within groups.
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Insert Table 1 here
Insert Figure 2 here
Insert Figure 3 here

Insert Figure 4 here

DISCUSSION

The aim of this study was to investigate the effefch forty week strength training
intervention on key physiological performance irdas, strength and body composition in
competitive distance runners. The main findingheéistudy was that strength training can
significantly improve strength (maximal- & reactiggength) and key physiological
performance indicators, specifically RE agdO,qa iN competitive distance runners.
Interestingly, the improvements in strength, RE aMD,nax were attained without
significant changes in body composition (body mé&ss& lean tissue mass). These results
strongly support the application of strength tnagnwithin the distance running community;
demonstrating that to optimise endurance perforeastrength training should be a vital

component in the physical preparation of distancmers.

Economy & VO:max

RE andy VOz2max are accepted as the two most important performardieators in
elite distance running (5). RE represents thetgluf a runner to translate energy production
at a cellular level into running locomotion (36\n economical runner will use less energy
for any given workload and spare vital reservesn@aximal and supra-maximal stages of
competition (i.e. a sprint finish). RE is dictateg a complexity of factors such as volume

and intensity of endurance training, nutrition @myironment (2). In this study, the strength
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training group displayed a significant 3.5 + 3.2if@rovement in economy from week 0 to
week 40, largely accounted for by week O to weekirReases (4.8 £+ 3.2 %). These

improvements in RE occurred without significantroges in,2 mmol/L BLa,,4 mmol/L BLa

and VOzmax The control group showed no change in RE througlhe forty weeks (see
Figure 3). The results support previous resedrahroted similar improvements (4.0—8.1%)
in RE following strength training in competitivestiince runners albeit in shorter time-
frames (6, 21, 24, 30, 32, 38, 40).

Velocity at VOmax (WWO2may has strong associations with both middle- (rZD(17)
and long-distance (r = 0.89 — 0.94) (27) perforneaic elite running populations. These
relationships are most likely due\jo/Oz2maxbeing a composite variable of both economy and
maximal oxygen consumption. Interestingly, the m@at anaerobic running tesiNIJART)
was found to be strongly associated witfiD2max (I = 0.85) and maximal-velocity sprinting
(r = 0.96) (29);emphasising the anaerobic system’s contributionpiiaviding energy
production for race velocities at, and abovezmax(28). In this study, the strength training
group showed a significant improvement,MOzmax (3.5 + 2.9 %) during the first twenty
weeks of strength training (week—20), and a significant (4.0 £ 3.1%) improvement
throughout the forty weeks (see Figure 3). Therobgroup however showed no significant
changes iRVO.max throughout the forty weeks. The changeM®.maxin the strength group
most likely resulted from an accumulation of impements in economy (3.5 %)/Ozmax
(3.4%) and potentially other anaerobic factors thate not assessed in this study (i.gaM
& maximum-velocity sprinting). The results supptiie work of Mikkola et al (24) and
Berryman et al (6) who found similar improvemerit2(— 4.2 %) inVO2max in competitive

distance runners following an eight week strengtarvention.

Strength Qualities
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Elite endurance running performance is not onljugriced by cardiopulmonary
factors that dictate oxygen transport and util@atibut also peripheral aspects relating to
neuromuscular force production. Reactive-stremgthe most important strength quality in
middle- and long-distance running events, as a&hbleheed to have proficient leg
musculotendinous stiffness and SSC function todigmbsorb and utilise the elastic energy
during each stance-phase ground contact (42). Dukig, the primary aim of the strength
programme in this study was to increase the subjesactive-strength ability over the forty
week intervention period. However, during the peason period (week-820), the author
designed the programme to focus on maximal-strerdgirelopment (see ‘Strength
Programme’ in Methods for rationale), with a se@mydocus on reactive-strength (see Table
1). This study showed that a maximal-strength easiged programme in competitive
distance runners resulted in a significant increasgsSSC reactive-strength (11.2 £ 15.2 %),
an increase in fSSC reactive-strength (7.2 + 20)1 & well as a significant increase in
maximal-strength (21.1 + 16.3 %) throughout theg®ason period (see Figure 2).

During the in-season period (week-280), the primary emphasis of the programme
shifted towards reactive-strength development @apg fSSC), with the secondary focus on
maintenance of maximal-strength. As the interventgroup increased their level of
maximal-strength at the end of the pre-seasonitigifl.18 + 0.18-1.42 + 0.22 kg/kg BW),
this change in programming focus was deemed apptepr This focus on plyometric
development was reflected in the results as thervahtion group increased their fSSC
reactive-strength by a further 6.8% throughout theing season, while their maximal-
strength levels were maintained (see Figure 2)terdstingly, the control group’s fSSC
reactive-strength decreased by 9.4 % throughoutotitye week period (1.28 £ 0.321.16 +
0.12 RSI). This highlights the importance of sg#ntraining to ‘maintain’ reactive-strength

ability and musculotendinous elastic propertiesulghout the season.
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Mechanisms

There are various potential mechanisms on how gifnetmaining can improve both
economy ang VOzmax Strength training increases maximal peak form#a RFD (45), and
therefore the force required during each stridgrmduce a desired running velocity may
decrease to a lower percentagbeoretically, this would lower the relative exeseintensity
and overall metabolic strain. However, the adamtatthat result in increased maximal peak
force and/or RFD are complex. Strength trainingpetmer maximal-, explosive- and/or
reactive-, can result in morphological (muscle dilbype, architecture & tendon properties)
and neural (motor unit recruitment & synchronisatidiring frequency, inter-muscular
coordination) changes to the musculotendinous systE0). However, the physiological
adaptations that aid economy angzmax(@nd maximal-velocity sprinting) most likely come
from a mixture of both neural and morphological@dédons. From a neural perspective, a
more efficient recruitment pattern of leg musculatmay decrease running cost. Aligning
with Henneman et al.’s (14) size principle of matmits, strength training may increase the
neural recruitment of type | fibres, thereby desneg their time to exhaustion and delay the
activation of the aerobically ‘inefficient’ type fiibres. This would reduce sub-maximal
oxygen consumption (economy) and increase the @ggac high-intensity (VO2 may and
anaerobic-dominant sections of a race (i.e. sgimsh). However, the most important
morphological adaptation from strength training miag from improved stiffness and
elasticity of tendon structures. Theoreticallypnoved utilisation of elastic energy from the

tendon would reduce the demand of ATP from the miasgre, thus improving running

economy,, VOzmax @nd maximume-velocity sprinting.

Body Composition & ‘Concurrent’ Training
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Despite increasing evidence supporting the posiéiffect of strength training on
endurance performance, it is still an uncommoness lemphasised physical preparation
modality in the distance running community (5). eOmossible reason may be due to the
‘hypertrophic’ connotations associated with liftingveights, with distance runners
inadvertently linking strength training to incredsmusculature and body mass. Increased
body mass can negatively affect relative physiaalgparameters (i./O.max €Conomy) that
would inevitably affect running performance. Howewhis study demonstrates that when a
strength programme is designed and implementedppptely (see Table 1), forty weeks of
strength training can result in significant improvents in-maximum- (19.3 + 24.1 %) and
reactive-strength qualities (14.7 £ 27.8 %), RE5(3.4.4 %) and,VO;max (4.0 £ 4.0 %),
without significant changes in body compositioniaiales (body mass, fat mass, overall lean
& leg-lean) (see Figure 4). Recently, there hasabegrowth in the literature investigating
the compatibility of ‘concurrent’ training methoaagjies and their underpinning mechanisms
for protein synthesis (e.g. Baar, 2014) (1). Malac physiologists have found that there is
an ‘interference’ effect, where signalling pathwadivated by endurance training inhibit
skeletal muscle hypertrophy from strength trainingdowever, the concurrent training
literature only discusses myofibrillar hypertroplag the sole adaptation from strength
training. They do not acknowledge other neural &tagns that contribute to increased rate
of force production (i.e. musculotendinous stiffgesotor unit recruitment, intermuscular
and intramuscular coordination) (10).

Some applied sport scientists argue that low-intgr@&robic endurance training (i.e.
zone 1-3 / < LT2 / < 80%VO2may iS compatible with maximal-strength and speed
development (18). Both of these modes of trainirey @hysiologically harmonious as they
mutually target central mechanisms; low-intensiyodic training increasing blood / oxygen

transport (cardiac dimension enlargement and eajsidition), whereas maximal-strength and
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maximal-speed sprinting improves the rate of newsxtular force production and absorption
gualities (39). Research has found that successhi¢é endurance athletes spend
approximately 80% of their training in these lawtensity, aerobic-dominant training zones
(zone 1 — 3, < Lactate Threshold 2 / < 80902may (35) - which gives opportunity to
appropriately program strength training sessionthaut hampering the preparation or
recovery of more specific and intense ‘thresholdite-pace’ and / or maximum-aerobic
sessions (zone 4 & 5/ > Lactate Threshold B0% VO2may. In fact, elite sprint coaches
over the last few decades have placed a large esigplom programming low-intensity
aerobic running, termed ‘extensive tempo’, to canmnt maximal-speed development by
increasing work capacity and enhancing recoverymfrantense sessions, thereby
demonstrating the compatibility of both low-intelgsherobic and strength / power training in
an elite setting (13).

This study demonstrated that forty weeks of stiengaining can significantly
improve maximal- and reactive-strength qualities, v@ell as physiological markers of
economy ang VVOzmaxin competitive distance runners. Therefore, gsearch hypothesis of
significant changes in maximal-strength, reactivergyth, v VO2max @and economy is
accepted; the research hypothesis for a significhahge in body composition is rejected.
Interestingly, the improvements in strength wetaiatd without significant changes in body
composition (body mass, fat & lean). A large prdjwor of the maximal-strength
improvements were gained through the pre-seasdndpeand then maintained throughout
the ‘racing’ season as programming shifted towardactive-strength development.
However, within the control group, fSSC reactiveesgth ability, arguably the most
important strength quality in running, deterioratibdoughout the forty week periodt. is

important to note that the main limitation to tktsidy was that we did not control for each



473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

Strength Training in Distance Runners 21

participant’s endurance training (volume or intgpsinutrition, or randomisation of groups

(as per methods section).

PRACTICAL IMPLICATIONS

A general maximal-strength orientated programmex (2veek, with low-volume
plyometrics) during the pre-season is an appraopaat efficient method for improving both
maximal- and reactive-strength capabilities inatise runners. This study demonstrated that
this structure of strength programming can sigaifity improve economy ang\/Ozmax over
a 20 week pre-season period. It is advised thahglihe ‘racing’ season, strength sessions
are performed once per week to maintain strengéiitees, especially reactive-strength. In
fact, the intervention group in this study wereeatd improve reactive-strength by a further
6.8% with only one session per week, while maimtgnmaximal-strength. This study
showed that in distance runners who do not perfsinength training, reactive strength can
deteriorate by 7.9 % throughout the racing seaswiog. Distance runners who are already
‘strong’ and have high force capabilities, may néegblace a greater emphasis on specific
reactive-strength training (9) and maximal-velocigprinting (13) to gain further
improvements in economy aRd/Ozmax It is important to note that for optimal adajuat

and development of endurance and strength qualgtesngth sessions should be carefully

programmed around ‘intense’ aerobic (i.e. ‘raceepac Lactate Threshold 2 / > 80%

2may @and anaerobic endurance training.
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FIGURE CAPTIONS

Figure 1. A schematic of the 40 week researchgdesPhysiology: v2mmol/L Bla,
vammol/L BlLa, RE, V 2max, 2max; Strength: maximakagth (1IRM back squat), sSSC
reactive-strength (CMJ) & fSSC reactive-strengti3ifd drop-jump RSI); Body Composition:
body mass, fat mass, overall-lean & leg-lean. x*\#eek strength training during pre-season

** 1 x week strength training during in-season.

Figure 2. Maximum-strength (1RM Back Squat) & fS&@ctive-strength (RSI) percentage

change.

Figure 3. Velocity at V@yax& economy percentage change.

Figure 4. Body composition (body mass, body faterall-lean & leg-lean) percentage

change.



Table 1. Pre-season (2 x week) & in-season (1 ekjstrength training programme. Pre-season (W&ek20): maximum-strength emphasis & developmenaiattive-strength
(Day 1: Heavy maximum-strength & fast SSC reaesitrength focus; Day 2: Light/Medium maximum-stréné slow SSC reactive-strength focus. There w&8ehours of
recovery between Day 1 and Day 2). In-season (¥/2&k 40): reactive-strength & explosive-strergtiphasis, maximum-strength maintenance.

Pre-season (Weeks 1 — 20)

DAY 1 (Heavy) Block 1 Block 2 Block 3 Block 4 Block 5
Strength Qualityl Week | 1 2 3 4 5 6 7 8 9 10 | 11 12 13 14 15 16 17 18 19 20
Reactive- Pogo X DJ-
strength (fSS C) Jumps 3x4 3x4 3x4 3x4 3x5 3x5 3x5 3x5 3x6 3x6 3xb 3x6 S 3x5 3x5 3x5 3x5 3x5 3x5 3x5 3x5
Maximum- Back 3x8 3x8 3x8 3x8 3x8 3x6 3x3 2%5| 3x8 3x6 3x3 2x5 Back 3x8 3x6 3x3 2x5 3x5 3x3 53,2 2x5
strength Squat Squat
A55|sta_nce 1 RDL 2x10 | 2x10| 3x10| 3x10 3x10 3x8 3x6 2%1p 3x10 3x8 3x6 2x12 | RDL 3x10 3x8 3x6 2x12 | 2x5 3x5 3x5 1x5
(Posterior)
A5_5|stance 2 Split- 2x10 | 2x10| 3x10| 3x10] 2x12| 3x10 3x8 1x12 2x1p 3x10 8 3k 1x12 SL 1x5 2x5 3x5 1x5 2x5 3x6 3x7 1x5
(Single-leg) squat Squat
DAY 2 (Light/Medium) Block 1 Block 2 Block 3 Block 4 Block 5
Strength Quality)l Week | 1 2 3 4 5 6 7 8 9 10 |11 12 13 14 15 16 17 18 19 20
Reactive- | 4 Cont.
s treng th (S ss C) CMJ 2x3 2x3 3x3 3x3 3x4 3x4 3x4 3x4 3x5 3xb 3xb 3x4 cMI 3x5 3x5 3x5 3x5 3%x6 3x6 3x6 3x6
Maximum- Back 3x8 | 3x8 3x8 3x8 3x8* | 3x6*| 3x3*  2x5# 3x8*| 3x67  3x3f 2x5° Back 3x8* | 3x6* 3x3* 2x8 | 3x5* | 3x3* 5,3,2% 2x3
strength Squat Squat
A55|sta_nce 1 RDL 2x10 | 2x10| 3x10| 3x10| 3x10% 3x87 3x67  2x104 3x10F  3x§ 3x6* | 2x10° SL 2x8 3x8 10,8,6 2X8 | 2x8 3x8 10,8,6 2X8
(Posterior) RDL
A;sstance 2 Rev- 2x10 | 2x10| 3x10| 3x10] 2x12| 3x1p  3x 1x12 2x1p 3x10 8 3x 1x12 Skater 2x8 | 10,8,8 | 10,10, 1x8 2x8 10,8,8  10,10,8 1xB
(Single-leg) lunge Squat
In-season (Weeks 21 — 40)

DAY 1 (Heavy) Block 6 Block 7 Block 8 Block 9 Block 10
Strength Qualityf Week | 21 | 22 | 23| 24 | 25 | 26 | 27 | 28 29 | 30| 31| 32 33| 34 35 36 | 37 | 38 39 40
Reactive- DJ- : DJ-
strength (fSSC) | 45cm 3x4 | 54,4| 3x5 1x5 3x4 54,4  3x5 1x5 3x4 544 3%5 x51 45cm 3x4 54,4 3x5 1x5 3x4 54,4 3x5 1x5
Explosive- Jump 1 Jump
Strength Squat% 3x3 3x3 3x3 1x3 3x3 3x3 3x3 1x3 3x3 3x8 3xB 1x3 Squat% 3x3 3x3 3x3 1x3 3x3 3x3 3x3 1x3
Maximum- Back 3x5 3x3 | 532 1x6 3x5 3x3 | 5,32 1x5 3x5 3x3 | 53,2 1x5 Back 3x5 3x3 53,2 1x5 3x5 3x3 53,2 1x5
strength Squat Squat
Assistance 1 SL SL
(Posterior) RDL 1x8 2x6 3x5 | 1x5 1x8 2x6 3x5 1x5 1x8 2x6 3x5 1x5 RDL 1x8 2x6 3x5 1x5 1x8 2x6 3x5 1x5
AS.SIStance 2 SL 1x8 1x8 1x8 1x8 1x8 1x8 1x8 1x8 1x SL 1x8 1x8 1x8 1x8 1x8 1x8
(Single-leg) Squat Squat

Technigue emphasis on Progressively load if Progressively load if Progressively load if competent Progressively load if
Notes: ALL "ﬂg P competentDe-load on lifts, | competentDe-load on lifts, | “De-load on lifts, 50% of week 13/33 | competentDe-load on lifts,

50% of week 5/25 loads 50% of week 9/29 loads loads 50% of week 17/37 loads

3x4: 3 sets of 4 repetitions; SSC: stretch-shontpuiycle; fSSC: fast stretch-shortening cycle; sS$@w stretch-shortening cycle; RDL: Romaniandliéa R: right; L: left; RC: reverse crunch;
Alt. Bridge: alternate bridging; SL: single-leg; 33cm: drop-jump from 35cm; Rev-lunge: reverse-kiniguU F Plank: Press Up Front Plank; Abduct: leduabions; Cont. CMJs: continuous
countermovement jumps; jump-squat%: jump squat 206 of 1RM back squat.




TABLE 2. Physiological, strength & body composition valt@msweeks 0, 20 & 40.
Mean + SD (95% C.1.) P value & Magnituded)
WO W20 w40 WO - 20 W 20 - 40 WO - 40
Physiology Strength Control Strength Control Strength Contro| Strength| Control| Strength  Control Strength Contro
2>mmol/L Bla 14.47 £1.25 1540+£1.23 | 14.78+1.45| 15.78+1.29| 14.70+£1.19| 1576+1.49 | p>0.05| p>0.05| p>0.05| p>0.05| p>0.05| p>0.05
v km/h (13.7-15.2) | (14.6-16.2) | (13.9-15.6) | (14.9-16.6)| (14.0-15.4)| (14.8-16.7) Small Small Trivial Trivial Small Small
(km/h) 02 | ©3 | ©0 | ©00 | 02 | ©3
Ammol/L BLa| 1646120 | 17.10+1.04 | 16.80+1.43]17.73+1.09 16.81+1.30 | 17.49£0.93 | p>0.05| p>0.05| p>0.05| p>0.05| p>0.05| p>0.05
v km/h (15.8-17.2) | (16.4-17.8) | (16.0-17.6) | (17.0-18.4)| (16.0-17.6) | (16.9-18.1) Small | Moderate| Trivial Small Small Small
(km/h) ©02) | ©6 | 00 | 02 | (03 | (04
20.15+0.91 | 21.17+1.03 | 20.85+ 1.18#| 21.56 + 1.24]| 20.95+0.98 | 21.50+1.03| p>0.05| p>0.05| p>0.05| p>0.05| p>0.05| p>0.05
vVOomax (km/h) | (19.6-20.7) | (20.5-21.8) | (20.2-21.5) | (20.7-22.4)| (20.4-21.5) | (20.8-22.2) | Moderate| Small Trivial Trivial | Moderate| Small
(0.7) (0.3) (0.1) (0.0) (0.9) (0.3)
Economy 208.5+12.0 | 203.4+11.0 198.0+9.0 | 199.9+12.0] 201.2+11.1 199.0+93 | p=0.01| p>0.05| p>0.05| p>0.05| p=0.183| p>0.05
L/ka/k (201 - 216) (196 - 211) (193 -203) | (192-208) | (193 -—205) (195 - 208) | Moderate| Small Small Trivial | Moderate| Small
(mL/kg/km) 10 | 03 | 03 | (1) | (06 | (05)
VO 59.6+£25 63.2+29 60.0 £ 3.0 64.0£4.0 61.6+5.2 65.0+3.2 | p=0.013| p>0.05| p>0.05| p>0.05| p=0.003] p>0.05
L/ka/ 2max (58.1-61.1) (61.3-65.1) (58.2-61.8) | (61.4-66.6)| (58.5-64.7) | (62.9-67.1) | Trivial Small Small Small Small Moderate
(mL/kg/min) 01 | 03 | ©4 | 03 | ©5 | (©6
Strength
1 RM Back Squa 1.18+0.18 143025 [ 1.42+0.22¥ [ 150£0.26| 1.39+0.24* | 147024 | p=0.001| p>0.05| p>0.05| p>0.05|p=0.052] p>0.05
(1.07-1.29) | (1.27-1.59) | (1.29-1.55) | (1.33-1.67)| (1.25-1.53) | (1.31-1.63) Large Small Trivial Trivial | Moderate| Small
(kg’kg BW) 12 | ©3 | ©1 | ©01) | 07 | 02
Countermovement 0-26 £0.06 [ 0.27+0.03 | 029+ 0.06 | 0.30+0.03| 0.29+0.06 | 028+002 | p>0.05| p>0.05| p>0.05| p>0.05| p>0.05| p>0.05
Jump (m) (0.22-0.30) | (0.25-0.29) | (0.25-0.33) | (0.28-0.32)| (0.25-0.33) | (0.27-0.29) %na)ll Mc()g%r)ate 'I'(rci)v(isa;l M?g%r)ate Mc()g%r)ate %’na)ll
5 . . . . 5
Drop-Jump 30cn 1.10+0.28 1.28+031 | 1.18+0.26* | 1.26+0.18| 1.26+0.33* | 1.16+0.12 | p>005| p>0.05| p>0.05| p>0.05| p>0.05| p>0.05
(RSI) (0.93-1.27) | (1.08-1.48) | (1.03-1.33) | (1.14-1.38)| (1.06-1.46) | (1.08-1.24) Small Trivial Small | Moderate| Small Small
(0.3) (0.1) (0.3) (0.7) (0.5) (0.5)
Body Composition
Body Mass 73.0+£6.6 70.4 £6.7 74.1+£4.0 70.3+£6.7 71.7+7.3 70.6 £6.1 p>0.05| p>005| p>005| p>0.05| p>0.05| p>0.05
(69.1-76.9) | (66.0-74.8) | (71.7-765) | (65.9-74.7)| (67.4-76.0)| (66.6-74.6)| Small Trivial Small | Trivial Small Trivial
(kg) 02 | ©0 | ©4 | ©1) | 02 | (0
Body Fat 10.6 £ 2.5 10.0+3.1 10.3+2.4 8725 10.3+24 9.7+£2.6 p>0.05| p>005| p>005| p>0.05| p>0.05| p>0.05
(kg) (9.1-12.1) (8.0 - 12.0) (8.9-11.7) | (7.1-10.3)| (8.9-11.7) | (8.0-11.4) T(rivia)\l ?ma)ll T(rivie;l ?ma)ll T(rivia)\l %ma)n
0.1 0.5 0.0 0.4 0.0 0.4
Overall Lean 60.8+7.1 576+t54 60.6 £ 3.5 58.4+5.6 58.2+6.8 57.6 £4.7 p> Q.OS p>0.05| p>0.05]| p > Q.OS p>0.05| p > Q.OS
K (56.6 - 65.0) | (54.1-61.1) | (58.5-62.7) | (54.7-62.1)| (54.2-62.2) | (54.5-60.7) | Trivial Small Small Trivial Small Trivial
(kg) 00 | ©2 | ©4 | ©00 | 04 | 0
Leg Lean 21.9+31 21.6+2.4 220+16 | 214+23 | 21.0+27 212+20 | p>005[ p>0.05] p>005[ p>0.05| p>0.05] p>0.05
K (20.1-23.7) | (20.0-23.2) | (21.1-22.9) | (19.9-22.9)| (19.4-22.6) | (19.9-22.5) | Trivial Trivial Small Trivial Small Small
(kg) ©0 | ©1) | ©4 | ©1) | 03 | 02

* Ggnificantly different from control group, p < 0.05; #significantly different fromweek 0 value, p < 0.05, *significantly different fromweek 0 value, p < 0.01
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