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ABSTRACT

Muscle strength may play an important role in endurance road cycling events. By increasing lower body strength
and power, the anaerobic energy production and maximal levels of muscular force required during races to climb
hills, perform repeated surges in pace, or in the final sprint may improve. While strength training is often performed
by highly trained cyclists, the scientific literature supporting this practice is subject to a number of methodol ogical
limitations and potentially confounding variables that raise doubts over the efficacy of strength training to enhance
performance in this population. The purpose of this review is therefore to identify and evaluate original research
examining the influence of strength training on road cycling endurance performance in highly trained cyclists.
Using relevant databases and keywords, nine training studies met the inclusion criteria and were reviewed. Grade
B-level evidence indicated that following performance of strength training, highly trained road cyclists can
significantly improve performance variables such as lactate power profile, oxygen cost or consumption, cycling
economy, work or exercise efficiency, as well as peak and mean power outputs during time trials lasting between
30-seconds and 4-kilometres. Grade C evidence also suggests mean and average power outputs during time trials
ranging from 40 to 60 minutes, and time to exhaustion at maximal aerobic power or 80-85% VO,max are improved.
However, the physiological mechanisms responsible for these improvements are unclear. Future research is also
necessary to determine what is the best form(s) of strength training for these athletes, and how best to incorporate
such training into their annual periodized training plan.

Keywords: concurrent training; endurance athlete; resistaratging.

INTRODUCTION

Professional road cycling is a physiologically dedtiag sport. The training volumes required to cotape
internationally are extremely large, with elite kgts performing 27,000 — 39,000 km a year [1] k#mdrup).
Further, in professional cycling’s highest profitage races, the Tour de France, Vuelta Espan&aodd Italia,
cyclists complete 3000-4000 km of racing over 21da$s, in stages ranging between 7km (prologueP&fém [2]
(Lucia). Successful performance in these eventactst worldwide media attention, and is therefagoaiated with
considerable financial benefits for the cyclistsl @ponsors of the teams competing in these evE€oissequently,
identifying training interventions that improve cpeititive performance, and the physiological and afelic
adaptations associated with these forms of trajnamg of high importance to these athletes, theaches, and
sponsors [3] (Paton and Hopkins).

The physiological/metabolic demands of road raeeyg depending on factors such as the type of ragerass start,
time trial, or criterion, race duration, environniégrrain, strategy, competitive level, and thduehce of drafting
techniques [4] (Fernandez-Garcia) [5] (Lucia) [Bhdilla). Successful performance is determinedhkyinteraction
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of three main factors: maximum oxygen uptake (2@x”), performance oxygen uptake, i.e. the peragntaf
VO2max at the lactate threshold, and mechanic@iefifcy or economy i.e. oxygen uptake requiredadfgrm at a
given velocity [7] (Bassett). However, high anagcgiower outputs, and breathing patterns/ventiteéfficiency are
also considered important determinants of enduragycéng performance [8] (Faria) [3] (Paton and Kimgs). In
mass start road racing, the aerobic energy systéima high reliance on both glycolytic and lipatytomponents,
is predominant with 72-95% of these events speekatcise intensities below or between 70 and 90%Cymax
[9] (Hawley) [5] (Lucia) [10] (Rauch) [11] (Vogt)Although the percentage time spent at intensiti®8% of
VO,max accounts for no more than 5% of the race, pigler outputs ranging between 9.8 and 12.3W/kgbfor
second efforts have been observed in professi@aal cycling events. As such, the outcomes of raceften
determined by the ability to produce high levelsaoierobic energy and supra-maximal levels of masdarce
during short hill climbs, repeated surges in pacean the final sprint [12] (Ebert) [13] (Laursefi4] (Quod). Mass
start road racing is therefore best characterized dynamic event where aerobic and anaerobic gpeogluction
both play important roles [15] (Palmer) [14] (Quod)

Training for these events therefore has traditignalcluded both long duration/low intensity aeroliaining, and
phases of higher intensity anaerobic interval trginwith appropriate recovery and tapering [16&itsen) [17]
(Laursen). More recently, trainers and coachesbs@ now including resistance training in the pemgmes of elite
road cyclists, with a view to improving the enemgystems and muscular adaptations required to peothe short
sustained high power outputs required during racls. physiological compatibility of simultaneouggrforming
strength and endurance training, often referreastooncurrent training, has been widely investijataecent times.
Concurrent training has resulted in improvementsank economy in endurance sports such as crosstgoskiing
and running [18] (Hoff) [19] (Osteras) [20] (Staje Similarly, studies evaluating measures of eygiperformance
in previously untrained or moderately trained satgehave demonstrated improved cycling economye ttm
exhaustion, and reductions in energy expenditulteviing performance of concurrent training [21] ($&n) [22]
(Loveless) [23] (Marcinik) [24] (Minahan). Howevdew studies have evaluated the influence of caeectitraining
in high level endurance athletes. In a recent mevigamamoto et al. [25] identified equivocal finds in the
research on the effects of concurrent training ladueance performance in endurance cyclists. Unfiaitly, only
five studies were reviewed, and subjects in thdistuincluded ‘club level' cyclists or athletes wiad performed as
little as seven hours or 150km of cycle training peek over a six month period. Where elite roadlisis are
characterized by their extremely high M@ax values, performance VO2, and cycling economy aften train
between 500-700km per week over a sustained nuailygars, the results of Yamamoto et al's [25] eewidoes not
clarify the influence of concurrent training on tpterm endurance capacity in high level enduragcésts.

It is also well established that adaptations reswlfrom training are highly specific to the modé activity
performed, and the genetic and molecular mechani$rmdaptation induced by resistance and enduraaieng are
distinct [9] (Hawley) [26] (Nader). Resistance antlurance training activate or repress differeniegeand cellular
signaling pathways, i.e. resistance training stated the myofibril proteins responsible for mushkigertrophy
culminating in gains in maximal strength [27] (Ff8] (Tesch). In contrast, endurance training éases muscle
fiber mitochondrial content and respiratory capadtows rates of utilization of muscle glycogem drlood glucose,
increases reliance on fat utilization, and reddaetate production during sub-maximal exercise [@Sdffey) [9]
(Hawley) [30] (Holloszy). Performing concurrent itiing potentially interferes with the developmerita®robic
capacity by inducing hypertrophy and increaseshandross sectional area of both Type | and Tydéiés [31]
(Putman). Muscle fibre hypertrophy reduces the ohitmdrial volume density of both Type | and Typébes [32]
(Always) [33] (Chilibeck). This has a negative effeon muscle oxidative capacity by reducing thevigt of
oxidative enzymes, when enzyme activity is exprésetative to protein content [34] (Tesch). Therefalthough a
strong relationship exists between maximum streragtth power and performance in sprint cycling eveittss
unclear if concurrent training induces favorab&ring adaptations for endurance cycling perforredB86] (Stone).

It is possible though, that concurrent training megult in adaptations that could improve perforogaim endurance
cycling events. For example, resistance training mmaprove cycling economy or efficiency by decreasithe

proportion of maximal force required for each pestabke, and increasing the strength of Type | heusiiores [36]

(Coyle) [37] (Horowitz). In addition, resistanceaitiing may also cause transformation of Type IIbrds to more
oxidative Type IIA myosin isoform expressions, piuially enhancing the oxidative capacity of theirteal muscle
fibres [38] (Adams) [39] (Andersen) [40] (Hathe31] (Putman). Theoretically, higher power outputssab-

maximal lactate concentrations and increases ia torexhaustion would result from improving Typeadiscle fibre

strength and transforming Type 11X to Type IIA isain expressions [41] (Hausswirth) [42] (Hicksort)has also
been also suggested that resistance training iraprthe lactate power profile by enhancing the dapat€ skeletal

muscle to buffer hydrogen ions during exercise [#73avolainen). Consequently, cyclists who have Ipegforming

concurrent training as part of their periodizednireg programmes, may have a performance advardage non-

strength trained athletes during endurance roassrdS] (Laursen) [44] (Levin).
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For highly trained road cyclists, it remains somatvhinclear whether concurrent training will inteefewith the
development of aerobic capacity, or whether impnosets in maximal strength will lead to increasedeanbic
capacity and performance in a road race or tina tiThe purpose of this review therefore is taitfg and evaluate
original research examining the influence of maxisteength training on road cycling endurance penfance in
highly trained road cyclists to identify the influge of this training method on the performance patars associated
with road cycle racing.

Literature Search Methods

A search of Medline (Pub/Med), CINAHL, SPORTDisci&,oQuest 5000 International and Google Scholar was
performed using the key wordsaximal strength or resistance training, cycling, €lite or highly trained or competitive
cyclists, endurance performance, and various combinations of these words. Additisedrch strategies included using
the ‘related articles’ option in PubMed and examinithe reference lists of articles identified ire timitial search.
Inclusion and exclusion criteria used to narrowfiteus of this review are listed in Table I. Reviarticles or articles
examining the effects of strength or resistandaitig on untrained subjects were not included arview.

Table I: Inclusion and exclusion criteria

Inclusion Exclusion

Human subjects Not human subjects

Highly trained or competitive male cyclists or thietes — over 1 year cycle Untrained recreational male cyclists or triathletggh
training with VQmax >50 ml.kgmin™; or highly trained or competitive female VO,max <50 ml.kg'min™; or Untrained recreational male
cyclists or triathletes — over 1 year cycle tragninth VOmax >47 ml.kgmin™ cyclists or triathletes with Vénax<47 ml.kg*min™

Outcome measure included parameters of enduractiagperformance i.e. time Outcome measure exclusively 1RM, Vo2max or similar
trial, time to exhaustion or similar

Strength training was either performed exclusiveffythe bike or as part of a Strength training performed exclusively on the bike
concurrent training programme including both off thike resistance training andshort duration high intensity supra-maximal cycling
short duration high intensity supra-maximal intés\an the bike intervals

Data Analysis

To enable the formulation of recommendations frowm tesearch identified, the methodological desigpach study
was evaluated using the critical evaluation methaidsegens and Harris [45] and Sackett [46], witlo tadditional

criteria; randomisation and control also added (Balele 11). Each study reviewed was categorizethgisi four point
scale. Level | studies were large randomized cdéiattdrials using more than 100 participants, inickhthe levels of
Type | and Type Il errors were likely to be low. Vet Il studies were smaller randomized controllgdls using less
than 100 subjects, where the possibility of Typad Type |l errors was greater. Level Il studiesevnon-randomized,
concurrent or cohort studies. Level IV studies wguasi experimental or case series studies whemmparison or
control group was included. Recommendations werllmvs: Grade A recommendations required the suppf at

least one Level | study, Grade B recommendatiormplired the support of one Level Il study, and Grade
recommendations required the support of one LeNebrl IV study [45] [46]. Statistically significanwithin group

differences identified in Level | or Il studies arassified as Grade C recommendations.
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Table II: Scientific rigour of the reviewed studies

Study Inclusion/Exclusion  Training Reliable Valid Subject/ Subjects  Randomisation Control Level
Criteria clearly Protocol Outcome Outcome Assessor Accounted -5
stated Described Measures Measures Blinding For Point
Scale
Inclusion
Bastiaans et Y Y Y Y ? Y N Y 1}
al Exclusion
(2001) Y
Bishop et al Inclusion
(1999) Y Y Y Y ? Y Y Y 1
Exclusion
Y
Hausswirth Inclusion
(2009) Y Y Y ? Assessor Y Y Y 1]
Exclusion ?
N
Subjects
Y
Hickson et al Inclusion
(1988) N Y N N ? Y N N v
Exclusion
N
Levin et al Inclusion
(2009) Y Y Y ? ? Y Y Y I
Exclusion
Y
Paton & Inclusion
Hopkins Y Y Y N ? Y Y Y 1]
(2005) Exclusion
N
Ronnestad et Inclusion
al Y Y Y Y N Y N Y ]
(2009) Exclusion
Y
Inclusion
Ronnestad, et Y Y Y Y N Y N Y 1]
al., (2010) Exclusion
Y
Inclusion
Sunde et al Y Y N N ? Y Y Y I
(2009) Exclusion
Y
Key:
. Level | Studies: large randomized trial, definedtasse with more than 100 participants, in whiclelef
false positives or false negatives would be low;
. Level Il Studies: smaller randomized controlledlsj defined as those with less than 100 partitgan
where greater chance for false positives or negstie occur;
. Level lll Studies: non randomized, concurrent, ablcomparisons;
. Level IV Studies: non-randomized studies;
. Level V Studies: case series or studies
RESULTS

Nine eligible studies were identified that inveatigd the influence of concurrent training on endoeaperformance in
highly trained road cyclists (see Table Ill). Fieé the studies are categorized as Level Il [48]s(Bp) [41]
(Hausswirth) [44] (Levin) [49] Paton) [50] (Sundefhree as Level Il [47] (Bastiaans) [51] (Ronne3td52]
(Ronnestad) , and one as Level IV [42] (HicksonphE studies observed significant within-group imypements in
determinants of road cycling performance for cyslgerforming strength training in addition to thedrmal endurance
training [42] (Bastiaans) [41] (Hausswirth) [42]i@{son) [44] (Levin) [49] (Paton) [52] Ronnestd8)l] (Ronnestad)
[50] (Sunde). Five studies also observed signifidagtween-group improvements in determinants ofl rogcling
performance i.e. for cyclists who performed strérigaining in addition to their normal endurancating compared to
control groups of cyclists who performed enduratreéning alone [42] (Bastiaans) [44] (Levin) [49Pdton) [51]
(Ronnestad) [50] (Sunde). Only one study faileidtntify either significant within or between groumprovements in
determinants of road cycling performance for cyslgerforming strength training in addition to thedrmal endurance
training [48] (Bishop).
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Table Ill: Changes in cycling performance associat&with a strength training programme

Study Subjects Resistance Training Programme Design Changes in Performance
Training Sets & Frequenc Duratio  Time Short Vo2max/ 1
Reps y n Trial/TTE Term Lactate RM
Power Threshold
Bastiaans E: 6 M cyclists FW/Machine 2 x 30 Not stated 9 weeks 1hr TT — 30-sErg  Vo2max & LT NT
etal. (2) 8.8+/-1.8 hiwk s (high NP MPO test measure used in
ET, Vo2max not repetition/lo +7.9%* +4.3%%  calculation of
stated w weight GE& DE
explosive PPO
RT) during GE +1.1%
ICE test
+6.3% DE +4.3%
C:8 Mcyclists - - - - MPO 30-sErg GE +0.7%
8.9 +/- 1.7h/wk +5.9%* test -5%
ET, Vo2max not DE + 2.2%
stated PPO
during
ICE test
+4.4%
Bishopet  E: 14 Fcyclists FW Periodize 2/wk 12 1.hrTT - LT +3% +35.
al. (3) 110.2+4/- dincl. weeks P APO 9%*
29.4kIwk, peak 5x6-8RM +0.9% o
Vo2 48.2 ml.kg or
'min’ 4x4-6RM
or
3x2-4RM
C: 7 F cyclists - - - - 1.hrTT - +0.4% +3.7
123.6+/- APO %
35.8k/wk, peak +2.7%
Vo2 48.3 ml.kg
'min’t
Hausswirt  E:7 M triathletes FW/Machine 3-5 x 3- 3/wk 5weeks  2.hrcycle PPO No significant +6.6
h etal. (8) 11.7+/-3.7h/wk s 5RM test @ during difference in %*
ET; Vo2max constant ICE test Vo2max;
69.9 ml.kg'min power +1.7% HRmax; Pmax;
! output - Vo2,HR, power
no values
significant measured to
between VT1 and VT2
group during 2.hr
difference cycle test before
in and after
Vo2max;
HRmax;
Pmax;
Vo2,HR,
power
values
measured
to VT1 and
VT2
before and
after;
significant
within
group
decrease in
HR for
periods 2
and 3
C:7M - - - - No PPO No significant -
triathletes significant  during difference in 4.1%
11.9+4/-3.1h/wk difference  ICE test- Vo2max; *
ET; Vo2max in 1.7% HRmax; Pmax;
68.4 ml.kg'min Vo2max; Vo2,HR, power
! HRmax; values
Pmax; measured to
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Hickson et
al. (10)

Levin et al
. (18)

Paton &
Hopkins
(26)

E:.8 FW/Machine
cyclist/runners s

(6M2F);

Vo2max 54.4

ml.kgmint

E: 7 M cyclists/  FW/Machine
triathletes s/
274+/-84k; Plyometric
526+/-85min

p/wk ET;

Vo2max 62.4

ml.kg*min?

C.. 7 male -
cyclists/triathlet

es

278+/-

34k;613+/-

78min ET;
Vo2max 63.1
ml.kg*min?

E: 9 M cyclists
11.6 +/- 2.1h/wk
ET; Lactate
power profile
68.3%, Vo2max
not stated

Plyometrics

3-5x
5RM and
3x25
(toe
raises)

3/wk

3x60r3 3/wk
x12or4

x5

repetition

s

3 X
maximal
effort
explosive
jumps,

2-3/wk

3x20

Vo2,HR,
power
values
measured
to VT1 and
VT2
before and
after

10
weeks

TTE (min)
@ 80-85%
V02max
+18.8%*

6 weeks 30k TT

No within
group
difference
in time to
completion
or mean W
produced

- Within
group time
to
completion
+ 0.3% and
MAP
+0.7%

4-5
weeks
NP

4k MPO
+8.1%%

Scholars Research Library

TTE @
max work
rates
+11%*

PPO/APO
during
250m &
1k sprints
in 30KTT

No
difference
sin
PPO/APO
during
sprints

PPO +4%
first 250m
&1k
sprint

PPO
+6%14k
250m
sprint

PPO - 5%
final
sprint

PPO
during
ICE test
-1.7%

No
difference
sin
PPO/APO
during
sprints

PPO
+13%,
+7%,
+11% in
final 3
sprintst

PPO
during
ICE test
-1.1%

VT1 and VT2
during 2.hr
cycle test before
and after

Vo2max L/min  +30

30-second LT + 3.7%%.

power
+9%*a

1km
MPO +
8.7%"*a

No change %*
LT No change
Vo2max No 1RM
change squat
+26
%*
V02max +
+0.01% 6.1%
oxygen cost
+3%*a
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explosive
step ups PPO
during
5x30 ICE test
sec bike +6.8%"
sprints,
C:9M cyclists - - - - 4k MPO + 30-second LT +1.7%
129 +/- 3.3 0.3% power not
h/wk ET; stated oxygen cost
Lactate power +0.3%
profile 67%, 1k MPO
Vo2max not no change
stated
PPO
during
ICE test
-0.1%
Ronnestad E: 11 M cyclists FW/Machine 3 x4- 2/wk 12 185min 5-min TT  V02max +26
etal. (27)  151+4/-13hrs ET; s 10RM weeks sub- MPO +3..3+/-1.4% %o*/*
Vo2max 66.8 P maximal after o
ml.kgmin? cycling 185.min LT+ 7.1%
@44% sub max
W.max: cycling
+7.2%* /
Last hour  *a
Vo2 PPO
+2.2%% during
ICE test
HR + +4.2%
6.5%*/*a
LT
+14.9%*/*
o
C: 9 cyclists (7 Lasthour 5minTT Vo2max +6.0% No
M2F) MPO chan
138+/-13hrs ET; Vo2 +1.9% decreased LT +3.1% ge
Vo2max 65.9
ml.kgmin™ HR +0.3% PPO
during
LT +11.3% ICE test
+1.9%
Ronnestad E: 11 M cyclists FW/Machine 3 x4- 2/wk 12 40min TT  Wingate ICE: IRM
etal. (28)  151+4/-13hrs ET; s 10RM weeks 30-second +21.
Vo2max 66.8 P MPO test: V02max + 2%*/
ml.kgmin? +6.0%* 3..3%* *q
MPO
+1.7% W/max + 4.3%*
PPO + RER No
9.4%*/*a.  change
HR No change
LT+ 7.1%
C: 9 cyclists (7 MPO MPO - ICE: No
M2F) +4.6%* 1.9% chan
138+/-13hrs ET,; Vo2max +6.0% ge
Vo2max 65.9 PPO - *
ml.kgmin 0.5%
W/max +1.9*%
RER No change
HR No change
LT+ 3.7%
Sunde et E. FW 4x4RM  3/wk 8weeks CEat70% TTEat vo2maxr% 1RM
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al. cyclists + +14.
I. (32 8 li 7M1 P V02 MAP 14
F) max*/*a. 17.2%* LT+ 2.02% 2%*/
273+/-288min *o
ET; Vo2max MAP +
63.4 ml.kg'min 6.4%*/*a
1
HR +2.7%
WE +
4.7%**a.
C:5cyclists (3 - - - - CEat70% TTE at VO2max -0.2% 1
M2F) V02 max* MAP + RM
588+/-208min 5% LT +1.5% +1.9
ET; Vo2max MAP + %
58.7 ml.kgmin’ 0.4%
1
HR +0.7%
WE +
1.3%*

Key: * = dtatistically significant within group effect; * o statistically significant between group effect; APO = Average Power Output; C =
Contral; CE = Cycling Economy; DE = Delta Efficiency; ET = Endurance Training; E = Experimental; F = Female; FW = Free Weights, GE
= Gross Efficiency; HR = Heart Rate; HRmax = Heart Rate Maximum; Incl = include; ICE = Incremental Cycle Ergometer; LT = Lactate
Threshold; M = Male; MAP = Mean Average Power; MPO = Mean Power Output; NP = Non Periodized; P = Periodized; Pmax = Power
Maximum; PPO = Peak Power Output; RM = Repetition Maximum; TT = Time Trial; TTE = Time To Exhaustion; VT1 = Ventilatory Threshold
1; VT2 = Ventilatory Threshold 2; WE = Work Efficiency

Level Il Studies

Five randomized controlled clinical trials were ndiied that investigated the influence of concuatréraining on
determinants of road cycling performance in highigined road cyclists [47] (Bastiaans) [48] (Bisho@1]
(Hausswirth) [44] (Levin) [49] (Paton) [50] (Sunde&jompared to cyclists who performed enduranceitrgialone,
cyclists who performed strength training in addititco their normal endurance training demonstratieghifecant
improvements in determinants of road cycling periance such as lactate power profile, oxygen costrcese
efficiency, cycling economy, and work efficiency7% of VQmax [49] (Paton) [50] (Sunde). Paton and Hopkir$§ [4
also demonstrated improvements in both peak andh peaer output values during 30-second, one-kiloenahd four-
kilometre time trials. Similarly, Levin et al. [44fcorded improvements in peak power outputs dutfiegfinal three
sprints in a 30-kilometre simulated road cycle r&ignificant reductions in average heart ratetémd to exhaustion at
maximal aerobic power were also observed withincthrecurrent training groups in the Hausswirth ef4il] and Sunde
et al. [50] studies, although these changes wersignificant when compared to the control groups.

Level Il Studies

Three non-randomized controlled trials were idéedifthat investigated the influence of concurremtining on

determinants of road cycling performance in highlgined road cyclists [47] (Bastiaans) [51] (Roriad}y [52]

(Ronnestad). Compared to cyclists who performediemigte training alone, cyclists who performed gtieriraining in

addition to their normal endurance training dem@tst significant improvements in determinants adid cycling
performance such as heart rate, blood lactate sahmd oxygen cost during the last hour of a 18%utei constant
workload endurance cycling test [51] (Ronnestatteriyjth trained cyclists also demonstrated statiliyi superior mean
power outputs during a five minute all out timeaktrcompleted at the conclusion of the 185-minutelecyest [51]
(Ronnestad). Baastians et al. [47] also demonstrsignificant improvements in maximal and averagegr outputs
during a one hour time trial as well as a 30-seqoerdormance test, although these changes wersignificant when
compared to the control group that performed entwgatraining alone. Similarly, Ronnestad et al.][BBserved
significant improvements in mean power output dyrran 40-kilometre time trial, and in both maximumwgo and
VO,max during an incremental cycle ergometer teshéndombined strength and endurance trained cycéitteough
these improvements were also not statisticallyiggmt when compared to the control group.

Level IV Study

One prospective quasi-experimental trial involving control group was identified that examined whkethdding
strength training to the training programmes ofhhigtrained road cyclists produced positive or riegaeffects on
determinants of road cycling performance [42] (Kimk). Significant within group improvements werendastrated in
time to exhaustion at both 80-85% MWfax, as well as at maximum work rates.

Grade Recommendations
Based on the results summarized in Table 2, a nuoflecommendations are proposed:
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Grade A Recommendations:
Since none of the studies were randomized contralmical trials involving more than 100 particiga, no Grade A
recommendations could be made [46] (Sackett).

Grade B Recommendations:

Concurrent strength and endurance training in Figlalined road cyclists may significantly improve:

» Lactate power profiles, oxygen consumption/costreise efficiency, cycling economy, and work effiaty at 70%
of VO,max [49] (Paton) [50] (Sunde);

» Peak and mean power outputs during sprints ane80rsl efforts, and time trials lasting between d 4kilometers
[44] (Levin) [49] (Paton);

Grade C Recommendations:

Concurrent strength and endurance training in kiglained road cyclists may also significantly irope:

» Mean and average power outputs during time treatging from 40 to 60 minutes [47] (Bastiaans) [GRpnnestad)
[51] (Ronnestad);

» Maximal work rates and average heart rates dumegemental cycle ergometer testing, and time tcaestion at
maximal aerobic power or 80-85% Viax [48] (Bishop) [41] (Hausswirth) [42] (Hicksof)52] (Ronnestad) [51]
(Ronnestad) [50] (Sunde).

DISCUSSION

Utilising the rules of evidence described by Sacké6], some evidence has been identified to suppi@ use of
concurrent training in the periodized training paogmes of highly trained road cyclists. While nca@ A evidence
currently exists, Grade B evidence indicates thahighly trained road cyclists, concurrent trainican significantly
improve measures of road cycle racing performancé as mean power outputs during time trials ragmgetween one
km and one hour, and anaerobic power as measurepell power during sprint<B0 seconds) efforts. These
improvements are possibly caused by improving mhggical determinants of performance such as thete power
profile, and cycling or exercise economy. Therals® weaker evidence (i.e. Grade C) that concutraiming improves
time to exhaustion at maximal aerobic power. In ¢batext of the demands of road cycle racing, wiogadists are
often required to produce high aerobic and anaerpbiwer outputs, and short sustained supra-maxievals of
muscular force throughout the race, improvementiége measures may be highly significant.

To measure the effects of concurrent training oduesmce performance, incremental cycle ergometds,tédme to
exhaustion, and either distance or time based tilms were the most common outcome measures use istudies. A
number of studies also included analysis of sherintpower (i.e. 30-second effort mean and peak poye]
(Bastiaans) [49] (Paton) [52] (Ronnestad). It hasrbsuggested that the most important consideratiselecting the
test used to evaluate endurance performance instscis the relationship between competitive penénce and
performance in the test [49] (Paton), Paton andkitsp[53] suggest that currently the best two messavailable for
predicting competitive time trial performance aesak power measured in a cycle ergometer incremezgalr = 0.99)
[54] (Balmer); and time or mean power in a simulad@-kilometre time trial (r = 0.88-0.98) [55] (Aey [56] (Palmer).
By comparison, anaerobic measures such as 30-seestiidg are less reliable, with co-efficient ofriation ranging
between 2.2-5.4% [57] (Coggan) [58] (Weinstain)efidiore, the results of studies using time to estian or short
term performance indicators may not be as valicebable as studies that evaluating performanceguaitime trial [48]
(Bishop). It is also clear that most measures afing performance in laboratory tests have randomrge>2%, with
this error increasing to 3-4% where tests last isdveours [59] (Hopkins). Where performance enharegs of 0.3-
0.5% (0.5%-1%) of the typical variation between rdgemake a difference to a highly trained cyclibe outcome
measures used in these studies may be unrelialitacking the smallest changes in performance mietter to this
category of elite athletes [53] (Paton).

Where time to exhaustion was used as an outcomsumeasignificant between and within group improeets were
observed. For example, compared to cyclists peifagrendurance training alone, a 17.2% improvemernime to

exhaustion at mean average power output was olzs@mveyclists who performed a combination of freel anachine
weight exercises (4 x 4RM) three times per weekefght weeks (31). Similarly, Hickson et al. [4Xjserved an 11%
within group increase in time to exhaustion at meatiwork rates, and an 18.8% improvement in the tgpent cycling
at 80-85% VO2max, after a single group of cyclgtsformed a combination of free and machine weiglerrcises (3-5
x 5RM) three times per week for ten weeks. Altholajiger cycling tests introduce greater chanceanflom error, the
improvements in time to exhaustion that occurrednduprogressively longer testing underscores #levance of
completing prolonged tests to better simulate roading in studies that evaluate the effectiverafsdifferent training

methods [51] (Ronnestad). By comparison, the resafltstudies using time trials to assess the efféatoncurrent
strength and endurance training on cycling perforceawere less conclusive. Although between groygrarements’
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ranging between 7.2-8.7% were noted in mean powiguds in short duration time trials (ranging betwene and five
km); and within group improvements of 6.0% and 7.@8re observed in longer duration time trials of attl 60
minutes [47] (Bastiaans) [49] (Paton) [52] (Ronadjt [51] (Ronnestad), three studies failed to destrate

improvements in time trial performance followingncoirrent training [48] (Bishop) [41] (Hausswirth34] (Levin).

However, Bishop et al.'s [48] sample included ofgynale participants, and it is possible that geridea factor
influencing whether strength training improves eadhee performance in highly trained cyclists; amel 830-kilometre
time trial used by Levin et al. [44] including inteittent sprints, has not been validated as anoowtécmeasure for
endurance cycling performance.

Where mean or peak power were recorded during simatrobic€30 seconds) efforts, improvements ranging between
4.3-9.4% were observed following performance ofaworent training compared to endurance traininghal§47]
(Bastiaans) [49] (Paton) [51] (Ronnestad). Thedatgmprovements in anaerobic power outputs (9%%##h) were
observed following performance of three sessiomsyaek of three sets of maximal effort explosivenps and step ups
over 4-5 weeks, and two sessions of periodizeddreemachine weight (4-10RM) exercises performest A2 weeks
[49] (Paton) [51] (Ronnestad). Paton and Hopkirg§ Buggest that the improvements observed may bdalincreases
in the firing frequency of muscle motor units fratnength training, leading to increases in muselgkforce and rate of
force development. These changes in short ternincyglower output may be highly significant in thentext of the
demands of a road cycle race where cyclists aem géquired to produce high levels of peak and npeaver for short
durations when climbing hills, surging and in theaf sprint. Together with the improvements obsdrue time to
exhaustion and both short and longer time trial suess, these results suggest concurrent training poaitively
influence both the aerobic and anaerobic deternsnafrroad cycling performance.

As noted, peak power output (“PPQ”) during incretaércycle ergometer testing is also a reliable memagor
evaluating the performance of elite cyclists (cficefnt of variation of 0.9%) [59] (Balmer) [60] @mer). However,
four of the six studies that evaluated PPO in ameimental cycle ergometer test failed to identifyimprovement in
this measure after cyclists performed concurraaihitng programmes [47] (Bastiaans) [41] (Hausswift4] (Levin)
[51] (Ronnestad). The 4.3% within group improvem@mntPPO observed by Ronnestad et al. [52] was atso
significant compared to the 1.9% improvement obsgtin cyclists performing endurance training aloFige only study
observing a between group improvement was Patorogkitis [49]. The 6.8% increase in PPO observedrggel in the
context of highly trained cyclists, where enhancetmeof the magnitude of 0.5-1.0% are consideredifggnt.
However, this improvement in performance cannoathébuted to the effects of strength training @&psince subject’s
alternated explosive resistance training exeraigts30-second sprints on the bike.

The physiological adaptations underlying the imgments in the performance measures identified imrtview are
not completely clear. Power outputs correspondinget lactate inflection points (i.e. 1mM or 4 mNgve commonly
been suggested to be important determinants ofrande cycling performance [55] (Coyle). The resaftshis review
suggests that concurrent training may improve eanthe cycling performance by increasing mean powyubs at the
anaerobic threshold and/or other markers of blaathte accumulation. This potentially reflects @ased capacity for
high intensity performance such as mean power outper the course of prolonged road races or tiaé compared
with endurance training alone [61] (Jackson) [S5Roiinestad) [51] (Ronnestad) [50] (Sunde). Improv@men
anaerobic threshold-type measures following coreurstrength and endurance training may be caugettdrations in
muscle fiber recruitment patterns that increase lingate threshold and reduce the reliance on ghwesis [60]
(Balmer) [42] (Hickson) [52] (Ronnestad) [50] (SendHickson et al. [42] also suggests that an impneent in lactate
profiling occurs by delaying recruitment of the maglycolitic type 1l muscle fibers, allowing cydiésto push greater
loads for the same blood lactate response. Singe tymuscle fibers are more efficient than typdilbers when
performing sub-maximal exercise, increasing thatieg recruitment of and the strength of type lef may delay
activation of less economical type Il fibers, réisig in reduced blood lactate levels for the satreohute workload [52]
(Ronnestad). The increased strength and/or rafieredé development resulting from concurrent streragid endurance
training may also improve short-term power outpod aesult in improved performance in sprints parfed either in
isolation or embedded in a simulated time trial] [A4evin) [50] (Sunde). However, it is unclear Hese effects reflect
primarily neural or morphological adaptations t@sgth training.

There are a number of limitations associated with teview. The Grade B evidence identified is dase only five
studies, and the strength of the evidence idedtifie the literature is limited due to a number dadsign and
methodological limitations. For example, four oéthtudies noting the benefits of strength trairdidynot randomize
subjects into either an intervention or controlugrd47] (Bastiaans) [42] (Hickson) [52] (Ronnest§st)] (Ronnestad).
There are also a number of potential confoundinipites that provide alternative explanations far improvements
seen. For example, participants in seven of thiiesucontinued to perform high intensity effortstba bike during the
intervention period [47] (Bastiaans) [48] (Bishdg)ll] (Hausswirth) [44] (Levin) [49] (Paton) [52] (Rnestad) [51]
(Ronnestad). Where participants continued to perfoigh intensity intervals or maximal efforts orethike during the
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intervention period, it is impossible to attribut@durance performance improvements to the influefcstrength
training alone. Paton and Hopkins [49] was alsochly study to evaluate concurrent training durihg competitive
phase of the season. Substantial improvementsrfarpeance and changes to related physiological oreasare likely
to occur as athletes’ progress from base to cometraining [3] (Paton). It is therefore unliketilat improvements
observed when studies take place in off-seasoreghasuld be of the same magnitude if performednduttie athletes’
competitive phase.

Similarly, where studies added strength traininghtmmal endurance training, it is possible thathkigvolumes of
training, rather than increases in leg strengt@,rasponsible for the improvements in enduranc®peance observed
[48] (Balmer) [42] (Hickson) [44] (Levin) [52] (Rovestad) [51] (Ronnestad) [50] (Sunde). Furtheeraining and

residual fatigue associated with adding strengthnitng to the normal training programmes of endaearoad cyclists
may be a factor limiting physiological adaptatianisen performed over longer periods of time tharfqered in these
studies [61] (Jackson). Where high training loadsmerformed without adequate recovery, impairefopmance may
result from the continued disturbance to autonobatance [62] (Billat). It is also interesting thtite significant

improvements in endurance performance parametdesino higher level competitive road were not oledrwhen

strength training was performed by lower level chyelists, female cyclists, or trained male cyslistathletes [48]

(Bishop) [41] (Hausswirth) [44] (Levin). It is thefiore possible that the performance/training stafuscyclist may be a
significant factor in determining whether they tikely to respond positively to the addition ofestgth training to their
programme. Specifically, lower level cyclists magirga sufficient training stimulus by performingdemance cycling
alone; whereas high-level cyclists who have a lwaming history of high volume endurance cyclingiiing may need
to incorporate additional forms of training (e.gegagth training) if they wish to address theiratgle weak points that
are hindering further gains in performance.

CONCLUSION

Although the short term duration of the studiesitffied does not allow a definitive answer to theestion whether
adding strength training to the periodized prograsimf highly trained road cyclists is beneficiapgrformance in
the long-term, the results of this review suggéstt the inclusion of strength training in their oale training
programmes may enhance performance in a rangegbfyhiiemanding road cycling events. By increasimgelr
body strength and power, highly trained road ciglimay improve their anaerobic energy productioteiptial
during short hill climbs, repeated surges in paseng the race, and in the final sprint. It is #fere suggested that
high level road cyclists perform some form of sg#ntraining to improve these sport specific parfance
determinants. This may be even more relevant wiygthksts are unable to perform high intensity thagnon their
bike due to inclement weather or where other esitienvironmental constraints exist.

Future research should be conducted to determiia¢ iwhhe best form(s) of strength training forsthathletes, and
how best to incorporate such training into themw@al periodized training plan. Factors such asofitemal strength
training frequency, intensity, duration, and lengftrecovery periods etc, and the timing of thienfoof training in
relation to other forms of on the bike trainingsiess and competition events, should be examimegbstigations
into whether strength training should be addedrteeplace on the bike training sessions is alscomamt, since
identifying optimal training volume/loads will assiin reducing the risks of overtraining that résubm the
continued disturbance of autonomic balandewever, based on the research evaluated whichvieddraining
durations of a minimum of 8-12 weeks and 3-4 sktetween 3-6RM loads, maximal strength traininopgidigh
loads and few repetitions, emphasising neural adiaptrather than muscle hypertrophy, may be thetraffective
method of resistance training to enhance road mygtierformance. Although explosive or plyometrisiseance
training also significantly improved short term foemance measures e.g. 30-second power output ead power
output in one and four km time trials, it is uncléfisuch benefits would transfer to longer duratiendurance
performance due to the limited role of the stretbbften cycle during predominantly concentric aitis like
cycling. This also raises the question of whetbeser body strength training for cyclists shouldgmformed with
or without a prior eccentric contraction? It hasoalbeen suggested that cyclists must perform avérsion phase’
so that gains in maximum strength are converteslimprovements in muscular endurance of longertourd63]
(Bompa). The exact specifications of the periodiraiplan to convert maximal strength to strengtiduizance
would therefore also be helpful in identifying tlogtimal strength training prescription that wouldoyide
transferable benefits to highly trained road cyslis
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Bullet Point Summary

. In highly trained road cyclists, concurrent tramisignificantly improves measures of road racinggemance such as

time to exhaustion at maximal aerobic power, meawep outputs during time trials arahaerobic power as measured by peg
power during sprint(30 seconds) efforts.

. Two sessions per week of maximal strength traiforg8—12 weeks using high loads and few repetiti(8id sets of
between 3-6RM), emphasising neural adaptation ratien muscle hypertrophy, may be the most effecthethod of resistanc
training to enhance road cycling performance.

. Improvements in road-cycling performance are pdgsibused by improving physiological determinartgperformance
such as the lactate power profile, and cyclingxerese economy.

. Future research is necessary to determine thefdresfs) of strength training and how best to incwgte such training

programmes including factors such as the optinmehgth training frequency, intensity, duration, &magth of recovery periods etc,

=

and the timing of this form of training in relatibm other forms of on the bike training session$ @@mpetition events
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